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P u p i l p l a n e w a v e f r o n t s e n s i n g w i t h a n o s c i l l a t i n g p r i s m

R O B E R T O R A G A Z Z O N I

A stro n o m ica l O b se rva to ry o f Pa d o v a , v ico lo d e ll ’ O sse rv a to r io 5 ,

I-3 51 2 2 P ad o va , Ita ly

( R e c e i v e d 30 M a y 1995; r e v i s i o n r e c e i v e d 23 A u g u s t 1995 )

A b s t r a c t . A co m p a c t p u p il p lan e w ave f ro n t se n so r is d e sc r ib ed , w h ich is

a b le to im age o n a sin g le d e te c to r fo u r im ag es o f th e p u p il , co n ta in in g

in fo rm a tio n o n th e g rad ien t o f th e in co m in g w a ve fro n t. T h e w av e fro n t sen so r

co n s is ts o f a len s re la y an d an o sc i l la t in g p y ra m id a l- sh ap ed p r ism . T h e ga in o f

th e d ev ic e is d riv en b y th e a m p litu d e o f th e o sc i l la t io n s , w h ile th e sa m p lin g is

d e te rm in ed b y th e fo ca l len g th o f th e len s re la y . T h is w av e fro n t sen so r ca n b e

co n ven ien tly u sed fo r a st ro n o m ica l ad ap t iv e o p t ic s p u rp o se s b ecau se o f it s

¯ ex ib i l i ty to m at ch th e b rig h tn e ss o f th e re fe ren ce so u rc e u se d (v a ry in g th e

sam p lin g ) an d th e se e in g co n d it io n s ( va ry in g th e ga in ) .

1 . I n t r o d u c t i o n

W a vefro n t sen so rs u sed in a d a p t ive o p t ic s fo r as tro n o m y b e lo n g , e ssen tia lly ,

to th e S h a ck ± H a rtm a n n , cu rva tu re an d sh ea rin g in te rfero m eter s [1 ]. O f th e se

d ev ice s in a p a rt icu la r im p lem en ta t io n o f th e cu rv a tu re sen so r [2 ] it is p o ssib le to

ch a n g e th e g a in ea sily a n d in a co n t in u o u s w a y , i .e . th e re sp o n se v ersu s th e

m ea su red w a ve fro n t d e fo rm a t io n . T h e sam p lin g is u su a lly ta k en as a ® x ed

p ara m ete r, esp ec ia lly fo r S h a ck ± H a rtm a n n w av e fro n t sen so rs w h ere th e sp o ts

p ro d u ced b y a len s le t a r ray a re u su a lly m atch ed w ith th e in ter sec tio n o f fo u r

a d ja cen t p ixe ls in th e d e tec to r . In th i s w a y it is h a rd to ch a n g e th e len sle t a r ray

fo r sam p l in g m o d i ® c a t io n , b eca u se o f a lign m en t p ro b lem s .

T h is p a p er d esc rib e s a co n cep t fo r a w av e fro n t sen so r w h ere b o th g a in a n d

sa m p lin g ca n b e eas ily ch a n g ed in a s im p le a n d co n t in u o u s m a n n er.

2 . D e s c r i p t i o n o f t h e w a v e f r o n t s e n s o r

T h e w a ve fro n t sen so r lay o u t is sk etch ed in ® gu re 1 w h ile a c ro ss sec t io n o f a

t r u e im p lem en ta t io n a d o p t in g a p o lych ro m a tic so u rce a n d a n a ch ro m a t d o u b le t a s

len s re lay is sh o w n in ® g u re 2 .

T h e n o m in a l fo ca l p la n e o f th e te le sco p e illu m in at in g th e w a ve fro n t sen so r lie s

a p p ro x im ate ly o n th e v ertex o f th e p y ram id a l p rism . T h e fo u r face s o f th i s p rism

d e¯ ect th e ligh t in s ligh tly d iŒeren t d irec t io n s a n d , a s seen fro m th e len s re la y , th e

ex it p u p il p o sit io n o f th e te le sco p e w ill ap p ea r s ligh t ly sh if ted in fo u r d iŒeren t

d irec tio n s. P ro v id ed th ere are n eg lig ib le a b erra t io n s o ver a w id e en o u g h ® e ld o f

v iew , th e len s re la y i s ab le to co n ju g ate th e fo u r a p p a ren t ex it p u p i ls o n to fo u r

p u p il im ag es o n th e d e tec to r su r fa ce . T h e v er tex an g le o f th e p yram id is to b e

k ep t v e ry lo w . It m u st b e a s slig h t ly le ss th a n 1 80 Ê to g iv e th e fo u r p u p ils en o u gh

re la t iv e d isp la cem en t so th a t th ey d o n o t o verla p (as in th e ® g u re s) . T h is a llo w s

fo r o n ly v e ry t in y d isp la cem en ts o f th e p u p ils w h en th e p yra m id is m o v ed sligh t ly
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F igu re 1 . T h e o vera ll layo u t o f th e w a ve fro n t sen so r co n cep t d e sc rib ed in th e t ex t .

F ig u re 2 . A t r u e o p t ica l ray -t ra c in g sec t io n o f th e p ro p o sed w a ve fro n t se n so r . F o r c la r it y

th e v e rt ex an g le o f th e p y ra m id a n d th e d ist an ce b e tw een th e tw o p u p ils h a s b een

g re a tly exa gg e ra ted .

in th e d irec t io n o f th e arro w s d u e to a m u ch large r d i stan ce o f th e ex it p u p il w i th

re sp ec t to th e fo ca l len g th o f th e len s relay .

L e t u s co n sid e r a sec t io n o f th e w a ve fro n t sen so r (see a lso ® gu re 2 ) . T h e a m o u n t

o f l igh t th a t is co l le cted b y o n e p u p il is g iv en b y th e a m o u n t o f ligh t th a t h it s th e

p rism o n th e re la ted fa ce. B e in g th e p rism o n th e fo ca l p la n e a n d th e p o si tio n

d ep en d in g u p o n th e d eriva t ive o f th e w a ve fro n t W , o n e ca n ea sily see th a t each

p u p il is il lu m in a ted b y ra y s w i th a g iven ra n g e = W . E stab lish in g a n o rm a liz ed

co o rd in a te system ( s , t ) o n th e p u p il p la n e ( s
2 + t

2 = 1 o n th e ed ges o f th e p u p il,

b o th in th e rea l a n d in th e re im a ged o n es) , an d a co o rd in a te sy stem alig n ed w ith

( s , t ) , o n th e im a g e p la n e a t th e p yra m id vertex (x , y ) , o n e ca n ea sily ve rify th e

re la t io n sh ip s

x =
¶ W

¶ s
F ; y =

¶ W

¶ t
F , (1 )
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F ig u re 3 . T w o w ay s to v ib ra te th e p y ram id a l p r ism s. S ee tex t fo r d e ta ils .

w h ere F is th e fo ca l ra t io o f th e telesco p e a t th e w av e fro n t sen so r fo c i. M o reo v er,

a d d in g th e im ag es (a ) a n d (b ) to g e th e r o n e ex ac t ly o b ta in s th e im ag e co lle c ted v ia

a k n ife -ed g e te st (o r F o u cau lt te st ). A d d in g im a g es (c ) an d (d ) o n e o b ta in s th e

co m p lem en tary k n ife -ed g e te st , w h ile ad d in g (a ) a n d (c ) im a ges o r (b ) an d (d )

im a g es th e sam e te st is o b ta in ed a lo n g th e o rth o g o n a l d irec t io n .

If th e p y ra m id a l p rism is v ib ra ted (w ith a freq u en cy eq u a l to , an in tege r

m u lt ip le o f , o r sim p ly m u ch h ig h er th a n 1 / t , w h ere t is th e in teg ra t io n t im e a d o p ted

fo r th e d e tec to r) o n e can o b ta in th e rela t iv e ( in o n e v ib ra t io n cy c le ) t r a n s p a r e n c y o f

ea ch o f th e fo u r face s.

In ® g u re 3 (a , b ) o n e ca n see tw o d iŒeren t ca se s, w h ere th e a m p litu d e o f

v ib ra t io n is n o ted a s d V a n d th e co rre sp o n d in g re la t ive tra n sp a ren c ie s T (x ) o r

T ( y ) can b e d er ived .

T h e m o d e sh o w n in ® g u re 3 (a ) w ill p ro v id e a lin ea r T , b u t a t th e tu rn in g

ed g es w ill p ro d u ce v ery h ig h acce le ra tio n s o n th e sy stem (th is ca n b e rea liz ed

w ith p iezo -d riv e rs fo r sm all d V a m p litu d es) . A d o p t in g th e m o d e sh o w n in ® gu re

3 (b ) o n e can m o re ea sily rea liz e i t w ith so m e eccen tr ic sp in n in g m ech an ism , b u t

th e re su lt in g T is n ear ly lin ear o n ly in th e cen tra l p o r tio n o f th e cu rv e.

P ro v id ed th e m a x b lu r is sm a ller th an d V , th e am o u n t o f lig h t co lle c ted in th e

p u p ils (a ) an d (b ) co -a d d ed to g e th e r a f te r th e p ro p er in tegra t io n t im e t , w ill b e

g iv en b y :

Ia b ( s , t ) = Io ( s , t )T 1 ¶ W ( s , t )

¶ s
F 2 , (2 )

w h ile I c d ca n b e o b ta in ed b y su b st itu t in g 1 ± T fo r T , a n d Ia c an d Ib d ca n b e

ev a lu a ted a lo n g th e o rth o g o n a l t d irec t io n .

T h e sc in t illa t io n eŒect can b e ru led o u t b y u sin g a s a n est im a to r o f th e w av e fro n t

d er iva t ive th e n o rm a liz ed d iŒeren ce s b e tw een o p p o site p a ir s o f p u p ils . F in a lly , if

th e tran sp a ren cy fu n c t io n T is (o r can b e assu m ed ) lin ea r o ver th e w h o le in te rva l
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d V , th e fo llo w in g rela t io n sh ip s (w h ere x = Ix ( s , t ) ) w ill h o ld :

¶ W ( s , t )

¶ s
=

(a + b ) ± ( c + d )

a + b + c + d
´

F

d V
;

¶ W (s , t )

¶ s
=

(a + c ) ± (b + d )

a + b + c + d
´

F

d V
, (3 )

w h ere it ca n ea sily b e seen th a t th e g a in is d riv en b y th e v ib ra t io n am p l itu d e d V .

T h e sa m p lin g , i.e . th e size o f th e p u p il o n th e d e tec to r su rface , is d riv en b y th e

fo ca l l en g th o f th e re lay len s a n d th is ca n b e ea sily ch a n g ed in a co n tin u o u s m an n er

w ith a zo o m o p tica l re la y . T h e req u ired ® e ld o f v iew is v e ry sm a ll a n d th e w o rk in g

F ra tio o f th is o p t ica l re lay is so la rg e th a t su ch a n o p t io n ca n p ro b ab ly b e o b ta in ed

w ith a few o p t ica l e lem en ts, w h ile n o t a Œect in g th e th ro u g h p u t p erfo rm an ces. A s

a ® n a l rem a rk , ch a n g in g p o sit io n o f th e fo cu s o f th is la st e lem en t (b u t s ti l l k eep in g

th e fo c i o f th e telesco p e o n th e v ertex o f th e p r ism ) o n e co u ld a lso im a ge o n to th e

d etec to r so m e tu rb u len t la ye r lo ca ted k ilo m etres aw a y fro m th e te le sco p e .

3 . C o m p a r i s o n o f p e r f o r m a n c e s w i t h S h a c k - H a r t m a n n s e n s o r

T h e p er fo rm a n ce o f th is d etec to r, i.e . p h o to n e � c ien cy , accu ra cy an d sen sit iv ity

[3 ], a re th e sa m e as a S h a ck ± H a rtm an n w a v efro n t sen so r, p ro v id ed th e fo l lo w in g

a re tru e :

(1 ) th e m o t io n o f ea ch su b ap ertu re im ag e o n th e S h a ck ± H a rtm an n sen so r is

m easu red w ith a 4 C C D p ix e l q u a d ra n t [4 ];

(2 ) th e sa m p lin g o f th e p u p il f ro m th e C C D p ixe l siz e in th e w a ve fro n t sen so r

h ere p ro p o sed an d th e sa m p lin g o f a sin g le len s o f th e len sle t a r ray fo r th e

S h a ck ± H a rtm a n n case a re th e sam e o n th e in p u t p u p il;

(3 ) th e in tegra t io n t im e is th e sa m e fo r b o th sen so rs;

(4 ) th e eq u iv a len t an gu lar siz e , a s p ro jec ted in th e sk y , o f th e sp o t co lle c ted o n

th e S h a ck ± H artm a n n sen so r’ s d e tec to r is th e sa m e a s th e eq u iv a len t a n g u la r

siz e , a s p ro jec ted in th e sk y , o f d V .

In th e ca se o f a sm all d ep a rtu re o f th e w av e fro n t fro m a p la n e o n e , th e sta tem en t

o b v io u sly d er ive s fro m th e fac t th a t th e p h o to n s co l le cted fo r ea ch su b a p ertu re

a n d fo r th e sa m e in teg ra tio n t im e are eq u a l a n d sp li t in to a 4 C C D p ix el fo r b o th

sen so rs, b ecau se, w ith th e g iv en assu m p t io n s , a n d th e d eriva t ive o f th e w av e fro n t

a s in eq u a t io n (3 ) , th e eŒec ts o f rea d o u t n o ise a n d p h o to n n o ise a re th e sa m e .

M o reo v er , th e sa tu ra tio n eŒect ex p erien ced b y th i s sen so r w h en , o ccasio n a l ly , so m e

p o rt io n o f th e in p u t p u p il sp rea d s o ver th e d V ra n g e is eq u iva len t to th e

S h ack ± H artm an n case w h en th e sp o t is sh if ted in su ch a w a y th at th e in te rsec tio n

o f th e fo u r -q u a d ra n t p ixe l is n o lo n g er in s id e th e sp o t .

T h e req u ired n u m b er o f p ixe ls, i .e . th e siz e o f th e C C D , ca n b e th e sam e if

ca re is tak en su ch th a t th e fo u r p u p ils a re a s c lo se a s p o ssib le w ith o u t o verla p p in g

( th is i s d o n e b y th e p ro p er ch o ice o f th e v e rtex a n g le o f th e p y ra m id ) .

4 . C o n c l u s i o n s

T h e w a v efro n t sen so r h ere d esc rib ed clo se ly re sem b le s th e o n e illu stra ted b y

H o rw itz [5 ] an d th e co n cep ts illu s tra ted b y S p ra gu e an d T h o m p so n [6 ] a n d

H o rw itz [7 ]. It is cu rio u s to p o in t o u t th a t a sim ila r co n cep t i s th e b as is o f th e

m o d u la t io n co n tras t m ic ro sco p e [8 ]. In so m e cases in m ic ro sco p y , in fac t , th e o b -

je c t to b e o b se rved h a s a v ery lo w co n tra st a n d ca n o n ly b e im a g ed th ro u gh th e

d efo rm at io n o f th e w a v efro n t o f th e l igh t u sed fo r it s il lu m in at io n [9 ].
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In th e se d ev ice s, h o w ev er, th e tra n sp a ren cy T is to b e gen era ted w ith a grad ien t

b ea m -sp li tte r, in o rd er to reco ver a ll th e l igh t co lle c ted an d to av o id sc in til la t io n

b ias. S u ch ® lt e rs a re ve ry d i� cu lt to rea liz e , h a v in g d V o f th e o rd er o f D ´ F ´ l /r0 .

T h e p ro p o sed la yo u ts, m o reo ver, req u ire ad d it io n a l o p t ic s a n d fo u r d iŒeren t

d etec to rs, leav in g lit t le sp a ce fo r ¯ ex ib ility . In co n trast , th e k ey p a ra m eter s o f th e

w a ve fro n t sen so r h ere p ro p o sed ca n easi ly b e ch an ged an d th e co m p a c tn ess o f th e

d es ign a llo w s fo r a sim p le r a n d m o re co st -eŒec t iv e rea liza tio n . It h a s a lso b een

sh o w n th at it s p er fo rm a n ce is th e sa m e a s a S h a ck ± H a rtm an n w av e fro n t sen so r

u sed w ith a fo u r p ix el s p e r sp o t cen tro id in g m o d e .

A c k n o w l e d g m e n t s

T h is w o rk w a s carr ied o u t d u rin g th e s ta y o f th e au th o r a s a R esea rch S ch o lar

a t th e S tew a rd O b serv a to ry a t th e U n iv e rsity o f A rizo n a , T u cso n . T h e au th o r i s

in d eb ted to J . R . P . A n g el fo r u se fu l c rit ic ism o f th e m a n u sc rip t .
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