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I . S(I~V.AR\ ANtI INTROIUJCTION

I .  I SLJ ~~IAR~

i h i s  report de sc r ibes  ‘ theoretical investi gation of optical
m a t e r i a l s  and design techniques for a c h i e v i n g  at h e r m a l i z e d  focus
a nd bor es i g h t .  A l t houg h deal ing p r i m a r i l y  w i t h  the  v i s i b l e  spectrum ,
the r e s u l t s  apply equally to any  sy s t em whose behavior  can be described
w i t h  gaussian theory.

The investigation deals mat nty with homogeneous therma l soak , to
a lesser extent w ith simple therma l gradients , and not at a l l  w i t h  the
atriosphere and other effects externa l to the optic s . Regretfully , it
has only been possible to warn of the complexitie s of inhomogeneous
refractive index accompanying therma l gradients , which result in pecu-
liar and formidable problems in the analysis of prisms .

The wave aberration theoretical technique , already rapidly dis-
placing geometrical techniques in the specification and analysis of
optical components and images , is now applied to focus and boresight.
It is suggested that this tec hnique provides greater economy and insight
than older techniques , and is a logical development toward establishing
a homogeneous merit function for system performance. Following devel-
opment of the wave theory as applied to focus and boresight , the accu-
racy of theory is demonstrated by exact raytracing .

It is explained that while certain optical systems can be
athermalized in retrospect rather than during component optimization ,
better results are achieved by introducing thermal considerations at
the outset of the desi gn process. The designer has at his desposal a
wide variety of special glass types , as well as a conventiona l array

• of plas tics , flu ids , high and low expansion mechanical materials , all
of wh ich can be inc luded in the process of first-order layout to max-
imize resistance to thermally-induced deterioration of performance.
The properties of selected materials are documented , and a number of
techniques for athermalized design are illustrated .

1 . 2 I NTRODUCTION

The ma jor it y of o lder techn iques for toler anc ing hore si gh t and
focus are based on the e m p i r i c a l  approach of repeatedly raytracing
an optical system as each optical parameter is disturbed , then reset
to its nom i na l value. The tot:i l allowable error is partitioned ac-
cording to RSS theory assuming scaler combination of the errors.
Modern performance requirements have become so stringent that it is
unlikely the vector nature of errors can any longer he ignored , for the
tolerances requ i red to achieve absolute stability are inconsistent with
L i ght wei ght and port ability.

_ _ _ _ _ _ _ _ _ _  

_ _ _  
~~~~ —• • . •~~-~~.- - ~- -~~~~~
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p 10~)0 ~ t .1 c Ii~1.4 i . t  t i - c  ci ~ n w  t heo rv , ha ‘.eJ on t he’ t’eoine t i  ii. ’ i 1
w.v~e’ t heo i~ ot opt  i c ’ . , w h i c h  I) cr m i  I s .i ec t ori , i l i n t e r p r e t a t  ton of
bore ’s t ght and foe ii’. t ’i’ i ’o r  s , ,i net wh I t  ii pro ‘~ I t ics c~r’ c i t  ci’ economy of
C a I ~

‘ ul a t  i oii coup l ed w i ii t rung  t~ ’ ~‘~~
‘ e p t  cia 1 i i i  i ght . The w i  ye t h e or y

has  t he’ f u r l  her .idv.intagc that i t  i s con s i s t  ent wit h modern t ccli i i  i clues
ot image an~i 1 eS , sO t hat ‘.h~ ii tel .i Sc ’ s tern mer i t t u n c  t ion he dcv i sed

• w h i c h  mi s t  i n c l ude focu s  and boresig ht . our  theory is d i r e ctl y
.ipp i tcahle .

Rd at  I Vt ’ t o  g 1 ob;i I e oord i n at e  
~
. stern , the effec t s ot’ aii v k I nd

• u t  m i s a l i gnment , vibr at ton , therma l distortion , or t’lcinent pa ramet er
erro l’ c .in he expressed a~ .i wave abet- ra t ion. (iistoma ri 1 y , opt i c 1s t ’ .
etc.i 1 w i t h  t e rms  of  the fot i r t  ii order to desc n b c  f,t i lure ot’ the system

• to produc e a st igma t i t ’ image; the second order terms , w h i c h  pei~t a in
• to focus and bores i ght . h i -ce been g i c en  l i t  t 1 e at tent ion . ltowe ’vt’i’

• n earl y i l l  p r i o r  t r e a t m e n t s  deal  w i t h  the rotat iona 11 y s y m m e t r i c  opt ica 1
system. Our purpose is to consider add it tonal I y the asyrnmet r~ re
suiting from therma l i n f l u e n c e .

l’heoret t e a l  consideration i n d i c a t e s  that a l l  s i m p l e ’ e r r ors c an he
~Iea1 t with using algebra ic techn i ques. Pecul iar effect s , suc h as
St ress— induced h i  r e f r i i i g en c e  .inel nonl xne.ir d i s t o r t  i o n s  .i i’~ ’ h , ’ oii d the
scope of the present i n v e s t i g at i o n .

This report  is limited in Its scope to basic t heory however ,
ex act  r ay t  rac ing  has been performed to tes t  agreement w i t  h I ow o rje’ r

calculations. No except ions have  been found to  the qu a l i t  it  i v e ’ predie —

t ion of boresi ght  and focus er ror , and indeed quant i t  at ire agreement
has been found excepti onally good .

We’ are concerned univ with the ha sic opt i c .t I sv ste in , We d i Sreg.i i’d
atmospheric and a i r f l o w  e f f e c t s . Our emphasis is on homogeneou s t ern-
perature distribution , hut  we d i s c u s s  therma l gr adient s to t he  e s t e r i t
our unde r s t and ing  of the subjec t permits .

A grea t advantage o I’ the save method o t’ an.i I v s i s i s  that t he cause
of’ bores i ght  and t’ocus erroi’ has a ph ysical meaning , c l e a r  by inspect ion
and requires  no calcu lat ion to he understood . ‘i t) quan t I t’v the c t i r e  t s ,
we have shown how to c a l c u l a t e  the  si gn and magn i tude’ of wac ‘ aherra t ion
a r i S i n g  from in homogeneous therma l ci i s tu r h a n c e ’  ot windows , L etise s
mirrors and p r i s m s .  Wt ’ use the convent ion of an,i 1 v t  ic geome t i’~ . h owever
ot h er convent ions i re’ I~nowii and the i’&’a~It’i’ js ti’ ee ’ to chose hi s own .

‘The pr inc ipi e’s of atherma I Jr’. i gri dlv i d e ’ into two classes , the ’
f i r st d e a l s  w i t h  prevent ing the separate components t’rom c h a n g i n g
focus and ho I’es i gh t  . The’ a t  hernia I i  ccl . ich i’oma tic I ens i s an ex amp 1 e’
The second class deals w i th flexi b le t’Icn ie nt s , usin g ~‘ross—cor reetion
to achieve stahi  Ii zat ion . The two techn i ques can he used together for
maximum compensat ion of therma l el l  st ort ion. We suggest that when an
i n e r t i a l  reference , such as  g ravit y , i~ ,t a i l a h l e , great accurac y can
he ob ta ined  by coup! ing the opt lea I sv~ tem to i t

A g reat ca n e t  y 01 opt i ca I m ar en i , i I  i t  a i I i i ’  I t ’. ‘the properties
a t’ o p t i c a l  g l ass , p l~i st  i t ’ , l i q u i d s , m i r r o r m a t  eni , il s , anti ord iii ,ii ’v c e l l
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‘~, i t  c l i  .ils -i r e ’ sampi eel in se’~ c I a 1 tab ! e’~ w’h i ch w e h a v e ’ cu ip i i  ccl u s i n g
inatr ut .ie’tureI s~ ca t a log s and pub! i shed data . ~‘~o guarantee’ is made that
our t ransc !‘i pt ion i s pert’ec t 1 y accurat C , n or  shou ld  one show’ •ih so I c i te
confid ence’ in a manufactur er ’s da ta. We know of one case where ,i h e ’ l l  -

re’ga rded p l a s t i c s  m a n u f a c t u r e r  has  c o n s i s t e n t l y  l i s t e d  the  wrong si gn
for a en  t i c i  1 the rma l proper ty

We’ li.i e p rovided  concep tu a l  l ayout  and d i s c u s s  ion of se’! ected
• tech niques for . ith erm a l i : i n g  o p t i c a l  sy s t e m s . O r i g i n a l l y  we had in-

tended to deal with shared aperture and parallel aperture optical
systems , however we reali zed the tolerancing of a pair of optical
t r a i n s  to each o the r  was s e n s i b l y  i n d e n t i c a !  to tolerancing any one
system to globa l coordinate system. We had also intended in ambitious
discussion of zoom sys tems , but came to realize this could constitute
,i report in itself. A more modest discussion resulted .

A Se le ’ct ed B i b l i o g r a p hy is  provided which may of some value to
the reader who wishes to study various facets of the topic in greater
d e t a i l .

• - • •~~~~~~~~ •
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2 .  1 DEFOCUS

• 
~~ d u 1 at  ion t ranst’er fimc t ion (~‘flE) and eric i r e  led e i i e’ rgv  ~t r r  t w o

• key indicators of the qua I i t > -  of focus , A ssuming an othe’rw i si’ p e r f e c t
Optic al system , the effects of defocu s  are  i n d i c a t e d  in I i g s , I and 2 .

~~) 

I

~~

: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

• Fr.c (,,n of , ,to f f  ,p.%~ .L ~~~~~~~~

Fi g.  1. MTF in  the  presence o~ d et o c u s s in .

Defocuss ing  produces :i 

I

symmet r i ca l  p o i n t  spread
funct ion , a saving grace .8
for boresi ght. Uowever ,
the u n c e r t a in t y  w i t h  w h i c h
the cen t ro id  can be found
is reduced for stell ar ~~~~~ ~~~

ta rge ts , and becomes con- ‘~~

fused if the target is
bur ied  in back ground ‘

~~~~~ ‘ - -

Clti tter competing for rec-

Error budgets usuall y - -

deal  w i t h RMS values . The
RMS value of defocus equals
the peak-to-valley (P-V) _________________________
defocus d i v i d e d  by ~~~~~ 

0 
.~~~~ .10

~‘tS wavct~~ \ ’nt ‘:~~~ :- ~~~~~~~

1:1g. 2 .  t ffect of random w a ve fr o nt
error  on c e n t r a l  i n t e n s i t y  

—a-- ~~~~~~~~~~~~~~~~~~~ 
~~~~~~~
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2. 2 CENTRAL OBSCIJRA’ I’ ION

100 
___________________ __________________ __________________

~~~~~~~ N

to be spread out from /
the cen t r a l  A i r y  d i sc  / S0% di~~~ter
i n to  the outer  d i f f ra c -  ‘ / - -

r i n g s . This causes 
//  

/ ~0% dianeter

enc i rc l ed energy shown .

in  Figs.  3 and 4.  In U’decid ing  whether  to use .
~~ 

‘ //a re f rac tor  or r e f l ec -  . 
I

tor , the m a t t e r  of
central  obscuration
often decides the ___________ ___________ ________

mat te r .  A l l  t h i n g s  0 1 2 3
being equa l , i t  A y D i s c R~idi i
would seem that  the
re f rac to r  migh t  have
a more l i b e r a l error Fi g.  4 .  Rad ia l  energy d i s t r i b u t i o n  for a
bud get because it has d i f f r a c t i o n - l i m i t e d  aper ture  w i t h
a hi gher nominal  MTF c i r c u l a r  centra l obscurat ions .
and sma l l e r  radius of
given enci rc led energy
than i t s  r e f l ec t ive
counterpar t .  In recent
years , however , we
have seen a rapid

• development of unob-
scured , o f f - a x i s
re f lec tors .  iOO — — - — _______________________

~~~~~~~~ 
_ _ _ _ _ _ _ _ _40 .,

~~~~ 2 i

No rm~ii O~~3 Sp i t t ~.i Freq uency .

Fi g.  3. D i f f r a c t i o n  Sine Wave Response
with cent ra l  obs t ruc t ion .

• 
• _ _ _

_________________________________ A -
,.
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Bores i g h t  has  In ’ he ’ spec i f  i~~I i n  I c r1115 o f  .1 pt ’cih ahi I i t  y t u l i c t  i on ,
bee , i t i  se ’ ttic c’ ~.ic t cli lee I i oii 0 t ’ t he ,i i s I S I l t ’t e l ’ ~~t ’ F I e’~ t I ~

- K U O W I I  , .i net
ht ’c , i i i s e ’ i t  ha no e’f ’ t’ee t on M’I F , ‘t he’ di :ilne t C F  Ot a e’ I i t ’ Ic w i t  Ii i n
w h i c h  t h e  t a r g e t  ha s  a S() ’ likelihood of ’ f . i l l  i l i g  i s  know- ui . i s  the’ ( ‘ I i c  I c
of ’ I eiu.i l Pi ’ot’,i h i l i t  v ( ( 1  I ’ ) ,  anti i s  iis~ el a I cing w i  l b  ~t I I  or  cue i i~
ene i’gv to es t.il ~ I i sh .i I i gore  of  men  I t  f or ,i ~ O I  u t  ng or I t i c k  i i i g
5> ’  ~t C lii

I t is beyond t h e ’  scope’ of ’ the p r e s e n t  inv e st l g . i t  i on  t o  dea l w i t h
the cle’l’ I v a t  ion  of Spe’e’ I h eat ion  . fo r  ( ‘i t’ ,

2 . .1 ERROR BLIIR E l’

An er r o r  anal ys is of the total sy s t e m  l i , i s  t o  he’ p ei’t oi’me ’d . ‘t he
f ii ’ :. t o r ile r en no r c w i l l  r e s u l t  iii i n accu  rat t ’ tie ’ t C i’m I iia t 1 c i i i  0 t aIIg I c ’
and dist ance , as w e ’ l l  as a loss of contrast (~ tI’l 1 . l’he n a t u r e  o h ’ the
sys tem hjs to be’ we’ll ilneIt ’i’ stootl : w h e t h e r  i t  i s  to m e a su re a b s o l u t e  or
c l i  t i e ’  i’ t’fl t i .i I c-al lie’ s . ‘i’he ace  ii rae y rt ’qui I red t ii ae ’qui  i re .1 t a nge ’ t may

• be’ co ,i i ’se , w h i  I c ’ prc ’c I 51011 i s  re ’qui i i’ed for c e n t e t - i n g  . i n i  e l i  se ’ r i I l l i ila —
t ion of e le t a  I I

When a large s~’ct em i s  moved , it requii res some set t Ii ng t inc
he t o r e  prec I se measu remen t  s can he t . iken , ‘l’h I s i’e t

.
I c’c t s on the

mee’han i ca l  t ie ’S  I gn o t’ the’ i l is t  ruiment , however  the’ opt I e’a 1 l a y o u t  c - i n
read II > ~ :iff

’ec’t the obta i na N e  per fo rman ce’. I t  i s  a t  so known that i
an opt  le a ! sys t em i s  suelde ’n ly u in cov er c ’el , it m a>’ r e q u l i  re’ a long t ime’ t o
‘se tt l e ’  out ‘ . The’ purpose’ of this repor t  is to dea l with a t  henna I i •‘a
t ion which h o p e f u l l y w i l l  a l s o  n i i n u i n i :e ’ t h e  t ime ’  requ i red to i’e~it ’hi i l l

acceptable ei’ro r l e v e ’ l ,

Parts can wear out  , i~ ir t I Cu lan y i n  zoom sy s t  ems , ‘t he eft’ee’t s
of weal’ and loss of I ubr  I e’a t ion shout Id he i n ve~ t I ga t Cii and all owed
for in  project ing the I i  t’et line anti graeluhl I det en iorat ion of’ t he i n  -

St ru iment  . A desIgn sub ,j ec t to wear shou let be t o t  cr anceel  for  g rc.i t e n
i n i t i a l  quali ty thaii etc’s i gns that are’ res I st a n t  to  change .  I t should
be poin t c’d out tha t any ties i gn exposed to a non — l ab o r a t o r  e’v i I’onmeii t
w i l l  suffe r a grad ua l loss ot ’ contras t due to pi t t  lu g  of window s ant i
Vt’S i eluies elepos i ted on the ele’rnt’nt s

An in st i ’uu ment shou Id he i’uigge’tl I ccl ae’coi’d i ng to t he’ l iS t ’  to wh ichi
I t  w i l l  he putt . Many des i gners  ove r look  the  f a c t  t h a t  p t i s s i h l c  t h e
must grue l I ng test an inst rumen t can be pu t to w I I I Oe’ ciii’ i i i  sIl l PP i l l  g
I t is unwise to rely on user adhu i c tme nt s anti e’.il ihi’ ;it ion schemes c’x e ’ep t

u s  .i l a s t i’eso rt  . ‘l’her e’ fore’ , t h e  des i gil muis t be I bought t ii roug h ,is

comp i c’t~~l >‘ as  p o s s i b l e , v i  e’w lug it not  on I > ’ t h r o u g h  the eyes cii a
laboratory t ee’hn Ic l i l l  hu t t’rom those’ of ’ tIlt’ cve ’ntuia I use ’i’

We W i  11 elea I ma l I l l y  W I  th thit ’ pi’oh len o t’ t o t  c’l’ , I l l e  I Of e’OIll j i t i l i t ’ l it  5

for  fahnit ’at ion , asse m b l y  and :il  i gnmen t . Fbi.’ i n s t  I’ui l I ie ’ l it  W I  II pr otiahilt
r e q u l  re ’ some’ f a c t o r ) ’  ad j u s t m e n t  to  reach spe’e’ I I I t ’ l l  i ons . l ’ii , i t t h i i ’ . is

so can be ittueiei’s ttioel by not lug t ha I lflOtk ’l’li prt ’e i s  i on p o i n t  ug .u i ie i  I l’,ie ’k —

i ng Sc’ stemS i t’ Iii eve ’ he t tei’ t ha ii ni ic rua I - c ’ see t i t i t i  i t ’ en  r i  c c  . -\ to I c l’ , i l i e ’ I ’

111 ,1 1  V s  i s  shows t h a t co m p o n e n t s  c a n n o t  In ’ b it  i It to  , i I  low ci rop i f l  . ie ’h 1 e v —
ement  o t  Soc Ii qua I i t  v , ‘l’heret’or e’ , I hi’ C I’ no I . i i i , i  I c’s u I ike ’s h ot  c i

L 
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t h i s .  ‘t hose defects of optical radius , thickness , t i l t , cen t ra t ion ,
spacing and refractive index that can be eliminated by practical
ad jus tment  are removed from the error budget. l’hc remaining defects
are known as non-compensatable errors.

The non-compensatable  errors of a system must combine to be
w i t h i n  system to le rance .  An example of a bud get is i l l u s t r a t e d  in
Fi g. 5. In an uncompensated therma l system , the errors are m a i n l y
sys t ema t i c  r a the r  than random , so tha t  w h i l e  not compensatable , they
are surely repeatable. This  kind of budget is d i f f e r e n t  than the one
which  has been t h e r m a l l y  compensated . It  is reasonable to expec t a
good degree of randomness and the app l i ca t i on  of RSS tolerancing is
reasonably v a l i d .

Sj ’stem Goal

D i f f r a c t i o n  Lim I ted 4 8.0 urn
.0251 rms

Fabrication and Assembly Alig nment/Dynamic/Stru cturai
0101 r,ns .0221 res

2 mirrors OptIcal Element/ PP Pocus .1 P r oRre ssive. long-term
k 2 ienses aiign ,i~ent boresig ht

.0141 ni,s .0i41 rms distortions
.0701 p-p 0101 rms

each element I - .881 p-p .04 1 p-p
0051 m s  S elements 4632,Sflm ‘,641 4 632.8,tm

- 0251 p-p each element .0061 riss
‘.321 p-p •632.8na 0301 p-p

.40’ p-p 4632.8nm

5~OTE : Image ji tter not inc l uded
in this budget ,

Fig. 5. Genera l erro l- budget for passive
Opt ic- a l System

- - - -‘
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2.5 MERIT FUNCTION

The merit functions used in lens optimization are based on
some measure of transverse aberration , such as the RMS spot size , or
on the wavefront variance. Defocus is inc l uded directly with the
other aberrations in determining the plane of best focus . It is
therefore natura l to inc l ude defocus into a merit function for an
athermalized lens. The use of a zoom program is ideal for optimiza-
tion of performance, on the assumption sufficient experience has been
gained to be sure the techniques work as well in practice as on paper.

Inc lud ing boresight into the merit function is a bit more com-
pl icated , and involves some definition of the CEP. Since defocus and
other imag ing aberrations have a bear ing on the CEP , along with
bores ight accuracy, wei ghting factors can be derived . The wave
aberra t ion form for bore sight and defocus are logi c a l l y  computed a long
with the other image aberrations , so that a single figure of mer it
would seem poss ibl e .

p

_ _ _ _ _ _ _  

_ L
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S . WAVE A R1 RRATION TIIFORY

3. I IRST ORL)LR (;LiNE RA’l’loN ANI)
PROPAGA’l’ION 0,: wAvu:RON’rs

The wave’ theory ot’ I i ght , i nvented by iluygens and brought to a
State of refinement t’or the’ optical designer by Ii. II. Hopkins , holds
tha t  each poin t  on a lum i nous su r face  e m i t s  s p h e r i c a l l y  expanding
bundles  of l i g ht , p a r t s  of which may be intercepted and utilized by
an o p t i c a l  i n s t r u m e n t .  A sur face  of equa l phase in the light bundle
is termed a wavefront. The focussed point is actually blurred since
not all the li ght emitted by the source is intercepted by the instru-
ment , resulting in diffraction-limited reconstruction of the point
image . The t o t a l  image ot ’ the source equals thi s point spread func-
t i o n  convolved w i t h  the  geomet r ica l  image of the source.

Any departure from sphericity in the focussed wavefront results
in a broadening of the p o i n t  spread function , thus departures from
a spherical referenc e sphere are considered aberrations. Some defects
do not disturb the size’ of the point image , but affect its desired
location relative to other points in the image . This is termed eiis-
tortion . In pract ice , any departu re from t h e d e s ir e d  focal  poi n t ,
ei ther ax ia l l y  or l a t e r a l l y ,  may he treated as an aberra t ion . Focus
and horesi ght errors may be c a l l e d  abe r r a t i ons  s ince we so chose to
def ine  them .

A p r i m a r y  advan tage  of the wave theory is its simplicity. A
technical advantage is that methods for computating diffraction-
based imagery utilize wave theory in one fashion or other. The mod-
ulation transfer function , for example , is determined either from the’
c o n v o l u i t i o n  of the pupi l  f u n c t i o n  w i t h  i t s e l f , known as an autocorrel-
a t i o n , or from the Fourier transform of the diffraction-based point
spread funct ion , which itself is the Fourier transform of the pupil
function . The pupil function is nothing more than  wavefront  departure
from a sphere in the ex it pup i l.

An exact analysis of wave aberration i s  e x c e e d i n g l y  c o m p l i c a t e d ,
but for our purpose wave theory is simpler than geometrical raytrae’ing .
We s h a l l  deal  on ly  w it h f i rs t approx i ma tio ns, and these we shall find
extremely stra i ghtforward . We believe the designer u s i n g  wave theory
will become more comfortable in  t o t e r an c i n g  focus and horesight  errors
than he was with alternate models of the problem .

rJ
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At the first order
level , also termed second
order wave theory , we w i l l
dea l only w ith algebraic ’ ‘ W

calculations. All curves , p - ‘ - . -

~~~~ ~
-_- -4~ g a

spherical or aspheric , p p 
— I

behave l ike paraholas. ~~~ 
k 

~~~~
Cosines become unity, -I
sines and tangents become j~ / / ~ .
equal. We dea l with 1’
infinitesima l quantities ~~~~~~~~in our derivations , yet
the results are highly
useful for very sign ificant
d i s turbances to the norma l
des ign. A t th i s  level , ~~~~~~~~~ ‘~~‘l~tN. ~ P
only focus , phase and bore- ______- - ,

sight errors exist. Chromatic
aberra ti ons are s imply the 

—____________

change of these with wave- :~ , 
F’

J ‘ng t h .  1 rr~ i-~- :1 r i se from / —

dist urbances to the nominal
construct ion of the  system :
changes in curvature , spacing,
refractive index , d i sper sion ,
and centration , Fi g. 6. First order propagation

of wavefront
The nice thing about aberration .

low order aberra ti ons (up to
the third order in transverse
term s , or cor respondingly  the
fourth order in wave aberration)
is that they act separately from each other. One does not induce
another , and we may add them up (vectorially if tha t he the case)
indefinitely. The result is an output wavefront which has the sum of
the defec t s con tr ibuted by each error sour ce .

Fig. 6. attempts to illustrate the concept that the ‘aberration ’,
wherever or however generated , propagates through the optical system
and has, to the first approximation , the same magnitude and sign as
when it was generated . There are no magnification factors or inver-
sions involved , as is the case with raytracing methods. It is clear
by inspection what the magnitude of the aberration is at all t imes.
As we shall see, i t is easy to ca l cu la te wave aberra ti ons g i ven only
a single paraxial raytrace of the nomina l optical design and a statement
of the d i s tu rbances to each componen t .
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Despite the advantages of computers , it is still good adv ice

to keep things simple. An approach to this in optical analysis is
to d i vid e a compl ica ted problem into fundamen tal par ts as indica ted
in Fi g. 7. All optical
sys tems , at the fi rs t
order level , and we
inc l ude d i f f rac tive
elemen ts too , can be wedge wedgesubdivided into just
three fundamental thick lens

rn
’

~~~~~~~g~~~! 

thin p late

and the plane-paral- t h i n  lens th ln  ienglel  d isk  of glass !
It isn ’ t askin g
much to remember
the aberrations
generated by these Fig. 7. Division of a complex
three simple uni ts , sys tem into simple uni ts.but it would be
overly demand ing
to tackle a complex
optical sy stem
that had not been previously subdivided . Furthermore , without thebenefi t of s impl i f i ca tion , valuable insi ghts would be los t . Ofcourse , as one gains experience with the wave theory, he developshis own building blocks for analys is .  We merely wish to point out
that tolerancing focus and boresight need not be an excruciating
experience.
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3. —‘ \l’M I i.’ .Vl I ON 01 ‘I’III 0,’,) “II liii,)!)

A w.uve’front i s  a mathema t ic ,u l abstract ion , a s u r f a c e  of l i ght
a l l  sect i o n s  of w h i c h  h:i~~e ’ “ p ’ l) t  ,m ielen t jc’,i l a m o u i n t  of ’ t i m e  t rav e l i n g
f rom .i s i ng Ic’ point son rc e ’ . t h e’ proelue’ t ot’ path 1 t’ngth and refract i e
i nelex a long each  p a t h  se ’c t ion i s  ~‘ .i I I  e’~l t he ’ Opt ica  1 Path I.ength . 011.

‘l’he I i gh t w i l l  t ’oc ii s to an opt  mum p o i n t  i t’ t h e ’  wave  f r o n t  hi.u s
,u sp hit ’i’ ic . i l shape . Any d ep a r t u re ’ f’rom sphe r i c ’ i t > ’  i s  te ’rme’d aht’rrat ion.
For our purp oses , we ’ , i l  ~o d e s c r i b e  elc’t’ocuis and horesight error as
aherrat io n s .  ‘I ’hesc ’ correspond to eli fferent sphei’ ica I wavefront ‘~h,ipe’’.
and t i Its t han  those’ which conve ’rge  to the desiu’eel image  p o i n t .

‘l’he concept of (WI,
can he uisc’el to c’.isi ly
ca Icuila t e the refraction , A P 

~ fr~’- ~•Or D

ret’lc’ct L O U , .iiid cli ttract ion -

of’ li ght. In t h i s  report , Sc ’ I
will not concern o u r s e l v e s  I
with diffract ion , that I
being too complex .u field W

for our present interest . 
- -J~\ i

i

Cons ic i er  F i g .  S • iii ~
which a prism refracts a
beam of L i g h t .  L i ght
t r a v e l s  mo re s l o w l y  in  Fi g.  S . OPD method used to
g I ass than i t does in a ii’ , clet e rmine  r e f r ac t  ion
and refractive index is the throug h a prism .
ra t  in  of t he  speed of ’ l i g ht
in  .i vacuum to its speed
in another medium like
g l a s s . ‘rhe wavefront leaving
the pu - i sm is a surface’ w h ie ’h t i , i ~~ iden t ic .i I Oil s measured t ’rom the ’
inc  iel e ’nt w av e f r o n t  . Oil . a  long  A ‘ B ’  (

‘ ‘ I~ ‘ equia Is tha t along \tt ’’ ’t) ’’
Howev er , t’i rst order theory  se’ t s cos i nc’s equa l to unit > , so t h a t  sc ’
can set ARC’’I~’’ equa l to ARCI), a str a i ght line . Similarl y for ,in~
other inc I elent line. Subrac t i ng BC fu’om RI) g i v c’s twice’ the’ 011), s i l i ce ’

by convent ion we reference OPO to t h e  a x i s . Since ’ the  p1’ u sm t ap e r s
I i ne’a r I v • t he’ out put wave  t’o i’m mus t rena i n  p l a n e  

- - — -~~~~~~- —, - -‘— --~~ ‘~~~~~~~~~
-
~~~~~~~~~~~~~

-

~~~~~~

-- ‘ - - -  - .- - -- —~~~~.-‘ —‘ -- -- . --- --— ~~---‘~~~~~~~
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As shown i n  I i g. ~) , we OPU’

can apply the same thinking to c
refract ion through a lens. ‘rh e

.‘ I OPD”

lens , however , has a curved w ( ~I a’shape rather than a simple
taper. To the first approxi- A ’  ~~‘ 1 o

with rotationa l symmetry can 

‘

nation , any continuous curve . - ________

be expressed as a pa ra b o l o i d .
Therefore , the thickness of
the lens decreases with the
square of the distance off-
axis , and OPD will thus
inc rease quadratically with Fi g. 9. OPD method used to
distance off axis. This is determine refraction
identical to saying the lens through a lens.
has power. The point  wh ich
the output wave converges
is i t s  focal point , assuming

I the incident wave was flat . Otherwise , that image point is referred to
as being conjugate to the object point. The same argument is applied
to determine the focussing properties of a curved mirror.

3.3 SNELL ’S LAW IN PARAX I AL FORM

OPD theory is easily used to prove Snell’ s Law , N sin l = N ’ s i nl ’ .
We set the sines equa l to the angles to obtain the paraxial form.

ni = n ’i’

The geome try req u i red for
pa rax ial (f i rs t orde r)
raytracing is shown in Fig. 10.
If u is the incom ing slope ang le N N’

relative to the axis , i the - -

ang le of incidenc e (relative
to the surface normal at
the point of ray intersection),
P the angle of refrac t ion CC

(relative to the surface
norma l ) , d the separ ati on
to the next surface , and so
forth , useable pa rax ia l
raytracing equat ions are F i g .  10. Sme l l ’ s Law at
g iven below , a re f rac t ing  surface.

u = inc iden t slope
i = y / R
i’ = n i /n ’
u ’ = u + i ’ - j

= u ’d , repea t from “i”
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3 .4 DE FOCUS

We u s u a l l y  t h i n k  of defocus in te rms of f a i l i n g  to focus the
l ens , or otherwise imperfectly makin g the detector line up with the
plane of best imagery . Defocus also .irises from any symmetrical
parametei’ that departs from nominal: radius , thickness , refractive
i ndex , and spacing . We relate

• defocus to OPD error with the
aid of Fi g. 1!. We see we have I
two spher ical wavefron ts , the / \
actua l one centered at F’ ,
and the desired one at F, The “

~ F’ F
difference in radii is equa l
to the defocus.  Using
parabolic approxima tio n , we
can show tha t defocus and “

- defocu s
OPD are related by the expression ,

OPt) - y2 (defocus) F i g. 11. Defocus and

2R2 
related 019).

bu t y/ R = -u ’ , the numerical  aperture , so

= 
-(u ’) 2(defocus) = - (defocus)

2 8 ( f/# )2

In nominal ly  coll imated space , the error of a transm itt er is
readily Jet r i’iii I ned t ’ront t he OPt ’) a u !  I hit’ i’ .I el I l l s  o f  t i l t ’ 1 ’ \ i t  p i i j 1  I -

Angular defocus = 2’OPD/ (pupil radius)
Range to focus = (pupil radius2/ ( 2~OPD)

3.4.1 ThICKNESS OR AIRSPACE ERROR

The effect of an error is to change local object distances.
When a surface or elemen t i s moved , two spaces are usually changed
at once. This applies to mirrors as well as lenses , and the results
must be calculated and summed . We apply the defocus equation directly
for airspaces , but for glass thickness errors , we multiply the glass
thickness by (N-l)/N to obtain the air equivalent defocus.

3.4.2 RADIUS ERROR

An error in curva ture adds or dele tes “glass ” - it the margin of
the ray bund l e, which times the refractive index change at the surface
equals OPU. For a single lens surface or mirror ,

2
OPt) + ~~

‘ ( N’ - N ) . (  c ’ - c)

where c’ = 1/ radius of curvature 
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A si mple’ Jc’t o c u s  oe’cuii’ s due’ to  a change’ in the centra l a I r s p a c e —
equ i va I c’nt as w- c~ 1 1 as a c ha ng e  in  surface refra ctive power. ‘rhe f ’ou ’mer
t e rm i s  • “~N ‘ t ‘N , w h i c h  i s  then entered into the defocus equat  ion .

Surface power can he written , ON) = v 2 ( N ~ — N ) / 2 R ,
er r or  in  u’e’t’rae’t iv ’.’ i flelex cau s e ’s a elt ’t & ic i i s

OP t) = ~~~ 
. — N)/2R

3 . 5 BORI S It ;In’ 1 RROR

As shown in  F i g .  12 , bor e s i g h t  errc)u’ r c l . u t t ’ ’. to  the’ latera l
d i s p l a c ’ement of ’ an image  p o i n t .  In colt m ated space , it is expre’ssed
.ts an angular error , and f’or a t e h’se’opc ’ o hl ec t i ye’ or ~‘ol 1 i m a t o r  , the’
a n g u l a r  boresi ght erro r is c’qual to the image displacement d lv idecI by
the focal length.

Bores igh t  e r rors  are caused by
unsvmmet  r i c i i  d i  sturhances to t he ’ • oPp
nomin al system . Ilowever , if “>‘
the opt ical path is folde’d R

with m i r r o r s  or  p r i s m s , the  ‘a
sys tem i s  g e o m e t r i c a l l y  un- /
sy m m e t r i c a l  and susc’eptahl e ‘

‘
~~ F

to b ores ight  error e’veu w i t h  
-

i s o t r o p i c  t empera tu re  change . i
•-\ si gn con v e n t  ion i s  I 

-
. 
,~~ 

- - 
- 

- - vs

i ntl i cat  eel i n the  f I gu re. ‘I’he’ -

val  iie of Opt) I s the beam r .i ’.I in s
m u l t i p i ied by the t i l t  of the
wavefront. Converse’l~’ , the
a n g u l a r  hore ’sight error is  the
OPt) divided by the entrance Fig. 12 . Boresi ght
pup i l  raci i n s .  ah er ra t  ion

3. 5 . I IWCLN’rERE() OP’l’ICAL SURFAi.’l

I f  a surface  is decen tered by d , t he  wavefron t w i l l  emerge
t i l t ed by — ( N ’  — N) ~d/R . so that horesi ght (WI) is ,

— ( N ’  — N )  ‘d y1 h1 ’h )

For a curved mirror , the error equals - d-y /f’. For a len s the
same resu l t app i ic’s , as may he shown by add I ng tip the  e f f e c t s  of the ’
two s id es . For i~ ire decent rat ion • the thickness of’ the lens will not
a f f e c t  the pr e d i c t e d  hore si gh t e r ro r .

________________
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An m c i  i v  ie t ua  1 opt  i c i i  s m i r t ’ace , t I I  te’d about its vert ex (the p ’ m t
of intersec t ion of t he  surface with the axis) w i 1 1 h a v e ’ the  same’ e’t’fec t
.m ~ a t i l t e d  p l ane  sui ’ f ’. Ic e .  ‘l’he’ angular deflection of the axis can he
deriye,l with Snel l ’ s l . u ~ . For a m l  i’ror , t h e  (WI) i s  i n s t a n t  lv  determined
by knowing the ang le of tilt and the radius of the axial beam.

For a thin lens , no dev iation of the’ axis occurs because the’
principa l points of the t h i n  lens coincide w i t h  the center. The two
sides thus cancel out c.uch other ’s deflection. ‘l’his is one of’ the
advantag es of breakin g down .i complex lens into thin lenses , wedge’s ,
and parallel glass slabs.

It is perhaps worth mentionin g the reason a mirror doesn ’t act
like a thin lens in this regard is that its principa l points coincide
not with the vertex , but with the center of curvature . To first order ,
a tilted mirror is equivalent to a decentered mirror. At the first order
lev e l , all mirrors are regarded as being parabolic so that whether
the mirro r is spherical or aspheric has no bearing on this observation .

3.5.3 IMAGE 111.1

I f  an op t i ca l  surface or element  is  decentered p e r p e n d i c u l a r
to the axis , the image plane remains parallel to the object plane ,
with a boresight error that can he calculated by techn iques described
in this report. However , if a surface or element is tilted , the image
plane also tilts. Even if it has no effect on focus or horesi ght ,
this tilt can cause a deterioration of instrument performance 1w
causing the off-axis field to defocus .

We know of only one clearcut t reatment of first order image tilt
( Buchroede r, 1976) and present the genera l result without proof. We
consider the case of a system with a finite focal point; for telescopic
sys tems , the eyepiece can be separated from the objective , and angular
d ivergence subsequen t ly ca lcu la ted.

= ~1 
- 

~_
, ~~ ~~~

where u 1 and u~ are the entrance and exit numerical apertures ,

~ is the surface or element power , ~ is the tilt of the surface or
element ; and 01 and are the tilts of the object and image planes

respec t ive ly .  Note t ha t  i f  the input  l i ght  i s  c o l l i m a t e d , a t i l t  of
the object has no effect on image tilt. A practical application of
th i s  equat ion is the Scheimp f lu g  Ef fec t , in wh ich , for a single th i n
lens , the extensions of the lens diameter , the object plane , and the
image plane must all intersect in a common line. The advantage of the
formula  is apparent  for more c o m p l i c a t e d  c o m b i n a t i o n s  of tilted and
decen tered elemen ts.

W h i l e  a t i l t e d  focal  ; lane is  of l i t t l e  significance in many
i n s t r u m e n t s , i t  i s  l i k e l ~’ to he of surpr i s i ng concern in image s t a h i l i -
zat io n  d e v i c e s .

~~~~~~~~~~ ~~.. - ~~— -‘--- ‘ • —~~~~~-— .-
~~~~~~
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3.6 DIFFRACJ ’ION

Uolographic and conventionall y produced gratings find use
in  an inc reasing number of modern optical systems , particularly those
us ing  lasers. Gratings can he used as beamsplitters or act directly
in the imaging process. fheir effectiveness is affected by thermal
distortions.

It is beyond the scope of this investigation to consider holo-
graphic optical elements. Suffice it to say the change in quality of
the element is directly related to the errors introduced into the fringe
or ruling spacings. This effect is easily calculated for a plane
grating used in collimated li ght . For norma l incidence , the equation
for a linear grating is ,

= d sin 0

differentiation and rearranging terms shows that the angular
erro r is,

d = n~ A’sec 0”” fiT
d

As an example , a 20 line/mm grating on aluminum with 10 micrometer
radiation will experience a 1 arc-second error for approximately each
degree centr i grade of temperature change. One solution to th is  problem
depends on ma in t a in ing  f r inge spacing despite temperature change .
This poses problems , especially for high power laser applications where
aluminum and copper mirrors are necessary . —

3.7 SURFACE POWER AT HERMAL IZAT ION

For the sing le reflect ing surface case , on ly a zero expans ion
material provides freedom from defocus when temperature changes.
For a lens , the refractive index change can offse t the change in
surface curvature. Most optical gaisses have a tendency to be self-
balanc ing, and many are very close to being self-cancelling at one
wavelength.

The requirement for stablity is obtained by differentiating the
express ion for surfa ce power .

N- N ’ , N-ipower = = R u sua l ly  —n-—

= 0 = R - ( n - l )dT dT dT
dN

V , _,-
N-i

This is termed the thermal mu value of the glass , and if zero,
the surface power is self-stabilized . Many optical g l asses hav e nega tive
as w e l l  as pos iti ve nus , so it is easy to design comp l ex lenses
athermalized for focus provided the temperature is homogeneous.

_____________________ ____________________________________ 
______ _____________ ~~~~~~~~~~~~~
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No l ens  i s  per f ec t 1~ t h i n .
therefore its th ickness change’
has  an e f fe c t  , W i t h  t h e  aid ot ’
F i ~ . 1 3 i t  ciii be shown t h e

t h i ~~k u ~~ s 
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Therefore , when the effects of
surface power are mi nimi: ed ,
the effects of thickness are
enhanced . In genera l , t h e  F i g .  13 ,  Un i fo rm t c n p er m t u i ’ e
e f f e c t s  of su r face  power . ir e  change causes length
much more i m p o rt a n t .  to  c h a n g e .

3.9 I t N t  \R R A D I A l  ( ; R . - \ L ) I l  NI ’

A n a l y s i s  of therma l g r a d i e n t s  is v i r t u a l l y  i m p o s s i b l e  u n l e s s  we
treat the optical element ,is being mechanically unrestrained , in pl’~1ct i c e ’ ,
this is a reasonable approximation . Opti cal workers know tha t exc essive
ti ghtening of lens retainers can easil y cause asti gmatism in the image .
We are’ aware of no deliberate situation in which a des igner  has c a l l e d
out a ‘press fit ’ on .m lens to cell clearance , and for large lenses , it
i s customary to have  a sp r i ngy  s ide  restraint to allow for expan stoul
and c o n t r a c t i o n  of the lens  c e l l .  For la rge  m i r r o r s , e l abo ra t e  t’loa ta-
tion systems are constructed , eliminating, insofar ~u s p o s s ib l e , f r i c t i o n
and other  r e s t r a i n t  on the m i r r o r .

Small  e lements  suc h as p r i s m s  are held down with metal c l a m p s ;
this occurs most commonly on low-resolution systems suc h as binoculars.
The technique could be questionable for precision optics. Another
practice that requires deliberation is the potting of elements . If
the compound , usua l l y  RTV ~i1icone Rubber , is sufficientl y comp liant .
little harm results if the potting is used for latera l restraint .
Bonding to flat plates is more difficult and relies on the ri gidity of’
the optical element to avoid distortion. The sensitivity of hondiniz
stress can be appreciated by considering cemented doublet lenses oni)’
an inch or less in d i a m e t e r .  It  has been found that if the matin g curves
m i s m a t c h  in  depth by more than  0 ,0001 - inch , the s h r i n k a g e  of a
.001-inch cement layer can cause ’ such t ia rp age  i s  to he v i s i b l e  in the
t r a n s m i t t e d  image. It is good practice to match cemented faces to
within two wavelengths of li ght .

Another a p p r o x i m a t i o n  t ha t  proves r e a s o n a b l y  a c cu r a t e  i s  t 1’eatinl~
lenses and m i r r o r s  as thoug h they were p l a n e  pa r a l l e l  d i s k s .  i h i s
is fortunate , as arguments  nece’ss:l rv  to exactl y deal with curves inv olv e’
elaborate mathematics and t he  s o l u t i o n s  are  best hand l ed w i t h  n u m e r i c a l
methods.
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Given  thc sL  app roxmmi tio n~
we a re ready to c o n s i d e r  how a
disk will distort under a r a d i a l
g r a d i e n t , w h i c h  for t h e  moment
we w i l l  assume l i n e a r  from center
to ed ge. Consider Fi g. 14 . The

T ‘ A T  T ‘A Tf i r s t  o p i n i o n  we co u ld v e n t u r e  i o o
i s  t ha t  s i n c e  the  g r a d i e n t  is
linear , perhaps the disk simply
tapers  u n i f o r m l y from center  to T0 “ ~~~~~ 

~ 
T~

edge. But t h i s  is p h y s i c a l l y
i i ipossibl e , for there cannot -

~ 
_____

be a d i s c o n t i n u i t y ,  or k i n k , at  ° . i ~rthe c e n t e r .  We took a l i n e a r  °JJ~gradien t  to show the  danger of
i n t u i t i v e  t h i n k i n g .  The actua l
an swer , regardless of whether  r
the grad i ent is l i n e a r  or not ,
is that the curvature on the
faces must be given by a power
series of even powered terms , Fig. 14. Derivat ion of the
the first term being derived effect of a radial
by simple analysis. thermal gradient.

Deformation = ‘EAT p
2

t -)
OPD = (N’ -N) AT p

For a lens surface , the OPD is approximately

~~~~ A T p
2

while for a mirror surface , it is

t =AT p
2

.

3. I 1) 1,1 N FAR AX I A I. GRA D I l~N 1’

The same kind of reasoning \ I
is applied to an axial gradient , f ‘
shown in Fig. 15 , The disk :~ , ~.L..
becomes a meniscus lens , the
der iva t ion  being as fo l lows . ‘~.

d ’ ~~d = d = AT TT T
~ =R - i ’ t 0 0 10 . A T

d d ’
R R ’  Fig. 15. Proper derivation

R _______ 
of the effect of

AT 2 an axial therma l
and OPD = ( N ’ -N ) ~ per surface. gradient.

For a mi r ro r , OPt) =
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3. I I  1.1 N FAR lRANSVII I SF  GRAI l I ( N I

(- i g. 1t indic ates this cisc ’
i s  t he l i n e a r  a x i a l  grad lent
t u i’ned s ideways  . The opt i c a I
f aces  remain f l a t  but become
wedged . ‘rhe inc l uded ang le
is the thickn ess of ’ t he  d i s k
d iv ided  by the radius  of W ,, VCf ~~H,t ~n To 

T~~. AT • Al ~~s - t , nt

c u r v a t u r e  caused by the  3 ‘
~~, 

w’
gradient. 

~,4 I !~ —L
‘l’o assure boresi g ht  i s  J ~~

‘ /
not a f f ec t ed  by a t r ansverse  

____

gra d ien t~ i t  is necessary for T0 T
the r e f r a c t i v e  index of the 0 0

g las s  to decrease i f  the
material expands with an
increase in t emperature.
This is unusua l for o p t i c a l
glas s, but typical of plastic , F i g. l~~. Transverse therma l
suggesting an unexplored gradient  leads to
advantage to p l a s t i c .  p r i s m a t i c  e f f e c t .

OPD theory can be a p p l i e d  to fo r m a l i z e  the relationshi p insuring
boresight accuracy in the presence of a t ransverse  grad i ent . The same
result applies to radial thermal gradients.

t o (N 0 + l ’a .A T)  = t o ( 1 + = ‘AT)(N0 + ~~~‘AT)
dT

dN
+ = 0

The expression to the l e f t  of the ‘equals ’ si gn is  desi gnated by
the greek letter Gamma , and is positive for nearly a l l  o p t i c a l  g l a s s .
In the case of lenses a t h e r m a l i z e d  for r a d i a l  grad i ents , K ohie r  and
St rahle  have shown it i s  imposs ib le  to ach ieve  the  des i red  r e s u l t
unless one of the g lasses  has a negative value for gamma , or unl ess
both galsses  have a zero value. The possibility of using plastic to
prov ide a compensat ing  m a t e r i a l  has not been i n v e s t i gated but would
appea r f eas ib l e .  I t  is apparent tha t  compensating a lens for radial
grad i en t s  is l i k e l y  to insure  great sensitivity to simple defocus
caused by homogenous therma l changes .  Consequen t l y ,  i t  i s n ec e s sa ry
to con templa te  us ing  special c e l l  des ign  to o f f s e t  t h i s  latter effect.

3.12  THIN PRISM (WEDC F )

The a n a l y s i s  of p r i sms  i s  s i m p l i f i e d  by separating them into
th in  f i c t i o u s  wed ges plus  an encapsulated p lane  pa ra l l e l p late of
g l a s s .  The p l a t e  is  termed an o r th osc opi c  tin i t  magn I f ’i cat ion tel esc’op I C ’
device , w h i l e  t he  t h i n  p r i s m s  are a f f i n e  t e l e s c o p i c  d e v i c e s .  When e e , i c t
rays enter  and leave the prism symmetrically, we h a v e  a c o n d i t i o n
termed minimum deviation , and the anamorph ic  m a gn i  f i c a t  ion ot’ the  two
pr i s m a t i c ’ segments  i s  self ’ cancelling .

_______

__~~~~~~~~~~~~‘~~ x~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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t o the  t’ ii ’ st app ro xi  mat ion , ,

the t i It of a pr i sin has no
ef fec t  on boresi ght error , so K
we may set tip t he  p r i s m  as shown ~
in Fig. 17 , w h i c h  p e r m i t s  us
to e a s i l y  c a l c u l a t e  the  OPt) ~~~~

— — ‘
~~~~ 

‘
~~~~~~ 

-

of’ t n  pr  j sm. 1tic ~ ~~~~~~~~~ 

(Wi~ • IN i 
~~~~~~

resul  t c a n  he obtained by
doubly apply ing t h e parax ia  1 1

fo rm o I Sn e 1 1 ’  s I ~ iw for any
o t h e r  t i l t  of the thin prism .

Fi g.  17. OPt) generated by
ON) ( N - l ) ’ -”y  a t h i n  p r i s m  or wed ge.

The’ aherra ted wavefront is  taken  to remain centered on the ex t ens ion
of the ori g inal ingoing axis by our freedom to select the reference
sphere . Note t h a t  i f  we were a n a l y z i n g  an unsymmetr ica l  op t i ca l  sys tem .
our re ference  sphere m i g h t  in  fac t  he pe rpend icu la r  to the o u t g o i n g .
refracted ray. Relative to this a x i s , the aberrated wavefront  would
no longer be considered aherrated . An additiona l point is that the
f i r s t  order e f f e c t s  of disturbing the elements of an unsymmetrical
o p t i c a l  system , such as a t i l t e d  component telescope , are v i r t u a l l y
the same as obtained by e l i m i n a t i n g  the  t i l t s  and decentra t ions  of
the  parent layout  and analy zing i t  as a centered opt ica l  system , so
unsymmetrical systems can be to leraced for boresi ght and focus using
very s imple  techniques .

3 .13 TILT E D PLANE SURFACE
• OPD

A t i l t ed p lane surface —
~~~ ? -  \ ‘ l  la-’-’

generates boresi ght error , R K
but to the f i r s t  approximat ion  

~
‘ \

no change in focus. As I
suggested in F ig .  18 , we OI’t) AN~~~ y

interpret the aberrated wavefront as ~~~~~~~~~~~~ ~
“
~~-
\~~

i 
- .

remaining centered on the extensio n
of the i ngoing axis rather than 

~~~~~~~
on the refracted axis. This s / N ’t  \
ap p l i e s  to r e f l e c t i v e  su r faces  as C,,
well. In actuality, the w a v e —
f ront is  centered on the re-
t’i’ae’t cd axis , hut  since i t  i s  F i g. 18. OPt ) generated by a
ju s t  as p e r m i s s ab l e  to decel1ter tilted plane surface.
a reference sphere as i t  i s  to
sh i f t  i t  a x i a l l y ,  t here i s  no
f i r s t  order consequence except
to incompletely fi ll our presumed sstem exit pupil. ‘(‘h is does not
a f f e c t  f i r s t  order c a l c u l a t i o n  of ’ bot’es i gh t  e r ro r .

The equa t I on t’o r OPt) generated by a t 11 ted p lane  sur face  is
almost obvious by i n s p e c t i o n ,

ON) = A N • f ’y

so for a ref’lec t lye surface , OP I)

_______ - - - ~~~~~~~~~~~~~~~___________________ —~—~~~~~~
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3.14 PLANE-PARALLEL GLASS PLATE : DEFOCUS

A glass pla te always retards phase, regardless of the state
of colimation of a beam , wh ich can be a problem with certain inter-
ferometers. If the beam is not collimated , the plate always intro-
duced negative OPD corresponding to positive longitudinal defocus.
Reference to Fig. 19
explain s the si gn conven tion .
Defocus can be der ived from
the definition of refractive
index. Light travels fastest
in a vacuum , but glass is W

usually referenced to the R

speed of l i ght in air, The “- 
5

” -.

refractive index is the ratio
of these velocities and is
always greater than one, The
refractive index of air is 

- - -
-

about 1.0003, important in - -

some cases. The focal shift ‘~~
‘ • d,fecu*

caused by the plate is the I.—. ~ —.1difference in veloc ity , with
and without the plate ,
mul tiplied by the t ime
li gh t would have taken to
span the distance in a Fig. 19. Defocussing caused by
vac uum , tic. disk of glass.

Defocus = ( N -
N

Since defocussing can be converted to OPD by the previously
derived expression OPD = -defocus/(8 f/#2), we obtain:

= N 
f# ) 2
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1 S I ’L A N I  — PARALLFI, Gl ASS Pl -V I’ I . : BORE S I GIFI ’

‘l il t lug a Plate in a
noit -colt m a ted heani causes  a •

boresig ht erro r hut  not

_ _  

I

Note as  always , we r e t a i n  • d  
- - — — — - — .

~~~ 
j

our reference sphere on the
cont i nua t ion of the ori g i n a l  

K

— .I~~ t
N

F i g .  20 .  Bores ight  error caused
OP t) = 

~~
. .

~~ 
by t i l t e d  d i s k o f g las s .

where s is the sepa ration between the objec t
point and the reference sphere

let u ’ = , marginal ray a n g l e  of the beam
- S

th en OPt) = ~~ L~± ’O’t  .u ’N
01’ OPt) = (N_ l )- .a .t•u

where ii i s  n ow measured inside the g l ass .

In  terms of the l o c a l  f/# , we also have ,

OP) - 
(N-I)•O’tI 2•N.(f/#)

4 
_ _ _ _ _  _ _ __ __ _  

_ _



24

3. II Co RONA l’ IC ABERRA1’ ION

The power of a lens can be w r i t t e n  in wave form , us ing  a p l ane
reference surface.

Power OPt) = y2/2f

The chromatic aberration of a lens is defined with the quantity
V . known as the Abbe Number or reciprocal dispersive power. The
chromatic aberration is the power OPt) divided by the Abbe Number .

Ch roma ti c aberra t ion OPD = y 2/2fV

For a tens to be achromatic , the sum of chromatic aberration
contributions must total approximately zero . For a thin achromatic
double t , we see that ,

faVa = - 

~b”tb

For chromatic stability, this should remain reasonably valid
over a range of temperature . J .  W. Perry (1943) calc ula ted the
temperature dependence of chromatic aberration for some simple lenses
over a 50°C range and found good stability. An examination of Fig. 30
for BK7 glass ind ica tes th is ma ter ial , at least , will be quite stable
in regard to chromatic OPD. On the whole , glasses have the proper
tendency to allow chromatic correction over a range of temperature .
Whether there are penalties associated with picking matched glasses
rema ins to be de termined .

Differentiation of the equation leads to an intractible analytical
statement of the detailed requirements. The problem is probably
better handled by generating more combinations of the available glass
data to facilitate predesign layout of chromatically athermal lenses.

3. 17 “DECENTF.RED” SPHERICAL ABERRATION

The ul tima te precis ion atta inable w ith a bores igh ti ng in st rumen t ,
apart from its mechanical refinements , is one or more orders of magni-
tude finer than what we would imagine from calculating its diffraction -
lim ited resolution . Boresight ing is a n u l l  techn ique and i nvolve s
de termin ing the “photometric” center of a presumably synmietric point
image . Na tu r a l l y , there are many ways in which this syinmmetry may be
disturbed . Some are blatant ; for example , failure to illuminate the
entire aperture of the instrument. Others are more insidious , an
example being the use of an off-axis paraboloid to test different
sensors. The paraboloid might be perfect enough to insure resolution
requiremen ts are met , yet by departing from the optical axis , an eff ect
known as the Offense Against the Sine Condition will cause a defect in
the illumination of the sensor . Furthermore , sl ight zonal spherical
aberration in the mirror can generate additiona l boresight error.

The mann er i n wh ich l ow order aberra tion , such a s focus and
boresight , can derive from higher aberrations is usually of little
interest in ord i nary situations , but for precis ion b o r e s i g h t i n g  and
focussing , it merit s consideration . We consider an optical element
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which has spherical aberration and is located at the aperture stop of
the instrument. The corrector plate of a Schmidt telescope is an
examp le. If i t  is p e r f e c t l y  a l i gned and the aperture f u l l y  i l l umina t ed ,
the telescope will show a perfectl y symmetrical point spread function . —

Even if the corrector is imperfectly cancelling spherical aberration ,
the point spread function w i l l  maintain symmetry for such is the H
na ture  of spher ical  aberra t ion.  Now , suppose the corrector is decen-
tered a s l i g h t  amount.  The new aberrat ion appearing on the optical
axis  w i l l  equal the difference between the spherical aberration W
centered on axis and that disp laced a small distance ,~~. The apparent t I
aber ra t ion  generated on axis can be described by the series ,

= W ( 4p 3
t~~’ + ~~2~~ 2 + 4p~~

’3 + ~~~ )

where p is the normalized radius of the pupil ,

and t~’ = , D be ing the d iameter of the pup il.

The first term in parentheses is coma , leading to a lopsided
point image. The second term describes astigmatism , effec ting a focus
shift . The third term is distortion , which for our purpose is in-
distinguishable from boresight error . The las t term is a phase error ,
usual ly  ukimportant.

Any misal i gnment of an optical element tends to introduce f irst
and higher order wave aberration. If the element has sensibly zero
power , as with the Schmidt corrector , the effect is almo st entirely
due to sheared spherical aberration . In most optical systems, elemen t
misalignment has a far more pro found effect directly on f i rs t  order
bores ight and focus, and restraining the first order error will
generally insure that terms arising from the higher order aberration
are neglig ible.

L _ _



8’~ iI1iJU~ 
- - --~~~~~~~~~~~~~~~ .

~~~~~~~~~~ 1

3 . I s RAYTRACE ‘l’LST OF l’IlEOR~

A r e t a t i o n a l l y  symmet r ic ,
mock optical desi gn was laid 6
out to test our methods. The ~
design is mathematically valid ,
but physically unrealizable o [~j
owing to extreme obstructions 

-

of the light path caused by -

severa l mi rro r el ement s. The -

design is suggested by Fig. 21 ,
in which we have decen tered
elements to make the li ght is
path clearer. Table 1 is an
exact specification of the
nominal layout , in millimeters.
No effo rt wa s made to correc t the
fourth and higher order aber- 24 2S

rat ions of the des ign. It shows 25 29

si gnificant  spherical aberration , ,‘

and when elemen ts are ti l ted , .‘

ast igma t ism is ob tained on the 32

reference axis .  However , as
expected , the hi gher aberra tions
are much weaker than first order Fi g. 21. Conceptual layout and
defocussing and boresight which surface numbering of
we want to test with our design . design used to test

OPt) theory .

Each power surface was ind iv idua l l y  ti l ted and decen tered by 0.1
degree and 1.0mm respectively, ray traced , reset to zero , and the process
continued from the first element to the last. The tilted and decen-
tered array was raytraced with a central ray, whose angular orientation and
decentration relative to the nomina l centerpoint at the focal plane
was exactly determined . We also examined the astigmatism at the center-
point to be aware of its possible influence on our test.

Each radius of curvature was changed by about 25-50 waves , the
dis turbed desi gn ray traced and the focus found by us i ng a pa rax ial
height solve set to zero . The shift from the nominal back focal
distance was thus determined . The disturbed radius was set back to
nominal and the process repeated one surface after another to the end .

The refractive index of the plate and the two lenses was changed
by 0.1 , approximately 100 times the typical refractive index error
we would encounter with optical glass. The plate was tilted and by
ray tra ce , the boresight error was found at the final focal surface. 

~~-- - - --~~~- --- - - - ‘ 
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Rore s ig ht was found
to he more accuratel y pre —
d icted , w i t h  an agreement ,
for this desi gn , of’ about
IS w i t h  1000 w aves  of ’
p red ic ted  OPt ) .  Fo r rz id i us , I •. O~~~ J0 •~~0O~~~I •. U 0

t h i c k n e s s , r e f r a c t  i v e  index , ~~~~~~~ .., ~~~., ,. ,,. ., ,.“ ,~~~,

and a i rspace  errors , the
accu rac Y was poorer:  about
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of t i r st ordei pret i t on
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of the opt is. ii design hting
st ud i ed . Very large bore— ~~~~ - :-~
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nomina l radi i , th icknesses , a i r spaces  and r e f r a c t i v e  indices  may —cause spher ica l  aber ra t ion  to sh i f t  the plane of best focus from
the paraxial focal plane .

I
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A w i di,’ var i t’t v o f  mat  ci’ i a 1 s c a n  be used to  r et ’i’ac t , re fi cc
d i s pt’i’’-.t’. fit t er , and p o l a r i z e  l i g h t .  l’h i~ sec t ion otters select ion
o f mat s.’r t a t  ~ which ,i t ’c W i  dcl  v used t’o i’ i’e - - ra s .’ t i on and ret’ I ec t ion o t’
visibl e light.

-‘ d l  t h i n g  being eqita I , a pi’s.’ fe rred mate i .i a I w i 11 be durab Ic
i s ot r op i c  , an d compara t i vet v inexpensiv e . h owever . lacking a I t  er n at  i y es ,
the designer takes wha t he can get . For the infrared , this o c c a s i o n a l  l v
r e s u l t s  i n  u s i n g  w a t e r  so l u ab l e  c t’~~’-. t a  Is , whose permanence re’l ics on
m aintaining a contro I I  ed therma l and at mospher is.’ env i ronment .

‘rhe r ’ is .i cont i n n i ng development ot ’ •i 11 — r e f l e c t  i y e  sy s te m s
which avo id the compli cations of ahsorpt ion and t h e r m a l  d i s t o r t  i o n .
We feel t h a t  this wil l  ha~~’ an i mpor tan t t)earin~z on the development
of improved therma l t’cs I s t a n c e  i n  prec i s  ion in s t  rumen tat ion.

4 . 2  t ) l I I . F 0 ,’ I R I C  1:1 I l I R S

I n t e r f e r e n c e  f i l m s , for  f i l t e r s , a n t i r e f l e c t i o n , or enh a n ced
r e f l e c t i v i t y ,  c o n s i s t  o f d i e l e c t r i c  layers of m a t e r i a l s  whose re-
f r a c t i v e  i n d i c e s  a l t e r n a t e .  Each l ay e r  has  it s own c o e f f i c i e n t  of
expans ion  and v a r i a t  ion of refract iv e  index w i t h  t empera tu re . Some
i n s t r u m e n t s  use narrow , h i gh - e f f i c  ie ’icv s t a c k s  as handp a ss f i t t e r ’ -.
Expo sed to excess i y e  t emperature change , t hese w i l l  a ct  a~ cu toff  f i t  -

ters instead . Fi gures 22 and 23 show some data provided by (X 1,I 

~
1:H

~F~ ~:iI- 
~~~~~~ .~T ~:

— 
a .  fr,

~:ig. 22. ~k’,isii r ed , i r i , i t  i o n  I i  ~ . 13 . W a v e l e n g t h  ch i  t’t
ot  .1 t P 1 ~ a I t i  It L ’ t ,i s ,i t’unc t ion o 0’

i t h t empe i~,i t iii ’ s.’ . t empe t’~i t ii t’t’
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I - ~ OM It,
’ U t ;i  \~-.~

-\ mode iii s.~ t i c s  c a t  ,t l o g  i s k t na i i  v a t cchn i c i I conips.~nd i urn o 0
vi i’t u i  1!  e~ c r~ g li ‘-. ‘-. P T0~~s.’ t ’t v I i k s.’ l v  t o  i n t e r e s t  the ~~-ruge I s.’i is
d e s i s .~n c r  and rnechani c it cn~’ineer. One of ’ t h e  m o s t  h i gh l y i’eg:ir’ils.’d

~ iti lo is th it o t  the ~chet I ~ l i’ : s Contp:inv , and I i g .  ~-I i’epi’odiis.-cc
the p~k’ s ~h i c h s.Iess.’rihs. s I n s i o s i  I i s .’a t e  g l a s s  t v p s .- I~K .  Figu rt’s ~th roii ~ h 30 d c t i i  I further info rrn:it i oti o h t iiiied from the Ss.’h ott
c i  t , i I o i . ~, . \Jd it b ul l mat er ii i  obt, ius.’d from a pub lished report s il l
be f s i i i n d  on F g c . 32 — S4 i n  ( ‘ha pt s. r S -
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Fi g.  2-1 . R ep r e s en t a t  i v i ,-. page from the
Sc ho t t  Opt j e t  I ~1ass i’,ita t og
showi ng genera l  i n t ’orna t ion
av :i  i i  ;ih l  e to  t h e  opt i s.’a I designer. 
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Fig. 25. shows that as
a t m o sph e r i c  pressure  inc reases, 4 8  -. , , , ~~~—

r e f r a c t i v e  index c o e f f i c i e n t  ~~~~~~~~~~~ -

also increases. Since it is
customary to refer  the refractive ‘, - 

- 
—-

~~~~~~
‘ ‘ ‘ 

1 
5-

index of glass to the air in ~
which it is surrounded , this 5- ‘ ‘ - ‘  ‘ 

~plot is more a representation
of the apparent rather than - -

the absolute variation of BK7 
-

refractive index. The . ., -~~ 
—~~~~~• - - -

properties of air are -
~~ 

--

definitely far more sensi- -

tive than those of glass. ‘°  - - . -

Fi g. 25. Variat ion of refractive
index therma l coeffi-
cient wi th varia tion of
atmospheric pressure .

II

Fig. 26. will be of ___________________________

in terest to the eng ineer or ‘~~ - 

~~~~~~~~~~~~~~~ 

-

designer concerned with 2 hgh~~ Ir4 5-onI~nI - 
-

therma l gradien ts, and with ~~~I.O

the time glass w ill requ ire 
~~~~~~~~ 

- 

- - - 
~~~~~~ 

_ _

\to reach thermal equ il ibr ium. 
~~~06 

~~~~~~
- 2 73 - 21w - 0

Tara,pa,r. I°Ct

Fig. 26. Temperature effect
on thermal conductivity. 

-------- ~~ ------- - -- -~~~ - - -~~~~~~ -- 
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Fi g .  2T’, for g la s s  t y pe  -

BK 7 , shows t h a t  r et ’r - ; i c t t v e  i n dex - - , , , -

cha nges mo re r a p i d l y  w i t h  t empera - -

t u r e  for  the  s h o r t e r  w a v e l e n g t h s  ~ S 
-
-

than  i t  does for the  longer
w a v e l e n g t h s .  S i n c e  t he re  i s  an
o v e r a l l  p o s i t i v e  s lope for a l l  -~ 

‘

curves , there  is no i n c o n s i s t e n cy  ~
so far w i t h  our hope t h a t  Abbe - - _____________________________

number , or r ec ip roca l  r e l a t i v e
dispersion , will remain reasonably , . ‘ -

constant as the temperature 
- -

T.o.p..at,’~ i’C)

Fig .  27.  Change of the
r e f r a c t i v e  index
of BK7

F i g .  28 . shows b i re f r ingence
caused in representative borosili-
cate crown and dense f l i n t  g lass ,
the so l id  dots for BK and the 

- - -open dots for SF. Behaving l i k e  1”T — : 
- - 

-: •

a c rys t a l , the image experiences I’-. . . -

p o l a r i : at i o n  and de t e r i o r a t i on  ‘ ‘ 
5”

of the  wavef ron t .  Re i tmayer  and . 
‘

Sch ro- ’ds. ’ r (1975 ) have discussed “ . ~~~~ .. ._-_—- - - ‘  ‘

the  s i g n i f i c a n c e  of th i s  s i t u a t i o n . ~~~
‘—
‘ 

— ‘

St ress  and s t r a i n  can be caused - . 

- — 

‘
, - :

by therma l gradients , or by ., ,,,‘-
‘ 

. , - ‘ 
, .

f a i l ure  to d esi gn the c e l l  proper ly  - 
~~~~~~~~~-- ,~~~~~~~~~~~

-‘- - -

for  the range of tempera ture  - 
~~~~~~~~~ 

‘
~~~ ~~~~~~~~~~~ .. 

- ‘ •

to which  the i n s t rumen t  w i l l  he “°‘ ‘ ‘“~ n.p .5,.’-.’ . ”,”

subjec ted .

F i g .  25 .  Change of r e f r a c t i v e
index from compression
and t e n s i o n .

—liii
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Fig. 29. provides additional
i n fo rma t ion  on the w a v e l e n g t h  sensi-
t i v i t y  of r e f r a c t i v e  index change  for  - - — ._-- - -—-\—- -- — _‘ - - — - - - - -

a variety of typical glasses. As
explained in Chapter 3, it woulu be 

- - -

preferrable to express t h i s  data  in
the form of an Abbe number v a r i a t i o n . -
An observation is that all the ~

, 
° - - - — - -

glasses in t h i s  f igu re  behave in
the same q u a l i t a t i v e  fashion. 1 -  .-——-—

- .,—-‘,~~~~ p 
~~~

- 5 - - - - 
~~~~~~~~~~~~~~~~~~~

_

W.vs4a,~~~ L t~ Ii

Fig. 29. Temperature coeffi-
cient of refractive
index of some optical
glasses.

I

Fig. 30. provides further ‘ I
insight on BK7 , the most commonly 30 --  - ‘-‘• ‘H” 

~~~~~~~~~used form of optical glass .  The “
~~ ~~~ 

‘~~‘a, ’

open dots pertain to refractive 2 5  o~~ - - 4c~
au
~
4 ,m..~~~,au

index measured w ith respec t to /  ,/
air , the solid dots with respect 

~~~Lto vacuum . Note that the coeffi- I 7 .-~~~ I

cients are not constant , nor is i
i’ V,,~_ s_ _._ ‘f .S

~”
their rate of change linear. This I S  _~~~I~~~~~~ ~~~ — H--- - -—
suggests the extreme un l ike l iness  / 

~/,‘ I
that absolute thermal compensation 7 0  — -_-/ 

~
‘y ’ — —I----— —~----- --—

will be possible. ,‘ 
,/ ,~

~~~~~~~

0 
~~~~~~~~~~~~~~~~~~~~~~~~~ 4~20 5-~~~ ~IO 5-~~~

ISo,p.o.Iss. i’Ci

Fig. 30. Relative and absolute
temperature c o e f f i c i  -
ents of r e f r a c t i v e  index
as functions of tern-
perature (BK 7 g l a s s ) .  

- - - - - _~~~~~~ . - ~~~_ C
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In  l a b  Ic  2 we summa l’i :.e the therma l d,i t a n the Sc hot t cat a log
and s. a I cii i a t e  a bc~ l u t  c and ret at i vs.’ the rma I tin va tue s which a i’e
u s e f u l t oi ’  honiogenet.sus tOo tis . i~t1d it lolia 1 da t a is b e i n g  t a k e n  by the
Scho f t  s.’oIflt)aii~ . i i i &I t he des i gne  r sh ou ld  i uqu i r e  i ~ he ~-.e I cc t S a g Ia s~-.
t’o r wh ch no v i  I ties are g I t’ en . ‘I’he Schot t company has been engaged
i n  t h e  d e v c l op n i en t  of exper imental g I;17- .ses that promise to be of
a I tie to t ’  grad i en t t empe r a t  t ire at hern ia l  i a t  ion
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P l a s t i c  i s  s t i l l  tr y ing to  1 1 1 5 ’ s.’ olOW tl 11 bad reputation giVIlli it
by e a r l y w o r k s .’i’s iii the tie Id , Most p l a s t  I s .’ l en s e s  were , and some
St  I I I  at’ s.’, produced w i t  li the same machi ~ie rv  , too I lug , and t i me —

pl ’es cu r e —  t enipera t us ’e s.’ Vs.’ I i ug used to produce  (~ l’ s.I i isa i’s’ mechanical part S
Otl v 101151 y , p L i s t  ic  w i l l  never have the intrinsi c st  , i t )  I I  i t  v and amen—
a b i l i t y  to s u rt  act ’ a c c u r a cy  .i s u(St lea 1 o~ lass , but s.’OTflpafl it’s SLIt ’ll 115

Kodak • Po1 ;i ro  1 . t~el I t~ I k ) W I l  I I  • Consu l  I s . I l I t L ’ d  Opt lea  1 1 n d u s t r i t ’s  , IIIItI
MU l~ng ine er  in g  a r e  demon st i-at lu g  t h e  t ’eas i h i  I s  t p 1 a st  ic I t ’!tst’s
rep I ac I ng g l a s s  i n  many d I f t ’ i c u l t  app ! i cat  ions . A I t  houg h manufa c  t u r e r s
are r e l u c t a n t  to  cer t  I t ’v t h e  r e p e a t ah i  I i t y  of opt i t ’ll I prop ert  it’ s frolu
b u t c h  to b a t c h , p r i v a t e  c om m s i n i c a t  101) 5 I IIs.I i c , I t  Il t h a t  i n  f a c t  p I . i s t  Ic
i s  a I ready produc ed with a h i g h degree of repeat :ib i  I i  t y  w i t  hunt Spec j u l
a t t e n t i o n .  ‘I ’h i s would seem log i c a l  for a s in g l e  co n st i t u e n t compound
such as  a c r y l i c  . but is more dependent on q u a l i t y  cont  rul fo r co pol ymers

The . i s . l v a i i t  a7•e s of p l a s t i c  a re  i t s  low cos t  l i ght  w e i g ht  , and
i t s  I l) i I i t  v to be molded to t i f l  I shed shape afltI s u r t  ace (lUll l i t  y for
grea t COSt ;loIVaJi tlIge . An i mportant hut apparant Iy uni’esearched
t e c h n i c a l  a d v a n t a g e  j s, that a l l t h e  p I l I s t  i s .’ s f o r  w h i c h  we have  d a t a
show nega t I Vt ’ (arnma coet’t’ic len t s UnIv a f ew g i asses  have  ~ egat  L v i ’
o- ,1111e5 , so a th e s ’ m , I l  I :at ion b r  r a d i a l  grad i en t s  s h o u l d  he e.is I t ’ some
p l a s t  i s . ’ is de llh e l ’.ite lv i l l t’ I t I s . l t ’d i n  an o t h e r w i s e  a l l — g l a s s  des ign .
The reade s’ I s wa ru ed t h a t  some 1)1119 1 1 shed l i t  C I’ll t L I I ’C g i v  s.’s t he i lieu I’ res.’ t
s i g n  for l’ s.’ t i ’ ,Ict 1 S t ’ lfldex 1 5 l i l ’ i l I t  IOf l .

Mo st  p1 a s t  i c  1 enss.’’-~ a re  made fr om aci’~’ l i e  and p0! v7 ~t vt ’e ne ,
a [though Kodak and Polaroid have concoc t ed spec i . i I  H I )  Xs. ’ s. to  obtain
p-i i~t i c ill a l :i tv,in t . i ces  . The pol ycarhonats.’s , more di  f t ’i cu l  t t o  i l s j e ct  ion
mold . .ire s.Ie’-. I i’ahl e for the i i ’  hi gher sotten lug temperature. l’ab l  c
sumr n , i I’ I 7 t ’ S  1’( l s .’!5 t i l l  t 1 ~i S al’ s.’ common 1 5’ ~i~ ’a ii able øii Pl a St i t ’s us ed I f l

I d i s c -, -

AN
Al’

)‘ I a s I I ,  N1, 5~, ( I I 7 7’ ‘~‘I ( I l l 1 5 - 5 ( 5

I I’’ I .  ‘‘~ 
, ) , , I

I 8 . . I . - I I t e )  I 49(7 15 ’ II ‘90 83

2 PsI . , ‘M s
- , ,‘ . - ,  ., S s I  I 0 5- ”  I - 1914 59 . 1 1  14 1 ) 1158

I ,  s , . - , ,  I s ’ I (  51) 0 (2 0

4 F ia t , , ,, , ,  I 101 5”’SI . I 380 5 1 . 4  - ‘‘ (I 91

‘~ 1(’ , .  I ’ ’ 6  t~~s I I I ,  I ‘~ I )4 0’) 5 -100  1,11

6 I . 0 ’ .  ‘ I ’  “ .~~ S~ ’ I i ‘.15 ’. 30.,1 - . . 1 .5 - )

ia. S I ,, I ~,,‘s.Ien,- I l l  ‘ I II ’ ’ 5,’ ‘‘ . I I

• 5’ , S ” I 5 , ’. I l l  - - s I t .  s i r  ‘ 5 ’  I ‘s 5 5  04 5 . 517’
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Any t I’ansparent SLIb Stlilit’e Is p o t e n t  Ia I I useful for opt i cal
purposes. The fi rst microscope , construe ted a lmos t 35() years ago
by l ,eeuwenho ek . used a s.ls’oI) of water as its lens. Al though l io l l  and
is  c r ed i t ed  w i t h  the  f i  s’st practical achroma t • e x p e r i m e n t s  w i t h  d i  s -

persive f lu i . is , in l i e u  of’ t’I m t  glass , preceded it. Today,
des i gners  find f l u i d s  usefu l for c o u p l i n g  d i s s i m i l a r  m a t e r i a l s , for
conduc t ing the heat away front hi gh intensit y CR’l’ faceplates , for
f i l t r a t i o n , fo r  image s t ah i  I s  zers , and for h y b r i d  i :at ion w i t h  in—
jection molded aspheric plastic shells to produce low-cost high
aperture projection lenses.

Any f l u i d  used for o p t i c a l  purposes should ideally be nonflammable
and nontoxic , hut special a p p l i c a t i o n s  wa r r an t  spec ia l  r i s k s .  Some
of the fluids for optical design are indicated in  Table 4.

Vol II.I
tipon~ Ion

F luk i  N~ 8 1)

I .  Acetone 1.359 34 1 . 4 $ ’

2 ,  M t hyl a lcohol  1. 3 2 9  61 1 . 1 9 9

3 .  kn,.n* 1 . 5 0 1  50 I .‘S’

4 .  Carbon dts u Iphi~I. 1. 62$ 1$ 1 . 2 1 $

S. Carbon tr1rachIn rld~ 1. 461 4$ I 2951

6. Ethy l ether 1.554 58 1.6551

7, GIyv .rine 5 . 4 1 3  61 0,503

S. ~~rcury . . .  - -  O .19i ’1.

9, O I l y ,  o i l  I 4 1 ~ 5.5 0.’2I

10. PetruIeum .
drniil y $41. ’ 1 . 5 1 5 1  155 0,935

I I .  Turpentin e 1. 472 4 ’  0 .97 ’

I l .  Wat , ’ r 1 , 533 Ms 0.20 ’

Table  4 .  Selected f l u i d s  for
optical app 1 teat ions . 

-~~~~~~~~~ _ _ _ _
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A l l  rot a t  101111 1 l y  s y m m e t r i c  I ’ e t l t ’ct  i ve  opt i c a l  s y s t e m s  haV e
cen t ra l o b s t r u c t i o n s  t h a t  reduce t r a n s m i s s i o n  and expand the  d i f -
tract ion  image. A s y m m e t r i c a l  r e f l e c t o r s  e x h I b i t  p o l a r i  :at ion and
generally h a v e  sli ghtly imp erfect diffraction point spread func-
t ions  due to anamorp hosi  s and abei’rat ion of t h e  e x i t  pup i l  . Ap a r t
from t h i s , Host des i gners  w o u l d  approve w h o leh e a r t e d l y  of u s i n g  re-
f l e c t i v t ’  d e s i g n s  i n  lieu of r e f r a c t o r s .

Whe nev e r t h e rm a l  g r a d i e n t s
a re  a n t i c i p a t ed , :cro e x p a n s i o n
m a t e r i a l s  are preferred . f~ven
Cl~R - V l T , thoug h , in  not perf ect
as may be seen in Fi g. 31. As ~~~~far  as we know , there is no 

~~such t h i n g  as a p e r f e c t l y  stable : : j .
~~ 

,.

m a t e r i a l .

Provid ed ;ihsolu t e th crm a l ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

isotropy can be assured , easy ‘
~ 

‘ ‘ ~~
‘ ‘

a t h e r m a l i z a t  ion of focus and - s ~~~~~~~ - t t t  t
boresight  is  obta ined  s i m p l y  ~~~~~~~~~~~~~~~~ 

by mak ing  the c e l l  s t r u c t u r e  as w e l l
as the m i r r o r s  from the same ma- • t t -

• 0 5 * 0 ¶ “

t e r i a l .  A l though  the focal  1 1 1 + —
~~~~~

-
~~~

-
15 5 I ¶ 4 ~- t  ~~~

- ‘ -

l eng th  w i l l  change , a temperature - ‘ j ~~~~~~~ _______________

change scales  the en t i r e  d e s i g n  ia ~ ‘~ - . ;. ~~~~~~ ‘ ‘ i a  ia — — —

and the image remains  in focus .
Thus , an a l l - a l u m i n u m  te lescope
has some advan tage s i f  i t  ca n he
sh ielded f rom the sun . H i g h  con-
ductivity alone is not sufficient Fig. 31. Therma l expansion of
to preclude gradients , only CER-VIT compa red with
reduce them , ordinary fused s i l i c a .

Table S compiles data on some of the more widel y used mirror
subs t ra te  m a t e r i a l s .  For spec ia l  purposes , germanium and s i l i c o n
are useful 115 mirrors . It is understood tha t the substrate is usually
given a r e f l e c t i v e  coa t ing  of some m e t a l .

I a
i4oJuIu 11 K C Coeff i c ien t  Specific

of They-ee l S p e c i fic  of St i f f oe s ;  They-ee l
I)en~~ ty 5 l ~a s t t c i t y  Co nd u r t ici ty Heat Eypania ,00 F ,,. PI ffuSivi ty

Mat c r i e S  ~~/~ y 3 i0~N/c m 2 ea iciv ’. c °c ~~~Jje°c ~o~~ ç u 7’ce 
, ,~~~~~~~ø

Pvr.x 1. 19 51. ’ 0 ,0027 o . I $  3 25. 5 . 0  0,007

Fuied S l l i c ~ 2 . 1 1,0 0.0035 0 . 1 8 $  O.SS 1 18 0.008

WI 2 .11 ~ ‘4 I) . 001 ( 0 18.0 0 ,0  3 (75 0.00$

Cer-Vit 2.3 9 . 2 3  0 .0 ( 74  0 . 2 1’ (1 ,0  ‘ ‘ 0.008

Ai llei flue . ‘11 1.. ’, 0.5’ 0 1(5 13.9 1 51, 0 .92

8e t s(1&Um (.83 .‘i4 , I) 0 .38 1) 4’, (2.4 1’, 4 0 . 4 5 1

(‘.T.phI Ie/Fpooy I. ’1 s 9 I ’ l l  0 . 14 0 .0~ 4 0 0.29

‘I’ a h l e  5. P r o p er t t e s  ot Selected mi rrot- 5111)51 r a t e  mater ia ls

‘
LA 

~~~~~~~~~~~~~~~~ 
, _ _• _  .
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Opt i c a l  e l e m e n t s  must he supported and housed w i t h  g r e . I t

preci sion , and this is accomplished by mechanic al desi gn whi ch
respects therma l i n t ’l uenc e on the opt i ca 1 des i gn
The arbitrary choice of :ero
expansion cell materials is
naive indeed , i t ’ not e x c e s s i v e ly
e x p e n s i v e .  The m a t e r i a l s  se-
l e c te d mi gh t be m a i n l y  ba sed on -‘
w e i g ht  c o n s i d e r a t i o n s ,  Most ~~ t~~r t a l  (II

lenses  lire mounted i n  lii urn i nuns —

whether  t h i s  he good for them I ~~~~~ TUb ber $111

or not . The ci (‘ment S must  then  2 .  NuI ’he r and e i .~s t , ’ cr s  ‘(I I’ 4 5 1 i ’

be spaced w i t h  m a t e r i a l s  whose 
~~. ~~~~~~~ I a ’s I s s . I s s s , -

expans ion  insures  tha t the tiM ed and ~~~~~~~~~~~~ 300-0

focal point  remain  f i xed  di,’- I ? , n ~~, a l l o y s  5” 10

sp i t e  the great expansion of 
~~. ~~~~~~~ a I l o ~~s 29 13

aluminum . We find consid-
6 . & tue ,~~ua , i i ls’~~s 1 4 - 1 1

erable interest in high ex-
pansion materials such as 1, Coppe r , a l l o y s  2! I ts

plastic and fluid. S. Irons 19 I I

9. Sta~n Irss ste e ls l~ 10
There is an infinite variety 10. S t e e l ,  iS 10

of materials which can be used
- , I I .  N i c k e l . a l l o y s  I~~- 0in Ins t rument  des ign . An over-

view of available materials ~~~ 
i2 . k e r y l l i u . , s i l o > - , l b - I l

g iven  in  Table 6. Some of the  is .  Ittansu., a l l oy s  5 5 . 7

more interesting materials in - 1 4 .  G la s s  I S ’
d ud e machineab le  ceramics  and
f i l l e d  r e s ins .  In j e c t i o n  molded I S  car

~~~~~,~~:~
h i l e . 

8 !
p l a s t i c  pa r t s  are wor thy  of 

~~ ~~~~~~~~~~~~ • Il

cons iderat ion.
I’ 151.lybdcnue , a l loys  51-5 ,

18 . lun ls te n 4

19.  U l t r a  is ’s
~1 asses , si l o y s ,

0

1111 ) 1 I.’ (s . ‘I’herm.i I expans it~’n of’
selec t ed ln~it ,’r iaIs
ii sea hIt’ for met’ h,in t ea I
e l e m e n t s .

- —  
-- - 

.~~~
. .
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5. DESIGN TECHNIQUES

5.1 DISCUSSION

The purpose of this section is to discuss some of the known
ways to athermalize or desensitize an optical system . We deal ma inly
with homogeneous temperature change since this is the only area that
has been researched in depth. The case of thermal gradients in
comp lex systems is very d i f f icult and is d iscussed concep tu a l l y .
Athermal iza t ion  is ripe for invent ion , and some of the better ideas
are based on sc ien t i f i c  logic and common sense rather than any de-
tailed understanding of optical materials and elaborate formulations.
The reader should cons ider the approaches descr ibed herein onl y i n
introduction to the subject.

5.2 ACHROMATIC LENS

This topic is well treated by Perry (1943), Grey (1948), and
Kohler and Strahie (1972). To summarize , the focal leng th of an
individual  th in  element is athermalized for homogeneous changes when
i s  thermal nu value is zero , where nu is defined as:

AN
AT
(N-i)

The individual element is unaffected by rad ia l  gradients if instead
its Gamma value is zero, where Gamma is def ined as:

AN
AT

- (N-i)

Note that the two requirements are mutual ly exclusive unless
both the expansion coefficient and the refraction coefficient are zero.
No such g lass  is known , indeed , ma ter ia ls such as fused quartz , with a
very low expans ion coeff icien t , seem to have unusually high refrac ti ve
index coefficient .

_ _ _ _ _ _ _ _ _
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I t  gs . ‘s .’ .ind ~.S •

t rom koh l c’s’ , i f l t t  St rllh le , l I t ’

v.s I ( lab Ic  for  pi t’k I ng 01!
a t t r a c t  ) 5~~~S glass ehoiee ’~
Note there a s’e .i I most  ISO

g I a s St’’ t~ I t  h a S C FO 01’ t ieg - rfl’,~r

.t t t s e  ( amm a , I’last t e , on W,A

the other ha rid • abound s ri Ia rgt’ ~~ ~~l ) C t ~,l t i Vt’ (.Imrn;l 5 , and 511011 Id thus ~~~~~~~~~~~~~~~~ i.. ’.
- II • * ‘  I •••‘~ ~•he useful in des Igning l’,’nses ~~~ ~~~~~ ~~~~~~•II

i nscn s  it I v t ’ to ract ia 1 grad ient s .T ~~~~~~ ~~~~~~~~~~~~

i f  comb i ned w i t h  opt s c a t  ~ l , i ss . a,,.,, ~~~~~~~~~~~~~~~~~

‘*~ ‘
~~~~~~~~~~_~~~~ s

’”

The design of an .iehromll t Ic ~~~“ •— ‘~~~,

doublet i s  amenable  to simple
analysis. Fl rst • the pair must
satisfy the usua l requ i rement s on ~~~
component focal length versus  ~~‘

Abbe numb er:  
•
I~~

to).
= ~~~~~~~~~ 

— “ b~ ~~ 
~~I4

.fh e t (
~ i

_
~~~ I.~

’
~ ‘I ••1 , $096

Second . for athermal i :.ition
under homogeneous temperature
change , we should .iI so s,i t i siS
the condition ,

I- i ~~ . .S ,’ , t~ ,I t , t to i’

a ‘a ‘h’h ~ ~~~~ ~
a t  ~l~’C ~t hei’m,i I i  ,l t i On

I.

Fi gS 34 . was dt’ s s gned for
this purpose . F i n a l l y ,  if  we
want our doublet to show radi al
grad i ent I I 5 ’ ~~’l l ’~ I t  I S  i t ’  ~‘-~~ ‘ 

.w?,,
must satisf y the condItion. ~~~~~~~~~~~~~~~~~~~~~

t) e~~~N_ l) t I

where t is the element • —--; 7~~
” 

~:.t h i c k n e s s .  .\s  W I t h  .1 s i n g l e t . ‘ 
~~~~~~~~~~~~~~~~~~ 

‘
~
‘ 

~~~~

i t  appeal ’s i m p o s s i b l e  t o  make ‘ 
~~
‘ .. •~~ ,,.,,•

our  d o u b l e t  insen s  I t i s  t’ to  both ~‘,
.‘‘ ‘‘~~‘

‘ “ ‘

homogeneous anti gra~i s ent  - 
~‘%~ .s  

I
temperaturt” . .r ~~~‘s~

~~~~~~ P111. 5 t , ’i’ rlidl.Il ~‘t ’ , I t l l t ’ l l t

i t  hes’m.i I ‘ i t  l O l l

L .5.—. ~~~~~~~~~
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I’ t t l’orn t ht ’ Wt ’ I k  l’ t ’I sO I t  ed l’s
koh 101’ and st rah I c  • ~~~~

‘ kiis ’ s ~ t no
Sc ’ I’ I O t I s  e I t o  1’ t be I ng p.1 1 d to ~ I .1

~‘ho ice  t o r  I n s e l l s  I t I V  I t s -  to r:td I l l
g r a d i e n t s .  I l i t ’ des I gner W I  I I  I I  so
rena rk th a t ~ hts g I a ~ st s s t hii t i i
h i d  I t ’ll t Ot1 .1 re I he no ~ I 1 r .i i I I t ’ I l l

lit’ ~ I i s ’s c .s t .i lo iZ • P I’Ofle t 0 is I ’ (’ .l k a

W i t  li I i ght ~ h~~t’ k • e V t ’fl t 1111 t c i l l  S t ’tI a 
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h~- prepli r I ng I u ì t ’ I t’fl~ sill’ t.It ’t’ to I ~~- ‘•~~‘ ~‘~~~~••—~

,int ret’l Oct l O l l  c oat  i t i c s  • ~% t ’ t i . i V t ’ 
~

.i I re.i51 v C \~~5 I .l I n od t h.i t 
~ 

I . is t  I t  ~~~ 
,. , ,‘~‘ -, - ‘ .

~~.

could he used to  compt’ns .itt ’ tlit ’ 
‘

~ 
~~~~~~~~~~~ \ ‘ ‘  ~~ [ V

I , I  I e t fec t s i n ~ 1, 155 . ,Ifl ,I  s~ 
W a  r ;” ~~~~~~~~~~~~

stlgg es t that to he .in .1 r t ’. l W O  Ft h’s ‘
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“-s.
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- ‘. .

~te si  gri sp.ic C rs respon’’ I V t ’ to .a .1’ -

the m a  I grad i cuts am! t he i’ehv •—‘~~

ot t s -  i , l  t t’ t he n ’ed t o  r t’omp I i c  .1 t t’d ,• ,~
c, I , i s s  . In t’ I ec t t~-e tt’e I tii t’

so l i lt ion to the problem o t’ r.i~i i a 1
therma l gradient s has .1 ni lm bt’ F
of ~‘ho Ic t’ S • W I  t Ii flew t i c ’S el 0ptn ~ ti t s
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iht’ log ic heii lil ~I t Ii I S I i s  C I I  t i t )  1 I ow . I i r ’ s t • t he It ’ll ’s t ’ ~ i s

J I l t !  I ”  L I S t ~d in the c’t I t ’ l ’eI l t  -~ l I i-ci rce t t ’ l c~ I sioll M,i’,c’t’ i ck giii ~1 ,i iic.
( I n s t .  Ihe opt’t’.it il ig  ss  s t e m  t’c’qu i Ft ’s t h e  lens  Ft ’Ui , I  in in tociis With-
out c oc kp it teedhac’ K . Th*,’ I ens rep I , i t  t’d au 01 dci’ C I ’ s ion with ha 1 t
the t’s’c .i I I eng t ii . hut as fit ’ add it 1 ona I Spat’ e w1i .1 .1 I I  ab to  a t o l e —
phot o couis t rut’ t ion was requ i retl . A toleran ce ama lv s I s show ed t e l  c —
phot o I enst’ ’~ are more setis it lye t oward focus and cent l’at ion sensi t i
it y than ,i convent tonal I cn~ 01 the sli me foc i I length. I’h i s led to
the rt’~ect ion ot’ .1 luminum i s  a cell mat erial because of excess i y e
differential exp.Insion between the ii~ ta1 and the lens diameter s , and
because ot’ the exaggerated dt’t’t-seuss 1mg caused by longitud 111111 t’x p a l I s  ion
of the aluminum . Steel was rejected because of it 5 weig ht. Ti tan ium
was chosen over in itial protests from the pricing and m an u t ’a c t u r in g

departments. During desi gn , it was established that a telephoto
could be athermali~ ed in either of t Wo  w a y s .  First , the gl a ss f or
the negative group could he chosen for an extreme rate of change ,
so as to compensate the effects of expansion in the forward lens group
plus the combined residua l effects of the titanium and the aluminum
bulkhead . The effec t of the vidicon shiftin g in its potting was
experimentally measured and inc luded in the computation . MTF analy sis
of the subsequent d e s i g n  showed i t  u n s a t i s f a c t o r y  at the t empera tu re
extremes. The second s o l u t i o n  was to use a hig h expan sion ‘pusher ’
spacer as shown in F i g .  35. This approach is somewhat undesirable
because friction can cause the spacer to hind . However , MIF anal ysis
showed good performance over the temperature extremes , and so this
was the solution used for the lens. It is worth remarking that in
the end , the exact length of the plasti c spacer was determined ex-
perimenta ll y, with a variable makeup spacer of aluminum to obtain
the nominal lens position. The lens has been in large scale production
for several yea rs , and the cost of the titanium cell , a m a j o r  i n i t i a l
worry , was reduced to modest proportions by quantity production . 

- - --.‘—-
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5. ~ M I R R OR FOLI)S FOR S I Al~ I L  I I’\

l’he cube corner reflector Is an lntt ’resting device . A l i ght
beam inc ident  on i t  a l w a y s  r e t u r n s  in the same diret’t ion no matter
how the cube corner i s  t i l t e d . A s i n g l e  flat mirror , on the other
hand • w i l l  r e t’l ect light at twic e whatever angle the mirr or is t i I t et !
I s there such .i thing ;is II ‘‘ r i g h t  l u g  l e  cube c o r n e r ’’? We do n ‘t know .
The n e x t  bes t thin g i s  .i pa ~r of ’ ml r rors  as shown in F i g .  3( 1.

f o r  .1 ~ .I i r of i nell ned f I  a t  m ir r o r s , l i g ht  t r a v e l  I i ng  p .lra 1 le t t o
tht’ mt ’r id i oi i . i l p l ane  W i  ii i i  war s I ea~ e a t  the  sa me ang le regart i l ess

o f t he ang le  between the mirrors and regardless of the ingl e the
pair i~ t i lt e t i . I’he mIrror system is therefore insensitive to ti l t s
in  one pl ane. I’he pentaprism is e q u i v a l e n t  to a p a i r  of m i r r o r s , hut
has t h c ’ d i s . id v a l l t . i gt ’ that it is t emperature sensitive while the mirrors
could he made from zero expans ion  m a t e r i a l  and mounted on a :ero
e xp a n s i on holder. I rtie , the  m i r r o r p a i r  is not insensitive to tilts in
ot hei’ p l a n e s , hu t  i t  i s  e a s i e r  to d e s i g n  an i n s t r u m e n t  when not a l l
de grees  of freedom neet ! restraint -

We suggest  the  des i gner
caui tint ! m a n y  Prlfl’t icli l lIpp I i c ’at i onS
for the  d o u b l e  m i r r o r .  We f u r t h e r
st i g g t ’st  i t  i s  prut l ent  to iso id the poor

use of’ p r i s m s  i n  p r e c i s i o n
sy s t e m s  because of the i mpo ssilsi 1— -—_____________

i t s ’  of  m a k i n g  a p r i s m  i n s e n s i t i v e
to both therma l g r a d i e n t s  and
homogeneous t e m p e r a t u r e
changes a t  the same time .
Fur thermore , it is presentl y
impractical for the average
desi gner to model the e f f ec t s
of therma l g r a d i e n t s  a f f e c t i n g
r e f r a c t i v e  index as w e l l  as
sur face  shape with light “ .S ’

_

doubly traversing a p e n t ap r i s m . _______ — —~~~ 

much l e s s  some of the more 
:

co mp l i ca ted  folding and ‘- ...  ~~~~~~~~~~~~

t r a n s f e r  p r i sms  tha t  are in  r egu l a r
use .  -

F i g. 3~~. It’chn i que for ma int a ining
p a r a l l e l i s m  of boresi ght
,ixt’ s .

-. --- --5 - - ,.‘ - — — ————-‘- --s-~~~~~~ . - -.--~~~ ‘—.-—
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.-\ long barrel will bend when exposed more heat on one side
than the other. Likewise , a barrel will  bend when exposed to
changing g-forccs , vibr ation and so forth. The optic al lever method
can he used to compensate these effects.

Consider Fi g. 3;, where
l i g ht  is  i n c i d e n t  or e x i t i n g
Jt the left . Suppose the tube
is deflecting w ith a parabolic
shape; although the method
applies to any repeatable
cu rve .  l .ight passes through
the center of the negative lens
and forms a virtual focus . Coii maie d

This is relayed by a positive — 

_ _
~~~~~~~~~~~“~~~‘

lens to the final focus. If ~~~~~~ - ¼
the input beam is sensibly
collimated , the deflected No de f le cL t ~~~

lens motion is self compen-
sated when the magnification of
the positive relay equals the
deflection of the negative lens - 3

minus the deflection of the
positive lens , divided by the 

- — 
,j ,.. .- -

deflection of the positiv e lens. ~~~~
- -

~~~~~~~~~~

This establishes the focal 
—

lengths of the objective and
the relay. 

- 4  
- 4  ~ • -i

Other opportunities exist r
in periscop es and systems w ith
transfer optics. One ca n a l s o
envision schemes using the
t i l t s  of m i r r o r s  mounted on F i g .  3 ’ . Boresight s tab i l i :a t  ion
the sides of the b ar r e l ,  u s ing  the  o p t i c a l  l e v e r .

j  
— - - . 

‘—

- - , . 
- - -
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5 , 5  INIltILA L REFERENCE

‘tn extension of the optical lever concept is the inertia lly
st ab ili ze d optical system . Gravity is an idea l reference for quiet ,
n e a r l y  s t a t i o n a r y  instruments. Gyroscopically controlled elements
ar t ’  c o m p l e t e l y  a p p l i c a b l e  but no i sy and require a power source. This
s e c t i on  of the  report  is intended to provoke thought on the use of
moving elements , contrary to the other school of thought which seeks
to elimin ate element motion as perfectly as possible.

1:1 g. 38. is the protoforn
of  many image motion compensa-
t i o n  schemes:  the  use of an 

—

inertially fixed or otherwise
c o n t r o l l e d  m i r r o r , w i t h  a t e l e  —

scopic a t t a c h m e n t  to c rea te
something near a 2:1 or 1:2
magnification to counteract
the angle doubling that occurs
with reflection . The mirror
could be stabilized with a
plum b bob , or with a gyro-
scopic attachment , It is ,.,,

perhaps worth saying that
stabilizers can be used
forward or backward , which
is an aid in laying out new
confi gurations. ‘~~~Teiesc~ p~

Fi g. 38. Symmetrical nature of
image stabilizer.

i5..

L
p - ~~~~~~~_  ~~~~~~~~~ - ~~~~~ .‘-~~~~~~~- 
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I I , , —~h~ s s the usc.’ of -

sem i — inert i a l  reference mi rroi’ to

comp~ns:ite for ibrat ions in a
hand-held t e l e scope  of modera t e
power .  No power supp ly  i s  re-
qu i r ed , yet  a good dam p i n g
s p e c t r u m  is  o b t a i n e d . Many IMC objec ti v e field l ens
schemes a re  s i m i l a r  to  t h i s  one , 

— —

b u t use  a gyroscop ic c o n n e c t i o n  
— 

— 
— 

/
/

to  t h e  I~ 1 m i r r o r .  S i n c e  m i r r o r s  — — — 
—

do ub l e  t h e  ang le  of erro r , nag- 
— —

nifi cation factors ne a r t w o are
t y p i c a l .  S ince  the  o b s e r v e r
h i m s e l f  may be in  m o t i o n , a 

~~~~ 

‘
, ~d e t a i l e d  s tudy  of the ’  o p t i m u m  ~~~~~~~~~~~~

m a g n i f i c a t i o n  is requi red , and N N

the reader is referred to a
paper by R. Gross ( 1 9 T 1)  for  fluid relay

explanation , lyepiece

In  t h i s  desi gn , we used
a f l u i d - f i l l e d  lens  10 o b t a i n
an ach romat i c  r e lay ; the  f l u i d ’ s Fi g .  39. F l u i d - f i l l e d  rel:iy image
viscosity is selected to obtain stabilizer concept.
proper semi-inertial response
c h a r a c t e r i s t i c s .  The mir ror
is l i g h t l y  res t ra ined , so when repointed , the  r e s to r ing  force~ permi t
the compensator to return to nominal axial ali gnment. The optical
det a i l s  o f the des i gn , e spec i a l l y  image t i l t  and wobble d u r i n g  st a-
b i l i z a t i o n , a re i n t e r e s t i n g  but beyond the scope of t h i s  d i s c u s s i o n .

~~~~~~~~~~~~~~~~~~~ -



—~~~~~~--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 17

P r I  sln ,it Ic coiti~)el l ’-~, i t  i on  I e t ~ L s I t  st’ I I’ to  u i — I  inc l i v o u i t  ;iiid
gi’c.’a I er com~

).ic t Hess , Si 11cc t Iii .’ rt ’  f r~Ic t i ~~~~‘ e 1 ement s ~i Fe  11011111111 1 1 v
t’en t It ’d . t h c v  c.i ii he g I S  cii  c i i  i s - a I nrc’ antI se r v e  lI ck !  i t  iuna I use,
lh i s i s  not pl’IIL ’ t 1 cli i w i t  ii icfl cc I ors h c c a i i sc ’  oh i i  quit’ i n c  i deti ct’  on
other than a ill l I f l d ’  ri’sui l t s i l l  ;II1IIIIw )rp )i i s~ a b er r a  t ion.

WIi l i t ’ II m i rroi’ def’l cc 1 5 f l u id t~~tr~ c t iw ’  index
l I t  doUl ) I c  its t i l t  , a I ow i n d e x  N
prism h a l v es tlic’ a n g l e  of t i l t .  /
‘l’he idea is shown in Fi g.  40. , 4 ~~~where an appropr  i l l  t c.’ f’l u it ! i s ___________ ~~~~~~~~~~ ~~

encased t )etW een two windows. ~ -~~ -~~~ -- -——- -~~ —— - —
~~~~~~

‘ 

-I f the  1 list rurnent i s  vi ated ,
one of the w i n d o w s  r e m a i n s

- - , - giir~~ i1ed wind~~~inertial and forms :i fluid
p r i s m . ‘I wo p r i s m s  , ire  used .
A design of ’ this ;or t won an
A c :iclt’my -‘twa i’d for t he I)ynll —

Sc i cues’s Conipany .

- -

lent i s  shown in F i g .  4!. — 

4

d wred w,’~~- lt

I: g 10. 1 mage mo t i o n  compensa t ion
using f l u i d  f’ i l  l~~tl p r i s m s .

‘l’he d e s i gner  W i l l  rea l i ~e
tha t p r i s m  can be g e n e r a t e d  in
more c o m p l i c a t e d  ways , and Fi g.  

~~~~ r 
- - - ______ - _

shows one in which onl y a s i n g l e 
T : V ~~~r~~~~

e l e m e n t  need he moved . Ilo wev e ’r , /f l
i I t h er e he good reason , and such . . _ ,

relis olls may pertain to the state 
¼of ab er r a t ion c o r r e c t  ion , a v e r y

l a r g e  number  of e l e m e n t s  may he -

ganged for best system perfor-

cv ,’i’ 11 lens is decenter et l  , a 1
- -

~~~~~~a bt’ i’ r a t  Ion. I h i a he rra t ion can \j
he compensa t ed by decent er ng
add i t  101111 1 opt i c li I elements . t

F i u ~. 4 1 .  Prism equivalent usin g l enses
f o r  i llIlit ’,e St Ill ) I i ‘at it)11 .

- 
~~ 

- - .. — ‘.-~~~~ ~~~~~~~~~~~~~~~ - T , - . ‘-‘ ~~~~~~~~ 
— -
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I i i  flue 2 , f u l l  ~‘o l i t - c t  I on
over the field of’ v i e w  ca n he
maintai ned ~lur ing stab i l l  zi t ion ,
hut onl y i f  the decentered ele—
mant s cons i t u t e t he cclii v i i  cut
of ’ one r o t a t i o n a l !  v symmet r i ~‘
optical sy s t e m , whil e the static r
elements const itut e a n o t h e r .  A ~

—

‘I’o achieve this me chani c~i l lv , — - / f - - — ~~~~ — - —

each decentered group woulti he ‘ 

— 

¼ 
-

selfcorrected . This , however , ~
is  impractic al , lead i ng to  

- - 

~ 

-

~~~ 
¼

e x ce s s i v e  s i z e  and w e i g h t .  __________________
Wha t is done instead is that
the decentered elements must
be tilted and decentered so _______________________

that relative to the refracted
axis produced by themselves 

•

optically centered on a re- 
_ _ _  - 

¼ 
~~~~~~~~~~~~~~~~~~~

fracted axis. This may be *

inconsistent with mechanical
cons idera t ions , so tha t  appro si-
11111 t i t i l l  S a i t ’  : 1 5 5  Cl ) I ed , 2
des ign of such systems requires
a good computer code for
multiple configuration , or Fi g. 42 , Image stabi liz at ion based
zoom , e l emen t s ,  on l ens  d e c e n t r a t i o n .

H

- — — -—---‘-‘ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - - ______________ 
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l oom lenses ai’e pla t’t’tI i l l  t w o  t’l :isscs : the opt  ical I r c o m p e l i s l i t  ed
llflcl t lit ’ met’h an i c a  I I  v t’ompen S;I ted . In t he fo rmt’ r c l:i ’~ s , g roiups of’
e l  t ’nlt ’nt s Ire  I i iikccl together :intl movt’ as a who Ic. In the latter
a siii ,il lei ’ n u m b e r  of  gr 0 u i~) S l i l t ’  linked by cam t ) i’ co l l ip t i t e r  tin e lund
lol low se~ a 1’ .I  t e , i ion I i nea i - I  re l;i t ed pat lis . Most wide l’lingt’ ,‘oom’~
.1 1 1 ’ of ’ t he m e c h l u n  i c :i  I lv t’Orn l) en s : i  ted t vp e  , and i t  I s these that we
w i l l  d i  s c u i s s ,

Flit ’ flit ’ t’hll fl  i c i  11 v com pen sat  ~‘~l zoom u s u a l !  V cons  i s t s of ’ t hree
ji ll t’t s , i f  i \ C d  oI)i t ’ s t  i S  t’ group , Ii  :oom i ug  i’e I a’ group, :intl Ii t’ I xt’d
h i 5 k in g  l’e 1:1 V f I ’OUj ) I I ’ I ’ t )  1,5 1 1 1  f o c u s  a r e  obta i ned when a i iv  p11 i’:ime t t’r
depart s f rom nom i l i i  l . A m;I x i 11111111 of  t w o  t he i—mat compens.ito F spac el’s

w i l l  p e r m i t  i t h e r m a l i ‘ i t  io n  01 f o c u S , I t  no blit’ ki l f group i s  used ,
on I v one spa t ’ ci’ i s l’etiu i r ed . ‘I’h c problem of’ to I cr ane  i ng a zoom f o r
f’ociis I s es s e n t  i all v no cli t’ t’ei’en t t h al i  tot eranc I ng an ord 111 :1  I ’V f ’i xed
focus I ens

The problem of ’ ho i’c’~i glit is infinitel y more complicated . Image
riinou t : i i ’ l sc s from numerous sources . Iwo d i m e n s  01111 1 meandering of’

he image i S clue I 0 not  ~~c ’j ) .l rat i ng the nov i ng groups Il l ong a r ft’c t Is
st i ’ i  ig ht I lie. One dimen s l on i l wander , whi ch t i i , i ~ i’ t ’ S e l s c ’ it “cii ’
c e v e r , i l  t l ines , i s  due to t’\Cr\ - sonnet’ ot’ t i l t  h ilt! dec en t r a t  ion in
the lens and t s mech;in i s ’ i  I pa T’t s , ‘lilt’ pi’obl cm i S iggris - lit ed h~

- the
reqii i T ’emcii t a long :ooiii rangt’ he p:lc kageci as t’omp ac t I i ~ ~~05 “ ib  1 c -

I c makes t he i~~’’~’~ o I the mos’ i ng e I emelit s St l’OIift’r I 111111 t lit’ ov e  1 .1 1 1
lens focal length. ,-\ ‘ - we ’ ve shown , St ’ I l S i t  i v i t~ tO c I ’ to ~ iis~ ing i s

p i’op~ i- I i on ,i  I I 1 c i i ’~ P°1~ ’ I’ , Ncc. ’d  l es s  tO 5 :15  , t he tot e i’ i i i c  c’~ n ’etled
t o  m i i i  1 111 1 C t lo l ’ (’c i gil l t’l’iC 1’ ~i Fe ext i eme llfl t l C I I I I C it2 to t i ’  t’ompl
c e l l  t i t ’”  I ~ il .

II 1 5 1 1111)0 5 ~ I b l  c 2 o ~l c i  I ~ i t I c’se i-v I I  sp ’c t o t he  probi em , so
we sli,i I I i I h i s  t i’ :u t c with iu ”t the decen t r~i t i O f l  of ’ I t ’ll” ret ip - - in i

coiilp l i ’ i t IS c l v  St 1 , 1 l f hl t oiw ,ii ’d long range ‘00111 .

I l i t ’ (‘c i l I a  I : ‘ll~~ i:”’ ‘ 1 l i i  h f  I he i’ , i  l i t  i ye  i C R  - - n t ’  t I O i l ”  i n  i m et  h,iii i c i l  I
t omI~cn ’ _ . i t e c I  ~‘om 1 i t ’ g, s-en  b e l  ow • he  s i ii i i i  c o l t  C t ’~~ t cliii’ ’ b e t  i 1 I  ‘~h,’wii
in  l i g .  I

- (
~ 

+ k ’  I . l t l t’~ ‘~~~ H • ~~

- t (  I — n i )

\ ~l ( I — ni ) lil t
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F i r s t order  equa t  ion s  I i  k t ’ these are il lowable in lay i ng ou t  a
:ooiii • hills! ~ fl subsequen t c ~i ni dci’ i v i  t i on • because to the t’i rst ~uppro~ i —

ma t i o u  • c ’ \ c ’ l ~~ t i i  ic k opt  I t , I  I s~ R i  d lii behaves l i k e  a t l i i i  len s p i c ’ v  icled
measurements are taken relative to the principa l planes . For one
desi gn , we used the values below .

1 ‘- in < 10

It = + 25 mm

= + 50 mm

f , -SO mm

f I
Representative solutions to 1 2

in  d e s i g n i n g  a zoom to p i c k  
_______________________

shortest , the longes t , and ~~ 
i _—,~~ , 1 ’

the geometric mean . Fina l I ~~~
—‘.—“ ‘ —

analys is usua l l y  a l l ows
two additiona l intermediate
focal lengths.

Fi g.  43.  Parameters  of the  m o v i n g
elements in a mechanicall y
compensated zoom .

N t I 6 ’

25,000 50.000 .50,000

2 50,000 75,00 -100 , 000

3 7i .573 73 7*5 -119 ,159

3.1 623 14. 559 72 .924 . 1 2 2 , 4 9 3

4 89.535 71 .17$ -134 ,713

S i02,$I2 69,413 -147 ,265

6 115. 1,3 1,9 .055 -159.390

7 126.576 66.919 ‘169,506

$ 1 3 5 . 8 7 3  1,5 .982  - 1 7 7 . 8 5 5

9 i16 .4iS 65 ,177 -1*6,505

10 I”’ .3S0 54.483 - 194 134

‘1111 l &  “ 
. Represent I t  I Vt ’ zoom St ’pa I ’ l l  t I o n s

r el a t  I~~c’ to pr h i t ’ i pal plane s .

.

- -‘I— ~~~~~~-—-----5 — ._- -- -“.—.~- - - -— -~~~~~~ — -‘— —— -—- ~~~~~~~
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Fig. 4-I . shows the  opt ic s  ;u t  three r ep r e sen t a t  iv e  un hu gn i t’ u c , i t  i o f l
‘l’he do t t ed  l i n e s  r epr escu i t  a ray perinietei’ hind is not a i’avtr .ice. We
t’ind that providing a ray’ peri unet cu’ , which shows the ‘stand c lea r ’
region , is a better way to communicate with the cell dt’signer t han to
pros ide c o n v e n t i o n a l  r luyt  races .

H ~~~

- - - - - 
I

M \

~~~~~~~~~~

~~~~~~~~
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Fi g. 44. Zoom lm agiuig S e c t i o n hi t  ex t r eme
l u nd me an m a g n i f i c a t i o n s .

r h i  s lens i s  . u r e l a y  for a t’i xet l aperture objective . ‘l’he beam of
li ght presented to the rd h i i s  around t’/t, and has a cent i’ll I obscurat ion ,
so we canno t put  an i r i s  i n  our re lll v

I-t’ t us now di sciiss tolerances. If we wan t to keep a constant
resoliit ion in  object space , we would spec i t~v that our  zoom hold Il
c o n s t a n t  (WI) error  over  i t s  range . But this woult ! be foo l i sh because
then we ’d magn I fy  the  image witho ut i n c r e a s i n g  r e s o l iu t  i on .  Thus , our
OPE) m u s t  tlcs’i’t’hise by a 10: 1 rhlnge durin g :c~oni in order to ma in ta in  a
f i x e d  r e s o l v a b l e  eel  I si ze on the tletet’toi’. Wt’ may also assign a
bores i ght tolerance on this basis. If we ati justed the lens to have a
fixed outpu t t — n u m b e r  , then it would be proper to t o l e r a n c e  the I ens on
the basis of ’ f i x e d  OPt). Most convent i ona l  zoom lenses have a fixed ii’ is
Ioc,u ~

‘ ion in the t)hick I ng rt’ l ay  and hold hi c o n s t h in t  f’— numher  so long as
the en t r ance  aper ture  p e r m i t s . The u l t r a - r a n g t ’  new television zooms,
w i tli ranges of 3() or even - 10: 1 , cannot  ma I r i ta i i i  ,i Ii  xec! f—number  over
the whole range 23t’eahiSe the objec t i ve  lens would  become p r o h i b i t  i v e l  y
l a rge  and secondary chromat  ic aberration intolerable. l’h ’y hold
f—number  over h i range of sho r t e r  focal  length , then reduc e speed hit
t h e  l onges t  f o c a l  l e n g t h s .

We c;in as si gn m e c h a n i c a l  r u i no u i t  toleranc es to the cells of’ both
moving grou ps by’ using 0111) theory. We requi i.t’ a parax 111 1 marg i na l
r h l y t r h l t ’e ; u t  I I  sampling of  zoouii positions , three l is lih i 11 v being sufficient
The tothi l erro r ass I gnccl to the mechanica I parts i s  set tied wi tli hun
over all ‘rror budget t h a t  i s  Ihus et i  on t h e  p r h ic t  i c u  l i t  h e s  of ’ Icuis

_ _ _ _ _ _ _ _ _ _ _ _



~~~~~~~-~~~~~~~~~~~~~~~~~~- -- _-
~~~~~-~~~~~ — - - ~~~~~~~~~~ - --_ - -— -- ~~~~~ - - 5  ----5

52

mak ing versus metal working . In theory , if the lenses are adj u st ;uhlt ’
in  the In cells , nearl y’ the  who Ic  budget can he h i s s  i gned to the me chanic -il
mechanisms. If this me chhlnism is adjustable for overall centration
and tilt , horesight is optimiz et ! but still susceptahle to therma l cx-
pansion effects , h i S  well h I S  wea r and friction .

We elected to hold a fixed cell size on the detector , which
meant the ON) should reduce with magnification . We have two moving
elements , ant! if we partition the error equally between the two ,
each gets root-two of the budgeted error. We need the par axial rhuy
hei ghts hind the group focal lengths to determine the decentrat ions
corresponding to the allowable wave error at each zoom position.

The results of our thinking are summarized in Table 8.

P~~gn l f l c at l on .. i /i’i~ 10

Objec t distanc e
( )  50,00 72,92 64.48

Group sep ar ation
( )  25.00 74. 5 7 155.3 1

Yi ( )  4.17 6.0* 5,37

~‘2 ~~~ 4 ,17 3 .23 1. 6 7

Total peraissabie
•rror (waves) 2,00 0,63 0.20

Erro r per j~~up
- tot *1/ / N  1,4 0  0 , 45 0 , 14

P .ratasa ble
runout (radius)
of Group I (mm) 0.010 0,0022 0.0008

Permissabi . runout
of Group ii ( )  0,010 0,004 1 0.0026

Table 8. OPD Tolerance analysis of group
decen t ra t ions in sample desi gn.
(*derives from goat of .014mm

image runou t)

Le t ’s con sider the tolerances before we hand them over to the
mech an ica l  designer .  We see tha t Group I rea che s a runout to le ranc e
of only .0008 mm , one waveleng th of l i gh t . We know tha t tole ran ce s
of even .01mm are severe , particularly with moving parts. In point
of fac t , we had no illusion of meeting these tolerances. The customer
was told befo re the des ign was initiated that a hores igh t  runout of
2% of the frame size wotuld constitute the best we could achievc’ in
practice. Greater precision would come at a prohibitive price and
one mi gh t as w e l l  reconc i le h im s e l f  to the need for feedbac k loops
in precision horesi ght zoom systems . 

- - - - --~~~~—-~~~.-— ~~~~~~-~~~~~~~~ -- - - - —-- - -
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6. CONCLUSIONS AND RECOMMENDAT IONS

6 .1  CONCLUSIONS

We hope we have helped make the reader feel more at ease with
wave theory as applied to horesight and focus. We hope he agrees with
us that this approach offers some clear insi ghts on the source of the
problem . If the reader wants to continue his study of wave theory ,
the text by Hopkins (1950) is recommended .

As we ’ve shown in this report , it is not difficult to relate
parameter error to boresight and focus error . The wave theory lends
itself readily to being programmed for computer . We have made little
about the fact that boresight and focus are vectorial; this is implicit
in the fact that the errors of one component can be cancelled by those
of another . We have also said little about statistics , wh ich do app l y
in the limit. The answer to the random walk problem is the same for
vectors as it is for scalers , if the number of variables is great
enough .

We ’ve as sembled a great deal of general material that should be
of use in preliminary layout , but we warn that much of the data is of
questionable accuracy. Some of the materials are exceedingly nonlinear ,
particularly plastics and fluids. The data supplied is intended for
use only in the initial stage of design , with the manufacturers to
be consul ted prior to optimization .

The des ign of athermal systems depends on selecting the ri ght
materials and upon employing a good design technique . We are inclined
to think design technique is more important than material selection ,
but this is merely a matter of opinion . We have offered some ideas
on the des ign of athermal sys tems. We ’re sure the reader will see
opportunities of his own .

6 .2  RECOMMENDATIONS

We recommend further investi gation of the effects of therma l
gradients. We believe emphasis can now be directed toward practical
optics rather than the simple abstractions dealt with in the present
report . We would like to recommend a collaboration between Dr. Buchroeder ,
author of this report , and Dr. Malvick , professor of engineering on
joint appointment with the Optical Sciences Center of the Un iversity of
Arizona . Dr. Malvick is well versed in the finite element computer
analysis of optical elements , and well qualified to quant i fy the effects
of convection , conduction and radiation .

We recommend a parallel experimental investigat ion of mock instru-
ments built to yield data on the success or failure of mathematical
modelling . Since the image forming qualities of such instruments are
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no t  d 1 nec t I ~ I mport ant • t he y - m ,uv he of’ tin i qua ’ I v econoni I t ’ a I tI C s i gu

Foi l o~ I rig t he d’Oflip I et I on t) f t heore t I d ’ a I and C X~~t’ r I mental rt’ se.u rt’ti
we recominent! t h a t  an uri c I h I S S  i f I et! m i  i i  t h u r y  opt i cli i sy s t e m , such as h i f l

.1 i r c r h u f t  per iscope , he a na l v : t ’ tl and t e s ted  in the framework of theory .
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