(12)

United States Patent
Marshall et al.

US007755766B1

(10) Patent No.: US 7,755,766 B1
(45) Date of Patent: Jul. 13, 2010

(54)

(735)

(73)

")

@
(22)
(1)

(52)
(58)

(56)

TELESCOPE INTERFEROMETRIC
MAINTENANCE EVALUATION TOOL

Inventors: Kenneth Howard Marshall, Viera, FL
(US); Paul Th Currie, Colorado
Springs, CO (US); Joseph Salg, Oviedo,
FL (US); Joseph B. Houston, Saratoga,
CA (US); James Harvey, Lake Forest,

FL (US)

Assignee: ITT Manufacturing Enterprises, Inc.,
Wilmington, DE (US)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 298 days.

Appl. No.: 11/727,542

Filed: Mar. 27,2007

Int. CI.

GO1B 9/02 (2006.01)

US.CL e 356/450
Field of Classification Search ................. 356/450,

356/508, 511-514
See application file for complete search history.

References Cited
U.S. PATENT DOCUMENTS

3,836,256 A *  9/1974 Peters ..coeeevvreeeeerrinnnns 356/508
4,340,304 A *  7/1982 Massi€ ....ccoeeeeirrinnnnnnns 356/489
4,392,710 A 7/1983 Rogers
5,144,574 A 9/1992 Morita
5,289,397 A 2/1994 Clark et al.
5,448,639 A 9/1995 Arazi
5,570,307 A 10/1996 Takahashi
5,835,862 A 11/1998 Nykanen et al.
5,961,578 A 10/1999 Nakada
6,064,740 A 5/2000 Curiger et al.
6,085,210 A 7/2000 Buer

6,141,422 A 10/2000 Rimpo et al.
6,151,393 A 11/2000 Jeona
6,182,104 Bl 1/2001 Foster et al.
6,209,016 Bl 3/2001 Hobson et al.
6,356,636 Bl 3/2002 Foster et al.
6,377,969 Bl 4/2002 Orlando et al.
6,415,310 Bl 7/2002 Takenaka et al.
6,748,410 Bl 6/2004 Gressel et al.
7,046,800 Bl 5/2006 Tenca et al.
7,092,103 B1* 82006 Kendricketal. ............ 356/497
7,111,166 B2 9/2006 Dror et al.
7,224,469 B2 5/2007 Harned et al.
2002/0039418 Al 4/2002 Dror et al.
2002/0059353 Al 5/2002 Koc et al.
2003/0031316 Al 2/2003 Langston et al.
2003/0140077 Al 7/2003 Zaboronski et al.
2003/0212729 Al  11/2003 Eberle et al.
2004/0001962 Al 1/2004 Elbe et al.

(Continued)
OTHER PUBLICATIONS

Wyant, James C., “Basic Wavefront Aberration Theory for Optical
Metrology”, Applied Optics and Optical Engineering, vol. XI(1992),
pp. 1-53.

(Continued)

Primary Examiner—Michael A Lyons
(74) Attorney, Agent, or Firm—Davidson Berquist Jackson &
Gowdey LLP

(57) ABSTRACT

A system and method for testing telescope optics are dis-
closed. The telescope optics can be testing in-situ, thus more
accurately revealing the as-used optical conditions. The opti-
cal conditions are input to a test system which, by objective
analysis, reveals a condition of the optics and an indication of
the need for corrective action. A test bench for testing optics
and for validating the test system using modeled telescope
optics is also disclosed.

11 Claims, 28 Drawing Sheets




US 7,755,766 B1

Page 2
U.S. PATENT DOCUMENTS OTHER PUBLICATIONS
2004/0054705 Al 3/2004 Le Quere Vazquez y Montiel, Sergio et al. “Evalutation of the image quality of
2004/0066934 Al 4/2004 Chen telescopes using the star test”. Proceedings of SPIE, vol. 5489, 2004,

2004/0260741 Al 12/2004 Plessier pp. 1192-1202.

2005/0206908 Al* 9/2005 Harned etal. ............... 356/508 * cited by examiner



U.S. Patent Sheet 1 of 28

Jul. 13, 2010

3
4
5

FIG. 1

(PRIOR ART)

CINE 405(v) MTF PLOT

US 7,755,766 B1

0.9
0.8+

0.7 A

06 AN

——= MF

0.5 >
04 RN

— IDEAL

CONTRAST

0.3
0.2

0.1 \

0 20 40 60 80 100 120 140
SPATIAL FREQUENCY (1pimm)

FIG. 2



US 7,755,766 B1

Sheet 2 of 28

Jul. 13, 2010

U.S. Patent

£ OId

1333y
JONVLd330V TWNOILIONOD »
1d300¥+

JONVINHO4Y3d ATOHSTHHL

mm\

. 45 ONY Hdvi9 1

(213 'LV '¥W09) SLNIIDI4300 DAINSZ
OLLYY THILS HOWY3 LNONIAVM SIN

HOY¥3 LNOHAYM AITOL YA

ASvaY.Lva FNIL ¥O4
140d3d INIM3SYE FHVd3dd

amaEsoLwn | /- 8¢

7314 NENOITY-3Y »

A

w)

(213 '391LY4 WLIN) SHOHY3 ONILNNOW »
SHOUYHT INIANOITY «

SHOHY3 8Y4 WOlLd0

SHOHHI NOISIA WOILdO +

S304NOS HOHYA ININYILIA

[

r 3

Y1¥Qd 1S31 ININOdWOD
ONV NOILLdIMOSIYd
Tv3I1d0 LNdNI

X

£t

HSIGUNA3Y YO HIvdY »
IVIY R IOYAWS - e 3
NOILDY JAILIFHY0D ANIWINODZY !
HOLIV HI4SNYHL NOLVINAON » “
3Z1S N 1ya4 J18YAH3SE0 - w
SHOUM3 SN0A + / \
NOILNI0S3Y g .
NOILYAVY93a 39V TIAOW ”
]
v
AHOLYYO8Y
01 ON3S
ININNDITY 3d0DS3 1AL
ANY ¥3LIN0Y3IHIINI
FLVINAINYW ATIALOY R
A3
SWYH9OYIAIINI ONILSIL DI LINOYILHILNI
40 SISATYNY « W3LSAS FNLYIdY-TINS
JUYMLH0S FNIL-TVI NLIS-NI :HLIM LMVLS
1€ 0¢




U.S. Patent Jul. 13,2010 Sheet 3 of 28 US 7,755,766 B1

nonsny

Figure 4



U.S. Patent Jul. 13,2010 Sheet 4 of 28 US 7,755,766 B1

Figure 5



U.S. Patent Jul. 13,2010 Sheet 5 of 28 US 7,755,766 B1

Griginat Gblect Diffraction Only

Figure 6

1 Wave Deforus 2 Waves Defocus

Figure 7



U.S. Patent Jul. 13,2010 Sheet 6 of 28 US 7,755,766 B1

Origing oldeet 1 & Spherivsl Aberration Fa Sphevivet Aberration

Figure 8

irange of b Target
Foint Spresd Function % o

Figure lla

Figure 11b Figure li¢



U.S. Patent Jul. 13,2010 Sheet 7 of 28 US 7,755,766 B1

SRS o

Figure 10




US 7,755,766 B1

Sheet 8 of 28

Jul. 13, 2010

U.S. Patent

NER
YA
. [ln] HioNZ 139 A=
vel Old £ ek
o7 (SIAvM) 020
) a () 1H913H 103190 T30
CLL T g e i
(Tsnow o] | [BTRDEEMY |54 e (S3no) st
flww) 7] () § ML 30y
70, £V
px) (SIv) 2zzmh
[fs3m) 390N 133780
T30
= AN
oM f (S3nm) gzzn
7 7] e wfi {ua) o700 A
£21 1 . “ AN
) : |
. %mﬁw T Mw? Ty T il [(S3m3m) (w00) i
A [ oz L1 70 g 0y
cel i () 1eEM 1 $ A
A ¥4 _u . TR EN(ERTTT
N A
NOISNZWId 10 Mwm Ju whw ) Sniwe 3un. 3y
Fﬂ
W_u mm aHIVd|  {(ww) IHOIFH 103800 | (W) 1510 ¥O04-HIdAH [T30] Ar_lwvu
- v
|LNdNI 39V 40700 HIVd LNaNI ._m.o ) ._mwo_‘w R
(193180 10 30WN] 1380 GEOWOIONON | T Toesl
TYNIOWO ¥ 35N OL LNdNI T dvLIE 139




US 7,755,766 B1

Sheet 9 of 28

Jul. 13, 2010

U.S. Patent

gc¢l Old

<t (z140H)z NOISNIWIQ rgo)|

£
AR g M
[SONTALGIM T80 W ]
(W) HLAIM 193740
45d 40 NOILYIOd¥3LNI

NI 3SN 04 133180 40 39YII A3I4INOVINIA
NI SINIOd N3IML3E TYAYIINI ININY3L3A

(143A)) NOISNIWIQ INO |

4
¢z

[4ONI LHOIZH g0 ‘W

(801 Nein3]

D
YA
[ LN3W3HONI Tidnd

ED
71
321 VoY

{ww) sniavy dv |

NOILONNS F4N1Y¥3dY 3HL ONILYIEO §04
Q333N "SLNANI NO¥4 INFWIHONI JldNd FHL ALYIND WO

(ww) sniavy d

4

<3|
ww

TIa
£z
[ {ww) g3x14 0z0m

4

H
) v
() |
{ww) J
ww) 1

{ww)
()

$193443 SND04-Q3XI4 A8
Q3sny) (ww w) SN2043a ILVINDIVD

13A 3Y3H

(3aNTONI LON SNOILVHYIEY H3H10 AFHANY
- KOY¥4 3002 NO 03SYa NOILYIIXOHddV

NV SI SIHL ‘W NI HOY3-S1NdNI WO

35dd ANY '4Sd9 ‘4SdaY 3HL ALVINDVI




US 7,755,766 B1

Sheet 10 of 28

Jul. 13, 2010

U.S. Patent

¢t Old

AINIVH 40 40 AFHANY XSV
1HOI W335 LNS30A LVHL 1ng
'SNIQVY ¥ SY 11 S1v34l 3000

(ww) )

(Ww) Zzzm

© H(ww) g3x14 0zom |

A(HILINVIQ) HLAM TIN4 Y HO
(SNIQYY) HLAIM S VH Y SIHL 81| [T30 ]
YAl
JEfe A HLAIM 4Sd9
€l [(S3UM) JONVY 103r80] g
|(ww) INVId rGO NI LHOITH XYW RE[( 7'
YA -
[HLOIM 4S54 130
[(w) INY1d 18O NI LHOIZH XVA a €}
71 % HLAIM 45daV
| (pes) AO4 J19NY 4TWH

(W) SNIQVY dv |

(W) HLONITIAVM |




US 7,755,766 B1

Sheet 11 of 28

Jul. 13, 2010

U.S. Patent

13d )
£C1

INIWIHONI 4SdY

act oid

3ZIS AVHYY

INJWSHONI tdNd

(Ww) HLONIFAYM

(ww) |




US 7,755,766 B1

Sheet 12 of 28

Jul. 13, 2010

U.S. Patent

3¢1 Oid

{ZroHIz
NOISNIWIO LO3r80

ONGONOLHLM CAIRENI9 S| ARV 00|
Q3LYI0dH3LNI S 35d 39NV 404 G351 S1 TIGYIVA SHL

“IVS WOASNYYL ¥4 SINICHO00 I X NS | 78 T
mo

A"
AVHY
103190 ZOH

)
[
1]

(ww) HLaIM L39O
130 w
AR
AVHYY

{1]

ZIS AVHYY

i

(143
NOISN3WIA 123rg0

(ww)

1HO(3H 193140

1HOI3H 193780

13a
£

—j.x

{w

} HIONTTIAYM

._l.

>
>

. ONIXIANI-OLNY
E_gmﬂémzmom;é@qmmdm_mmz>>>z<8w:._oz 2

7S waey] | 10 .VM.

AN
SNOILYauTaY

404 SOH00D A X

ONDGONIOLAY HLIM G31YHINTO ST AVHAYY NOILINN Tidnd
ONININY3130 404 HSIWY 3WYW OL 350 OL SILYNICHO0D A * FIVHINT9D

IN

3215 AVdY

45d 3HL ONLYTOdIINI NI SILYNICHOOD TYLLINI 404 035N AINO "0INO G3LVIOGU3INI ST 45d FHL HOIHM STLVNIGHO0D WHOSNYYL 404 035N SI AvedY WOLLOS 3HL

"Ad "dX4 3SFHL 0TIV AFHONY “¥3LY1 SSII0Md NOILYI0ELNI
04 HSIW Y 3NV OL 35N OL SILYNIGUCOD A ONY X ILYHaN3O

'$S330Ud NOLLYI0dY3LNI NI SILYNITHO0T 45d TWNIORIO ¥04 Q3N S| AVHHY T10QIN 3HL

'NOILONN4 T1dNd N 30N3NFA30 (1SA)S00 ONY 2 3LV¥3INI9 0L G35N SI INQ dOL FHL

‘SWILSAS LYNIGHO00D SY 35N OL SO HSIW 31RO 0L 035N SAVHRIY S3IVYINID IV SIHL




US 7,755,766 B1

Sheet 13 of 28

Jul. 13, 2010

U.S. Patent

4¢1L Old

T

13d |w_,
€zh 1] ;l AVHYY 103r80 143A
LHO13H (@71314) LO3r90 GIZIVWHON Mxmw% H | AVNYHY 193060 ZINOH
LA
1730 v_ﬂ
€2 |1
(15d)309
SNOILYXY38Y 404 SO¥00I A'X
Y ‘.llvu. @
130 u e._é SNIQVY dv 7| [ s
el [ <
(Q3ZITYWHON) 4 H
130 uv__, 1d
YA TR
_nt. "T13M SY HOYI ¥O4 SAVHYY G-2 FHL ONILYIND WO

'JONIANI43A (1Sd)S0D ANV 3 ¥O4 IO HSIW 1VHINTD




US 7,755,766 B1

Sheet 14 of 28

Jul. 13, 2010

U.S. Patent

(ww) opOM
- (@32 vWON)
I | NOLLYS38Y TY2Iu3HdS |
[ 24Sd G3ZIVWHON o
(Isd)s09 b
180 1 (1]
w [ < ﬁ ] () 1o [wnoo]
} 454
G S2VIHON OL WLOL 3HL A8 JQINID ONY ALy
AOUINT NI OL 7v3Sd ¥3A0 393N
(Q3ZIVINEON) ! SN30430
TPSO3LN] WSOSNVAL TING3LNI 3HL 10 Levd SY (Gazvvon) ! III_ $N904 1534
(034YNDS HONI dNd AB G3TY0S 484 139 01 Tdhd T80 WSHYWOILSY
NOILONN TidNd S0 WHOJSNYL H3N04 vl ,.H
T ﬁﬁ © : [(ww) zzzm |
LOTALISNIINISY | [ T8 u . (5dS00
NOLONN Tt i | | il 1
1 <
NOLLONNA Tidnd] G L [lazznwmiont ] [siwnonisy
L -2
7

ampﬁ-f

ADHING 35d 03ZNYWHON 139 0L 454 JZITAWHON ONY VNS _ 37ZIs ><mm<_
N3HL'4Sd 2HL 139 0L NOLLINNA TidNd 3HL SWHOISNVYL u3INO04 "SNOLLINNA NOILOIHE0D
TldNd 3HL S3LY35) SHOILITHI0) ONY SLNCNE OB M S31Y3H0 Jved SIHL | MOIN Lnd OL SWH3L NOLLYX¥38Y ONIaY | i 00430

SN304-a3Xl4




US 7,755,766 B1

Sheet 15 of 28

Jul. 13, 2010

U.S. Patent

H¢l Old

13d

1¥4)

INWA XYW UK

14d

¥4}

(3NTVA XYW ¥

ag | ™ le 180 «
Fmlns - |
=l 2 [ gL (1
HSINA] _|_H:mw§ T
a4 AX] Nt —] AX]
— U — D
Eeml | 180 ..xl 180 u.
7 « _
2 f N
_xmms__x HSIW X

'SS3004d NOILYI0dY3LINI 404
AYVSSIOIN SAD HSIFW FLVIYD

'(0341S30 SY Av1dSIa OL HAVYO ALISNILNI 4Sd 3HL NO
S31VS 3HL SL3S OSTY LI'SSIJ0Hd NOILYI0dHILNI
04 (SAIYO ANV '2) SAVHYY SFYYId INVYH SIHL

WOWIXYN 3WDSA 3715 AWV
WONINIW T108A 0]
i, EF ]
HAVY9 ALISN3LN]
"JONVY
J34IS3d FHL H3A0 AV14SIQ 0L
HdYY9 ALISIINI 3HL 39404
WXV 3 V05K H 3218 Aedlv
] ————{32IS VY]
80 ! = 3215 Aveyy|
2 M : 1&
2]

ATH3d0¥d

ONIXYOM LON 41 3ZIN9OJ3Y 01
ASY3""S3S04uNd ONI9ONE3d
404 G INTVA FHL LY QIZINVILINI
—AVHEY 12 IZIVILINT ONY 31V3H0




US 7,755,766 B1

Sheet 16 of 28

Jul. 13, 2010

U.S. Patent

IcL Old

WNIWIXYIY 3T¥I5A <

_ANAININ3T¥ISA <

I

i

NOLLONNS TidNd

MIIXYIN 3TVO8X <

WAINI 3¥05X <

G 1

[

NOILINN4 TidNd

Qo0o0o0o0D00000a000000pD0p00ac0nao0anonuooonoio0o00ndoononnadn

¥Y3aNIg fau 4SdY

[-xxae

V130 JHOW MOHS OL 3OS F1dYNOSYIH VY NO L
MOHS 0L L07d NOILONN TidNd NO SFONVY A ONV X ONILLIS

'SILYNIGH00D A NO 1Z SI LNdLNO ONY STLYNIAH00D
A ONV X NO (az)4Sd¥ SI LNdNI ""NOILY 104y INI W¥0443d

ALIMIGYM3IA ¥31139
404 SIS 101d 1NdLNO JNOS ONILLIS SY T13M
SY 4SdY 3H1 40 NOLLY1OdY3 NI SWHOJ43d FNVHES SIHL

wV—DUUUDUDUDDGDDUDEBDDDUUDDDUUDUDUUUU_




US 7,755,766 B1

Sheet 17 of 28

Jul. 13, 2010

U.S. Patent

rel Old

mid

— 780
_H_A
HdVHO ALISNILNI

JOVNI Q€ VANV
1071d ALISN3LININV SY 4Sd 3H1 107d

31 —dll
O

ONIVOS HO4 AQY3H

INNILNOD

@V_DDDUH_DH_UDDDDDDUBDDDDDDDDDDDDDDUDDDDDUE_




US 7,755,766 B1

Sheet 18 of 28

Jul. 13, 2010

U.S. Patent

MZlL Old

[Bisseacanal

N

A
L[ X [30NL1dAY NOLLONN Tldnd
TiE BBy
ov | He AJ’
IINIINOD Wiy ER
WA THOSAT— ozm,*_ow
P 3NN 54
| HdY¥9 ALISNSLN s
3} w80 M
WXV 325X < i
NAININ 398X < & i
== 30 T | AVdd¥
[HdoALd — ONIVaS T
3aNLINdWY 45d ke |t
m 27ldnd

e

—F}




US 7,755,766 B1

Sheet 19 of 28

Jul. 13, 2010

U.S. Patent

1¢t OId

AY1dSIQV 0L TIVOSATHO 01 € 40 LOOY F¥NDS L wmm_mﬁ
d¥INLIG ITYISAZIO LNdNI JHL FLIAM NIHL ONIZIYWHON ONY LOOY F¥VNDS ONINVL

INIOCY ALISNILNI HOT00 HOY3 ONIMVNDS

= mm = 3718 OL SONOJSIO00 HLNNO3 ONY N3 0L
o~ W[ [T SONOSZI00 CaHL'G3¥ 0L SINOS 0
w B 176 Hal ONOD3S ‘GISANN $1 3LAG 3040 LSFHOM
JvNLIg 3NT8 T 3HLS3LA 8 OLNI CHOM TTONIS HOV3 1S
0] _WE: ! a3SNNN
1oV
"SOHOM FIONS
dYWLIE N3349 _ OLNI dYILIS 40 CHOM-T78n00 HOY3 111dS
_:OILQ 4 Ww x4

B

dvINLIF 03y




US 7,755,766 B1

Sheet 20 of 28

Jul. 13, 2010

U.S. Patent

weL old

(A<A X<X) STNWN

LNALNO ONY LNdNI HLIM ONOJSTHN0D

0L HS3W Q7 404 SLNGNI 3L¥NICH00D
QIHOLIMS MON SLINS3Y 1934409 AIN3A
“"S3INAON ONINY TTHM QIONVHI—d00T
404 ¥IMOTNI LHOIZH 190 "W ONY 4001
404 dOL NI GISN SYM HONI HLCIM r90 W

| LHOI3H 4Sd dY3INI|
180 [ INTVA XYW K
{
i
| HSIW AVdY H3INI 04009 180 | 31IVA XYW X
a 7d 180
£7 B L—{4ONI LHOI3H r40 M|
[ HLOIM 4Sd d¥3LINI|
HONI HLAIM r8O'W]
180
AT
[HSIW X AV¥YHY 43N G400 10| 'S53008d NOLLYI0dH3IN

404 SIHSIN 1Y)

'$53004d NOILYI0dYILNI 3HL 404 (3MIND3IY SIHIHM HSIWV 31v34D 0L 0351 N3HL ST HOIHM
AYSHY SILYNIQHO0D 180 W 3HL 3L¥4INID 0L 035N 4001 404 03X3ANI OLNV 3HLNO INNOJ 4001
JHL S¥ 35N SI NOISIAIQ ¥393LNI 3HL 40 11NS3Y 3HL HIONIVINZY FHL ONRMONSI 'NOISIAID ¥393LN)

AB3INOQ SI SIHL {3NTYA XYW JALLISOd OL XYW 93N) JONYY 1A'X 3HL OLNI L4 LyHL SILYNIGH00I 180
W 30 SINIOd 40 ¥3BNNN ¥39LNI XYW 3HLONIONIS ‘NOILONNA NOILYIOUILNI JHL 35N AT43d0d OL
"INYId 39V 3HL NI 38Y ST18VINVA HLO8 (SILYNIGH00D L03r80 QILINOWA) STLYNIGHO0D 160 W 0L
SILYNIGO00 X KOYA SINOLLYIOGAINI LNdLNO SROINOXYI ONY NOLLY10dY4LI3 QIOAY OL
SINTYA S0 JONVY IS 3HL IAVH LSNIW SAMOHSIN OML 3HL 'SS3004d NOILY IO HO4




US 7,755,766 B1

Sheet 21 of 28

Jul. 13, 2010

U.S. Patent

Ncl Old e

[3OVINI Q3 VOSATY

WNIIXYIN 3TV3IS X<
3OV TINISIO e

i¢ o] W

3HL OLNI SNOILYYY38Y IHL ONIJNAOYLNI 404 (S5300¥d ERIENRYERR)
AINTWAINDI WHOASNYYL ¥3IMN04) $S300¥d NOILNIOANOD
INFTYNINDI FHL ¥O4 STYANILNI Q3ZIS INYS IHL IAVH 48d
3HL ANV (103080 FHL 40) JOVWI GHINOVW FHL LYHL 0S

(eA)L NOISNIWI] £€0 |

(zuou)z NOISNIWIA 0 |

S3LYNIQY00 103180 Q3IINOYI 3HL OL SILYNICHO0D 1 ‘X
WOY4 45d 3HL 30 SS3004d NOILYTOdY3LNI 3HL WH0Ju3d

“JOVII LNdNI 3H1 OL ALY T NMOA

30ISdN FOVYAI IHL ONIAVIT IHOR 93006 G3LVLOY SI 3OVHI 3HL
03193135 SI AvddY ISOSNVYL OL NOILAO FHL 41" LHOINY 9306
AVHEY LNdNI IHL SILVIOY ATIVOILYWOLNY LO'd ALISNIINI SHL

HSIN A AvHdY 33INI QY009 10| | 'L4313HLOL 93006 AS AYHY 3HL 40 NOILYLOY OL INITYAIND3

§153004d SIHL 107 ALISNALNI 3HL N GaV3IA NIHI
rHSIN X AVRRY H3INI GHOOI 180 | 30y iy 3L 40 NOLIYINGIEO TISINO HL RIS 3d 0L
o e HSan F 43040 NIAYAY G2 FHLN MOY HOV3 SISU3N3M NIHL v
O i J9VII LI 3HL SIS0SNVHL 3000 20 JNFNGES SHL
[SG400 180 OL 45 duaIni] (= 2/8NJi8
Pl >,x ON  CEA B xlix
i D q M m Avm O eH B
EIERARESS) N
[SQ4000 160 0L 354 G3L¥I0GH3IN]
|(uen)L NOISNIWIQ rHO)|




US 7,755,766 B1

Sheet 22 of 28

Jul. 13, 2010

U.S. Patent

Oc¢l Oid

NVHL 4394YT1HLO08 JHY SNOISNIWI]

‘SNOISNINIQ 45d Q3LYI0dE3INI
0 JONIS AY¥SSIOIN ONICQvd ON

NOISN3WIQ LYHL 404 SS300uid ONIGAvd IHL SWH043d
N3HL 'ONIQYd STAINDY INOISNINIC ¥FHLIF A1) HOIM INIW3LIC

SININALYLS 3SVO Q3LSIN "37IS AVHHY JOVII LNANI HL SY IWYS IHL 3ZIS
AVEY 45d FHL INYN OL SO HLIM ATIVOIMLINIAS G300V SI L1 “HFTIVIS S 454 I
'SNOISNWIT 354 Q31¥104431LNI 0L 3ZIS 3OYINI LNdNI SFHYANOD JWYHH SIHL

AN

H1QIM 45d dd3INI

(ZI4OH)E NOISNaNIA 180

Z

1HOBH 454 LN
(1431 NoisNawia o

1 | HLOM 254 3L
J <zl noisvawareo] | - {LHOIH 45d 43N
gg L L
B LHEH 54N 4 [¢
- RESIFE [ e
- | [ NOISN3MIO 190
ERTEZ _zo_zm% HOIHM NIN$3130 0L 35¥0 G3LSIN NOILOMIC INO M G3Q33N ONIAQvd0 |
| [mwe

[¢]

HLAIM 45d 3N

(z140HiZ NoISNaIa g0 |

1HOI3H 45 d¥3INI

(L3 NOISNIWIG 10 |

|0vd '

M3V HIOR |




US 7,755,766 B1

Sheet 23 of 28

Jul. 13, 2010

U.S. Patent

d¢l 9ld

'AT|_.| (Z14OH)Z NOISNNIQ g0
y ~

STONINYYMYNIHL 3SYD JHL SI SIHL 4i
3ZIS AVSaY 3OVI LNGN| FHLNVHL 431V3H0 S
3ZIS AVHY TYNIORO 3HL 41 S1S3L WV SIHL

J2IS AvHYY
m@<mmww,_=>$%a j INdLNO 318¥I13NN |
< < g A
OE| - —ass (SINOISNIWIQ 3OVWI NYHL Y30V
q p pat= w7 JYV/SI SNOISNIWIQ AVXYY FHOW HO |
IONINYYM
(L4301 NOISNINI 180
<
430 IHL 0L GIAYIdSI EARYNLl




US 7,755,766 B1

Sheet 24 of 28

Jul. 13, 2010

U.S. Patent

OZl 9Id

1 4ONI LHOI3H 60 ‘|

zen ] % .
o ED %moz_ HLIM (80 W]
[1ndLn0 3n18

BT e Lllzoz_ LHO13H 90 |
1 e E——{uONIHLaWM T80 W]

£ [i 3

|LNd1NO N3349 s_xg

TR llmoz_ LHOI3H rd0 |
1 el E———{uONIHLaM 80 W]

&2 i o5

1ndLNO a3y SEN)

_w:z:.zoom ..... oo v.—_




US 7,755,766 B1

Sheet 25 of 28

Jul. 13, 2010

U.S. Patent

&t Old

g oopononoo0opgooogoooobhppnopoggopoopoooooRlooopnoogogoogooogoooo0ooogoRno0onNo0onDno0o0Nnn
{FTT708 #0100 HLIM G3HSINIZ NHM SS3d |
O [ X ] [1]
Do} 71
INIINOD ﬂw 4 "m? € ONITYIS 3IN1d
@)
2 dvILIg 3N d 1nd1n0 38
i EN
A
mpl [ONIVOS N3FUD
o] mm
7 dVINLIG N33WD d 1Nd1NO NI3H9)]
T,
- : AR
_%w 4 mw_ . 2 ONNVIS a3
2 dVALIG O . [1ndino o]
= 3SPNN
[
< ~[41L  |3W9S 0L AQyRY|—- :
-DDUDD“M“DDWMDDDEDU




US 7,755,766 B1

Sheet 26 of 28

Jul. 13, 2010

U.S. Patent

S¢l Old

[ (o0 2 S O D 0 I O I O O W I I o e o 0 0 o o O O o O IO I T TS 0 O O 0 0 00 0 0 0 0 O 0 0 0 = 00 0 O T =

[©)
H0LIV4N00Z « T30
ﬁau TR J12 £l
10d1N0 Y0100 ¥3M0d NOOZ
ey [
E
[ONIYOS 40100 HLIM G3HSINIA N3HM $53d 11
OA
[ONIT¥OS 40100 404 AQYRY
14d
A

13A373M18 1 Lndlno 3n18

521
up @m o Bl TIATTNG0 ] LIndLNO N30 |

o [ * T3

[LNdLN0 Y0100 ] 71
13A31 03 — 1ndLNO 43y |

[




US 7,755,766 B1

Sheet 27 of 28

Jul. 13, 2010

U.S. Patent

12t Old

OO0 0o0o0o0oo0o0o0o0onpo00n0doooonNoDo0o0lRNoO00o0Do00O00000000000000000000000B0R0000 0000000000000

die 35 [ONITYOS 40100 H04 AQY3Y)|
[ dWENOILONNA Tidnd)| ]
|dngImgadavioan | B & =

[angNa349 020va030] _ _ o > REE

dINE NTTUO TYNIDIHON fH : b

S S — | B2 {¢30v 3nvs 5
[Ng 03 G30V030] s3nvm) (vv00) 1|
[=Hp e
WH—EEE HL¥d 1Nd1NO Tgm_
ELED
B ] H1¥d NdIn0




US 7,755,766 B1

Sheet 28 of 28

Jul. 13, 2010

U.S. Patent

€L Ol

[ 110000] &
(avd) AOd F1ONY 41VH
w9
() '1S10 D04 ¥IdAH
|9 )5
(STMW) 39NVY L93r80 (u) HLONTT Y004
___o]$ 9 £r0] 4 07) 4
(W) HLQIM LO3rdO (SIAVM) ZZ2M OILYY S80 371 Ve
05 ¢ 8¢ [_%50]9
(4) LHOI3H L0340 (SIAVM) YWOD 16IM () SnIavy 39N LY3dY (wn) HIONTIIAYM
SY3LINVYYd 103rd0 SNOILYdY38Y SYILINVHYA 3d00ST13L  SHILIWYAY ONNIAON
)| [dNgLIONVL UV FONVTSIOVININEOMOLNSIANINMOISONILLIS ONY SINIWNJ0ALD |
HLvd LNdNI
(SWYO4SNVYL) 3OYINI A3av493Q || SINYTIOVINI GIAVNOIA| | 4Sd|| NOILONNA TidNd/FNLYIdY | SHOLYIINISTONLNOD




US 7,755,766 B1

1

TELESCOPE INTERFEROMETRIC
MAINTENANCE EVALUATION TOOL

The inventions claimed herein were made with support
from the United States government, which has certain rights
in the inventions claimed.

This relates to optic testing, and more particularly to tele-
scope interferometric maintenance evaluation (TIME).

This disclosure contains a computer program listing on a
single CD-ROM, as an appendix. Two identical copies of the
CD-ROM accompany this application, each of the two iden-
tical CD-ROMs containing a single file entitled “Source Code
Appendix” of 114 KB. The contents of the accompanying
CD-ROM appendix, namely the Source Code Appendix, are
incorporated by reference herein in their entirety.

INTRODUCTION

The testing of telescopes and their optics presents unique
problems. Moving telescopes, especially space telescopes
with large optics, is difficult, so testing is preferably done
where the telescope resides rather than where the test equip-
ment resides. For that reason, newly constructed telescopes
are preferably tested in-shop rather than on-site so the cost
and difficulty of delivering and assembling the telescope is
highly minimized. Similarly, for already in-situ telescopes,
testing is preferably done in-situ rather than in-shop. Also,
vibrations, air, and temperature variations in one location
(in-situ versus in-shop) can affect the response of the optics,
and can vary from the alternative qualities at the alternative
location.

The 1951 Air Force Resolution Target has been the stan-
dard for optical resolution testing for over 50 years. A copy of
the 1951 Air Force Resolution Target is shown in FIG. 1. The
purpose of resolution testing is to define a telescope’s ability
to reproduce points, lines and surfaces in an object as separate
entities in an image. The 1951 test method involves the use of
a 3 bar target that is illuminated through a set of collimating
optics and projected into a telescope under test. The telescope
focuses the target onto a film plane or a CCD TV camera
sensor and the resultant image is analyzed under a micro-
scope after film development or in a stored electronic file.
Successful test validation is measured by the ability to visu-
ally discern the 3 bars in an ever-decreasing pattern size.

The 3 Bar target is a subjective measure of evaluating
optical resolution performance in line pairs per millimeter
and can result in differing opinions by respective analysts.
The resolution target method, to be done properly, requires
the use of a collimator equal to or exceeding the aperture size
of'the telescope. By definition, this requires a large collimator
when testing large aperture telescopes and makes field evalu-
ation extremely difficult. An alternative is to generate large
target boards (to scale), often 4 ft. by 8 ft. or larger and place
them at varying distances from the telescope under test. This
distance could be up to a few miles away from the telescope
but is still subject to the problems stated above. The difficulty
and impracticality of testing in the field often leads to the
decision to remove the telescope from the site and bring it into
an optical laboratory for resolution testing. There are signifi-
cant risks inherent in this type of operation. Heavy equipment
must be used to carefully remove the telescope from the
operational site and then transport it, often over considerable
distance, to the laboratory. This introduces the possibility of
damage or optical misalignment of the telescope during the
effort.

Interferometric testing equipment is a highly accurate
method of testing telescopic equipment. Laser Unequal Path
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Interferometers are the modern standard for testing large
optics in-shop. Modern Interferometric testing and evaluation
offers many positive attributes and capabilities that were
unrealized or not previously considered when testing range
optical systems. Today’s advanced, portable and highly accu-
rate optical test equipment such as the Laser Unequal Path
Interferometer (LUPI) and interferometry and analysis soft-
ware now provide for useful, meaningful and highly accurate
data collection and analysis. Optical analysis software can
provide measurements to accuracies of billionths of a meter
on interferometric data in seconds, which not long ago could
take days or even months. A comprehensive set of important
parameters that affect optical imagery and resolution can
include coma, astigmatism, focus, peak-to-valley, spherical
distortion, resolution/Modulation Transfer Function (MTF),
and RMS. One of the most useful optical parameters now
available in the suite of test parameters is the M TF curve. This
datum can provide information to a much higher degree of
accuracy and without the inherent subjectivity derived
through the use of the 1951 Air Force Resolution Target.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a prior art resolution test target;

FIG. 2 is a graph of a modulation transfer function graph;

FIG. 3 is flowchart of an example TIME tool;

FIG. 4 is an example of modeling image degradation;

FIG. 5 is a simulation of an 3-bar Resolution Target with
various aberrations;

FIG. 6 is a simulation of image degradation due to diffrac-
tion;

FIG. 7 is a simulation of image degradation due to defocus;

FIG. 8 is a simulation of image degradation due to spheri-
cal aberration;

FIG. 9 is an schematic representation of an example TIME
tool dual function experimental set up;

FIG. 10 is a photograph of an example TIME tool dual
function experimental set up;

FIGS. 11a-11c are examples of data from the setup of
FIGS. 9-10;

FIGS. 12a-12¢ are page shots from a LabVIEW program
used in an example embodiment to perform the data acquisi-
tion and analysis; and

FIG. 13 is an example menu page from the LabVIEW
program used for the input of optical aberration values
obtained from full wave interferometry.

DETAILED DESCRIPTION OF AN
EMBODIMENT

A much better way of obtaining test information with the
highest degree of accuracy is to forgo the use of the 1951 AF
Resolution target and replace it with modern interferometry
and the MTF graph of FIG. 2. The MTF is a known method of
evaluating the contrast—or modulation—of an image (some-
times a squared periodic grating) before and after passing
through an optical system. In its simplest terms, the modula-
tion can be defined as a mathematical relationship between
maximum and minimum luminance values either detected or
actually in the light and dark portions of square wave periodic
grating. A non-limiting example might be (light portion lumi-
nance—dark portion luminance)/(light portion luminance+
dark portion luminance). Other alternative mathematical rela-
tionships can be envisioned and could also suffice. As shown
in FIG. 2, the MTF is expressed as a ratio of the contrast
(modulation) in a detected image (after passing through the
optical system) and an original image. That is, due to imper-
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fections and other errors, the optical system can be expected
to pass a lesser perceptible difference in luminance between
the light and dark portions of a square wave periodic grating
that actually exists in the original image of the square wave
periodic grating. The ratio is the MTF, expressed on the y-axis
of FIG. 2.

The MTF ratio will also be a function of the spatial fre-
quency of the image. In the case of a square wave periodic
grating, as the spatial frequency of the light and dark bars
increases, the perceptibility of the contrasting bars is
expected to diminish. The closer the bars are to each other, the
less capable the optical system will be expected to display
differences in luminance between them. The spatial fre-
quency is shown on the x-axis of FIG. 2.

Newly available software enhancements can more objec-
tively measure line pairs per millimeter relative to the Modu-
lation Transfer Function (MTF) curve.

An example software system that can be employed to
evaluate the optical aberration data is LabVIEW Image Simu-
lation Software. It can be programmed by the artisan, based
on the details described in this disclosure, to provide soft-
ware-based evaluation of the aberrations associated optical
images. Labview is a programming tool available commer-
cially from National Instruments that utilizes a graphical
development environment. Labview introduces powerful fea-
tures for developing measurement, analysis and display
applications. It allows one to quickly ACQUIRE data from
laboratory or field instruments then extract useful informa-
tion from that data for ANALYSIS and PRESENTATION in
useful graphs and charts. FIG. 13 shows the Front Panel of the
Labview Image Simulation Software for providing input
from the optical testing interferometer. It includes modeling
parameters, telescope parameters, aberrations (or other test
data, and object parameters). FIG. 13 is the menu page for
input of the optical aberration values for the telescope as
obtained by the full wave interferometric testing of the, for
example, in-situ telescope.

The Labview code is organized in a sequential form, each
frame of the sequence performing various operations. It is
similar to a graphical top-down programming format in that
frames must be sequentially executed to prevent data-depen-
dency issues. Frames may contain parallel computations as
long as no operations are performed on data being operated on
by other functions within that same frame, thus creating the
above mentioned data dependency issue. Screenshots of the
frames comprising the entire simulation software are shown
in FIGS. 12a-12¢, including the in-line documentation being
listed within each frame. There are twenty screenshots shown
in FIGS. 12a-12¢. The operation of the LabVIEW program-
ming scheme will not be described herein, but is readily
available to the user of the commercially available LabVIEW
program. Suffice it to say that the way the interactive symbols
are connected in the Figures is the instruction for the program.
A Labview text format of the same software is also included
in the CD-ROM appendix.

As described, the MTF curve is a measurement of the
ability of an optical system to reproduce various levels of
detail from the object (target) to the image of the target as
shown by the degree of contrast in the image. Because the
MTF curve is mathematically determined, based for example
on the parameters of actual/detected luminance and spatial
frequency, human interpretation and subjectivity are removed
from the evaluation. The necessary test equipment also
becomes smaller, more portable and easier to work with, and
the equipment risk associated with removal and transporta-
tion efforts are mitigated. The data obtained from this method
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is more accurate than can be achieved with the 1951 resolu-
tion target and all subjectivity is removed from the effort.

Interferometry can also provide a more comprehensive and
objective characterization of optical aberrations associated
with telescope performance through the use of modern opti-
cal software that defines coma, astigmatism, spherical distor-
tion, Peak to Valley, RMS, focus and resolution. Despite these
advances no tool presently exists that has the capability of
objectively defining the visual effect of telescopic optical
aberrations on images captured by photonic equipment. The
TIME tool provides this capability.

The TIME tool is a software based package that provides a
user-friendly input interface. It utilizes a telescope’s inter-
ferometrically derived optical aberrational parameters and
devolves a standardized image based on the value of those
parameters. It then compares that image against an optimum
diffraction limited image. The TIME tool software considers
the optical aberrational parameters of astigmatism, coma,
spherical distortion, Peak to Valley, RMS, focus and MTF
resolution. These aberrational values can be manually altered
and the effect can be observed on an image. This tool will
enable the end user or maintenance provider a criterion by
which they can objectively qualify the performance of their
telescope or optical system and make programmed and pre-
dictive maintenance decisions for refurbishment or repair. It
provides a user-friendly platform with a visual representation
of'an image and allows for the manipulation of optical para-
metric values with their resultant distortion of that image.

FIG. 3 shows a schematic diagram of the TIME tool. The
process starts at step 30, with in-situ full-aperature system
interferometric testing. An example test apparatus is
described below with respect to FIGS. 9 and 10. This step
makes the appropriate images needed for the analysis to fol-
low in step 31. As described below with respect to FIG. 9, the
test images include the image passing through the test optics,
the associated interferogram, and the point spread function.

After the images are obtained by the test equipment of FIG.
9, at step 31 the system performs real-time analysis of the
interferograms. The way that the interferograms are tested is
not particularly described but may follow any of a number of
known kinds of interferogram test methods. The artisan will
be well aware of methods of representing the aberrations,
distortions and contrasts exhibited in the perceived image
based on the interferogram image.

At step 32, the interferometer and telescope alignment are
actively manipulated to produce the best possible interfero-
gram that is representative of minimal aberrational values.

Meanwhile, at step 33, optical prescription and component
test data are input to step 34 where error sources are deter-
mined. The error sources may include optical design errors,
optical fabrication errors, alignment errors, and mounting
errors such as metal fatigue, etc. Information regarding
detected alignment errors is employed to step 32 where the
telescope alignment, for example, is actively manipulated.

At step 35 a baseline report for the TIME database is
prepared. The report can include any of the kinds of interfer-
ometer measurements and quantifications known to the arti-
san. Peak-to-valley wavefront error, rms wavefront error,
Strehl ratio, Zernike Coefficients (Coma, Astigmatism, etc.),
MTF graph, and Point Spread Function (PSF) are just some
examples. The choice of parameters and the weighting
thereof are not particularly mandated, provided the param-
eters chosen and their weighting yield an objective report on
the condition of the optics without the need for imprecise
subjective evaluation. Those parameters and the methods
employed to measure them or calculate them are known to the
artisan, so only a brief description of each is described herein.
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For more information, attention is directed to “Basic Wave-
front Aberration Theory for Optical Metrology” by J. Wyant,
et.al. (1992), which is incorporated herein by reference. First,
the peak-to-valley wavefront error reports on the maximum
departure of the wavefront from the ideal but can be a less
effective indicator than the rms wavefront error. Second, the
Strehl ratio is a well-known calculation of the diffraction
intensity of an aberrerated versus ideal wavefront. Next,
Zerike coefficients are known parameters describing the
aberration of optical images in the form of a sum of coeffi-
cients. Mathematicians have described these coefficients in
the known literature and include such descriptions as bias, tilt,
power, astigmatism, coma, primary spherical, trefoil, and so
on. The next parameter, MTF, has been described already
above. Finally, the Point Spread Function is a known form of
three dimensionally depicting the aberrational differences
between the representative image from the telescope and the
known target image.

FIG. 5 illustrates a simulation of some of the above-de-
scribed aberration types in association with an image of the
Air Force 3-bar target. As one can see, the different degrada-
tions of the original object are obvious, yet subjective distinc-
tions and gradations may not be so. In the present embodi-
ments, the subjective evaluation of the extent of degradation
or aberration is in effect removed. FIG. 6 illustrates simulated
image degradation caused solely by diffraction. FIG. 7 illus-
trates simulated image degradation caused solely by defocus.
FIG. 8 illustrates simulated image degradation caused solely
by Aberration (not balanced with defocus). As shown in FIG.
6, the telescope modeling parameters used on all of the
images of FIGS. 6-8 shown were:

Aperature diameter: 18"

Focal Length: 400"

Wavelength: 550 nm

Fixed Focus Telescope

Obscuration Ratio: 0.473

Object Height: 122.2 ft.

Object Width: 78.1 ft.

Object Range: 45 miles

As can been seen from FIGS. 6-8, subjective evaluation of
the different degradation types and extent thereof is not
readily obvious.

Returning to FIG. 3, the data base report is used in concert
with step 36 to objectively model the image degradation
including resolution, focus errors, observable feature size,
and modulation transfer function. The threshold performance
evaluation can also take into account a baseline of perfor-
mance characteristics known for the actual optics at test. [f the
optics are in-field, the objective testing in view of a known
baseline for the actual optics in-field is an advantageous fea-
ture because the environmental variations are the same for the
optics in test compared to the environment in which the optics
are actually employed.

Conclusions regarding the state of the optics are reached at
steps 37 and 38, including a threshold performance rating at
step 37 (accept, conditional accept, or reject). As an example,
athreshold might be set at a quarter-wavelength of aberration,
which might be the extent of “acceptance.” That, however, is
simply an example, and many other kinds of thresholds can be
envisioned once the reader considers the context of the in-situ
telescope optics in light of the present disclosure. Based on
the baseline report and model of steps 35 and 36, at step 38,
recommended corrective action is identified such as salvage
and replacing the optics, repairing or refurbishing the optics,
re-aligning the optics in field, or returning the optics for
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service. The thresholds for the making that determination can
be chosen based on the objectives for which the optics are
employed.

An example test setup used for testing the optics is shown
in schematic form in FIG. 9 and photographic form in FIG.
10. In the test, a target (“object™ 92) at bottom left of FIG. 9,
such as an Air Force 3-bar target, is illuminated from behind
by an incoherent light source 91 to provide an image of
alternating light and dark bars of contrasting luminance. Rep-
resentations of the target image are ultimately collected by
three different CCD cameras 95, 96, and 97 and delivered to
a computer 103 having an associated computer monitor. The
computer processes the image information in accordance
with the test parameters and weightings described above.

A first image path from, in order, the object 91, the polar-
izing beam combiner 93, the telescope 100 (under test), beam
splitter 98, and polarizing beam splitter 99, to the CCD cam-
era 97 yields the aberrated image to the computer monitor 103
shown in the bottom left corner of the monitor display. An
example such image is also shown in FIG. 11¢. Simulta-
neously, an interferogram of the test optics is produced in
known fashion by CCD camera 96. Specifically, as is known
in laser interferometry, a laser source 90 provides a beam
through a polarizer and point source shown and into the
polarized beam combiner 93 where it is combined with the
objectimage from the object 92. The combination is carried to
the interferometer 94 including CCD camera 96, which pro-
duces the image shown in the top right corner of the computer
monitor of the computer 103. An example such image is also
shown in FIG. 115. Finally, the third CCD camera receives the
magnified point spread function from the polarized beam
splitter 99 preceding the CCD camera 97, after passing
through a point spread function microscope objective. An
example such image is also shown in FIG. 11a.

Upon receiving the image form the CCD camera 97, inter-
ferogram from CCD camera 96 and point spread function
from CCD camera 95, the computer 103 processes the under-
lying information according to objective algorithms associ-
ated with the optical parameters and weightings chosen. That
is, Peak-to-valley wavefront error, rms wavefront error, Strehl
ratio, Zernike Coefficients (Coma, Astigmatism, etc.), MTF
graph, Point Spread Function (PSF), or any other chosen
objectively reproducible parameter is calculated from known
equations using the information received by the computer
103. If desired, the parameters are weighted and then yield the
baseline report at step 35, model image degradation values at
step 36, and ultimately the threshold performance at step 37,
described above with respect to FIG. 3. Software programs,
such as the Labview software described above can be
employed to evaluate the image, interferogram and point
spread function objectively in the manner shown in FIGS.
124-12¢ and the source code appendix. In the end, using the
three path system to determine image, interferogram, and
point spread function, no human subjectivity is involved in
the evaluation of the telescope. Baselines can be established
for future use and evaluations can be made effectively against
those known baselines. The evaluation can also occur in-situ
so the actual use conditions are employed for the telescope
test.

FIG. 9 is an example test apparatus and alternatives will be
apparent to the artisan who examines and understands this
disclosure. For example, optics can be developed that allow
the CCD cameras to be combined. The illumination source 91
does not have to be in the rear. Alternative structures for the
interferometer are also known and can be employed. Alter-
native image capture devices, other than CCDs can be



US 7,755,766 B1

7

employed. The computer can be a dedicated processor for the
functions identified or a programmed standard purpose com-
puter.

In FIG. 4, an example is shown of testing the optics after
resolving a color image into its component parts. In the
example shown, the component parts are red components 41a
and 415, green components 42a and 425, and blue compo-
nents 43a and 435. in the test, using bitmap image format
picture files as the object 40, the files are broken into their
constituent color planes 41a-43a, each file begin degraded
individually, then reassembled for a final output image.

While the invention has been described in connection with
what is presently considered to be the most practical and
preferred embodiment, it is to be understood that the inven-
tion is not to be limited to the disclosed embodiment, but on
the contrary, is intended to cover various modifications and
equivalent arrangements included within the spirit and scope
of the appended claims.

The invention claimed is:

1. A method of evaluating telescope optics, comprising:

with the telescope in-situ, generating optical interfero-

grams for the telescope in-situ including interferogram
parameters indicative of aberrations from the telescope
optics;

using the interferogram parameters, creating a simulated

distorted image corresponding to the aberrations from
the telescope optics;
comparing the distorted image to a non-distorted represen-
tation of the distorted image and objectively assigning
image quality valuations to the comparison; and

ranking the operation of the telescope optics based on the
image quality valuations.

2. A method of evaluating telescope optics according to
claim 1, comprising:

after testing the telescope optics in-situ, actively manipu-

lating the interferometer and then repeating the generat-
ing, creating comparing and ranking steps.

3. A method of evaluating telescope optics according to
claim 1, comprising:
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employing optical prescription and component test data to
create the simulated distorted image.

4. A telescope evaluation tool, comprising:

an interferometer to evaluate telescope optics with the tele-
scope in-situ and to produce test data associated with an
interferogram representation of a condition of the tele-
scope optics;

a software analyzer receiving the data associated with the
test data and producing a simulated image consistent
with an extent of degradation of the condition of the
telescope optics; and

auser output device to render to a user, the simulated image
and, based on the simulated image, a recommended
corrective action for the telescope optics.

5. A telescope evaluation tool according to claim 4,
wherein the software analyzer further receives optical pre-
scription and component test data as a factor used in objec-
tively producing the simulated image.

6. A telescope evaluation tool according to claim 4,
wherein the simulated image is derived from at least peak-to-
valley wavefront error associated with the telescope optics.

7. A telescope evaluation tool according to claim 4,
wherein the simulated image is derived from at least rms
wavefront error associated with the telescope optics.

8. A telescope evaluation tool according to claim 4,
wherein the simulated image is derived from at least a Strehl
ratio associated with the telescope optics.

9. A telescope evaluation tool according to claim 4,
wherein the simulated image is derived from at least a Zernike
Coefficient associated with the telescope optics.

10. A telescope evaluation tool according to claim 4,
wherein the simulated image is derived from at least a Modu-
lation Transfer Function associated with the telescope optics.

11. A telescope evaluation tool according to claim 4,
wherein the simulated image is derived from at least a Point
Spread Function associated with the telescope optics.



