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o BACKGROUND
o
-f

High performance, spaceborne, infrared surveillance systems of the

future require fast, highly aspheric optical forms with smooth, low-

§:: scatter surfaces, high performance coatings, and an ultra lightweight
A design approach that can perform from room temperature to cryogenic
}“’:‘ temperature. The design approach must not only be rugged, low risk,
3R and reliable, but also capable of surviving a launch environment
"S:" and enduring in space for many years. A design approach, which
;:Z:::? meets performance requirements at cryogenic temperatures employing
o passive mirrors (without figure control actuators, sensors, elec-
tronies, ete.), offers significant advantage in weight, performance,
A and reliability.
N
R For several years Kodak has been engaged in developing fused silica
; o mirrors which meet stringent weight budgets, and optical figure
);; quality requirements from room temperature to cryogenic temperature
',‘_. passively; i.e., without figure control actuators. This capability
.' has been demonetrated with ultra lightweight fused stilica, frit-
: bonded mirrors up to 0.5 meter in diameter. Technical issues
}, addressed and resolved include the design and manufacture of ultra
‘ .:" lightweight mirrors; glass/frit CTE mateh and bond strength, CTE
homogeneity and polishing issues related to processing ultra light-
o wetght mirrors to diffraction-limited performance. Significant
_::::‘_ advances in optical fabrication and metrology techniques have been
demonstrated by the initial figuring of a 1.2-meter diameter, f/0.8
A% asphere representative cf the highly aspheric Mini-HALO primary
mirror.
o
“*if
g
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o 1.0 INTRODUCTION
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This document is the final report for the Phase IIA Ultra Ligntweign' s w
Mirror Technology Study. This work was sponsored by the Defense Adver e
Research Projects Agency (DARPA) and conducted by Eastman Kodak _omge:
contract to Rome Air Development Center (RADC).
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1.1 PROGRAM SCOPE

Advanced, high performance, spaceborne infrared surveillance systems of the
future require high quality, ultra lightweight, highly aspheric mirrors
capable of performing from room temperature down to cryogenic temperature
(100°k). The overall objective of this effort is to investigate and demon-
strate solutions to these critical technology issues.

Specifically, the Phase IIA ULW Mirror Technology Study centered on five major
technical areas: (1) Cryogenic testing and analysis of a 0.5-meter diameter,
ULW, fused silica mirror; (2) evaluation of frit bonding materials and
processes for fused silica ULW mirror blanks; (3) development of a 1.5-meter
diameter, ULW, fully sealed, fused silica core; (4) demonstration of optical
fabrication techniques for a 1.2-meter diameter, £/0.8 asphere and; (5) design
and analysis of a ULW mirror mount compatible with cryogenic temperatures. A
major subcontractor in this effort is Corning Glass Works. The Work Break-
down Structure for this effort is shown in Figure 1.1-1.
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7% Figure 1.1-1
-t I" 1.
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N 1.2 SUMMARY AND CONCLUSIONS N
? .\:‘
Q)
X . . . . . . %
= This section summarizes the major accomplishments and conclusions reached as B
" a result of this effort. o
W o, e
‘e A
- ‘. ‘_-
o~ 1.2.1 Cryogenic Mirror Performance - Fused Silica o
S N
‘u » . * - .
o A 0.5-meter diameter, frit bonded, fused silica, ULW mirror blank (4.5 kg)
,§§ constructed under the Phase IA effort (Figure 1.2.1-1) was polished to a
r 2 figure quality of 0.033 wave rms (A = 0.6328 um). This mirror, supported
C A4

on a three-point kinematic mount was interferometrically tested at room
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3 temperature (294°K) and at cryogenic temperature (108°K) in the liquid
nitrogen setup shown in Figure 1.2.1-2. The rms figure errors at these
gj temperatures measured 0.112 wave and 0.134 wave, respectively.
o
: $27.052.51
| -
' |_-262.1282.508 R 5370 2032.0225.6
-.} ],,.;—,,4,, FRONT PLATE SPHERICAL R
5 —§ I~ 3.683¢,127 DETAIL A\ 43.632.51
e 3.810 e S
. SEE DETAIL A 3.810 i
3.6832,127
" F T T2 s0.00 SCALE 2N\ —
o~ 9.65:1.52 » LN
.\' —*50.80 DIA ONE HOLE PER SR
K STRUT PLATE e
§ ]
',"- ALL DIMENSIONS IN MILLIMETERS Jazal
e
2 ULTRA LIGHTWEIGHT MIRROR n
o Figure 1.2.1-1 ;
o)
. The thermally induced quilting
al 3
k} measured over this temperature range
:ﬁ was small at 0.008 wave rms.
s
\ The conclusions drawn from these
i results are: the thermal stability
ko of the 0.5-meter ULW frit bonded
58
[N mirror is excellent and comparable to

heavier, conventional fusion welded and
solid fused silica mirrors; the frit
bonding technique is an attractive
construction approach for cryogenic
application requiring minimum weight,

SE

TSN,
a e A

o

high resonant frequency, and good
optical quality.
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1.2.2 Cryogenic Mirror Performance-Fused Quartz

!! Two 31-centimeter diameter, fused quartz lightweight mirror blanks (Figure

ﬁ& 1.2.2-1) were polished and cryogenically tested at Kodak. (The mirror blanks
<.

Ky were fabricated by Heraeus Amersil in Germany.) One mirror blank was con-

structed using a fusion bonding (hard firing) process. The second mirror

s

ol

blank was constructed using a sintered glass for both core and faceplate

bonding. For both mirror blanks, the core cells were formed by a tube-

drawing process.

e TR Y T T
A A‘n'- R o 5 Rty
i .- ¢ o '.-.u‘. 5_gd

FUSION BONDED MIRROR SINTER GLASS BONDED MIRROR
0. 31-METER FUSED QUARTZ MIRRORS

Figure 1.2.2-1

_— o m vy
e i e
. o -

o "L

The objective of this task was to evaluate the stability of these mirrors

e
+,

1
v

over a range of environmental conditions including static loading, thermal
cycling and performance at cryogenic temperature (100°K).

o

The stability of the fusion bonded mirror over these environmental conditions
and at cryogenic temperature was found to be excellent. Thermal testing of
the sinter bonded mirror, however, revealed evidence of poor joint strength
and its thermal sensitivity is considered to be unacceptable. The conclusion
drawn from this experiment is that the Heraeus-Amersil fusion bonding (hard
firing) process appears to be a viable approach to the fabrication of light-
weight fused quartz mirror blanks. This process is worthy of further deve-

lopment and investigation.
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1.2.3 Refractive Index Homogeneity

The objective of this task was to measure the variation in refractive index
of glass samples of a Code 7940 (fused silica) glass boule selected from the
current government inventory. These data will be preserved for possible
future work directed at establishing correlation of refractive index inhomo-
geneity with coefficient of thermal expansion inhomogeneity. Evaluation
showed the samples to have a maximum inhomogeneity for index of refraction of
6.3x107° (P-V).

1.2.4 Corning Glass Works Subcontract

Under a subcontract from Kodak, Corning Glass Works (CGW) completed frit
bonding material studies for fused silica glass and demonstrated fusion weld-
ing techniques for ULW fused silica cores.

The frit studies included characterization of frit/glass thermal expansion

mismatch, physical and chemical properties, temporal stability, radiation E%f!
sensitivity, and L-specimen (end-of-core joint) strength testing. Corning f;ie
investigated alternative cleaning methods to the standard acid etching process ::f%
and evaluated a promising nondestructive (acoustic emission) test method for ;;;5;
frit/glass joint integrity. ;::a
The higher thermal expansivity of fused silica (Code 7940) over ULE™ fused e
silica (Code 7971) precludes fused silica core construction in sizes above jtfg
0.5-meter using the Corning ULE™™ "cold core" welding techniques. Corning ﬁg!!
altered the fusion welding process for fused silica to minimize the thermal NG
>

stress in the core to safe levels during fabrication. $§:$
This process was used to fabricate the 1.5-meter diameter fusion welded core i;ﬁ!
shown in Figure 1.2.4-1. This core is as deep as that of the ULE'™ primary s
mirror for the Space Telescope (280 millimeters) and only half the density. f}f}
5
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1.5-METER FUSION WELDED 7940 FUSED SILICA CORE

Figure 1.2.4-1

1.2.5 Aspheric Mirror Fabrication Demonstration

The demonstrated ability to fabricate highly aspheric, optical forms required
for advanced infrared (IR) surveillance systems of the future is a key techni-
cal issue. The objective of this task was to develop and demonstrate optical
fabrication and metrology techniques needed to produce mirrors with aspheric
departure on order of magnitude greater than that of the NASA Space Telescope
Primary Mirror; the current state-of-the-art capability.

The demonstration asphere chosen, was a 1.2-meter diameter, f/0.8 parabola
shown in Figure 1.2.5-1. This asphere has a maximum departure from the vertex

sphere of 3,870 waves () = 0.6328 um).
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DEMONSTRATION ASPHERE

Figure 1.2.5-1

This mirror blank was ground, and then aspherized using a combination of
mechanical gaging techniques and CO, interferometry. Full-size, flexible
laps were used during the polishing process. The figure error was reduced to
14 waves (X = 0.6328 um) when the funding limit for this task was reached.

The conclusions reached from this task are:

® The mechanical gaging techniques used to track the surface profile
during initial (rough) aspherizing, while adequate, were tedious and
cumbersome. A more efficient profiling technique should be pursued.

® The technology to design, construct, and condition full-size laps
with the flexibility required to accommodate this radical aspheric
departure was demonstrated.

® Convergence demonstrated to-date indicates that this polishing
technique should be capable of making a significant improvement in
the figure quality of the steep asphere.
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L 1.2.6 Cryogenic Mirror Mount Evaluation e
\ £
:3:} The objective of this task was to identify and analyze a launch-compatible .
;:flﬁ primary mirror mounting approach. The mount would be capable of supporting
':::; a strain-free ULW mirror from room temperature to cryogenic temperature
(100°K). This study concentrated on analyzing the influence of mount attach- =
S . . . . s
N ment material and geometry on mirror/mount performance. The candidate mirror/ o
‘;fﬁ mount concept appears in Figure 1.2.6-1. j}
\::\' :;.
\»'_\‘: :.‘a'
The mount consists of a kinematic set of '
,jzﬁﬂ three (3) bipod flexures connecting the jﬁj
;;fﬂ mirror through three (3) tetrahedral T
e 4
_35:: kinematic cells to a main support ring. -
. 20 The kinematic cells are attached to the ~
SO . P s e
e backplate of the mirror using six (6) E:'
-‘_‘.f . . . « %
:gui flexures to distribute the environmental ot
QR . ) ‘;.
20 loads over the mirror plate. The ma- 3:
. terial and geometry of the flexures, -
‘ﬁt;; as well as size and location of the CRYOGENIC MIRROR MOUNT CONCEPT =
) . . s e . .'.‘. ]
'i\h kinematic cells are optimized for mirror Figure 1.2.6-1 o
'iﬁﬁ dynamic modes and frequencies, minimum ;C
4 s
' mirror thermal deformation and -
R dimensional registration. o
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i 2.0 CRYOGENIC MIRROR PERFORMANCE - FUSED SILICA e
X 2.1 OBJECTIVE AND CONCLUSIONS Do
% M
~ Fused silica, frit bonding materials were developed and used to construct an RN
ultra lightweight (4.5 kilograms) 0.5-meter diameter mirror during the %fo
'Eé previous Phase IA contract effort. In designing and constructing this mirror éﬁéf.
X blank, the critical issues of frit/glass joint bond strength and CTE match AN
_ﬁ from the frit firing temperature to room temperature were successfully el
S addressed. The objective of this current task was to evaluate the perfor- gt3.
S mance of this frit bonded mirror at cryogenic temperature (approximately fﬁ@k
e 100°K). g
%
- The mirror was supported on a three-point mount at room temperature (294°K) o ;
%ﬁ and at 108°K. The measured rms figure errors at these temperatures were jg?}
iﬁ 0.112 wave and 0.134 wave rms (A = 0.6328 um), respectively. The thermally- fgiﬂ
- induced quilting was minimal at 0.008 wave rms. s
oY The conclusions reached as a result of this experiment are: =
R '\'.‘-
,ﬁ o The thermal stability of the ultra lightweight, frit bonded, fused silica 223:
s mirror is excellent and comparable to that of conventional, fusion welded -
and solid fused silica mirrors. N
5ﬂ o The frit bonding technique is an attractive construction approach for E?Ej
?‘ cryogenic applications requiring minimum weight and good optical quality. bétg
§ 2.2 MIRROR DESCRIPTION EE;E‘
o
. The 0.5-meter diameter, frit bonded, fused silica mirror has the configur- g;&r
A ation described in Figure 2.2-1. The mirror is a concave-plano with a ;?f
kY spherical front surface radius of 2,032 millimeters. The core plates are PR
3 1.27-mil1imeters thick. The mirror faceplates are 3.68-millimeters thick. 1;3:3
X% The core is fusion welded and the faceplates are frit bonded to the core. Eiﬂi
:. The finished mirror weighs 4.5 kilograms and was polished to 0.033 wave rms -
ks surface quality. faiu‘
X ‘:
: ’ 2
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0.5-METER ULTRA LIGHTWEIGHT MIRROR CONFIGURATION
Figure 2.2-1

A picture of the ultra lightweight mirror is shown in Figure 2.2-2.
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2.3 ANALYTICAL PREDICTIONS

The effect of the frit material on the isothermal cryogenic performance of

the mirror was analyzed as described below. Mirror deformation produced by the
axial strain mismatch of the frit/glass was analyzed using a finite element
model of the entire mirror. The deformations produced by the axial frit

strain are referred to as global deformation. Global deformations are
represented using Zernike polynomials.

2.3.1 Global Deformation »

Two different finite element models of
the mirror were assembled to calculate
the global deformations of the mirror. 4l 14,
The first model (Figure 2.3.1-1) had (A) PACEPLATE

2400 degrees of freedom, and the second
model (Figure 2.3.1-2) had 7690 degrees
of freedom. These models took advantage
of the 180-degree symmetry of the square-
cored mirror supported on a three-point

(B) SECTION A-A, CORE STRUT CROSS SECTION

mount. Two-dimensional plate elements GLOBAL MODET,
were used to model the mirror faceplates (2400 DEGREES OF FREEDOM)
and core struts, and the frit material Figure 2.3.1-1

was simulated by rod elements which were offset from the midplane of the
mirror faceplates.

During cryogenic testing the mirror was supported on-back at three points, 120
degrees apart at the 0.7 radial zone. The surface deformation, produced by

a one-g gravity load applied to a mirror supported in this manner, was cal-
culated in order to determine the accuracy of the models. Two different

cases were run in order to investigate the sensitivity of the model to the
mount locations. The first case has all three support points located over
core posts; the second case has two of the three support points located

over core struts. The results are shown in Table 2.3.1-1. As expected, the
major aberration is primary trefoil. The primary difference between these

11
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GLOBAL MODEL

A (7690 DEGREES OF FREEDOM)
) Figure 2.3.1-2
*‘

. Table 2.3.1-1

> ONE-G/3-POINT MOUNT

> SENSITIVITY TO MOUNT LOCATIONS

)

‘. ALL SUPPORT POINTS ONE SUPPORT POINT

-, UNDER POSTS UNDER A POST

CHARACTERISTICS
py | RESIDUAL | RESIDUAL* p-y | RESIDUAL | RESIDUAL®

o P-V RMS P-v RMS

)

Vo POWER ~0.0155 | 0.2794 0.0578 -0.0003 | 0.2291 0.0522
R
} PRIMARY SPHERICAL 0.0333 | 0.2686 | 0.0569 0.0335{ 0.2185 0.0513
i
v PRIMARY COMA 0.0026 | 0.2693 0.0569 0.0055 | 0.2171 0.0513
j PRIMARY ASTIGMATISM 0.0934 | 0.2306 | 0,0536 0.018 0.2060 | 0.0512
L,

) PRIMARY TREFOIL 0.2766 | 0.1309 0.0228 0.2634 | 0.1167 0.0223
§- PRIMARY TETRAFOIL 0.0142 | 0.1291 0.0226 0.0003 | 0.1167 0.0223
” PRIMARY PENTAFOIL 0.0342 | 0.1140 | 0.0221 0.0234 | 0.1134 0.022
v PRIMARY HEXAFOIL 0.0506 | 0.1266 | 0.0209 0.0444 | 0.1091 0.0211
,";,; SECONDARY SPHERICAL | -0.0153 | 0.1316 0.020€ -0.0174 | 0.1158 0.0207
(o

f{ SECONDARY COMA 0.0026 | 0.1333 0.0206 0.0016 | 0.1165 0.0207
- SECONDARY ASTIGMATISM | 0.0188 | 0.1224 0.0204 0.0043 | 0.1187 0.0207
. SECONDARY TREFOIL 0.1091 | 0.0857 0.0111 0.1129 | 0.0795 0.0108
:- TERTIARY SPHERICAL -0.0034 | 0.0857 0.0111 -0.004 0.0795 0.0108
"I

Ny TERTIARY COMA 0.0039 | 0.0840 0.0111 0.0055 ] 0.0778 0.0108
: *Values indicated are residual errors after aberration removal.
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;‘; two cases is astigmatism. (The mirror is supported in test with only one

iﬂ support point over a post).

N

ﬂﬁ Comparing the results of the more detailed model to the results predicted by

?S the coarse model provides a measure of the sensitivity of the model to grid
geometry. The Zernike aberrations predicted by the two models are shown in

- Table 2.3.1-2. Comparison of the predicted magnitudes for the major aber-

3 ration (primary trefoil) shows that there is a 12 percent difference in the

N results. Since these results are close, this indicates that the 7690 degree

of freedom model is sufficiently detailed to accurately represent the mirror.

p
\ Table 2.3.1-2
- ONE-G/3-POINT MOUNT
o SENSITIVITY TO GRID SIZE

COARSE MODEL REFINED MODEL
CHARACTERISTLCS oy | RESIDUAL | RESTDUAL p.y |RESIDUAL | RESTDUAL
: P-v* RMS* p-vV* RS *
POWER -0.0003 | 0.2291 | o0.0522 -0.0365 | 0.2914 | 0.0594
PRIMARY SPHERICAL 0.0335 | 0.2185 | 0.0513 0.0345 [ 0.2761 | 0.0585
:: PRIMARY COMA 0.0055 | 0.2171 | 0.0513 0.0033 | 0.277 0.0585 f".

N PRIMARY ASTIGMATISM 0.018 | 0.2060 | 0.0512 0.0714 { 0.2623 | 0.0566 }kix-
3 PRIMARY TREFOIL 0.2634 | 0.1167 0.0223 0.2958 | 0.154 0.0221 ‘."‘_-'.'
b PRIMARY TETRAFOIL 0.0003 | 0.1167 | 0.0223 0.0139 | 0.1496 | 0.022
$ PRIMARY PENTAFOIL 0.0234 | 0.1134 | 0.022 0.0289 | 0.1373 | 0.0216
o PRIMARY HEXAFOIL 0.0444 | 0.1091 | 0.0211 0.0601 | 0.1410 | 0.02
- SECONDARY SPHERICAL |-0.0174 | 0.1158 | 0.0207 -0.0119 | 0.1471 | o0.0198
- SECONDARY COMA 0.0016 | 0.1165 | 0.0207 0.0025 | 0.1481 | 0.0198
Aj SECONDARY ASTIGMATISM | 0.0043 | 0.1187 | 0.0207 0.015 | 0.1473 | 0.0197
W SECONDARY TREFOIL 0.1129 | 0.0795 | 0.0108 0.1106 | 0.1017 | 0.0108
) 3 TERTIARY SPHERICAL ~0.004 | 0.0795 | 0.0108 -0.005 | 0.1039 | o0.0107
> TERTIARY COMA 0.0055 | 0.0778 | 0.0108 0.0029 | 0.103 0.0107 |
.. *Values indicated are residual errors after aberration removal. v J ':E_::(\ o
< R
. Response of the mirror to an jsothermal temperature change was predicted by f::t::

e -

using the detailed finite element model. In this model the frit was simulated
with one-dimensional rod elements whose 1ine of action was assumed to act at
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the back of the mirror faceplates.

the parent glass material.

surface error is small (0.003 wave rms).
surface is shown in Figure 2.3.1-3 and indicates the majority of the thermal
change due to frit/glass CTE mismatch is located at the edge of the mirror.

The thermal load was produced by giving
the frit elements the measured coefficient of thermal expansion mismatch from
The magnitude of the load is a function of the
product of this coefficient mismatch and the isothermal temperature change.
For this test (100°K) the magnitude of the strain was estimated at 45x107°.
Results of this load case are shown in Table 2.3.1-3.
that virtually all of the predicted aberration is random in nature.
A contour map of the distorted

It should be noted

ISOTHERMAL TEMPERATURE CHANGE,

Table 2.3.1-3

THERMAL STRAIN MISMATCH = 45 PPM

CHARACTERISTICS | () . 06328 ) | ( = 0.6328 31) | (r = 06528 o¥)
INPUT ARRAY - 0.0365 0.0031
POWER 0.0032 0.0363 0. 0029
PRIMARY SPHERICAL 0.0022 0.0363 0.0029
PRIMARY COMA 0.0 0.0363 0.0029
PRIMARY ASTIGMATISM 0,0002 0.0363 0.0029
PRIMARY TREFOIL 0.0 0.0363 0.0029
PRIMARY TETRAFOIL 0.0035 0,0361 0.0028
PRIMARY PENTAFOIL 0.0 0.0361 0.0028
PRIMARY HEXAFOIL 0.0 0.0361 0.0028
SECONDARY SPHERICAL 0.003 0.0361 0.0027
SECONDARY COMA 0.0 0.0361 0.0027
SECONDARY ASTIGMATISM 0.0 0.0361 0.0027
SECONDARY TREFOIL 0.0 0.0361 0.0027
TERTIARY SPHERICAL 0.0018 0.0361 0.0026
TERTIARY COMA 0.0 0.0361 0.0026
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2.4 TEST PROGRAM

2.4.1 Test Flow

’ggoguuqogg
MO0 e 0 n gnoO0)

CONTOUR MAP - PREDICTED DISTORTION
DUE TO GLASS/FRIT CTE MISMATCH (100°K)

Figure 2.3.1-3

The test flow for the mirror is shown
in Figure 2.4.1-1.
baseline testing first occurred at

Interfermetric

room ambient temperature and pressure
with the 0.5-meter mirror supported
on back on an inflatable membrane
device commonly referred to as an air bag support. After this test, the
mirror was transferred to a large vacuum chamber equipped for cryogenic
optical testing. For this testing, the mirror was supported on a three-point
test support within a liquid nitrogen (LN2) shroud/test stand and instrumented
with temperature sensors. An interferometric reference test at room ambient
and low pressure (40 micrometers) was obtained on the three-point support as

a reference for subsequent testing at cryogenic temperature.

TEST ON
3-POINT°SUPPORT
70°F

TEST ON
3-POINT gUPPORT

-264'F

TEST ON
3—POINT°SUPPORT
69°F

TEST ON
AIROBAG
68°F

TEST FLOW - 0.5-METER, FRIT BONDED MIRROR
Figure 2.4.1-1

The cryogenic test was initiated with a controlled discharge of liquid
nitrogen to the shroud with the chamber at low pressure. Thermal data was
recorded at a scan rate of one channel per second for the first four hours.
The scan rate was then reduced to one 18-channel scan every 15 minutes for
the remainder of the monitoring period. The mirror achieved an isothermal
condition after 83 hours and settled out at -263.68°F. This temperature was
held for 15 hours. During this interval, interferograms of the mirror figure
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error were obtained. The lowest mirror temperature recorded was -264.46°F.
The maximum temperature excursion from room temperature was 336°F.

Subsequent to interferometric cryogenic testing, the vacuum chamber was
repressurized to 450 millimeters with moisture-free nitrogen gas. A warmup
program was initiated to return the mirror to room ambient temperature. After
thermal normalization, the nitrogen atmosphere was purged from the chamber

and a post-cryogenic interferometric test was conducted on the three-point
support. Following this test, the chamber was repressurized and the mirror
inspected for structural integrity. The mirror was then tested on the air

bag support at room temperature and pressure.

. s 35 MM INTERFEROMETER
2.4.2 Air Bag Test Description CAMERA > ASSEMBLY

/ J

Figure 2.4.2-1 is a picture of the LS
interferometric air bag test setup
used to confirm figure quality at
ambient room temperature before and
after exposure to the cryogenic
environment.

The 0.5-meter mirror is supported
on-back at the base of a vibration
ijsolated vertical test stand. The ‘ S
on-back support is an inflatable T ARY A 3\ ASUPPORT
membrane device commonly referred ‘ il | 4’»
to at Kodak as an air bag. A downward-

looking Twyman-Green interferometer AIR BAG TEST SETUP

and photographic camera are located Figure 2.4.2-1

above the mirror at the mirror center-

of curvature.

The inflated air bag provides a constant force per-unit-area support for the
mirror. This results in a low strain condition in the mirror and provides a
reliable and repeatable simulation of zero-gravity.
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2.4.3 Cryogenic Test Description

2.4.3.1 Test Chamber - A1l cryogenic testing occurred in vacuum chamber “C",
which was equipped with a small cryogenic shroud. Vacuum chamber "C"

(Figure 2.4.3.1-1) is a large
rectangular, walk-in chamber which
is 8-feet wide by 8-feet high by
16-feet long. The chamber is
equipped with electrical power,
instrumentation, and liquid nitro-
gen pass-through capability. A
10-inch diameter by 2.5-inch thick
optical window is mounted to a
penetration port directly above
the cryogenic shroud test position.
The temperature of the chamber
walls can be controlled from 40°F VACUUM CHAMBER "C"
to 120°F. Maximum vacuum cap- Figure 2.4.3.1-1

ability of the chamber is 107 ° torr. The chamber setup includes an internal
cryogenic shroud and mirror support assembly; interferometer/camera assembly,
and a thermal data acquisition system.

2.4.3.2 Cryogenic Shroud Assembly - The shroud assembly (shown in Figure

2.4.3.2-1) is a three-part cylindrical enclosure, 25 inches in diameter and
45 inches long. The side wall and removable bottom pan are double-wall,
formed and welded stainless steel. The cover is a brass weldment with
attached copper liquid distribution tubing. Liquid nitrogen coolant is
distributed to the pan, through the side wall, to the cover, then discharged
to a facility exhaust vent. The shroud assembly is mounted to a welded steel
support stand. Removal of the pan provides access to the shroud enclosure
for loading the test mirror. A cylindrical aluminum, thermal radiation
shield, positioned between the cover and chamber ceiling, reduces thermal
losses. Multilayer, aluminized polyester insulation completely encloses

the shroud assembly.

17
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£ DISCHARGE LINES|EE. -4 . 2-4.3.3 Mirror Support Assembly - The

' ' test mirror support assembly (Figures

".

el .4.3.3- .4.3.2- i i

’t T _ 4 . ~ 2.4.3.3-1 through 2.4.3.2-3) is comprised
f: SHIELD g e of four structural components: an

' 5 ol ' annular support ring, a fused silica

support base, a thermal transfer plate,
and three, fused silica mirror support

e i

spheres. The aluminum annular ring
provides the mechanical interface between
the mirror support assembly and the
shroud. Four clearance slots machined

. in the ring periphery provide clearance
for brackets attached to the shroud
assembly. Insertion of the assembled

test components into the shroud and a
CRYOGENIC SHROUD ASSEMBLY 10-degree clockwise rotation securely
Figure 2.4.3.2-1 locks the assembly into the test posi-
tion. A 26-inch diameter, plano/plano, fused silica blank was employed as a
thermally-stable mirror mounting platform. Three concave recesses were
machined into the mounting platform, thereby providing exact positioning and
retention of the fused silica support spheres. The fused silica support plat-
form is totally encased in multilayer, :
aluminized, polyester insulation.
Three Teflon, disk type standoffs were
attached to the support surface to

support the thermal transfer plate.

The black anodized aluminum, thermal |

transfer plate was incorporated into
the test assembly t improve radiation
al thermal transfer from the backplate.

N A A e R A

effectively reducing the axial thermal

.

gradient of the test mirror. 2 SUPPORT RING

INSULATED FUSED SILICA
MIRROR SUPPORT ASSEMBLY

o

Figure 2.4.3.3-1
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Figure 2.4.3.3-2
Figure 2.4.3.3-3

2.4.4 Thermal Data Acquisition System

i

T

A 24-channel DYMEC/Hewlett-Packard data acquisition system was used to
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monitor the temperature of the mirror during cryogenic testing. Data was
recorded at a scan rate of one channel per second for the first 4 hours. The
scan rate was reduced to one 18-channel scan every 15 minutes for the remain-

. ok

der of the monitoring period. Copper/constantan Type "T" thermocouples were

securely attached to temperature monitoring points with compliant, fiber-

. glass backed, pressure-sensitive tape. Each thermocouple was characterized
at three temperature levels: 70°F, 32°F, and -320°F. Figure 2.4.4-1 is a
picture of the instrumented ultra lightweight, frit bonded mirror.
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INSTRUMENTED ULTRA LIGHTWEIGHT, FRIT BONDED MIRROR
Figure 2.4.4-1

2.4.5 Interferometer/Camera Assembly

A Twyman-Green interferometer was positioned outside the chamber optical
window at the center of curvature of the 0.5-meter diameter fused silica
mirror. The interferometer, which was aligned normal to the window, used a
0.6-inch diameter aperture window area. Interferograms were recorded with a
35-millimeter single lens, reflex camera.

2.5 TEST RESULTS

2.5.1 Thermal Data Summary

Eleven thermocouples were attached at selected mirror locations (Figure
2.5.1-1). Thermocouple 1 was attached to the top surface center position of
the front plate. Thermocouple 2 was attached to the bottom surface center
position of the back plate. Thermocouples 2, 5, 7, and 9 were attached to

the top surface of the front plate, one-quarter inch in-board from the outside

edge at the 12, 3, 6, and 9 o'clock positions, respectively. Thermocouples
4, 6, 8, and 10 were attached to the top surface of the back plate, one-
quarter inch from the edge at the 12, 3, 6, and 9 o'clock positions, respec-

20
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tively. Thermocouple 11 was attached to the core structure midway between
the plates at the 12 o'clock position.

axial, radial, and circumferential thermal gradients.

Table 2.5.1-1 summarizes the temperature values and thermal gradient data for

each of the interferometric tests. Figure 2.5.1-2 illustrates the mirror

thermal profile during cooldown.

These positions were chosen to measure
Additional thermo-
couples were attached to locations of general interest (the fused silica

mirror support, the thermal transfer plate, shroud surfaces, etc.).

12:00

6:00
T11]1
| |
s LOCATION THERMCOUPLE
POSITION
1 TOP SURFACE FRONT PLATE, CENTER CENTER
2 BOTTOM SURFACE BACK PLATE, CENTER CENTER
3 TOP SURFACE FRONT PLATE, 1/4 INCH FROM EDGE | 12 0'CLOCK
4 TOP SURFACE BACK PLATE, 1/4 INCH FROM EDGE | 12 0°CLOCK
5 TOP SURFACE FRONT PLATE, 1/4 INCH FROM EDGE | 3 0'CLOCK
6 TOP SURFACE BACK PLATE, 1/4 INCH FROM EDGE | 3 0'CLOCK
7 TOP SURFACE FRONT PLATE, 1/4 INCH FROM EDGE| 6 O'CLOCK
8 TOP SURFACE BACK PLATE, 1/4 INCH FROM EDGE | 6 0'CLOCK
9 TOP SURFACE FRONT PLATE, 1/4 INCH FROM EDGE | 9 0'CLOCK
10 TOP SURFACE BACK PLATE, 1/4 INCH FROM EDGE | 9 0'CLOCK
1 CORE STRUCTURE MIDPOINT POSITION 12 0'CLOCK

THERMOCOUPLE LOCATIONS

Figure 2.5.1-1
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N Table 2.5.1-1
0.5-METER MIRROR TEMPERATURE VALUES - .
CRYOGENIC TEST SERIES wy
_ INTERFEROMETRIC ::-:i‘m .
:,: EVALUAT [OK mgﬁrrﬁ: CRYO TEMP POST TEST REF tw::
N v VACUUM AMBIENT TEMP ANES
"o ACUUM VACUUM A
‘\’ *. ‘t..
D N
! ELAPSE TIME - 95.5 HOURS - >t
TEMP AT TEMP AT TEMP AT Cican
- LocATION len em | ©on en | ep ©p N
o) ‘_'_-
, 3:: FRONT PLATE 1| 70.45 2.61 68.76 Sean
. CENTER 0.12 0.50 0.36 NN
) BACK PLATE 2| 70.33 ~261,92 68.40 e
- -t
FRONT PLATE 3| 70.37 -264,75 68.60 —
' 12 0'CLOCK 0.07 0.50 0.14
T BACK PLATE 4| 70.30 -264,25 68.46 e
Fo .
o FRONT PLATE 5| 70.40 -264,67 68,58 reTe
o~ 3 0'CLOCK 0.08 1.00 0.11
¥ BACK PLATE 6| 70,36 -263.67 68.49 L
FRONT PLATE 7| 70.43 -264,33 68.66
“n 6 0'CLOCK 0,14 0.75 0.19
BACK PLATE 8| 70.57 -263.58 68.85
':‘
e FRONT PLATE 8| 70.57 -264.75 68,82
i) 9 0'CLOCK 0.18 0.67 0.03
N BACK PLATE 10| 70.75 -264,08 68.85
-t
12 0'CLOCK
Rl MIDPOINT 11 { 70.52 -259.62 68.61
N SUPPORT STRUCTURE
o
-~ AVERAGE AXIAL 0.11 0.73
W AT EDGE LOCATIONS * :
MAXIMUM RADIAL AT 0.11 1.08



2.5.2 Optical Quality

Representative interferograms obtained at room temperature and cryogenic
temperature (-264°F) on the three-point support are shown in Figure 2.5.2-1.
The character of each is similar and dominated by the gravity distortion
effect of the three-point support. Little quilting (polishing or thermally-
induced) is evident. Interferograms from each test were processed and

contour surface maps were generated as shown in Figure 2.5.2-2. Included is
the point-to-point difference or delta map between the reference and cryogenic
test. The rms surface error at room temperature is 0.112 wave rms. The
dominant character of the figure error is a trefoil pattern stemming from the
three-point support. The rms surface error at cryogenic temperature is only
slightly higher at 0.134 wave rms. The dominant figure error at cryogenic
temperature is also the gravity-related trefoil pattern. The magnitude of the
delta map between the room temperature test and cryogenic test is 0.06 wave
rms. The character of this map is predominantly random.

REFERENCE TEST, 70°F CRYOGENIC TEST, -264°F
INTERFEROGRAMS, 3-POINT SUPPORT

o

Figure 2.5.2-1
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REFERENCE TEST, 70°F CRYOGENIC TEST, -264°F
0.112 X RMS . 0.134 A RMS

DELTA MAP, REF.- CRYOGENIC TEST
0.06 X RMS
SURFACE MAPS, 3-POINT SUPPORT
Figure 2.5.2-2

The thermally-induced quilting-was evaluated by subjecting the delta map of
Figure 2.5.2-2 to a special quilting analysis routine which operates on the
surface error which is spatially correlated with the core (cell) spacing
after all Zernike aberrations have been removed. This analysis indicates the
thermally-induced cuilting was quite small (0.008 wave rms).

Table 2.5.2-1 summarizes the figure error results obtained at room temperature
and cryogenic temperature. The post cryogenic testing at room temperature

on the three-point support and on the air bag support produced virtually
jdentical results to those obtained prior to exposure to the cryogenic
environment.
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a Table 2.5.2-1

INTERFEROMETRIC SUMMARY

3

%) 0.5-METER FRIT BONDED MIRROR

4

" TEMPERATURE . RMS | P-v

l; R TEST op PRESSURE | o " | o ALuE

<)
ALRBAG 68 1 ATMOSPHERE | 0.033| 0.17
REFERENCE
3-POINT SUPPORT 70 40 um 0.113{ 0.67
CRYOGENIC
3-POINT SUPPORT 264 70 um 0.134 0.88
REFERENCE
3-POINT SUPPORT 69 60 um 0.112] 0.65
AIRBAG 68 ] ATMOSPHERE { 0.033] 0.16

The conclusions reached from these results are:

o The thermal stability of the 0.5-meter ULW frit bonded mirror
1s excellent and comparable to that of conventional (heavier)
fusion-welded and solid fused silica mirrors.

¢ The thermally induced quilting is negligible.

o The frit bonding technique is an attractive construction
approach for cryogenic applications requiring minimum weight,
high resonant frequency, and good optical quality.
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3.0 CRYOGENIC MIRROR PERFORMANCE - FUSED QUARTZ

3.1 OBJECTIVE AND CONCLUSIONS Y

The objective of this task was to evaluate the performance and environmental
stability of two 305-millimeter diameter, ULW, fused quartz mirrors. The
two fused quartz ULW mirror blanks, fabricated by Heraeus Amersil Company in :?f.
Germany, were polished, thermal tested, and evaluated at Kodak. These o)
activities took place over a period from September 1982 to April 1983 under
joint DARPA/Kodak funding.
Both mirrors are geometri-
cally identical, having 60-
millimeter square tubes with
2-millimeter thick walls
joined at the corners to form

a lightweight core to which
5-millimeter thick facesheets
are bonded. The core cells
were formed by a tube drawing i
FUSION BONDED, 0.31-METER,
process. Different bonding ULTRA LIGHTWEIGHT MIRROR
methods were used to fabricate
each of these 2.44-kilogram
mirrors. A fusion bonding
(hard firing) process was
used on one mirror (Figure
3.1-1) and the other (Figure
3.1-2) relied on sintered
glass as the bonding agent.
The sintered glass on both
facesheets is repsonsible for
the white, snow-1like

Figure 3.1-1

appearance of this mirror.

SINTER BONDED, 0.31-METER,
ULTRA LIGHTWEIGHT MIRROR

Figure 3.1-¢
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- The fusion bonded (hard firing) lightweight mirror blank was polished to a ffir;
(4 spherical shape and a 0.086 wave rms surface error as tested on an air bag ?niﬁ;
E support. This mirror was evaluated interferometrically over a temperature A:{lﬂ
S range from room ambient (294°K) to 95°K; was evaluated at 365°K after seven 3;£i'
y thermal cycles to this temperature and at room temperature after ten cycles f'3?
of mechanical loading equivalent to four times gravity loading. The ;;\i;;’
. stability of this mirrc. over these environmental conditions is considered ﬁ;iﬁg
o to be excellent. The interferometrically measured surface rms change (point- EN
.' to-point) from room temperature to 95°K was 0.042 wave rms. N
a Y
‘; The sinter bonded ULW mirror blank was ground and polished to a spherical
’f shape with and a 0.106 wave rms surface error, as tested on an air bag
N support. The sinter bonded mirror was evaluated at 115°K. The measured
o surface rms (delta) change from room temperature to 115%K was 0.115 wave rms. :
:f This mirror revealed evidence of poor vertical joint strength and its thermal . -
fg sensitivity is considered to be unacceptable. fﬁ&l&
o The thermal stability of the 305-millimeter, fusion bonded, lightweight p%f:-
- mirror from 95°K is considered excellent. Structural stability after R
i exposure to thermal and mechanical bonding was verified. This mirror J
- exhibits good bonding strength, with a Tow and uniform coefficient of thermal 3
. expansion over the temperature range tested. The Heraeus Amersil process of \{iiéf
; drawing fused quartz tubes and fusing these together to form a lightweight :E;g\.
M core appears to be a viable and attractive approach to the fabrication of ;iggs
lightweight mirror blanks. This process is worthy of further development nf -
- and investigation. %‘i;j
X 3.2 TEST DESCRIPTION - SINTER BONDED MIRROR RN
- The test flow for the sinter bonded mirror is indicated in Figure 3.2-1 and i‘fi:
3 js identical to that described in Paragraph 2.4.1 for the fused silica, Ii;i};
!} frit bonded mirror. This testing included an air bag support baseline Ei:;ﬁg
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testing before and after cryogenic testing and testing in a thermal vacuum
chamber on a three-point kinematic support at room temperature and cryogeric !
temperature. The thermal data acquisition system, interferometric test

system, and test support devices used are described in Section 2.4 of this

report. K
AN
0.31-METER TEST TEST TEST AN
MIRROR AIR aAcosuppoxr »| THREE-POINT SUPPORT 5| THREE-POINT SUPPORT M
69°F 69°F -254°F e,

- v o

TEST TEST 3

THREE-POINT SUPPORT AIR BAG SUPPORT el

(+} > o RS
69°F 69°F RO

TEST FLOW
306-MILLIMETER, SINTER BONDED MIRROR

Figure 3.2-1

Low temperature testing of this mirror occurred in February 1982. Isothermal
conditions were achieved after 41.5 hours of LN, discharge and stabilized at
an average mirror temperature of -254°F. The average front-to-back plate
edge position, axial, thermal gradient was 5.70°F. Maximum radial thermal
gradients were 5.57°F and 2.97°F for front and back plate sensor positions,
respectively. Figure 3.2-2 displays the test mirror thermal profile and
typical Edge location axial gradients at various test intervals. Table 3.2-1
displays the temperature values and thermal gradients for reference and
cryogenic temperature testing.

3.2.1 Test Results - Sinter Bonded Mirror

Interferograms of the sinter bonded mirror supported on three points in

the test stand at 70°F before and after thermal testing are shown in

figures 3.2.1-1 and 3.2.1-2. The pre- and post-test wavefronts have no
discernable difference, and indicate good test repeatabilty. At approximately
115%, a significant degradation was apparent in the interferogram as

shown in Figure 3.2.1-3.
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! Table 3.2-1
TEMPERATURE VALUES - CRYOGENIC TEST SERIES
(305-MILLIMETER SINTERED MIRROR)
SINTERED MIRROR ASSEMBLY o
1 2 3 e
.. INTERFEROMETRIC .‘_:;
o EVALUATION PRE-TEST REFERENCE CRYOGENIC POST~TEST REFERENCE oo
AMBIENT TEMPERATURE TEMPERATURE AMBIENT TEMPERATURE ,
. LOW PRESSURE LOW PRESSURE LOW PRESSURE
R ELAPSE TIME - 41.5 HOURS -
: TEMPERATURE AT TEMPERATURE AT TEMPERATURE AT
.‘ LOCATION TC ps
X °F % | °% | % °r °c F|°% | °F % |°% | %
S FRONT PLATE 1] 68.77 [ 20.43 -246.73 | -154.85 69.40| 20.78
N CENTER 0.16 | 0.09 8.27 [4.59 0.17| 0.10)
3 BACK PLATE 2| 68.61 | 20.34 -255.00 | -159.44 69.23| 20.68
SN
SN FRONT PLATE 3| 68.77 | 20.43 -244.33 | -156.29 69.36 | 20.76
o 12 0'CLOCK 0.14 [ 0.08 6.05 [3.36 0.07 | 0.04
BACK PLATE 4| 68.63|20.35 -255.38 | -159.66 69.29| 20.72
{
— FRONT PLATE 5| 68.80 | 20.44 -252,04 | -157.80 69.37] 20.76 N
Ny 3 0'CLOCK 0.13] 0.08 4.24 12.36 0.05] 0.03 O
W3 BACK PLATE 6| 68.65 | 20.36 -258.28 | -160.06 69.32| 20.73 NN
", o)
Y FRONT PLATE 7| 68.68 | 20.37 -250.87 | -157.15 69.31 20.73 A
N 6 0'CLOCK 0.10| 0.06 7.1013.94 0.15| 0.08 RhA
o BACK PLATE 8| 68.78 | 20.43 -257.97 | ~161.09 69.46 | 20.81 o
] A 3
Py FRONT PLATE 9] 68.62]20.34 -252.30 ) -157.94 69.16 | 20.64 e
s 9 0'CLOCK 0.23]0.13 5.42 [3.01 0.36| 0.20
o BACK PLATE 10 | 68.85 | 20.47 -257.72 | -160.96 69.52 | 20.84
[t
L MAXIMUM RADIAL °p °c °F °c °F °c
A AT
FRONT PLATE 0.15 0.09 5.57 3.09 0.24 0.14
, BACK PLATE 0.24 0.13 2.97 1.65 0.29 0.16
o
A AVERAGE AXIAL °F °c °F °c °F °c
e AT
S EDGE LOCATIONS 0.15 0.09 6.22 3.45 0.16 0.09
I
I
N
3
Y
.h.
>
0
5
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489
I.‘
ot

".l' t:;‘::..\'.\'-;q‘ oot

o~

2y



B

W at
.
1
*
.
.
1]
.
0
»
By
»
v
o
N
v

'-‘:1' % '

505

N
L e ————\
: = = B

:':‘: P o /
- — ‘T/-.%
- S— 4:53::57

PRE-TEST REFERENCE , 69°F POST-TEST REFERENCE , 69°F

Figure 3.2.1-1 Figure 3.2.1-2

v
l‘I.l.l‘V‘
e e,

R
h stk

|
Ay
et

=
A

r

AT g oy
RS

»

CRYOGENIC TEMPERATURE TEST , -254°F

Pl .u" %

Figure 3.2.1-8

[AC AL

. INTERFEROGRAMS, SINTER BONDED MIRROR

N .
D N

' .;'_-"

31




ol
The cryogenic test evaluations are presented in Figure 3.2.1-4 as computer ’ ;f
generated surface contour maps and computer evaluated surface error magnitudes. L
The dark areas of the maps indicate the relative highs. The light shading 1;}2
of the maps indicate the relative lTows. Both the pre- and post-test contours j: >

are essentially identical, with primary spherical as the principal aberration. e
The delta map; a point-for-point sybtraction of the pre-test from the post- T
test data; shows a predominantly random difference. The delta magnitude of )
0.019 wave rms is small and within the test error for a single orientation,
three-point support test. This data indicates that no permanent change to

the mirror occurred during the cryogenic test.
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At 115% a significant change in the surface character and the amount of

St
3’-{
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surface error (0.172 wave rms) is apparent. The delta map shows the change

KA
.,i X

¥ .'f_,r‘.. A y

from room temperature to 115%K to be large (0.115 wave rms) and consists

¢ "i &y & .'.".'

of a regular pattern of alternating high and Tow regions corresponding to the
core cell spacing. Comparison of the delta map with the mirror structure
shows that the high areas are within the square tubes which form the core.
The low areas occur in the spaces formed by the sides of four individual
square tubes joined at their corners. This situation is shown in Figure
3.2.1-5 where the outline of the five full square tubes in the core have been
superimposed on the delta map. The positions of the remaining tubes can be
visualized and their correspondence to the surface contour readily seen.
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The most likely cause of this phenomenon is core-to-plate CTE mismatch
combined with Tow vertical joint (tube-to-tube) bond strength. As the mirror
temperature is lowered, the tubes will tend to contract radially. Without ;h!
strong bonds, differential contraction between the core and faceplates will g
cause the tubes to produce a force at the back surface of the faceplate; :j:f
caused by compression within the tubes. The offset from the faceplate
neutral axis can result in bending moments which produce the observed

checkerboard pattern. This test revealed a fundamental problem with the

sinter bonded mirror, and no additional thermal tests were conducted.
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NN A post cryogenic test evaluation
K‘_ conducted on an air bag support
\.. . -
o resulted in a measured surface figure
o quality of 0.102 wave rms (0.59 A P-V).
s The point-for-point subtraction from
- the previous air bag test data resulted -
s . b
I in a delta of 0.011 wave rms (0.09 A .
] .
~ P-V). The magnitude of this delta .
N indicates that no permanent structural -
e changes occurred during the thermal :
\ SINTERED MIRROR cycle. Table 3.2.1-2 summarizes the NN
O RELATION OF CORE GEOMETRY AND . . . .#:.. .
':: SURFACE ERROR interferometric test data for this R
.- v' 3 -*....-l
= Figure 3.2.1-5 mirror. :
,L
1‘\-

33 Due to the apparent problem with the sintered bonds at cryogenic temperatures,
%ﬁ' further testing and evaluation was discontinued on this mirror. o
{ . Table 3.2.1-2

*
: j., 305-MILLIMETER SINTERED MIRROR - CRYOGENIC TEST
‘-- INTERFEROMETRIC swu.unw; W s vaLue [ -y vaLUE
e | (6328 ) | (6328 R)

"' PRE-TEST, ALR BAG SUPPORT ﬁi
—t BASELINE, 294°K (69°F) 0.106 0.6175 |

-:* \

'h". PRE-TEST, THREE-PQINT SUPPORT REFERENCE
",,.’ LOW PRESSURE, 294°K (69°F) 0.118 0-6196‘!
-: _\.:: CRYOGENIC TEST, THREE-POINT SUPPORT ) ﬁ
. LOW PRESSURE, 115°K (-254°F) 0.172 1.3075

POST~TEST, THREE-POINT SUPPORT REFERENCE m
e LOW PRESSURE, 294°K (69°F) 0.119 0.6509 e
-\ -

a ' .
A POST-TEST, AIR BAG SUPPORT )
..\ BASELINE, 294°K (69°F) 0.102 . 0.5902
i '\'

= ‘:;EUEAG TEST, DELTA 0.011 | 0.090
:‘.2{ | g:t'{:(_)sggzg?('r’ THREF-POINT SUPPORT, 0.019 0.1381 : N
bl = . N
;-t | THREE-POINT SUPPORT, DELTA (294°k/115°K) | 0.115 ;09330
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3.3 TEST DESCRIPTION - FUSION BONDED MIRROR

The test flow for the fusion bonded mirror is indicated in Figure 3.3-1.

This mirror was subjected to a room ambient cryogenic temperature test
sequence similar to that of the frit bonded mirror and the sinter bonded
mirror described earlier in this report. The environmental test program for
the fusion bonded mirror also included performance evaluation at elevated
temperature (+200°F), evaluation after exposure to thermal cycling from -90°F
to +200°F, and after ten cycles of mechanical loading at four times gravity.

. :
0. 31-METER TEST REFERENCE TEST CRYOGEN1C TEST
"MIRROR AIR BAG SUPPORT THREE-POINT SUPPORT THREE-POINT SUPPORT

+68°F +68°F ~292°F

———
POST-REFERENCE TEST POST-CRYOGENIC TEST HIGH TEMPERATURE TEST
THREE-POINT SUPPORT AIR BAG SUPPORT THREE-POINT SUPPORT

+66°F +68°F LAA 200°F

-l
.

[

. . — TEST
p| SIX THERMAL CYCLES TEN MECHANICAL CYCLES
-90°F 10 +200°F  G'S) AIR BAG SUPPORT

68°F

305- MILLIMETER, FUSION BONDED MIRROR TEST FLOW DIAGRAM
Figure 3.3-1

Low temperature testing of this mirror was initiated in March 1982. Cryo-
genic isothermal conditions were achieved after 21.5 hours of LN, discharge
with an average mirror temperature of -292°F. The average front-to-back
plate edge position axial thermal gradient was 9.05°F. Maximum radial
thermal gradients were 4.8°F and 2.8°F for front and back plate sensor
positions, respectively. A thermal-time profile of the mirror is displayed
in Figure 3.3-2. Table 3.3-1 shows the temperature values and thermal
gradients for the room ambient temperature reference tests and the cryogenic
test.
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Table 3.3-1

TEMPERATURE VALUES - CRYOGENIC TEST SERIES
305-MILLIMETER FUSION BONDED MIRROR

HARD-FIRED MIRROR ASSEMBLY

1 2 3

PRE~-TEST REFERENCE CRYOGENIC POST-TEST REFERENCE
IN:‘E,:igszIC AMBIENT TEMPERATURE TEMPERATURE AMBIENT TEMPERATURE
LOW PRESSURE LOW PRESSURE LOW PRESSURE

ELAPSE TIME 21.5 HOURS

TEMPERATURE TEMPERATURE

[+}

LOCATION

[ o o

F C F C

FRONT PLATE -175.39
CENTER
BACK PLATE -181.89

FRONT PLATE ~173.06
12 0'CLOCK
BACK PLATE -181.89

FRONT PLATE ~-177.33
3 0'CLOCK
BACK PLATE -182.17

FRONT PLATE -177.00
6 0'CLOCK
BACK PLATE -182.94

FRONT PLATE ~-177.94
9 0'CLOCK
BACK PLATE -183.44

MAXIMUM RADIAL °

AT
FRONT PLATE . . .8
BACK PLATE . .1 .8

F

AVERAGE AXIAL F
AT
EDGE LOCATIONS

NI
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3.3.1 Test Results - Fusion Bonded Mirror S
%
Shown in Figure 3.3.1-1 are interferograms of the fusion bonded mirror EE:E
supported on three points in the cryogenic test stand before and after the tfﬁﬁ
thermal test cycle and at cryogenic temperature (95°K). Little change is N
discernable in the fusion bonded mirror at cryogenic temperature. Figure E;i;
3.3.1-2 represents the surface contour maps and difference maps for this test ff;:
;ﬁ series. The predominant surface aberration on the three-point support is t;i?
0y astigmatism, with the high axis running approximately from 8 o'clock to A
2 o'clock positions. The pre- to post-reference test delta map appears fﬁf
ﬁf random with a small (0.017 wave rms) difflerence, which is within the test :;f;
;E error. The character of the mirror surface has changes only slightly at :;?;
' 95%K. The magnitude of the delta map from room temperature performance and fji:
temperature is only 0.042 wave rms. The low temperature performance and kél
stability of the fusion bonded mirror is considered to be excellent. Qjﬁi

CRYOGENLIC TEST (95VK)

- FUSION BONDED MIRROR INTERFEROGRAMS

Figure 3.3.1-1
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PRE-TEST KEFERENCE (294°K) CRYOGENIC tES) (95YK) POST-1ES 1 KEFEKENCE (2939K)
0.085 A RMS 0.095 » RMS 0.092 + RMS

DELIA PRE-POST DELTA 95K 294K
0.017 A RMS 0.042 * RMS

A =0.6328 um
FUSION BONDED MIRROR -
CRYOGENIC TEST EVALUATIONS
(THREE-POINT SUPPORT)

Figure 3.3.1-2

o

5k

A test at elevated temperature was also conducted to examine mirror stability
at approximately 365°K (+200°F). The figure error at this temperature,

shown in Figure 3.3.1-3, indicates little change from room ambient temperature.
At 365°K, the surface quality was 0.101 wave rms compared to a room tem-
perature value of 0.084 wave rms. The character of the 365%K figure and
delta maps from room temperature and from 95%K are shown in Figure 3.3.1-3.
The delta map from room temperature to 365°K has a value of 0.022 wave rms
and appears predominantly random. The change from cryogenic to the elevated
temperature is 0.048 wave rms. The delta magnitudes between the three test
temperatures indicate a nearly linear variation with temperature. The small,
linear reaction of this mirror with temperature changes is indicative of
well-matched CTE and good structural integrity of all joints.

LI 3
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SURFACE ERROR AT 365°K
0.101 A RMS

A = 0.6328 um

DELTA 365°K-294°K
0.022 A RMS

FUSION BONDED MIRROR - ELEVATED TEMPERATURE TEST

Figure 3.3.1-1

DELTA 365°K-959K
0.048 X RMS

Before the final air bag test, the fusion bonded mirror was subjected to an
additional six thermal cycles from 200°K to 365°K and ten cycles of an axial

mechanical load equivalent to four times gravity.
was to establish the bond stability under various types of loading.

The purpose of these tests
The

value obtained for the final air bag test was 0.088 wave rms compared to

0.0856 wave rms for the initial air bag test.

between these two tests
yields a 0.010 wave rms delta
which is predominately random.
This result verifies the
integrity and stability of
this mirror over these
environments. A summary of
the test results for this
mirror is presented in Table

3.3.1-1.

A point-to-point subtraction

Table 3.3.1-1

305-MILLIMETER FUSION-BONDED MIRROR
CRYOGENIC AND ELEVATED TEMPERATURE TEST

INTERFEROMETRIC EVALUATION

RMS VALUE
6328 §)

P-V VALUE
(6328 R)

PRE-TEST, AIR BAG SUPPORT
BASELINE, 294°K (68°F)

0.085

.61

PREETEST §EFERENCE, THREE-POINT SUPPORT
294K (68 F)

.084

.59

CRXOGENIC gEST, THREE-POINT SUPPGRT
957K (-292°F)

.095

.62

Hng TEMPERATURE, THREE-POINT SUPPORT
365°k (200°F)

.101

.77

293K (66°F)

POST-TEST REFERENCE, THREE-POINT SUPPOR1

.092

.70

-
POST-TEST, AIR BAG SUPPORT

3

294°k (70°F)

.61

PRE/POST AIR BAG TEST, DELTA (294°K)

PRE/POST TEST, THREE-POINT SUPPORT,

DELTA (294°K)
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4.0 REFRACTIVE INDEX HOMOGENEITY TASK

4.1 OBJECTIVE

The objective of this task was to measure the variation of index of refrac-
tion in samples of a Code 7940 fused silica glass boule selected from the
current government inventory. These data will be preserved for possible addi-
tional studies attempting to correlate variations in refractive index with
coefficient of thermal expansion inhomogeneity.

4.2 GLASS SAMPLE DESCRIPTION
Two fused silica samples were cut from a 60-inch diameter, 5-inch thick

boule (see Figure 4.2-1) by Corning Glass Works.

f60-INCH DIAMETER BOULE
- ~

Q@ NN Iy N N |y 4 1nches

GLASS SAHPLES—/ *

+¢—30 INCHES —-| 4 INCHES

60-INCH DIAMETER, 5-INCH THICK BOULE
Figure 4.2-1

41
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The samples were then shipped to Kodak,
shaped, ground and polished, and
interferometrically tested and evalu-
ated. A picture of the polished glass
samples in its test setup is shown

in Figure 4.2-2.

4.3 TEST DESCRIPTION

The boule segments were evaluated both
perpendicular to and parallel to the
face of the boule, so as to measure
radial and depth variation in index.

This was done using a 26-inch aperture

parallel beam interferometer, with the

interferograms recorded on film and

computer scanned and evaluated. In Figure 4.2-¢
order to obtain full aperture evaluation of the glass segments, it was neces-
sary to fiducialize and take multiple subaperture photos. The resulting maps

were pieced tsgether during evaluation.
4.4 EVALUATION RESULTS

The measured values for the refractive index homogeneity are listed in

Table 4.4-1.
ey
Table 4.4-1
HOMOGENEITY DATA
VIEWED PERPENDICULAR[ VIEWED PARALLEL
TO BOULE FACE | TO BOULE FACE
-+ ——
| P-V | P-V
|
L + —
SAMPLE #1 | 6.3x10"° ‘ 4.4x10
SRS — i t . i
SAMPLE #2 l 5.9x10 © 2.9x10°°
Wit i " l
42
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The test evaluation showed the fused silica boule to have a maximum inhomo- i
geneity of 6.3x107° (P-V), but with a sharp index gradient existing in the '
upper and lower l-inch layers of the boule (see Figure 4.4-1). Further
evaluation will have to be performed to determine the impact this index

]
‘l I! 3

PN R R SN R 2% )

A
v e N

gradient has on boule quality and usable material. Computer generated homo-
geneity maps of the glass segments are shown in Figure 4.4-2.

This data indicates excellent homogeneity of index over a 60-inch diameter.

30 INCHES

INTERFEROGRAM OF ONE BOULE SAMPLE
Figure 4.4-1

(PARALLEL TQ BOULE FACE)

! "

oot
CENTER OF BOULE e
S
EDULE HOMOGENEITY -._-;
Figure 4.4-2 wo
rea@
R
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5.0 CORNING GLASS WORKS SUBCONTRACT

5.1 SUMMARY AND CONCLUSIONS

Under a subcontract from Kodak, Corning Glass Works (CGW) completed frit
bonding material studies for fused silica glass, investigated alternative

{}3 cleaning methods to the standard acid etching, and nondestructive (acoustic
.IES emission) test methods for evaluating frit/glass joint integrity. Most
;1i§ significantly, Corning developed a fusion welding technique for ULW fused

silica cores and demonstrated this process with the construction of a 300-

EES millimeter high, 1.5-meter diameter core.

.iff 5.2 FRIT/GLASS THERMAL EXPANSION MISMATCH

;E:E The objective of this task was to determine a frit composition in which the

‘£§£' thermal expansion mismatch between the frit and Code 7940 fused silica

'f}f produced minimal strain in both the room temperature-to-cryogenic temperature

{ (-195°C) range and in the frit setting point-to-room temperature range. The
E;i first objective is necessary to assure that the figure will not change when

;5}7 the mirror is exposed to thermal operating environments, which are substan-
3 tially different than the environment in which the mirror was assembled and
'_ tested. The second criteria is important to assure that residual strains

':i; which may affect temporal stability are small. More than twenty compositions

:JE: were evaluated for expansion mismatch and strength using frit-glass-frit

ﬂ;ﬁ; (FGF) seal samples and T-samples. The T-samples were used to assess bond

;:;: strength.

NN

i:é" Development frits were coarse ground in small batches -using a mortar and

00 pestle. FGF seals were fabricated using a fast drying vehicle, then fired

%f{f for 2 hours in a laboratory furnace. Based on the data from the initial

'itz sample measurements, predictions could be made as to the results for final,

-ﬁ;i fine grind frit when fired with the screen o0il vehicle. Results for eighteen

‘ifﬁ frit compositions thus tested are given in Table 5.2-1. The setting point-
f:" to-room temperature and setting point-to-cryogenic thermal strain mismatches

7

ﬁ;b- 44




are denoted by &p and &, respec- Table 5.2-1
. ' FGF-DERIVED EXPANSION MISMATCH FOR
tively; A represents the room tem- EXPERIMENTAL FRITS VERSUS CODE 7940

perature-to-cryogenic temperature FRIT | CROUND

. . . STATE
strain mismatch. The first CN
BB C - 87 -105 - 18

GR’ PPM Gc’ PPM (A = 6c - 6., PPM

R’

composition, which most closely met

. . CL - -
the goals mentioned earlier, was thus ¢ 119 2

selected for further evaluation. This{ ** | ¢ 13 i
composition has been redesignated as | <V 3 10
FN frit. Three melts of FN frit have | & 34 ’

been made: N 38 2
cN 43 8

Designation Melt Size, 16

co 35 8

FN 2
FN-1 11
FN-2 11

co 35 50

Cco 28

co 11

The firing behavior of FN and FN-1 cp 75
frits was fully characterized. cQ
Although the firing behavior of the CR
FN-2 frit was not fully characterized,| ¢s 2
enough data was collected to give cT 81
confidence that the frit manufactur- DE 40
ing process is understood and in DF 68
control. DG 9

DH 7
Since the CTE mismatch between frit pI 37
and glass is a function of firing pJ 54
plateau, it is important to charac- DK 17
terize this effect to determine the L
degree of furnace control that is
required during assembly of a mirror blank. Since it has been demonstrated
that frit can be used to repair damaged blanks, it is also important to
determine if the CTE mismatch is sensitive to multiple firings.

89




The essential difference between the three frit compositions which were
evaluated is average particle size, with FN frit at 6.0-micrometers, FN-1 at
10.1 micrometers, and FN-2 at 9.6 micrometers. Particle size has been
recognized as influencing both wet-mix viscosity and refire longevity. This
parameter can be controlled through proper grinding and filtering. The FN
frit exhibited both an acceptable GR and A over a comfortable firing range
(approximately 20°C). This fri* composition also yielded acceptable thermal
strains after having been refired for an additional 2 hours; however, triple
firing produced high thermal strains.

The FN-1 frit exhibited slightly larger room temperature strain than the FN
frit when the seal sample was fired at 950°C for 2 hours. Additional measure-
ments taken at firing temperatures in the vicinity of 950°C indicated that
the minimum room temperature thermal strain range characteristic of frit was
not in this area. Subsequent double and triple firings of this frit produced
unacceptable room temperature strains. The limited data available for the
FN-2 frit indicates that this frit composition is acceptable in that the
thermal strain mismatch is small. It appears that the minimum area of the
curve is near a firing temperature of 950°C. It is interesting to note that
the thermal strain produced in the room temperature to -195°¢ range is low,
even for the FN-1 frit which exhibited an unacceptably large room temperature
strain.

In evaluating the frit compositions it is also important to assure that the
joint strength is acceptable. Both for this frit system and the frit system
used for ULE™ Code 7971, bond strength is a function of surface preparation,
frit composition, frit application, and firing temperature. To properly pre-
pare the surface, xylene vapor is used to supplement the conventional
dewaxing process, then the glass is acid etched. Experience has shown that
the proper frit composition can be assessed by measuring average particle
size and room temperature thermal strain. If both of these parameters are
within a specified range, the frit composition is acceptable. A suitable

application technique was discussed in the Phase I final report, and firing
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temperature has already been discussed. The strength of twelve T-samples
was measured and the 9630 +1119 psi results are typical of frit-bonded
joints.

'

5.3 SEAL STABILITY

The six FGF seals described in the Final Report of Project C655010, 10 March
1980, were monitored photoelastically at selected intervals of time. The

results, which are plotted as Figure 5.3-1, show no significant change over a
time period of 1,000 days.

+4
7971%0 B
Oc¢
1 e D2-C-D;
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1
10 100 1000
ELAPSED TIME FROM SEAL ASSEMBLY. DAYS

TEMPORAL STABILITY OF SIX TEST SEALS

Figure 5.3-1

In the period between 150 and 300 days, two 7940 seals experienced a small,
possibly significant change; however, they have since returned to a stable
condition. It is interesting and probably significant that both seals have
differential thermal history purposely imposed on the seal samples for




.
o generating some thermal expansion differences. It is, therefore, not a good

N idea to consider assembly of a mirror with parts having differing histories.
SRS

;:Qi In summary, these seals are demonstrating that frit mirrors have excellent
§i£j: elastic stability which shows that frit does not microcrack and/or microyield

and, in fact, maintains geometrical registry over prolonged periods of time.

5.4 RADIATION EFFECTS ON FRIT BONDS

Three fused silica and one ULETM FGF sealss were exposed to strontium-yttrium
radiation (primarily electrons) at a dose rate of 1 rad per second. Expo-
sures were carried out long enough to produce dosages typical of expected
operational environments. The primary measure of change is the optical
retardation shift which is translated to a permanent differential length
change between the frit and the glass substrate. Results are given in

Table 5.4-1.

Table 5.4-1
. ] ) DIFFERENTIAL STRAIN INDUCED BY RADIATION
Negligible strain was in- EXPOSURE FOR FGF SEALS
duced in the Code 7940 RADIATION
. . - GLASS FRIT DOSAGE, RADS (AIR) A6R, PPM AfSc, PPM
specimen, resulting in a
. . . 7940 | 20" MIRROR MIX 1.4x108 0 0
1 ppm change which is with-
. . 7940 | 20" MIRROR MIX 1.9x10% +1 0
in the experimental
. 7971 0-2 0.5x10% -2 -
uncertainty. However, some :
. 7971 UA% 2.1x10¢ po+1s -
real change occurred with ‘

‘iouble Frit fired, 2h + zh it 960

the Code 7971 ULE™ frit L

e seal. No assymmetry in the stress pattern accompanied the change, leaving
BT . . .
SO one to conclude that the dimensional change was primarily in the Code 7971
boxte glass which was noticeably darkened by the radiation.
G 5.5 CLEANING ALTERNATIVES
N
>
s o |
Ay It is disappointing to report that the search for an alternative to our
7}:’; standard acid etch for surface preparation was unsuccessful. Although acid
@z 4
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is expensive and hazardous, we conclude that acid is essential for good frit
adherence. Alternatives tried were:

e As received from plant

¢ Xylene dewaxing

e Sandblast

e Sandblast plus frit firing heat treatment

o Concentrated MICRO solution at room temperature

e Concentrated MICRO solution at room temperature with ultrasonic
agitation

e Concentrated boiling MICRO solution

5.6 NONDESTRUCTIVE TESTING

The nondestructive evaluation of fritted glass joints in low-expansion glasses
was investigated by Corning Glass Works (CGW) and the Physical Acoustics
Corporation (PAC). The scope of this investigation included testing two
15-inch, frit bonded mirrors, and simple fritted glass joints for Acoustic
Emission (AE) during static loading. One mirror contained visible discontin-
uities, while the second mirror was free of any known defects. The glass
Joint samples included three test specimens that were brought close to fail-
ure and began to emit acoustic emission activity.

A Physical Acoustics Corporation Model 3400, AE Analyzer/Locator system was
used for mirror testing. This instrument has four independent AE channels
which are used to detect the occurrence of an AE event. It also has the
ability to determine the time difference of arrival of an AE event on each
channel. This measurement allows the user to determine the origin or source
of the AE activity through triangulation techniques.

Four PAC Model ul00 transducers (1000 KHz resonance) were used to detect AE
activity. The transducers were connected to Model 1220A preamplifers. The
system was filtered to process all signals above 150 KHz. A total system
gain of 78 decibels with a detection threshold of 0.2 volt was used.
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The tests involved placing a controlled compressional load on both the con-
cave and convex sides of the mirrors. The mirrors were mounted on a i-inch
thick neoprene rubber pad and fixed into a Model TTCL Instron testing machine.
A predetermined load of 10-20 pounds was applied to the center of each cell

in the mirror through a 4-inch diameter loading ram at a fixed linear dis-
placement rate. Each intersection on the honeycomb structure was assigned a
sequential number. The AE transducers were located at the corners of each
cell during a test.

On the "good" mirror, no activity could be detected on any cells during
loading or unloading. On the mirror with intentional defects (produced by
acid etching the faceplate differentially prior to frit firing), acoustic
emissions were detected in cell number 102 on unloading the cell from the
higher stress levels. Cell number 102 exhibited the worst frit pull-back
condition and the acoustic emissions can be correlated through visual
assessment.

It is possible that rubbing or frictional sources were generated in areas of
visible frit discontinuities. However, there did not appear to be any
propagation of the discontinuity.

In the second part of this investigation, acoustic emission of three-single
frit joint samples were loaded in an attempt to characterize emissions as the
joints were loaded to failure.

A reoccurring factor found in these tests and others performed previously was
that at the onset of frit failure, there is a substantial release of high
energy events. These events are of high amplitude, i.e., greater than

90 decibels. This response represents a classic type of failure mechanism
relating to the initiation of a crack and is followed by events much lower

in amplitude and energy attributed to propagation of a crack.

The results gathered from this technique are encouraging and should be
pursued as a nondestructive test method for mirrors.

A T

I
s

:

AL
Ve

N
s .
T ¢
.

Oy ]

‘- v-,..',.".','-.. v .
3

A RN




) -
LSRN -
87 -7,
\: “- ::.
':ﬁ; 5.7 FRIT/GLASS INTERFACIAL CHARACTERISTICS -
(. '
~ 5.7.1 Chemical AN
.':::'v ::'-:
:.__: '. ~
s It has been observed during photoelastic examination of FGF seals that a thin =
’ layer of the substrate glass, both Codes 7940 and 7971, exhibits differing f:z_
'isi optical retardation bordering the frit/glass interface (this has been thought ﬂﬂ@
W of as a diffusion layer); we therefore, submitted some T-specimen strength g
l.\~' . . .
j{f joints representing FN-1/7940 and UA/7971 for electron microprobe analysis. .
’ Results show that both systems exhibit a diffusion layer about 8 microns in =5
- width. R
w o
533 This phenomenon is regarded as evidence of bonding activity and has no gfﬁ
L;' obvious negative overtones. The magnitude of optical retardation difference ”
W in this zone is about 12 nanometers per centimeter, equivalent to a stress EIE‘
j:j of approximately 50 psi. s
J'_*.J G
> N RS
. 5.7.2 Physical e Yy
%
‘.0 o
j{j Counterparts of the specimens submitted to electron microprobe were investi- i'i‘
;:Z gated by the scanning electron microscope for detailed physical character- ;;ﬁ
'.' jstics. Resulting micrographs are shown in Figures 5.7.2-1 and 5.7.2-2. f;_
. Although aware that these frits tend to be porous, these micrographs give a Q&:

good view of the nature and distribution of the voids. N




MICROGRAPH CROSS

5.8 L-SPECIMEN STRENGTH

Thirty-two L-specimens were assembled per CGW Drawing No. 20576C and
in accordance to CGW Procedure No. 20577L. Acid surface preparation
Corning's standard acid mix with a 45 minute immersion for all glass
Frit FN-1 was used and given a 2 hour firing at 955°C.

Strength testing results show that all specimens failed in the 1690
psi range, averaging 3905 psi. It should be noted that these are

+

bending stresses and do not account for any stress concent

rations

produced by the fillet geometry. A1l failures originated from the r
saw-cut side of the strut, with no failures attributable to frit

failure. This data suggested that grinding both strut surfaces would

strength-improving procedure.

tested
was

parts.
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5.9 1.5-METER ULW FUSED SILICA CORE

5.9.1 Background and Summary

This task was initiated to develop the manufacturing capability for large
fused silica ultra lightweight mirror cores. This capability was demon-
strated by fabricating a 1.5-meter diameter core. Initial development in 1981
showed that the 12-inch high, fused silica cells in the core could not be
sealed using the standard ULETM cold-core process. This was due in part to
the higher expansivity of fused silica during cooling from fusion tempera-
tures (see Figure 5.9.1-1). Modifications and refinements needed to be made
to the manufacturing equipment so as to control the thermal gradients in the
core and to effect an annealing of the core prior to cooling to room
temperature. Also repair techniques and sealing operating parameters needed
to be defined. Fusion welding of 12-inch high, fused silica cells was
demonstrated first in single cell units, then in a 15-cell core section, and
finally in the 1.5-meter core. Corning experienced the normal core fabrica-
tion problems with the 1.5-meter core resulting in a small number of
documented fractures. The final inspection, made on 22 July 1983, indicated
the core to be of good quality and acceptable for use in a fused silica ultra
lightweight mirror.

FUSED SILICA

e ™

-200 0 400 800
TEMPERATURE (°C)

COEFFICIENT OF THERMAL EXPANSION

THERMAL SENSITIVITY - FUSED SILICA AND ULE'TM

Figure 5.9.1-1
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'“:.' 5.9.2 Design Description
‘f:;; The 1.5-meter core is of ultra lightweight design, with a weight reduction 5._;
,_. of 95 percent from that of a solid. The core is 12 inches thick, with 3-inch ‘-
"\ square cells, 0.200-inch posts, and 0.075-inch thick struts (see Figure
; 5.9.2-1). e
3 SIS 7
XX KX KX X X X2 =

& R R =
i A0 30%030%0 %0 200 %02t :
> X X KK X X K XX XX X X P10
L 29 9.9.9.90.0,0:9.90.90.9. 0.0 Vs o3
= e S e :
a0 020002000 0 =
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e 9.9.9.9.9.9.0.9.9.9.9.0.90. 0% 0
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2o 290,99 0. 0. 99,9, Yans. =
' \’ ”"“’.”“”/ ______ 26 o
- Yole ele% e tarrn =

Figure 5.9.2-1 e
R 33
R 5.9.3 Fabrication Process 3
.-:’, "
NV The fabrication process used for the 1.5-meter core is listed in Figure WA
"; 5.9.3-1. While the process flow is basically the same as that used for ":::5
',II:;T ULE™ glass, special requirements to control thermal gradients during fusing, 'r.';:;
\-- ‘. ks
2 and an in situ annealing to prevent stress buildups are required. ;}“.::
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PROCESS INSPECTION HOLD

1 SET UP EQUIPMENT 2 ELL FABRICATION
Y

4 MOUNT CORE S. S. 3 S. S. FABRICATION
l & FRIT SEAL

5 SEAL CORE
Y

6 ANNEAL 7 HOLD FOR INSPECTION

| 8 INSPECT, CHECKS

f DIMENSIONS <

9 LAP

Y
Y

11 GRIND TOP 12 HOLD FOR INSPECTION

| 13 INSPECT, FLATNESS > S——
| FINISH

14 DEWAX & CLEAN

Y

15 TURN-OVER

y

16 WAX

Y

17 GRIND BOTTOM —{ 18 HOLD FOR INSPECTION

L
.

4

5 Y

2"

«

-

CORE FABRICATION DIAGRAM
Figure 5.9.3-1
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The glass selection for core construction was deliberately, tightly controlled
to minimize flaws which might impart stress concentration.

5.9.4 Results

Corning Glass Works successfully manufactured the 1.5-meter (Code 7940) fused
silica core. It has been inspected, accepted, and packaged in a sturdy ship-
ping/storage container. This ULW fused silica core is deep or thick enough
to produce an ultra lightweight frit bonded mirror 1.5 meters in diameter
with only half the density of the Space Telescope primary mirror. Although
problems were encountered during fabrication of the core, an understanding of
and solutions to these problems were demonstrated. As a result of this
endeavor, the state-of-the-art in fusion core making has been advanced, and
large fused silica ultra lightweight mirrors for cryogenic applications are

now possible. A picture of the 1.5-meter core is shown in Figure 5.9.4-1.
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6.0 ASPHERIC MIRROR FABRICATION DEMONSTRATION

6.1 OBJECTIVE AND CONCLUSIONS

The objective of the demonstration task was to develop and demonstrate optical
manufacturing and metrology techniques necessary for producing steep, highly
aspheric mirrors. The asphere selected for demonstration has an aspheric
departure an order of magnitude greater than that of the NASA Space Telescope

- primary mirror.
A
'3:€ The demonstration was structured to address key fabrication and metrology
- issues within the cost and schedule constraints of the Phase IIA contract.
:}1 The mirror blank used in the demonstration was an existing, lightweight,
f: ULE™ blank purchased from Corning Glass Works. Corning was contracted to
)
f;- resag the blank to a 105-inch radius of curvature. For ease of testing, the
;i optical form selected was a 1.2-meter diameter, /0.8 parabola, with a surface
o figure goal of 0.10 wave (rms) at 0.6328 micrometer. Figure 6.1-1 describes
( the demonstration mirror configuration.
ny
o)
o0
o © DIAMETER . . « & & « o o & 52"
\ ) ® THICKNESS, o & « o« » v + . . 10.5"
A ® RADIUS OF CURVATURE
oy AT VERTEX. + o 4 « o o o o & 105"
::{ @ CELLSPACING . . . . , . . . "
s o CENTRAL HOLE DIAMETER. , . , 13,75"
N e BACK PLATE THICKNESS . . , . 0.5"
R ® FRONT PLATE THICKNESS
-, AT CENTER HOLE , . . . ., , 0.3"
N
25
e
- i DEMONSTRATION MIRKROR CONFIGURATION
< Figure 6.1-1
iﬁ The following results and conclusions can be drawn from this task:
';ﬂ ® A steep asphere with aspheric departure an order of magnitude greater
}; than that of the NASA Space Telescope primary mirror (current state-of-the-
¢ ';i
-
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art in demonstrated optical fabrication capability) was aspherized and
polished to a figure error of 14 waves P-V () = 0.6328 um).

B

¢ ‘he mechanical gaging technique used to track the surface profile during
the initial (rough) aspherizing process, while adequate, was tedious and
cumbersome. A more efficient profiling technique should be pursued and devel-
oped to optimize aspherizing optical forms of radical aspheric departure.

® The technology to design, construct, and condition full-size polishing
laps with the global flexibility and local compliance required to accommodate
this radical aspheric departure was demonstrated.

e Convergence demonstrated to date, indicates that this polishing technique
should be capable of making significant ‘improvement in the figure quality of
this steep asphere.

6.2 MIRROR DESCRIPTION

The demonstrated ability to fabricate a fast/deep asphere is a key issue.
While the testing difficulty was minimized by selecting a parabola, the
asphericity was purposely chosen to be rather severe. Table 6.2-1 summarizes
and compares by different figures of merit some anticipated aspheric forms
based on today's knowledge. The Space Telescope Primary Mirror represents
the current state-of-the-art capability. Note the increased degree of
difficulty between system A and the Space Telescope. The demonstration
mirror form was selected to specifically address the /0.8 focal ratio, the
departure from the vertex sphere, and the sag delta over a l-inch diameter
tool. The demonstration asphere has a departure from the vertex sphere of
3870 waves, a departure from the minimum removal sphere of 920 waves, and a
maximum slope of 12,500 waves/inch (A = 0.6328 um). The delta sag over a
l1-inch diameter gives some indication of the degree of difficulty in
achieving a good polishing tool fit on the mirror surface. Figure 6.2-1
shows the radial and sagittal radii of curvature.
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Table 6.2-1
OPTICAL FORM SUMMARY
SPACE | DEMONSTRATION
CHARACTERISTICS sysTem A | sysTeM B] systew ¢ | SPACE MIRROR
DIAMETER (METERS) 1.5 4.0 1.2 2.4 1.2
f-NUMBER 0.8 1.25 1.28 2.3 0.8
FORM ELLIPSE | PARABOLA| ELLIPSE | HYPERBOLA PARABOLA
DEPARTURE FROM
VERTEX SPHERE (MILS) 105 80 22 8 9
DEPARTURE FOR MINIMUM
REMOVAL SPHERE (MILS) 26 20 6 2 23
DELTA SAG OVER 1-INCH
DIAMETER TOOL 5 0.5 1.5 0.2 6
(WAVES A = 6328 §)
D
RQDIAL
“Sac POINT P
ITTAL
z
P
. > Y
\
.~ PARABOLOID
> X X X24Y2aC2

PARABOLOID IN THE X-Z PLANE

(y = CONSTANT)
-l 2
Z C x

et

1]

Pp = d

23

ASPHERE RADIAL AND SAGITTAL RADII OF CURVATURE

3/2

Figure 6,2-1
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;’§ The delta sag is as follows: Aot
e ¥4 a2D
S =+ — F ety
2R 2R, 4(165°+1)/2

Ratio of tool diameter to mirror diameter
D = Mirror diameter (inch)

g

n

Mirror f-number

The effect of this delta meant that Kodak must extend the current flexible lap
approach to accommodate the increased surface departure, and must extend or
develop metrology compatible with the increased asphericity. Figure 6.2-2

is a picture of the demonstration asphere in the polishing cycle.

=8
DEMONSTRATION ASPHERE e
Figure 6.2-2 “"".
6.3 MIRROR BLANK PREPARATION
As a cost and schedule expedient, Corning Glass Works was contracted to ;é!
thermally slump an existing ULETM, 1.4-meter diameter, lightweight blank to
an /0.9 form. Figure 6.3-1 is a picture of the slumped mirror blank as
received at Kodak. As expected, thermal slumping to this f-number greatly '
distorted the blank. Extensive shaping and grinding were required to prepare %;j
o oL
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6.4 FABRICATION AND TEST PROGRAM

6.4.1 Process and Test Description

Subsequent to shaping and fine
grinding the critical task of
aspherizing began. Figure 6.4.1-1
is a plot of the aspheric departure
from the minimum removal sphere cut
into the faceplate. The maximum
departure, or differential material
removal that had to be achieved

[
(=]

-
wn
"

ASPHERIC DEPARTURE

during the aspherizing and
figuring operations was 0.023

inch; about an order of magnitude —

16
greater than that of the space RADIUS (IN.)

telescope primary mirror.
ASPHERIC DEPARTURE FROM

MINIMUM REMOVAL SPHERE
The degree of departure compli-
cates tool design and surface Figure 6.4.1-1
profile measurements. The profile measurement approach used must have a
capture range large enough to accommodate the steep aspheric departure
(0.023 inch) while maintaining high accuracy (50x10”®inch desired). A

two-step approach was followed:

(1) Mechanical gaging - rough aspherizing
(2) CO, interferometry (10.6 micrometers) - aspherizing and polishing

Mechanical gaging technique was used initially, and then yielded to CO,
interferometry to track the surface profile.

The mechanical gaging technique employed is known at Kodak as profilometry.
Profilometry uses a glass master (profilometer master) as a reference in
which a minimum removal sphere has been cut, and a special gage known as a
profilometer. The profilometer includes a rigid, stable truss and a network




the blank for polishing. The blank was shaped using conventional shop
techniques. Rounding, beveling, center hole core drilling, and generation
of the minimium removal sphere were done on a Blanchard grinder modified
to accommodate the steepness of this blank.

SLUMPED MIRROR BLANK

Figure 6.3-1

The blank was cut down to a 1.3-
meter diameter aperture. A
0.35-meter diameter center hole
was plunged-cut into the blank
and front and backplate radii of
1.998 and 2.66/ meters,
respectively, were generated.
The inner and outer diameters

of the front and backplates were
reference-rounded and beveled.
Figure 6.3-2 is a picture of the
blank (back surface up) during
the extensive shaping process.
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of high accuracy mechanical gages. In use, the profilometer is set or
‘zeroed" on the profilometer master and then transferred to the optic in-work

L to track its profile. Figure 6.4.1-2
o is a schematic of a profilometer.
L.- -

PROFILOMETER SCHE
Figure 6.4.1-3 is a picture of a FICTILIGESR S ANTIC

profilometer in use at Kodak on the Sty 8.4.1-2

NASA Space Telescope primary mirror.
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'ii PROFILOMETRY, SPACE TELESCOPE PRIMARY MIRER |
For the demonstration asphere, 12-inch and a 24-inch long profilometers were
used in an overlapping fashion, to track the surface profile. - .1
Following rough aspherizing on a loose abrasive tub grinder and profile o |
tracking with profilometry (0.002-inch residual), terferometry (10.6 o’nd
micrometers) was used to complete the remaining pr ffort. Wavefront '”i‘
gt tests were made by using an autocollimating pla to | ‘ 3 perfect null A
A test of the /0.8 parabola. A schematic of the t tup appears in |
358 4
[ Figure 6.4.1-4. “op
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P> £10.8 Note that this configuration requires
) AUTOCOLLIMATING | _ S ARABOLA o
(« PLANO |~ two reflections from the demonstra- fo
Lot . . . A
:'f:ﬁ ” - - - tion asphere, which results in a test s
- - . AL
! ” wavefront error of four times the L
b INTER:&‘:J%"ET“ surface error of the primary. CO; .f;'.:_
_ # interferometry increases the error B
— capture range over standard HeNe
..."ﬂ' .
b WAVEFRONT TEST SETUP interferometry by a factor of 16.75, :
:':;7': Figure 6.4.1-4 the ratio of the two wavelengths. A :_’;ﬁ-:'
Lo diagram of the CO, interferometer/display monitor appears in Figure 6.4.1-5. e
;«.j The principal components are listed on the figure. The video image on the e
-~ et
_.t‘;f display monitor can be photographed for subsequent scanning by an off-line, T
. interferometric data evaluation system. i
v —=5
B R 4 6 oy
:-"‘{: e
i -\‘.\‘ RS
‘:b*- 1 2 3 7 N s
{ 7 -
R Lo
A 8 s
e
e 1) HUGHES 3800 GHT CO, LASER 12 =
NN 2) UNIBLITZ SHUTTER
1 3) GERMANIUM 18X BEAM EXPANDER S
\ 4) DIELECTRIC COATED BEAM SPLITTER i
- S) REFERENCE MIRROR -
6) £/0.7 OBJECTIVE (PEV CAMERA LENS) 10 DN
7) NEUTRAL DENSITY FILTER o
" e 8) FRINGE ACQUISITION LENS ASSEMBLY e
SO 9) FRINGE DISPLAY LENS ASSEMBLY e
N 10) PYROELECTRIC VIDICON CAMERA o
e 11) CAMERA'S INTEGRAL CHOPPER AR
¢ gl 12) DISPLAY MONITOR
.-__ co 2 INTERFEROMETER/DISPLAY MONITOR
e .
'::il‘ Figure 6.4.1-5
[,
:','L? Figure 6.4.1-6 is a picture of the wavefront test setup. The demonstration -
-ﬂ..’ “a
‘}:ﬁ‘ asphere was supported on edge in a V-block support. (An assumption implicit :
‘_';a in the approach is that variability in the on-edge support is small relative o
:::j to the figure error of the asphere.) The test setup includes a stiff test 4
_'.f bed mounted on vibration isolating air springs, a 1.2-meter diameter
{;;:Ij 64
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autocollimating test flat,
and an on-edge mount. The
asphere is supported by the

on-edge V-block.

Subsequent to aspherizing,

polishing was started on a

Kodak-developed programmable
polishing machine using full-
size polishing laps. These
full-size polishing laps were
designed with global flexi-
bility and local compliance
compatible with the steep

aspheric profile. The laps

WAVEFRONT TEST SETUP

Figure 6.4.1-6

were constructed from lami-

nated plywood covered with energy-absorbing foam rubber which was then cover-
ed with optical pitch. Figure 6.4.1-7 is a picture of a typical full-size
flexible lap designed to correct symmetric figure errors.
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Lap global flexibility was controlled by varying the cross section or thick-
ness of the wooden lap body. Local compliance was controlled by varying the
thickness of the energy-absorbing material and pitch layer.
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In polishing with conventional laps, a good fit with the optic can be achieved
by pressing the lap out on the optic. The pitch layer is allowed to flow

until a good relative fit, with no differential pressure, is achieved. This
technique will not work with flexible laps employed here, because the Zkkjl
compliant layer will "store" energy and isolated local high spots will not ;;f:
support the localized high pressure necessary to promote pitch flow. For -
these flexible laps, a good fit was achieved by first contouring the pitch
layer to the approximate aspheric cross section using a cam-driven pitch
cutter, then conditioning (running) the lap on the fast asphere. A good
cptic-lap fit could be typically achieved with a run time of 15 minutes or
less. A picture of the ~itch cutter appears in Figure 6.4.1-8.

STRALE AT
PITCH CUTTER

Figure 6.4.1-8
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Figure 6.4.1-9 shows the aemonstration asphere in the polishing operation.
This polishing machine can be programmed to drive polishing laps in both x
and y directions, in synchronous rotation and variable out-of-sync rates from
0.1 rpm to 10 rpm relative to the optic.
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DEMONSTRATION ASPHERE IN POLISH

Figure 6.4.1-9

e 6.4.2 Figure Error Results

T'j Profilometry was used to track the aspheric profile during the initial

v

,f,.'j aspherizing operation. The steep slope of the demonstration asphere is such
i-_:: that registration errors associated with location of the profilometer on the
. asphere translates almost directly (one-to-one) into height (profile) errors.
::'.: Figure 6.4.2-1 is a schematic of the profilometry setup using the 12-inch and
: 24-inch long profilometers. A center hole template was used to register the
..

e location of the profilometers and minimize this error source.
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Profilometry measurements were used to A
guide the aspherizing process to about Vo=

Sz

the 0.002-inch (80 waves at 0.6328 micro-
meter) figure error level. The profiling
technique and equipment available were

24" PROFILOMETER

12" PROFILOMETER

incapable of reliably tracking the TEMPLATE

mirror profile further. Figure 6.4.2-2 S

is a plot of the figure error departure

from the desired asphere at the end of

the profilometry cycle and the transfer PROFILOMETER MEASUREMENTS
to CO. interferometry. Figure 6.4.2-1

FIGURE ERROR

+

] 1
10 12 14 16 18 20 22
RADIUS (IN.)

—d b —v—1 |
T T—+—1 t + +—+
8

FIGURE ERROR DEPARTURE - ROUGH ASPHERIZING

Figure 6.4.2-2

Final aspherizing and initial polishing were guided by CO, wavelength (10.6
micrometers) interferometry. This testing was complicated by the double-pass

nature of the test setup which scaled figure error up by a factor of four

and reduced contrast to the extent that a spray silver coating was needed on

the asphere to acquire interferometry.

DR I R
P

At the start of CO. interferometry, the dominant figure error was zonal or

.

.’/:t

symmetric in nature. The zonal error (exagerated by the double-pass nature
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of the test setup) exhibited fast (steeply-sloped) transition zones. These i?iaﬁ
fast slopes could not be properly scanned and evaluated by traditional S d
computer data reduction equipment. Therefore, estimates of figure error were NS
initially made through manual data reduction methods and radial sector testing -Ff’:j
o at CO, wavelength. This technique is sensitive only to the symmetric or -:k}gl
: zonal errors. Accordingly, processing was limited only to symmetric error :
correction. The aspherizing effort was halted when the estimated figure Zf};“
error had improved to 0.0005 inch (20 waves at 6328 R) and flexible laps were ﬁiﬁ;v
substituted for the relatively stiff tile grinding laps. Polishing operations -

employed full size, flexible laps and addressed the zonal, or symmetric error.
Symmetric polishing improved the figure error to an estimated 14-wave (A =
> 0.6328 micrometers) surface error when the contract funding budget for this
task was reached. Figure 6.4.2-3 is a picture of a final CO, interferogram.
The dominant error is zonal in nature.

; WAVEFRONT ERROR, CO 2 INTERFEROMETRY

P Figure 6.4.2-3

s During this demonstration, the figure error was improved from 920 waves (the
q departure from the minimum removal sphere) to 14 waves. Figure 6.4.2-4
summarizes the figure error measurement techniques and results used to guide
demonstration asphere processing.
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7.0 CRYOGENIC MIRROR MOUNTING

7.1 OBJECTIVE AND CONCLUSIONS

The objective of this task was to identify a mounting approach for an ultra
lightweight mirror for use at cryogenic temperatures. The mounts and mirror
must survive a Space Shuttle launch and landing, and must operate in a cryo-
genic space environment. This means that the mirror mount structure must be
rigid enough to maintain the dynamic response of the mirror and, at the same
time, must not significantly deform the surface of the mirror through a

mismatch in the thermal contraction of the mirror and mount structure. Major

design considerations also include the physical means of attaching the mount
structure to the mirror and thermal stability control of the motion of the
mirror along the optical axis.

This study concentrated on analyzing the influence of mirror mount material
and geometry on these principle design considerations. The mount structure
(Figure 7.0-1) consists of a support ring, which lies below the mirror, and
six legs, which rise from the ring and connect to three intermediate struc-
tures. These intermediate structures, called "kinematic cells", are assumed
to be completely rigid for the purpose of preliminary mount geometrical
considerations. Because of this assumption, the particular geometry of the
kinematic cells need not be included in initial design configuration evalua-
tion.

CRYOGENIC MIRROR MOUNT CONCEPT
Figure 7.0-1
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A mirror mount concept, was developed which is considered to be low risk, and

can be applied to ultra lightweight or existing lightweight mirror designs.

Detailed engineering of this concept was not performed.

7.2 MATERIAL AND CONFIGURATION EVALUATION

7.2.1 Mirror Geometry and Design Conditions

The dimensions and physical properties of the fused silica mirror which was

used in the mirror mount study are given in Table 7.2.1-1. The temperature

excursion of the mirror was taken to be 200°K, whereas assembly and Shuttle

flight loading is assumed to occur at 20°c.

Table 7.2.1-1
MIRROR DPARAMETKRS

CHARACTERISTIC PARAMETER
OUTSIDE DIAMETER 55.62 1IN,
INSIDE DIAMETER 16.04 IN.
MIRROR RADIUS OF CURVATURE 97.082 IN,
BACK PLATE RADIUS OF CURVATURE 105.082 IN.
FRONT PLATE THICKNESS 0.30 1IN,
BACK PLATE THICKNESS 0.30 IN.
OVERALL THICKNESS 8.00 IN,
CORE SPACING 3.00 IN.
CORE PLATE THICKNESS 0.075 1IN.
CENTER POST EDGE LENGTH 0.15 IN.
DENSITY 0.08 LB/IN.3
WEIGHT 176.56 LBS
MODULUS OF RUPTURE (20°() 7190 LB/IN.?
ELASTIC MODULUS (20°() 10,60x10% LB/IN.2
POISSON'S RATIO (20°C) 0.17
ELASTIC MODULUS (@ LOW TEMP.) 9,92x106 LB/IN.?
POISSON'S RATIO (@ LOW TEMP.) 0.149

The center of gravity is located 1.883 inches back from the front surface of

the mirror.

[t was assumed in the analysis that both the front and back

surfaces of the mirror are spherical sections with a common center of

curvature.




7.2.2 Effect of Mount Materials on Induced RMS Fiqure Error

The primary concern in the mirror mount study was maintaining a low value for

the mount-induced figure error over the temperature excursion of 200°K. The

design goal is for an rms figure error of no more than 0.005 wave at a wave-
length of 4 micrometers. The analysis performed at Kodak examined the
possibility of using aluminum and/or titanium in the main support structure,
both of which were chosen because of their light weight. Aluminum, which is
relatively low cost, has good cryogenic properties, whereas titanium is
stronger and has a significantly lower thermal coefficient of expansion. The
kinematic cell and the small attachment flexures were assumed to be made of
Invar in an effort to better match the mirror material.

In order to perform the analysis, it was necessary to know how the mirror
responds to unit forces and moments applied at three points, equally spaced
about the center of the mirror at a given radius. This was determined by
constructing a NASTRAN model of the mirror. The mirror was modeled as an
equivalent curved thin plate with the membrane bending and transverse shear
stiffness as independently specified. The stiffness values that were used
allowed the true mirror cross section to be accurately described with a
single plane of elements. This approach is based on Kodak's extensive
experience in understanding the structural and optical behavior of light-
weight mirrors.

The unit loads were applied to two radii which correspond to the location of
two grid points in the NASTRAN model. The remaining rms surface error after
power was removed is given in Table 7.2.2-1 for each unit load at the two
radii. The values are given in units of the operating wavelength of 4 micro-
meters. The forces and moments are assumed to act at the curved midplane of
the mirror and lie in a horizontal plane.
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) Table 7.2.2-1
b .
MIRROR FIGURE SENSITIVITY
.‘ ‘e CHARACTERISTIC PARAMETER

::j:: UNIT FORCE (LB, @ 15.441 IN. RAD) .914x10™% A RMS

T UNIT FORCE (LB, @ 20.389 IN. RAD) 1.669x10™4 A RMS

s UNIT MOMENT (IN.-LB, @ 15.441 IN. RAD) | .555x10= X RMS

) UNIT MOMENT (IN.-LB, @ 20.389 IN. RAD) | .661x10™ X RMS

I‘ii: Figure 7.2.2-1 shows the geometry involved

w in the study. The support ring radius,

. R.> was held equal to the mirror radius at < SUPPORT RING
N 27.81 inches. The radius, R,» and the

:j angle, 8, at which the two legs attach

= to the kinematic cells, were fixed at

- . SUPPORT LEG
o 17.872 inches and 30.236 degrees, respec- ATTACHMENT RADIUS
e tively. This placed the end of the legs

RS

- at the x and y Cartesian coordinates of

h . .

9.0 inches and 15.441 inches, r -

o ?0 44 'ches, respec CRYOGENIC MIRROR MOUNT
( tively. The other two bipods (not shown) Figure 7.2 9-1

e are positioned at intervals of 120 degrees
about the mirror.

-
i Figure 7.2.2-2 shows the vertical loca-
: tion of several planes which are referred - PLAYE OF C. G
-‘:?_' to in the analysis. The vertical height,"[-’fi:i"-“-Z'-l'i'-3-’-'5_‘_’_'-’.1'.1'.11 III
H, of the legs was a variable which took IS "MIDPLANE® OF MIRROR

. on values ranging from 9 to 20 inches. 0 \- KINEMATIC CELL ATTACH POINTS

The separation, S, between the (curved)  — - }ij't'\::w
. midplane of the mirror and the plane at ;_:;._.;:‘
’% which both the main legs and secondary VERTICAL. LOCATION OF PLANES 3.?;1:';::
) ) Figure 7.2.2-2 S
L flexures attach to the kinematic cell v o
- was fixed at 9.75 inches. This allowed ]
':1:3' an average vertical separation of 5.75 inches between the back surface of the

2 mirror and the kinematic cells. At the radial distance of 15.441 inches, the
. separation, D, between the horizontal plane containing the center of gravity Jam

- and the midplane was 0.9307 inch. _:::;I_x
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For this analysis, it was assumed that the
mirror and the mount will undergo an
isothermal temperature change of 200%K
during operation. The dimensional changes
experienced by the mirror and mount
materials, expressed as a percentage, are

given in Table 7.2.2-2.

The results of this analysis are shown in Figures 7.2.2-3 through 7.2.2-7.
These graphs show the transverse spring constant of the support legs that just
yield an rms surface figure error of 0.005 wave for four different combina-

B EACER N

Tcble 7.2.2-2 ]

PERCENT DIMENSIONAL CHANGE
(200K DELTA TEMPERATURE)

MATERIAL DIHENSIO(NZA)L CHANGE
FUSED SILICA -0.0047
INVAR -0.0137
TITANIUM ~0.156
ALUMINUM -0.370

tions of materials and several support leg heights; therefore, the values 3jiﬁ;
shown represent the maximum values that may be permitted. The figure error, ;};i;
produced separately by errors that were calculated for each load type were EEEf
added together to get the total rms error for a given configuration. Only '3523
those force and moment components from the legs of a bipod that do not cancel ?ﬁﬁ‘
one another are effective in distorting the mirror. ;ijﬂ
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N The singularity, shown in Figure 7.2.2-5,
o is real and indicates that no net load S spe

L . 2 = 9,00 IN,
3 is transmitted to the mirror by the S,

S 48 H = 10,00 IN.

: kinematic cell for 6, slightly Tess than H 11.00 IN
- % 4ot S
20 degrees. The legs do undergo some =

."v. = ;-

o bending, but in a direction that is g 4o

N 2
- opposed by the opposite leg in the bipod. 5 3er

v -9

q This situation will occur whenever the VS

2 1%}
o thermal contraction of the leg is great g

- enough to offset the decrease in the 3 ”
. 2

e radius of the support ring. The very ?
w , o 520

i high transverse spring constants indica- 3

= ted in this figure represent & favorable H T
"\' . . .

o situation. The vertical movement of Or (DEGREES)
::,:: the mirror is quite substantial in this ALIMINUM LEG - ATUMINUM BING
o configuration, however, much more so Figure 7.5, 87
. than for an all aluminum structure. )
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Other considerations will also prevent us from taking full advantage of the
singularity. Fortunately, it was established that the need for an rms figure
error of less than 0.005 wave does not represent a significant design con-
straint.

7.2.3 Effect of Mount Materials on Vertical Movement of Mirror

Any movement of the primary mirror along the axis of an optical system will
cause a blurring of the image and a change in the image scale. It is
important, therefore, to design the system such that it is insensitive to
disturbances (e.g., temperature flucuations) that might cause such a motion,

and to keep any static shift in the location of the image as small as possible.

A system cooled to cryogenic temperatures will probably have some sort of
active or semiactive focus control, but it is a good design practice to keep
the need for such correction as small as possible.

Change in the vertical height of the main support legs upon reaching operating
temperature was determined for the same set of cases analyzed in the previous
section. The height change of the legs will generally be the largest contri-
butor to the movement of the primary mirror. Other sources of focus change,
which were not analyzed in this section, include height change of the support
ring and the Invar transition structure, change in the radius of curvature of
the mirror due to thermal contraction, and change in the curvature of the
mirror due to the stresses applied by the mounts. Figures 7.2.3-1 through
7.2.3-5 show the results; the units of displacement are in one-thousandths of
an inch. Note that some of the graphs represent a height increase rather than
a decrease. The common occurrence of a minimum or maximum in the functions

at approximately 30 degrees is directly related to the fact the 6p is equal

to 30.236 degrees. If the kinematic cell was made of the same meterial as the
mirror, the function extreme would occur exactly at 6r equal to em The area
around 30 degrees represents a favorable region in which to locate the support
legs, since the vertical movement of the legs will be insensitive to their
exact location; however, construction of the mount system in this configura-
tion is prohibited by the dynamic and static behavior of the mirror/mount
structure under loads.

77

.......

'.' " vy e --_"-_' AR ~-.' '."'p."- e, .. o - \v'._'“." . s
. N AT TIPS S TR R Rl S S RN AR
T R L i I I I I I R U L P

g
-------




11. rrry ”
PR ! St
mwnu,..-.--.f-AF ). Nt

It = 18.09 IN,
H = 20.00 IN.
H = 18.09 IN.

S~ = 13,50 IN.
% \——/A—‘H = 20,00 IN,
i 1 1 4 4 J
10 20 30 40 50 60
or (DEGREES)
TITANIUM LEG - ALUMINUM RING
Figure 7.2.3-2
10 20 30 40 30 60
or (DEGREES)
ALUMINUM LEG - ALUMINUM RING
Figure 7.2.3-4

= 13.50 IN,

. | A 1

; F——d—aA—d & = —t <
. (STIN) 3ISVAMONI IHOIIH 931 (STIN) ISVI™IAQA LHOIIH 931
) @
. . ™~
rl . = 3 * . . "
. g = . = & Z ;
(-] o = -
: g < " g8 g 2 ;
] o =t « & 3 . N ™
< ) - = ~ 2 a = .
[ . ! [ —Dl_n . . . o
. ES = ] ]
o = i mm
° mw - o =
. = " 53
S)T. 4o TS
w N «N al N .
o B B . o B o«
14E o [5] *
S d 1 N
MGe éﬂGe
(=]
17 2 3 o8 8§
¢ 8% "L S & ;
o 1 . A
1S WF LNSWHM R
[t = ‘
42 z N .
2 mm do mm
[SUN U S U T SN SN S R N S | by - -3
S 8 8 ® ¢ T § &g ®w v v VS S S U SU SR ST S S <
o »n O 9 w»n O v O v Qo 9w 0O .
A W O N N W v N N e 3 v
. (STD4) 3SVIYO3q IHOIIH 531 3

(STIK) ASVI™DIA LHOIIH 931 R




Lol G W S SIS A S S B A RA IR AL A P AR Sl Tt g A o

Bl

S
' e
,;:'.‘:: Figure 7.2.3-5 shows the height increase "0( -.
m of the legs for a support system consist-  3sf '-‘;
ing of an aluminum leg (flexure) and an 301 / *
0y aluminum ring. An initial leg height of .~ | ;:' 2]
;l;:-. 10 inches results in a height growth of é :L: N
- 10 to 2.5 mils for 8 in the range of 4 2 S
}" 55 to 60 degrees. A value of 8 in this & L3 b - 9.00 1N
R range also represents a region in which _ 10
# a relatively high transverse spring E;: sk /\ H = 10.00 N,
. constant for the legs is permitted. A g o
\.; positive change in the leg height is ) <€—H = 11.00 IN,
:':j desirable since it can serve to offset
__j any downward movement of the primary 1o € - 12.00 N
mirror from other sources. This config- ~!5} 0= 13.00 1N
jjf:'.; uration, which consists of an aluminum 10 20 30 40 36 60
o ring and leg and a leg height of 10 8 (DEGREES)
.\ inches, formed the support structure ALUMINUM LEG - ALUMINUM RING
' baseline system for which feasibility was Pigure 7.2.3-5
> demonstrated.
\ 7.2.4 Fundamental Mode of Mirror/Mount Structure
f; During a Space Shuttle flight, the mirror will be subjected to dynamic and
": acoustic environments. These vibrations are potentially destructive in that
z" they can result in large amplitude periodic motion of the mirror/mount
- structure. The restraining forces induced by the motion near mirror resonance
'.:‘_f build up to a level several times greater than the external exciting force.
--'_Z.- In order to prevent these forces from building up to a destructive level, the
lowest natural frequency of the mirror mount system must lie above the vibra-
7 tional noise spectrum reaching the mirror. For this study, the fundamental
.':j{' mode of the system was required to have a natural frequency greater than
30 hertz.
.
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Factors that determine the fundamental frequency of the mirror/mount structure
are the mass and moments of inertia of the mirror, the spring constants of the - o
structural elements and joints between the mirror and the support ring, and '
the vibrational mode shape. The assumed weight of the mirror, which was

190 pounds for this analysis, represents an increase of 13.5 pounds over the
calculated weight of the mirror. The extra weight partially takes into
account the weight of the kinematic cells and the mount attachments. The
mirror was assumed to be an 8-inch thick homogeneous annular disk, with the
center of gravity at the same location as the center of gravity of the actual
mirror. The main support legs are a principal contributor in determining the
effective spring constant of the mirror/mount structure, and was the only

contributor included in the parametric analysis. Other important contributors
to the spring constant are the mount attachments and the flexures that connect
the kinematic cells to the mirror. The stiffness of these components are not
design-limited to the same extent as are the main support legs, in which the
need for adequate longitudinal stiffness conflicts with the need for compli-

ance in bending.

The analysis determined the minimum longitudinal spring constant for a support
leg that would yield a fundamental mode frequency of 50 hertz. The system
consisted of a rigid support ring which is connected to the mirror by six legs
that can carry loads under tension or compression but not in bending. The
mirror is a rigid structure capable of moving with six degrees of freedom.

The kinematic cells are considered massless extensions of the mirror. A
computer program was used by means of an iteration process to determine the
vibrational mode of the structure with the lowest frequency. The spring
constant of the legs were then adjusted either up or down so that the funda-
mental mode frequency would have a constant value of 50 hertz. The results
for a number of different support leg heights are shown in Figure 7.2.4-1.

The curves show a strong singularity which occurs at N equal to 30.236
degrees. At this angle the legs intersect at a virtual point lying above the
center of the mirror, causing the mirror to behave as though it is suspended
from this point. A swinging or rotating motion cf the mirror about this
point will cause the legs to deflect in a direction perpendicular to their
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length, thereby exerting no restraining force. The natural frequency of this
mode then approaches zero to the level of approximation used in the analysis.
It can be seen that the strong dependence of the minimum required longitudinal
spring constant of 6, effectively eliminates from consideration the angles
between 17 and 42 degrees, whereas the dependence of the mount-induced surface
error on er indicates that, in general, we should operate in the higher end
of the range.

A leg height of 13.5 inches permits a 8-}
lower value for the spring constant than .~ s.s
either of the other two heights for er g 5.0
between 45 and 60 degrees and, therefore, 4
appears to be the most favorable. It T 4
might actually be more advantageous to E “.0l
operate at a somewhat lower leg height §
than 13.5 inches, since a higher spring % 3.5
constant can be achieved for a given w 3.0}
leg diameter at a lower leg height. g .l
7.2.5 Flight-Induced Loads g 2.0
H = 18.09 IN.

E 1.5}
Vehicles in the Space Shuttle cargo bay §
will be subjected to dynamic accelera- 1.0
tion loading during each of the elements 0.5 H = 10.00 IN.
of a Shuttle mission. Proper design , H=13.50 m.

10 20 30 40 50 60

of the main support legs requires 9y (DEGREES)

knowledge of the maximum compressive
load that will be experienced by the
Tegs. A computer analysis was performed
to determine these loads.

LEG STIFFNESS FOR A 50 HERTZ
FUNDAMENTAL MODE

Figure 7.2.4-1

The loads were determined for 16 different occurances of a simultaneous linear
and angular accelerations in the x, y, and z directions. The accelerations
used, shown in Table 7.2.5-1, were taken from NASA Document JSC 07700,

81

[
7 i I

vaﬁf
T

IR Y S e *
Vel

'

'

!
T
.

t

’




.
[}

IR

18

I}

»
B
AI“I

A
4y % tr
LI R )

.
.l 1Y
P

ol

‘-\." ‘\_" Al ‘I.'

P M )
LT,

-

»

OO0
s -fA,": * l_' A.".

¥

4, 40, 00,
ORI

.
. l..
)

Volume 14, Attachment Table 7.2.5-1 .
CARGO LIMIT-LOAD FACTORS/ANGULAR ACCELERATIONS FOR IR
1, ICD 2-19001. Forces PRELIMINARY DESIGN (TRANSIENT FLIGHT EVENTS) .1
were calculated, using FLIGHT LOAD FACTOR g | ACCELERATION RAD/SEC2 CARGO o]
a mirror which was EVENT Nx| Ny | Nz R ¥ WELGHT ]
placed in the cargo bay | ASCENT RN
with its optical axis LIFT-OFF -0.2{*+1.4] 2.5 *1.4 +3,2 +0.8 UP TO 65 s "."#
) -3.2 -2.5 KLB .
aligned along the x (29484 Kg)
axis of the Shuttle DESCENT -
coordinate system LANDING 1.8|£1.5[+4.2 | +1.5 | 22,5 [ 0,75 UP TO 32
(sh - -2.0 -1.0 KLB
shown in Figure (14515 Kg)
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7.2.5-1). The orienta-

tion of the support structure about the
optical axis was varied until the least
The

loads were determined for the cases in

favorable orientation was found.

which the mirror faced either toward the
front or toward the back of the Shuttle.
The maximum compressive loads were

found to occur when the mirror was

The tensile

facing toward the rear.
loads were 12 to 20 percent smaller.
These results are shown in Figure 7.2.5-2.

SHUTTLE COORDINATE SYSTEM

Figure 7.2.6-1

The singularity that occurs at er equal to 30.236 degrees has the same inter-
pretation as that given in the analysis of the minimum required longitudinal

spring constant. At an angle of 60 degrees, the three heights have a differ-
ence in compressive loads of less than 40 pounds with a-height of 13.5 inches
being the most favorable. However, a height of 10 inches is best for angles

below 55 degrees.
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1000 H = 18,09 IN.
H = 13.50 IN,

MAXIMUM WORKING LOAD PER LEG (LB)

600p

400} H = 10.00 IN.

200¢

Y -

10 20 30 40 50 60
6y (DEGREES)

FLIGHT-INDUCED COMFRESSIVE LOADS
Figure 7.2.5-2

7.2.6 Support Leg Design Analysis

The main support legs must fulfill a number of requirements. They must be
sufficiently compliant under bending so as not to cause excessive deformation
of the mirror surface when cooled to the system operating temperature. Their
longitudinal stiffness must be high enough so that the frequency of the
fundamental mode lies above the bulk of the vibrational noise spectrum reach-
ing the primary mirror. Finally, they must not yield or buckle when subjected
to the normal Shuttle flight loads. A specific requirement is that the stress
Tevel not exceed the precision elastic limit at any point in the leg. In
addition to pure compressive stresses, column (bending) stresses should be
considered in determining the stress levels. These requirements cause a
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very complicated problem, particularly when the constraints on the design are
severe. A computer program was written during this study in order to satisfy
these requirements.

The general shape acquired by the neutral axis of a
leg when subjected to a bending force or a buckling
force is shown in Figures 7.2.6-1 and 7.2.6-2. In ‘
each case the ends are constrained such that the |
surfaces remain parallel to each other. :

|

|

In the program the leg consists of a middle section

and two end sections over which the diameter of the 6
leg remains constant. The leg necks down to a smaller SHAPE 0F NEUTRAL AXIS
diameter at two other sections placed symmetrically UNDER TRANSVERSE LOADS
around the middle. Figure 7.2.6-3 shows one-half of Figure 7.2.0-1

such a leg. The length of these sections is specified by the user and remains
fixed in the program. The central portion of each narrow section contains a
region of constant diameter. The transmition between the two diameters is

accomplished through a fillet with a specified radius of curvature.

The user specifies the length and geometry of the
leg, and the program scales the transverse dimen-
sions such that the precision elastic limit is

&/ not exceeded. The same scaling factor is applied
along the entire length of the leg. The trans-
verse and longitudinal spring constant of the leg
and its weight are then calculated.

The natural buckling shape of the leg is deter-

mined by the program in order to account for the

2

possibility of buckling and the accompanying
stresses. The stress level within the leg is

SHAPE OF NEUTRAL AX1S a function of the extent to which the neutral

UNDER LONGITUDINAL LOADL axis deviates from a straight line under zero

Figure 7.2.6-2
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load. The shape of this deviation is FrﬁﬁfqtzliiﬁLB ; :
assumed to be the same as the natural R '
buckling shape of the leg. The peak- _*L__ l* __J
to-peak magnitude of the deviation, or 1.5 20— >.381 -

wobble, is specified by the user. SUPPORT LEG GEOMETRY

Figure 7.2.6-3
The design of a leg was performed for a single

support structure configuration that corresponded to a leg heiéht of 10 inches
and a 6. of 60 degrees. This resulted in an overall leg length of 18.163
inches. The aluminum aircraft alloy 2014-T6 was chosen as the leg material.
The alloy has a 0.2 percent yield strengtin of 53,000 psi and a (compressive)
elastic modulus of 10.7x10% psi.* The precision elastic limit was estimated
by the general rule of thumb that it is approximately one-half the yield
strength of the material; therefore, the stress level which produces a
permanent set of 0.01 percent is assumed to be 26,500 psi for this alloy.
The Tongitudinal position of the various sections of the leg are as shown in
Figure 7.2.6-3. The basic geometry of the leg was held fixed except for the
diameter of the narrow portion of the leg. This diameter formed the princi-
pal variable in the analysis and is specified as a fraction of the maximum
leg diameter. The maximum compressive force experienced by a leg for this
support structure configuration is 511 pounds. The analysis determined the
characteristics of a leg that is capable of supporting 1.0, 1.25 and 1.5
times the maximum compressive load. For each of these loads a wobble of
0.01, 0.02, and 0.04 inch was assumed. The resylting transverse and longi-
tudinal spring rate of the leg is shown as a function of the ratio of the
minimum leg diameter to the maximum leg diameter in Figures 7.2.6-4 and
7.2.6-5, respectively. The curves corresponding to a wobble of 0.02 inch
are not shown.

*MII-IDBK-5B, "Metallic Materials and Flements for derospace Vebio e
Structures,"” 1 September 1571.
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LENGTH = 18.163 IN.

WORKING LOAD = 511°LB WORKING LOAD o s11"

HOR _ = LB

°- i.gg x WORKING LOAD © = 1,00 x WORKING LOAD
.25 x WORKING LOAD. i a = 1.25 x WORKING LOAD

@ = 1,50 x WORKING LOAD "50 x

SOLID LINE = 0,01 IN. WOBBLE CoLID bows WORKING LOAD

. SOLID LINE = 0.01 IN. WOBBLE
DASHED LINE 0.04 IN. WOBBLE UASHED LINE = 0,04 IN. WOBBLE

—

LONGITUDE SPRING RATE (LB/IN.)

TRANSVERSE SPRING RATE (LB/IN.)

1 L 1

. .5 .6 .7..8 .9 1.0 .3 .4 .5 .6 7T .,
DIAMETER RATIO DIAMETER RATIO

SUPPORT LEG TRANSVERSE SPRING RATE SUPPORT LEG LONGITUDINAL SPRING RATE
Figure 7.2.6-4 Figure 7.2.6-5

The requirements for the given support structure configuration can be deter-
mined from Figures 7.2.2-7 and 7.2.4-1. It is seen that the leg is required
to have a transverse spring constant of less than 48 pounds per inch and a
Tongitudinal spring constant of greater than 5.8x10* pounds per inch. Al
the design curves shown in Figure 7.2.6-4 lie well below the maximum allowed
transverse spring constant. For each curve shown in Figure 7.2.6-5, a value
for the diameter ratio can also be found below which the Tongitudinal spring
constant is above the minimum required value. It is possible, therefore, to
select a leg design that will meet all the requirements while at the same
time provide comfortable margins of safety.

The behavior of the curves in Figure 7.2.6-4 can be simply explained. The
maximum stress in a leg that has a diameter ratio between approximately 0.4
and 0.5 occurs in the transition zone between the minimum and maximum leg
diameters, close to the beginning of the narrow portion of the leg. In order
to maintain a fixed stress level, the maximum leg diameter must increase as
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the diameter ratio is reduced, while at the same time the minimum leg diameter
experiences a net decrease. The decrease in the minimum leg diameter tends to
be the controlling factor, however, and the transverse spring constant goes
down. As the region of maximum stress moves deeper into the narrow portion

of the leg, the minimum leg diameter decreases less rapidly. The reduced
flexibility of the other portions of the leg then becomes the determining
factor, causing the curves to flatten out. The minimum leg diameter ulti-
mately begins to increase and the transverse spring constant goes up sharply.
The curves will eventually approach a finite value as the diameter ratio goes
to zero. Figure 7.2.6-5 can be explained through the same set of arguments.

7.3 CRYOGENIC MIRROR MOUNT PERFORMANCE EVALUATION

7.3.1 Mirror/Mount System Performance

A mirror/mount design, which met the requirements for both the longitudinal
and transverse spring constant, was selected from the support leg analysis.
The mount configuration selected corresponds to a vertical leg height of

10 inches and a 0 of 60 degrees. The resulting system performance for this
configuration is described in this section. The leg design and support
structure meet all the previously mentioned system requirements, but are not
necessarily presented as a final design.

The leg design which was selected had an assumed initial eccentricity of the
neutral axis of 0.02 inch. This represents a liberal estimate of the extent
to which the neutral axis of the leg might deviate from a straight line due

to manufacturing errors, as well as providing an additional factor of safety
in the analysis. The maximum compressive load permitted to act on the leg is
equal to 1.25 times the calculated value of 511 pounds. At this maximum load
the precision elastic limit is just reached within the leg. Examination of
the computer results for this case showed that a diameter ratio of 0.2
provides a reasonable tradeoff between having both a low transverse spring
constant and high longitudinal spring constant, while at the same time keeping
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v the overall bulk of the leg at a manageable level. Figure 7.2.6-3 shows the ::\
{ ) dimensions, in inches, of the leg design arrived at by this analysis, and o
o Table 7.3.1-1 gives the important properties. o
:,\)\, -.;s
SN Ny
.$£’C . . 2
N The compressive elastic modulus Table 7.3.1-1 o
PAAS . . e
‘ was used in generating the SUPPCRT LEG PROPERTIES =
SN curves shown in Figures 7.2.6-4 CHARACTERISTIC PARAMETER N
."'l f- : .\': s
.;-‘:.;Ej- and 7.2.6-5. This was done so ELASTIC MODULUS, @ 20°C (LB/IN.2) 10.5x106 N
3‘5} that the correct value for the ELASTIC MODULUS, @ LOW TEMP. (LB/IN.2) 11.65x106 ::\-:.
s modulus could be used in the COMPRESSIVE ELASTIC MODULUS, @ 20°C (LB/IN.2) | 10.7x10%
: . ] . DENSITY (LB/IN.3) 0.101 N,
r%: internal buckling calculations. WVEIGAT (LD) 119 ;:‘
ey In determining the transverse TRANSVERSE. SPRING CONSTANT, @ 20°C (LB/IN.) | 11.3 13
LeneY LONGITUDINAL SPRING CONSTANT, @ 20°C (LB/IN.) | 1.237x10% oy
i stant of a leg, however, the -
tensile elastic value is usually used. This is reflected in the room temper- jl
ature values for the spring constants shown in Table 7.3.1-1. Similarly, in ﬁ;
order to determine the rms figure error induced in the mirror by the mounts, Sﬁ‘
the transverse spring constant at the operating temperature should be used. :
The elastic modulus is approximately 11 percent higher than the room tempera-- ﬂ;j
ture value at an operating temperature of 100°k. The corresponding change in ::A
?: the transverse spring constant is given in the table. E:‘
pr, The power change in the mirror surface and the rms surface error after power ;;7
: 3 has been removed was determined for this particular support system configura- ?5
:‘ﬁﬁ tion. A NASTRAN model was run in which a radial inward force and an outward pN
— turning moment acted simultaneously at three points on the midplane of the -
20 mirror at a radius of 15.441 inches. The size of the loads correctly >
IEI . N
,2:5 reflected the support system geometry and the transverse spring constant of ;;
xikﬁ the legs at the operating temperature. The resulting surface deflection was Qf
T g
- analyzed for power change (sag) and residual rms surface error. fi

LT |

The loads applied to the mirror at the support points and the resulting
surface deflections are given in Table 7.3.1-2. The figure error is given N
in units of the operating wavelength of 4 micrometers; the induced sag is
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measured from the center of the Table 7. 3. 7-2

mirror. The changes in the posi- MIRROR/MOUNT SYSTEM PERFORMANCE
tion of the mirror's focal point, CHARACTERISTIC PARAMETER
due to the mount induced change in APTLIED FORCE (1B) 1.266
the radius of curvature of the APPLIED MOMENT (IN.-LB) 18.69
mirror, the thermal contraction of MIRROR SAG (IN.) -1.360x107¢

. FIGURE ERROR (A RMS) 9.792x10""
the mirror, and the m‘ght change MOUNT INDUCED FOCUS CHANGE (MILS) 0.03315

of the main support legs, are alsO | THERMALLY INDUCED FOCUS CHANGE (MILS) ~2.657
given in the table. (Not included LEG HEIGHT CHANGE (MILS) 2.707
TOTAL FOCUS CHANGE (MILS) 0.08232
RESONANT FREQUENCY (HZ) 72.93

PR

~a.-A.

b

in this list is the very sizable
contribution to focus shift by the
thermal contraction of the aluminum support ring along the optical axis.)
Finally, the resonant frequency of the mirror/mount system is given under the
assumption that the support legs are the only compliant component in the
structure. The longitudinal spring constant given in Table 7.3.1-1 was used
in the calculation.
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It can be seen that all of the performance goals discussed in the report can
be met by a very comfortable margin. The rms figure error given is almost
unmeasurable even at visible wavelengths. In addition, the resonant frequency
of the structure, as modeled, is more than 45 percent greater than the design
goal of 50 hertz. The near zero change in the position of the focal point is
completely fortuitous. The additional negative focus shift that can be
expected by the support ring contraction can be countered by moving the
support leg angle 8, to around 55 degrees instead of 60, with very little
performance degradation.
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7.3.2 Kinematic Cell and Attachment Geometry

s & ¢
NN

The kinematic cell is a rigid structure which serves to take up any opposing
loads that are applied by the support legs and distributes the loads over a
greater area of the mirror's surface. This also permits a greater flexibility
in the support structure geometry by not restricting a support leg to
terminate at a specific point in relation to the core cells. The small size
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of these cells, in relation to the overall structure, permits the use of
\ Invar in their construction without causing an excessive weight penalty.

3
.SEE Figures 7.3.2-1 and 7.3.2-2 show two different concepts for a kinematic cell
X as they might appear in the support structure configuration which was discus-

sed previously. The topmost cell in the figures are shown from a side view
f:}; in Figure 7.3.2-3. Each cell is attached to the mirror by six Invar flexures,
.;EE which are arranged in pairs with the flexures to each pair positioned so that
T§§ they intersect at a vertical point located within the body of the mirror along
s the center line of a cell. This is a constraint imposed on the flexures by
;%ﬁ the attachment concept discussed in the following section. The kinematic
:%E cells consist of a rigid tetrahedral truss structure, in which the apex of
i&j the tetrahedron is a symmetric structure that has an equilateral triangle as
;‘: a base. Additional trusses extend from the sides of the tetrahedron to form
-3:% the attachment for the main support legs, resulting in two additional tetra-
‘§;E hedrons. The points at which the support legs are attached to the cell lie
S:ﬁ in the same horizontal plane as the base of the main tetrahedron. Figure

7.3.2-4 shows an artist's sketch of a perspective view of Concept 1.
%
-\.j
%
Fa
s \ J,“' .
ey
o N
2
AN X
:LA.'.
N
\g'.; CONCEPT 1 OF A KINEMATIC CELL CONCEPT 2 OF A KINEMATIC CELL
! .3 Figure 7.3.2-1 Figure 7.3.2-2
~:.:
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SIDE-VIEW OF KINEMATIC CELLS . PERSPECTIVE VIEW OF CONCEPY 1
Figure 7.3.2-3 Figure 7.3.2-4

Concept 2 represents a lighter weight design, which has a single asymmetric
tetrahedron forming the cell. The support legs are attached to the base of
the cell at two of the vertices. The advantage of this design over Concept 1
is its potentially lighter weight and simpler construction. The maximum
number of struts and legs that terminate at a common point is six for this
design versus seven for the previous design. The disadvantages of Concept 1
are the greater asymmetry in the length and position of the Invar flexures,
and the location of the attachment points. This may result in a significant
lateral shift or tilt of the mirror upon reaching the operating temperature.
Greater peak loads may also be placed upon individual flexures and attach-
ments during flight due to geometrical considerations. The degree to which
these considerations may present a problem is unknown, however, and may be
alleviated through detailed design.

The maximum compressive load experienced by a flexure during a Shuttle flight
was determined for Concept 1 using the same computer programs that determined
the maximum load experienced by a support leg. The fundamental mode frequency
of the system, in which the flexures and the support legs both act as
compliant members, was also determined. The support structure configuration
and the support leg design in the analysis was the same as previously discus-
sed. Each pair of Invar flexures was angled so that they intersected in the
curved midplane of the mirror above the center of the core cells indicated in
Figure 7.3.2-1. It is desirable to have the six flexures between the
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%EEE kinematic cell and the mirror be, in the aggregate, at least twice as stiff };
‘ as the two support legs. A simple calculation which ignored geometric con- i
h;&' siderations showed that the flexures should have a longitudinal spring Sﬁ?'
\ﬁ{ constant of at least 0.8x10° 1b/in. Therefore, all the flexures were given jfjf
2?%; a spring constant of this value in the program, and the resulting system E;C
. fundamental mode frequency was determined. oo

RE .
izé; The analysis showed the system had a fundamental mode frequency of 48.3 hertz,
;:‘; and the maximum compressive force on a flexure was 468.5 pounds. The length
v of the flexures ranged from 6.067 to 7.799 inches. Since the flexures had a

ot fixed longitudinal spring constant, the cross sectional areas also varied i;f‘
i;{ from 0.0255 to 0.0328 square inch with an assumed modulus of 19.0x10° psi. :%i‘
'75 If the worst case is assumed, in which the maximum stress on a flexure :&i
f; (ignoring buckling) will be 18,373 psi. Since the precision elastic limit <
NN for Invar can range from 18,000 to 25,000 psi, it can be seen that this first 33
i:’: cut design of the Invar flexures is close to what is required as far as the §§S
Eﬁtm fundamental frequency and stress levels are concerned. ey
} X: 7.3.3 Mount Attachment Concept ;@?
) by
oy A critical factor in any mirror mounting scheme is the means by which the :ﬂ;
ik mount structure is attached to the mirror. The mount attachment can present i’~
 355 a severe design problem when the mirror is subjected to both Shuttle flight ;&;
'3&; ) loads and large, thermally-induced, dimensional changes in the mount s t
jﬂ structure. Part of the problem lies in the high temperatures used in con- ;25
w— structing an ultra lightweight mirror, which does not allow the designer to "
f%} build or place an attachment device within the mirror prior to assembly. j&:
g R
fii The mount attachment concept developed during the study is shown in Figures 2;;
- 7.3.3-1 and 7.3.3-2. The fixture consists of an Invar plate which is clamped f%i;
{:f to the back of the mirror. Posts are welded to this baseplate, into which }?3
ﬁsi Invar flexures are set. The flexures are bolted to the posts. The other end i%;
E:E of the flextures are connected to the kinematic cell. The baseplate is held ;fﬁ
— to the back of the mirror by a threaded Invar cap, which screws into a pipe e
f\d
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with an inside thread to which a plate
has been attached at one end. The pipe
and plate are cut into six pieces and

CORE CELL

COMPLIANT
MATERIAL

passed through a hole in the back of w‘l/ﬁ TR

the mirror which is centered on a core ] ) (I

cell. The threaded pipe is then / _____ 7
reassembled with the plate on the inner @#=T0 KINEMATIC CELL

surface of the back face of the mirror. MOUNT ATTACHMENT CONCEPT

Spacers between the sections replace Figure 7.3.3-1
the material that has been cut away.

In order to take up any irregularities
in the surfaces and reduce local stress
levels, a compliant material can be
placed between the Invar plate and
fused silica backplate. This material
could be RTV, which is bonded to the
Invar and scored into small sections.
Another possibility would be a Teflon
material which can maintain plasticity
down to very low temperatures.

MOUNT ATTACHMENT CONCEPT

Figure 7.3.3-2
Figure 7.3.3-2 shows the mount attachment concept as seen from the back of the

mirror. The pipe sections are prevented from rotating when the cap is screwed
in place by a key on the baseplate, as shown in the figure. Stiffening ribs
can also be seen on the left half of the baseplate (not shown on the right
half) which would prevent the plate from bending when a tensile load is
applied to the flexures. No detailed engineering of this attachment concept
was performed during the study; an important part of any follow-on program
would be to design, build, and test this concept thoroughly.

BPEER
RN N
-"‘.'-

718

The maximum shear, tensile, and compressive force which the mount attachments
would experience during a normal Shuttle flight were determined during the
study. The loads on the structure were the same as described in Section
7.2.5, but with the assumed weight of the mirror taken to be its actual weight
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2:3 of 176.5 pounds. The supporting structure was Concept 1, which was identified
Q' ‘ in the previous section. The precise geometry of the Invar flexures and the
?fg combined effect of each pair of flexures on the mount attachments were taken
é;:: into account in the analysis. The results indicated that the maximum shear,
'253' tensile, and compressive force which a mount attachment would experience under
s normal conditions are 321 pounds, 327 pounds, and 412 pounds, respectively.
e
jtj An estimate was made of the tensile stresses that would be induced in the
’ti backplate of the mirror when a tensile load of 327 pounds is applied to a

. mount attachment. The plate was modeled as an annular disk of fused silica,
'SfQ with its outer edge held fixed and its inner edge free. The mount was assumed
2;3 to apply a uniform load from the inner edge of the disk out to a radius of
itf: 1.4 inches. The assumed conditions are shown in Figure 7.3.3-3. The diameter
i?. of the disk was chosen so that the area was equal to the free area of the core
b il cell. The results indicated that
AR . p- 2.8 IN. -
e at the outer edge of the disk, a ¢
e maximum tensile stress of 1065 7

psi would be generated. This - g

:‘:ﬁi compares favorably with a fe—1.4 N~ 2
:_”.‘ 7190 psi modulus of rupture for - - .

e abraded fused silica, and an ' B
2 empirical modulus of rupture ?f GEOMETRY AngggAnggggIg%fggggg FOR FLAT
’23 several thousan? ?51 for ? frit- . Figure 7.5.3-3
e bonded, fused silica L-joint. Compressive loading of the mount should not
13 cause a stress problem due to the greater area of contact that occurs. The
. shear strength of the mount was not estimated, since it is dependent on the
'Eff clamping force between the glass and metal, the coefficient of static i
Sﬁs friction, and the precise nature of the metal-to-glass contact within the CEJ?
fﬁj hole. The shear strength is probably best determined on an experimental A
;:; basis.
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MISSION
of
Rome Awr Development Center

RADC plans and executes neseanch, development, test and
selected acquisition programs in suppornt of Command, Control
Communications and Intelligence (C31) activities. Technical
and engineering suppornt within arneas of technical competence
s provided to ESD Program Offices (P0s) and other ESD
elements. The prineipal technical mission areas are
communications, electromagnetic gudidance and control, sur-
veillance of ground and aerospace obfects, intelligence data
collection and handling, Ainformation system technology,
Lonosphernic propagation, sofid state asciences, microwave
physics and electronic neliability, maintainability and
compatibility.



