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ABSTRACT 

The full potential of t he nex t genera t ion of l a r g e r te lescopes 
will be realized only if they have well ins t rumented l a rge fields of 
v iew. Scientific problems for which v e r y l a rge g r o u n d - b a s e d optical 
te lescopes will be of most value often will need s u r v e y s to v e r y deep 
limits with imaging and sl i t less spec t roscopy , followed b y spec t roscopy 
of faint objects taken many at once over the field. Improved i n s t r u ­
ments and de tec to r s for th is pu rpose a re be ing deve loped . Remotely 
positioned f ibers allow the coupling of l ight from many objects in the 
field to the s p e c t r o g r a p h s l i t . CCD a r r a y s , opera ted in t he TDI or 
drift scan mode, will make l a rge area de tec to r s of h igh efficiency tha t 
may supercede photographic p l a t e s . An ideal telescope optical des ign 
should be based on a fast parabolic p r imary , have a field of at least 
1° with achromatic images < 0.25 a rcseconds and have provision for 
d i spers ive elements to b e used for s l i t less spec t roscopy and compen­
sation of atmospheric d i spers ion over the full field. A good solution 
for a general pu rpose te lescope tha t can satisfy these needs is given 
b y a t h r ee element ref rac t ive co r r ec to r at a fast Cassegra in focus . A 
specialized telescope dedicated to sky s u r v e y s , with b e t t e r image 
qual i ty and h ighe r t h r o u g h p u t than p re sen t ly avai lable , might b e buil t 
as a scaled u p Schmidt with v e r y l a rge photographic p l a t e s . Be t t e r 
performance in most a reas should be obtained with a l a rge CCD mosaic 
de tec tor opera ted in t he drif t scan mode at a telescope with a 2-mirror 
ref lect ing c o r r e c t o r . 

1. INTRODUCTION 

Telescopes with a p e r t u r e s considerably l a rge r than 4m diameter a re 
be ing planned b y a number of g roups in the U . S . A . and e l sewhere . A new 
generat ion of 8m class i n s t r u m e n t s , some making u s e of single glass 
honeycomb mirrors and al t -azimuth mounts , can be e x p e c t e d . One or two 
ins t ruments with multiple pr imary mirror elements to achieve even 
l a r g e r area a r e p lanned , such as t he US NNTT and ESO' s VLT. The new 
telescopes should be built to realize the bes t qual i ty imaging possible 
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t h r o u g h the a tmosphere and to match the most efficient de tec to r s and 
i n s t r u m e n t s . In th i s p a p e r we will cons ider t he wide field capabili ty 
tha t is needed and can be realized in these te lescopes , and also future 
t y p e s of specialized s u r v e y ins t ruments tha t will bes t suppor t them. 

Spect roscopy of faint objects will be one of the major t a s k s for 
t he l a rges t t e lescopes , and it is for th is work tha t a wide field is 
most va luab le . Even with a v e r y l a rge te lescope , a long time is 
r equ i r ed to obtain spec t r a of objects a t o r below the s k y limit, b u t 
recen t ly t echn iques have been developed to obtain a p e r t u r e or slit 
spec t r a of dozens of objects at once , t aken from all over the field of 
v iew. This goes to the hea r t of a science in which no exper iments are 
poss ib le , b u t u n d e r s t a n d i n g has to be buil t u p from observa t ions of 
many ob jec t s . 

In addit ion to slit spec t roscopy of multiple objec ts , a wide field 
is valuable for sl i t less spec t roscopy and for d i rec t imaging. Most of 
t he p r e s e n t genera t ion of 4m te lescopes t ake advan tage of wide field 
prime focus co r r ec to r s with photographic p la tes to make low resolution 
grism s u r v e y s . An in t e r e s t i ng aspec t of s l i t less spec t roscopy is that 
t he la rge telescope ac ts efficiently as i ts own s u r v e y i n s t rumen t . The 
limiting magnitude for low resolut ion spec t r a projected agains t the sky 
b a c k g r o u n d is similar to tha t of h ighe r resolut ion spec t r a obtained 
t h r o u g h multiple a p e r t u r e s in t he focal p l ane . 

Direct imaging remains an a rea where v e r y l a rge te lescopes will 
have an important role and should exploit the bes t s ee ing . With an 8m 
telescope the sky signal in photometric b a n d s is about 1000 photon /sec 
from one squa re a r c second . When the seeing is excel lent , sampling with 
pixels of 0.1 - 0.15 a rcseconds is de s i r ab l e . Mapping to 1% of the 
n ight sky in these pixels will t h u s still r equ i r e long exposures with 
t he bes t d e t e c t o r s . 

What field of view should we s t r i ve for in a telescope to be used 
in these ways? No ha rd and fast answer is poss ib le , because of the 
g r ea t d ive r s i ty of p rograms u n d e r t a k e n with optical t e lescopes . 
However, once it is accepted tha t equipment for ident ifying and 
simultaneous spec t roscopy of many objec ts , of o r d e r 100 at a time, will 
b e u s e d , then t h e r e is considerable advan t age in having the widest 
possible field. Consider the s t u d y of gravi tat ional ly bound sys tems, 
such as open and globular c l u s t e r s , dwarf galaxies , galaxies and 
c l u s t e r s of ga lax ies . The nea res t examples of all these t y p e s , those 
t ha t can b e s tudied in t he most de ta i l , have a diameter of a deg ree or 
cons iderably more. It is clearly advan tageous if en t i re systems can be 
s tudied in one or only a few fields of multiobject spec t ro scopy . 

A second general class of observa t ion is of randomly d is t r ibu ted 
objec ts , such as t he local disc s te l lar popula t ion, halo s t a r s , d is tant 
galaxies and q u a s a r s . The re is no na tu ra l angu la r scale for s tudying 
the se ob jec ts , b u t t h e r e is a re la t ionship be tween number in a given 
field and appa ren t magni tude . Suppose one wishes to s t u d y many iso-

https://doi.org/10.1017/S0252921100107171 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100107171


IMPLEMENTATION. AND USE OF WIDE FIELDS 551 

tropically d i s t r ibu ted objects of cer ta in luminosity and the te lescope 
is to be equipped to t ake a ce r ta in number of objects at once from a 
field of angu la r diameter 0 . The a p p a r e n t magnitude tha t must b e 
reached then va r i e s as 10/3 log6, t h u s a doubl ing of the field diameter 
allows one to work almost exact ly 1 magni tude b r i g h t e r . At cosmologi-
cal d i s tances th i s simple re la t ionship b r e a k s down due to t he effects 
of r edsh i f t , evolution and geometry , and each t y p e of object must be 
t r ea ted expl ic i t ly . T h u s , for b r i g h t q u a s a r s t he number dens i ty 
inc reases much more s t rongly with magnitude than would be expected for 
an isotropic d i s t r i bu t ion . But b y 21^t magni tude , where the dens i ty is 
~ 100/square d e g r e e , t h e r a t e of inc rease is not v e r y different from 
the isotropic case above . 

Our conclusion from these cons idera t ions is tha t t he h ighes t 
scientific p roduc t iv i ty of v e r y l a rge te lescopes opera t ing in t he op t i ­
cal spect rum will be achieved b y giving them the widest possible fields 
of view. The actual size to be buil t t u r n s on the pract ica l i ty of 
making ins t rumen t s and de tec to r s for l a rge f ields, optical des ign solu­
t ions with t he r equ i r ed image qual i ty and sca le , and compatibility of 
wide field use with o the r appl icat ions , par t i cu la r ly in t he thermal 
i n f r a r e d . 

2. INSTRUMENTS AND DETECTORS 

A p e r t u r e or slit spec t r a of multiple objects in t h e field a re 
c u r r e n t l y obtained e i the r b y making a drilled a p e r t u r e plate at the 
spec t rog raph e n t r a n c e , or re laying l ight from the focal plane to t he 
spec t rog raph en t r ance with f i b e r s . A p e r t u r e pla tes a re the eas ier to 
implement and have been used at t he Mayall and Hale te lescopes 
(Dress ie r and Gunn 1983). However, t h e method cannot b e adap ted to 
l a rge fields and is r e s t r i c t ed to fairly low d i spe r s ion . Fiber 
coupl ing, in use at the Steward Obse rva to ry and AAT te lescopes , o v e r ­
comes t he se limitations and is t h e method of choice for v e r y l a rge 
t e l escopes . 

A f iber is located at t h e position of each object in t h e focal 
p lane , and all the f ibers a r e b r o u g h t into a line at the en t r ance slit 
of the s p e c t r o g r a p h . In th is way a de tec to r with 1000 x 1000 la rge 
pixels can record l inear spec t r a of moderate d ispers ion of a round 100 
objects at once . Higher d i spers ion spec t r a r equ i r e l a rge numbers of 
pixels in t he form of mosaic de tec to r s in a single la rge s p e c t r o g r a p h , 
or multiple smaller s p e c t r o g r a p h s each handl ing a subse t of t he total 
number of s p e c t r a . Exist ing multiple f iber ins t ruments use p la tes with 
dril led holes to locate f ibers cor rec t ly in t he focal p lane (Hill et^ 
a l . 1980, Gray 1983). The next generat ion will incoporate some t y p e of 
mechanism so f ibers can b e remotely positioned u n d e r computer control 
(Hill, Angel and Scott 1983). This is not only a convenience; f ibers 
in a permanent set can be p r e p a r e d with more c a r e , and equipped with 
microlenses to allow the most efficient coupl ing . 
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Two telescope requ i rements for ge t t ing t he most out of multi-fiber 
spec t roscopy a re as follows. F i r s t , t he images should b e achromatic . 
Most c u r r e n t wide field co r r ec to r s were des igned for imaging in photo­
metric b a n d s , when refocusing from b a n d - t o - b a n d is not a ser ious 
de fec t . However, if silicon d e t e c t o r s cover ing 0 .3 - l\i a re used in 
t he s p e c t r o g r a p h , th is r a n g e of wavelengths should all come to a sha rp 
focus in t he same p lane . Second, assuming the seeing is good and the 
co r r ec to r is achromat ic , t he sp read of t he image from dispers ion in the 
a tmosphere will be qui te p ronounced , even for objects well above the 
hor izon . A system tha t incorpora tes prism elements to balance out 
a tmospheric d i spers ion is t h u s v e r y des i r ab le , so tha t small round 
a p e r t u r e s with the maximum sky rejection can be u s e d . 

One aspect tha t is not cri t ical for f iber spec t roscopy is scale 
o r focal r a t i o . With t he aid of microlenses , which can b e contacted 
to a f iber end with no loss , efficient coupling can be made to fast or 
slow foci (Hill, Angel and Richardson 1983). Another point is tha t 
t h e r e is no special difficulty in ins t rumen t ing v e r y l a rge fields with 
f i be r s , par t icu la r ly if the f ibers a r e remotely pos t ioned . For Schmidt 
size fields with fixed f ibe r s , differential refract ion d u r i n g the expo­
s u r e is significant (Watson 1983), b u t remote posit ioning allows 
correc t ion to be made d u r i n g an e x p o s u r e . A pract ical considerat ion is 
t h e need for access a round the field for remotely posit ioned f i be r s . 
Optical de s igns like t he Schmidt or Paul have ' t r a p p e d ' foci, with 
li t t le room for ac tua to r s un less folding mirrors a re u s e d . 

T u r n i n g ou r a t tent ion to s l i t less spec t roscopy and imaging, the 
big ques t ion is t he de tec to r to be used for l a rge t e l escopes . In the 
b e s t see ing , when images of 1/3 a rcsecond can b e r eco rded , pixel sizes 
of 0.1 - 0.15 a rc seconds should b e u s e d , i . e . , ~ 10^ pe r s q u a r e d e g r e e . 
The ideal de tec tor would combine the l a rge a rea and convenience of pho ­
tograph ic plates with the l inear i ty , dynamic r a n g e and high sensi t ivi ty 
of CCDs. Many CCDs used t oge the r a r e n e e d e d , or more sensi t ive 
emuls ions . In fact , we can ant ic ipate t ha t bo th may b e available 
within t he nex t decade , t he time scale for development of the new big 
t e l e scopes . 

We have seen at this meeting the cont inuing s t r e n g t h of p h o ­
tograph ic methods , par t i cu la r ly when the most sens i t ive p la tes a re ana ­
lyzed with the new genera t ion of h igh speed microdensi tometers . The 
pr imary deficiency of pho tog raphy is i t s low de tec t ive quantum effi­
ciency (DQE), c u r r e n t l y ~ 2% for t he be s t hyper sens i t i zed I l laJ p l a t e s . 
However, advances in speed cont inue to be made, with Kodak ' s new T 
g ra in s holding the promise of a factor two increase in DQE for a s t r o n o ­
mical p la tes (Millikan 1984). The l a rge plate scale of v e r y big 
te lescopes may allow still f u r t he r a d v a n c e s , since l a r g e r g ra ins can be 
t o l e r a t ed . P resen t ly a focal ra t io of f/3 is cons idered ideal for 
p h o t o g r a p h y , yielding optimum exposu re for sky limited images in about 
an h o u r . F u t u r e inc reases in emulsion speed should allow for somewhat 
slower foci or s h o r t e r e x p o s u r e s . 
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Charge coupled devices (CCDs) offer h i g h e r efficiency, l inear i ty 
and dynamic r ange than photographic p la t e s , with near un i ty DQE over a 
wide spec t ra l r a n g e obtained in t h e be s t d e v i c e s . Single devices a re 
now widely used for imaging relat ively small f ie lds . Two t echn iques 
a r e now being developed to realize wide field coverage with CCDs: t he 
deployment of many devices in a mosaic and the drif t scan method. The 
wide field camera on space te lescope u se s four devices to sample a 2.6 
arcminute s q u a r e field with 0.1 arcsecond p ixe l s . A similar con­
figurat ion has jus t been developed at Palomar with 0 .3 " sampling over a 
8 ' squa re field ( G u n n , Westphal and Danielson 1983). In the drif t scan 
or TDI method, the CCD is clocked slowly and cont inuously as t he s t a r 
field moves in synchronizat ion with the cha rge image across t he face of 
t h e c h i p . The deepes t optical images ye t made, reach ing 26th magni­
t u d e in R, have been made th is way (McKay 1983). Wide field s u r v e y s 
a r e also now be ing u n d e r t a k e n b y th is method. McGraw et a l . (1982) 
descr ibe a 1.8m t r ans i t i n s t rumen t which will use two CCDs to scan a 
s t r ip 8 arcminutes wide, of a rea 20 s q u a r e deg ree s p e r n igh t , to about 
the same limiting magnitude as a I l laJ Schmidt p l a t e . 

The advan tages of the TDI method a re tha t seamless la rge a rea ima­
ges can be realized from a mosaic of separa ted small dev ices , and tha t 

F igure 1. A possible configurat ion of CCDs of aspec t ra t io 2 : 3 , 
sui table for drif t scan imaging of a l a rge field. The ver t ica l r epea t 
spacing is jus t less than twice t h e he igh t of t he act ive a r e a , so tha t 
a horizontal scan leaves no g a p s . 
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flat fielding becomes a fairly t rac tab le one dimensional problem. A 
mosaic configurat ion sui table for TDI imaging of l a rge fields is shown 
in F igure 1. The devices he re a re packed with a filling factor of 1/3. 
The DOE of such an a r r a y would t h u s be about 25%, if the individual 
device quantum efficiency is 75%. If devices a re used in th i s way, 
t h e r e may be no compelling advan tage in us ing v e r y l a rge individual 
c h i p s . In some ways it is b e t t e r for them not to be too l a r g e . If the 
te lescope is dr i f ted ac ross t he s t a r field, image dis tor t ion will 
r e su l t in b l u r r i n g if t he individual devices a re too l a r g e . 

A crit ical des ign parameter in us ing CCD a r r a y s for imaging is to 
match the pixel size and image sca le . P r e sen t devices used for a s t ron ­
omy have pixels in t he r a n g e 15 - 30y. Taking 22JI as r ep re sen t a t i ve , 
we find for sampling at 0 .1 a rc seconds a focal length of 45.4m is 
n e e d e d , for 0.15 a r c s econds , 30.3m. T h u s a 7.5m telesope should 
opera te in t he r a n g e f/4 - f / 6 . Another cri t ical parameter is device 
c o s t . The p r e s e n t cost for premium qual i ty devices in uni t quan t i ty is 
approximately 1^/pixel. At th i s pr ice enough devices for a 10^ pixel 
a r r a y with 1/3 filling factor would cost $3M, and a de tec to r system 
with resolut ion comparable to tha t of a Schmidt plate would then be 
comparable in cost to t he l a rge pr imary mirror tha t feeds i t . We can 
ant ic ipate improved yield and technology over t he nex t few y e a r s may 
r e su l t in an o r d e r of magni tude reduct ion in cos t , making the cost of 
l a rge a r r a y s not d i sp ropor t iona te , even for smaller t e l e scopes . 

A concern commonly exp re s sed at the p rospec t of l a rge CCD a r r a y s 
is difficulty of data handl ing and r e d u c t i o n . The spec tacu la r resu l t s 
r e p o r t e d at th i s meeting b y t h e Ed inbu rgh and Cambridge g roups should 
help allay some of these f e a r s . Digital p rocess ing of full Schmidt 
p l a t e s , ~ 10** p ixe l s , is a l ready now be ing successful ly u n d e r t a k e n with 
modest sized computers and tape data s t o r a g e . When the new la rge te le-
copes a re opera t ing we can expect more powerful computers will be 
readi ly avai lable , and a lso , as Grosbol (1984) has pointed out h e r e , 
low cost l aser disc s to rage of d a t a . 

If, as we can hope , t he exposu re and record ing of la rge e lec t ro­
nic images becomes manageable and rou t i ne , t hen t h e possibil i ty ar ises 
for se rend ip i tous imaging. When a single object is scheduled for 
ex tens ive spect roscopic or polarimetric s t u d y , t he s u r r o u n d i n g field 
can be recorded and used for o the r p ro j ec t s . As an example, for many 
cosmological s tud ies t he exact a rea covered is not as important as the 
qual i ty and dep th of images . In condit ions of good see ing , t he s e r e n ­
dipi ty mode will be of special v a l u e . 

One final aspec t to b e cons idered in optical des ign is provision 
for t he d i spe r s ing e lements . Correct ion for a tmospheric dispers ion 
r e q u i r e s a way to d i spe r s e each object in t he field b y an amount equal 
to tha t p roduced b y the a tmosphere , b u t in t he opposi te d i rec t ion . 
Dependence on an wavelength must be t he same as t he a t m o s p h e r e ' s and 
with magnitude propor t ional to t he t angen t of zenith d i s t a n c e . Systems 
to make such cor rec t ions have been bui l t for speckle in te r fe romet ry , 
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and make use of a pa i r of c o u n t e r - r o t a t i n g p r i s m s . Slit less s p e c t r a 
will in general r e q u i r e h i g h e r d i spe r s ion , e i the r b y prism or grism 
e lements . Both functions should be accomplished with elements tha t a r e 
a small fraction of t he pr imary diameter , if t hey a r e to be pract ical 
for v e r y l a rge t e l e scopes . 

3 . OPTICAL DESIGNS FOR LARGE TELESCOPES 

From the discuss ion above , it would appea r tha t electronic or 
photographic de tec to r s can be realized for fields of at least 1° , and 
tha t multiobject f iber sys tems could be made for even l a r g e r f ie lds . 
Ideal ly, t he wide field should be achieved with a pr imary mirror tha t 
is r a t h e r fas t , f/2 or f a s te r , to keep down telescope length and enclo­
s u r e s ize . Also, if t he telescope is to be reconf igured for operat ion 
in the i n f r a r ed , it is valuable to have a parabolic or near ly parabolic 
pr imary f igu re , so t ha t small Cassegra in secondar ies will give an 
acceptable field of view at long focal ra t io and without ref rac t ive 
c o r r e c t o r s . A summary of t he req i rements to be met b y an ideal optical 
system is given in Table 1: 

Table 1. 

field of view 1° or more 

aber ra t ion < 0.15 a rcseconds 

achromatism over r a n g e 0.3 - lp 

correct ion for atmospheric d ispers ion 

d ispers ion for sl i t less spec t roscopy (prism a n d / o r grism) 

scale 4 . 5 - 7 arcseconds/mm 

primary f igure < f /2 , parabolic 

These a re tough specif icat ions, not met b y any exis t ing 
te lescope . The two des igns tha t come closest , and tha t we can take as 
points of d e p a r t u r e , a r e t he Dupont 2.5m te lescope, a Ritchey Chret ien 
tha t achieves a 2° field at f /7.5 with a single element Gascoigne c o r ­
rec to r (Bowen and Vaughan 1973a) and the CFHT prime focus co r r ec to r , 
1° at f/4.2 ( F o u e r e ^ a L 1982). 

The general idea of Ritchey Chre t ien optics is to get a wide field 
of good resolut ion b y us ing two ref lect ing sur faces to maximum a d v a n ­
t a g e , r equ i r ing the pr imary to be hyperbol ic ins tead of parabol ic . A 
refract ive element can then b e used to fine tune the image, to flatten 
the field or r educe astigmatism to get more field. This approach has 
several deficiencies . F i r s t ly , if a reasonably fast focus is r e q u i r e d , 
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F < 6, then the pr imary f igure d e p a r t s qui te s t rongly from a parabola . 
Secondly, t he inser t ion of a single ref rac t ive co r rec to r element 
compromises achromat ic i ty . In t he Dupont te lescope, for example, the 
co r r ec to r has to be reposi t ioned to co r rec t different wavelength b a n d s . 
T h i r d l y , t he in t roduct ion of glass prism or grism elements for e i ther 
d i spers ion cor rec t ion or s l i t less spec t roscopy will cause some a b e r r a ­
t ion , especially at the fas te r focal ra t ios (Bowen and Vaughan 1973b). 

If a des ign is to t ake advan tage of t he i nhe ren t achromatici ty and 
good correct ion of ref lect ing op t i c s , it would seem tha t a th ree -mi r ro r 
system should be u s e d . Wide field corection can be achieved without the 
need for any re f rac t ive element . If the pr imary and secondary together 
a r e made afocal, t hen d i spe r s ing elements can be in t roduced between the 
secondary and t e r t i a r y without compromising abe r ra t ions or achromati­
c i t y . The th i rd element and focal sur face must be t i l ted if t he r e is 
dev ia t ion . 

An ear ly analytic solution for a two-mirror co r rec to r with a p a r a ­
bolic pr imary yielding extremely low abe r r a t i ons was given b y Paul 
(1935), an example of which is shown in F igure 3a below. Even with a 
pr imary of focal ra t io f / 1 , an optimized des ign descr ibed b y Angel, 
Woolf and Epps (1982) gave 0.2 arcsecond images over a 1° field. The 
Paul configurat ion be ing bui l t for McGraw's t r ans i t telescope has a 
1.8m f/2.2 p r imary , and a 1° field of v iew. It will incorpora te for 
s l i t less spec t roscopy a zero deviat ion prism whose diameter is 1/3 that 
of the p r i m a r y . 

A d i sadvan tage for general pu rpose te lescopes is the inconvenience 
of t he focal posi t ion, half way u p t h e t u b e with v e r y little room for 
i n s t r u m e n t s . A scheme was devised b y Woolf et a l . (1982), to access 
t he focus with multifiber p robes b u t is not simple and the field is 
limited to 40' b y obscu ra t i on . A modification of t he th ree -mi r ro r 
des ign to p roduce an accessible focus jus t above the secondary has been 
developed b y Epps and Takeda (1983) . In th i s case t h o u g h , t he primary 
must be hyperbol ic if h igh qual i ty imaging is to b e real ized, and again 
t he field is limited b y obscu ra t i on . The most pract ical des ign for a 
versa t i le 3 element sys tem, given b y Epps (1983a), places the t e r t i a ry 
mirror behind the p r imary , and the focus a little above the primary 
v e r t e x . A s t ee r ing mirror g ives severa l accessible focal s ta t ions 
below the p r i m a r y . 

Centra l obscura t ion is t he dominant problem in th ree- re f lec tor 
s y s t e m s . Aber ra t ions at wide field angles can be v e r y well control led, 
b u t a solution for a big te lescope tha t g ives a full 1° field and 
acceptable obscura t ion r e q u i r e s l a rge auxi l iary optics and will be 
somewhat inconvenient for access and reconf igur ing with low IR 
b a c k g r o u n d . 

Let u s r e t u r n t hen to t he prime focus t y p e of solut ion, in which 
wide field achromatic imaging rel ies heavily on the use of refract ive 
e lements , and the par t i cu la r pr imary f igure is not v e r y impor tan t . The 
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idea tha t t h r ee ref rac t ive elements of t he same material could be used 
to obtain achromatic cor rec t ion , originally recognized b y Sampson 
(1913), was realized in t he wide field co r r ec to r s des igned for both 
hyperbol ic and parabolic pr imaries (Wynne 1968, Faulde and Wilson 
1973). The recen t CFHT co r rec to r of Wynne and Richardson (Fouere ' et 
a l . 1982) gives high qual i ty images ove r a wide field. Opera t ing at 
t he prime focus of an f/3.78 parabola , it y ields an unv igne t t ed field 
of 46' at focal ra t io f /4 .20 , with images b e t t e r than 0 .7" over a total 
field of 5 5 ' . It incorpora tes a g r e n s as p a r t of t he in te rchangeab le 
th i rd co r rec to r element, allowing sl i t less spec t roscopy over t he full 
field with h igh image qua l i t y . The CFHT system comes close to 
achieving many of t he fea tu res of Table 1, inc luding a parabolic f igure 
on the p r imary , b u t fails in tha t the pr imary is r a t h e r slow ( f / 3 . 8 ) . 
What happens if we use a three-e lement co r r ec to r with an f/2 or fas te r 
primary? This ques t ion is now be ing s tudied b y Epps for t he California 
g r o u p . It a p p e a r s at the p r e s e n t time t h a t , even with t he field 
r e s t r i c t ed to 30 a rcminu tes , good images ove r the full optical r a n g e 
need two a l te rna t ive co r r ec to r conf igura t ions , with refocusing of dif­
ferent broad wavelength b a n d s (Epps 1983a). The ques t ion of d ispers ion 
over the field is un re so lved , b u t abe r r a t ions produced b y pr isms and 
grisms in the fast beam may be a problem, especially if good images a re 
to be p r e s e r v e d . 

If correct ion at a fast prime focus cannot meet o u r n e e d s , a more 
favorable approach is to use multi-element re f rac t ive co r r ec to r s at a 
Cassegrain focus der ived from a fast p r i m a r y . Wynne (1973, 1983) has 
shown tha t even two element co r r ec to r s can give remarkably good pe r fo r ­
mance over a 1° field. Three element co r r ec to r s a re potential ly even 
more powerful, and indeed a recen t solution b y E p p s , Angel and Anderson 
(1983) descr ibed below sat isf ies all t he requ i rements of Table 1. 
S ta r t ing with an f/2 p r imary , a relat ively fast classical Cassegrain 
focus, f / 5 . 3 , is formed b y a secondary with about 1/3 t he pr imary 
diameter . The focus could b e used as is for small field work , b u t 
abe r ra t ions outs ide a 5 arcminute field become l a r g e r than an a r c -
second . Coma is t he same as for an f /5 .3 parabola , astigmatism is 
g r e a t e r . Correction of th is focus is made with t h r e e fused silica e le ­
ments , optimized to give minimum aber ra t ion over t he wavelength r a n g e 
0.33 to ly and over a 1° field. The de s ign , which has a flat focal 
plane at f /6 , was made with t he inclusion of coun te r ro ta t ing zero 
deviation pr isms placed af ter t he second element, where the beam is 
nar rowes t and has least d i v e r g e n c e . These prism elements a re of FK5 
and LLF2 g lass , a pair tha t matches atmospheric d ispers ion qui te well, 
and allows t ransmission down to 3300A. 

Ray t r ac ing of t he des ign at different field angles and wave­
l e n g t h s , from 0.33y to ly with no re focus ing , shows spot diagrams 
mostly having 100% of t he r a y s within 0.25 a rcseconds (F igure 2 ) . Only 
the spots of extreme wavelengths at the edge of t he field fall ou ts ide 
th is limit. The pr isms in t roduce no significant addit ional a b e r r a t i o n , 
and compensate u p to 60° zenith d i s t ance , r educ ing atmospheric d i s p e r ­
sion over the full wavelength r a n g e b y an o r d e r of magni tude , more for 
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F igure 2 . Spot diagrams for t he cor rec ted Cassegra in focus of Epps , 
Angel and Anderson (1983), all computed for t he same flat focal p lane . 
The horizontal r eg i s t r a t ion is a c c u r a t e , showing the small res idual 
chromatic difference of magnification. Summed over all wave leng ths , 
0 .33y- lu , 100% of t he e n e r g y lies in a 0.17 arcsecond circle on ax i s , 
within 0.29 arcsecond at 20' r ad ius and 0.46 a rcseconds at the edge 
of the 1° diameter flat f ield. Atmospheric d ispers ion over th i s wave­
length r a n g e is 4 a rcseconds at 60° zenith d i s t ance , and can be reduced 
to 0.4 a rcseconds b y the pr isms buil t into the c o r r e c t o r . On the scale 
of th is d rawing , t he field diameter is 200m. 

https://doi.org/10.1017/S0252921100107171 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100107171


IMPLEMENTATION AND USE OF WIDE FIELDS 559 

reduced b a n d w i d t h . Scaled for a 7.5m p r imary , t he completely 
unv igne t t ed field of 1° r e q u i r e s a secondary 2.48m of diameter and 
co r rec to r elements of 1.19m, 0.86m and 0.97m. The field diameter is 
0.8m and the scale is 222y/arcsecond. 

E p p s ' optimization of th i s f/6 system has given a solution tha t 
combines e x t r a o r d i n a r y achromat ic i ty , image qua l i ty , spec t ra l r a n g e and 
field s i ze . The des ign is evo lv ing . We plan nex t to t r y for a 
sl ightly fas te r final focus , explore t he performance to 2\i and look at 
d i spers ive elements for sl i t less s p e c t r o s c o p y . 

4 . SPECIALIZED SURVEY INSTRUMENT 

Our discussion so far has been re s t r i ced to the implementation of 
wide fields in v e r y l a rge general pu rpose t e l e scopes . Now let u s con­
s ider briefly two d i rec t ions tha t might b e t aken b y specialized s u r v e y 
ins t ruments with l a r g e r a p e r t u r e and b e t t e r image qual i ty than p r e s e n t 
day Schmidts . For s u r v e y ins t rumen t s hav ing the same spatial r e so lu ­
t ion , t he time taken to s u r v e y a l a rge area of sky to a given limiting 
magni tude inve r se ly is propor t ional to (AJ2)eff, t h e p roduc t of 
te lescope a r e a , t he field of view and the DOE of t he d e t e c t o r . This 
f igure of merit can be r e e x p r e s s e d as 

(Aft)eff = iTa/4F2 x DQE 

where a is the de tec tor area and F is t he telescope focal r a t i o . I ts 
value for an f /2.5 Schmidt te lescope with 35 cm s q u a r e photographic 
plates is 3 cm2, assuming a DOE of 2%. 

In o rde r to achieve h i g h e r spatial resolut ion and a h i g h e r f igure 
of merit we cons ider t he performance of a l a r g e r Schmidt with b e t t e r 
emulsions, say a DOE of 4%. With a c lear a p e r t u r e of 2.5m, and 
opera t ing at f /2.5 one could achieve spatial resolut ion of ~ 0.5 a r c -
seconds , at least in moderately nar row wavelength b a n d s and with 
moderately shor t e x p o s u r e s , so as to minimize var iable d is tor t ion from 
differential re f rac t ion . The f igure of merit would be 24 cm 2 , assuming 
70 cm s q u a r e p l a t e s . The te lescope tube would be 12.5m in length and 
a pr imary of ~ 4m diameter would b e needed (F igure 3 b ) . If t he images 
a re to be t r ea ted digitally and not to be d e g r a d e d , t he te lescope would 
have to be opera ted in conjunction with a l a rge plate s c a n n e r , having 
0.25 arcsecond pixels ( 6 u ) . 

As an a l t e rna t ive , we can cons ider a s h o r t e r , f a t t e r te lescope, a 
6m f/2 pr imary in a t h r e e - m i r r o r sy tem, such as tha t shown in F igure 
3a, opera ted with CCDs in t he TDI mode. In o r d e r to b e specific let u s 
t ake hypothet ica l CCDs not unlike those widely used today , with a DQE 
of 75% and 400x600 pixels each 25u s q u a r e , sub t end ing 1/4 arcsecond on 
the s k y . It follows then tha t F at t he cor rec ted focus must b e 3.44, 
and (An)eff = n x .075 cm2, where n is the number of CCDs opera ted in 
t he focal p l ane . A f igure of merit of 25 cm2 r e q u i r e s t he use of 330 
c h i p s . Packed with a filling factor of 1/3, t h e r e q u i r e d field of view 
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in t he focal plane would b e 1.1 s q u a r e d e g r e e s . The a r r a y shown in 
F igure 1 r e p r e s e n t s th is concep t . It has 323 dev ices , and would 
measure 37 cm s q u a r e . 

F igure 3 . Two la rge s u r v e y te lescopes d rawn to t he same scale , (a) 
shows a Paul 3 mirror telescope in which the f/2 pr imary and t e r t i a ry 
sur faces a r e f igured on the same 6m blank ( A r g a n b r i g h t 1983). The 
field is 1.45° diameter at f/3.44 and the image size ~ 0.1 a rcseconds 
( E p p s 1983b), (b ) shows a classical Schmidt of 2.5m clear a p e r t u r e 
with 8.5° diameter field at f / 2 . 5 . 

The cons t ruc t ion and operat ion of such a l a rge de tec tor a r r a y may 
seem prohibi t ively difficult b u t i t should b e con t ra s t ed with the 
cons t ruc t ion and operat ion of app ropr i a t e da rk room facilities and a 
pla te s canne r than can accura te ly scan lO1^ 6\i pixels over a 70 cm 
plate in a reasonable pe r iod . The CCD approach offers l inear data with 
h igh dynamic r a n g e and an immediate digital r e c o r d . The Paul telescope 
h a s cons iderably b e t t e r opt ics and wider spec t ra l r a n g e (0 .3 - 2 . 2u ) . 
I t s a p e r t u r e is l a r g e r than the Schmid t ' s and it would b e much more 
powerful for i n t ens ive s t u d y of r e s t r i c t e d fields much less than 36 
s q u a r e d e g r e e s . 
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5. SOME CONCLUSIONS 

P e r h a p s t he most impor tant conclusion is tha t the need for wide 
fields of excellent imaging can be realized in optical des igns based on 
fast p r imar ies . Predic tably t h o u g h , t he good optical solutions r equ i r e 
relat ively l a rge auxi l iary mir rors and l e n s e s . This need should b e of 
concern when telescopes with v e r y l a rge pr imary mir rors a re c o n ­
templated, par t icu la r ly if rapid reconf igurat ion of t h e te lescope for 
low background IR opera t ion is e n v i s a g e d . A specific solution to th i s 
problem is offered b y the MMT des ign repor ted b y Lynds ^ jiK (1983) . 
Four 2.5m Cassegra in secondar ies , which work with four 7.5m primaries 
a s individual wide field t e lescopes , a r e mounted in a single l a rge 
s t r u c t u r e across t he top of t he t e lescope . When th is s t r u c t u r e is 
ro ta ted b y 45° the secondar ies and the i r s u p p o r t s move out of the l ight 
p a t h , to b e replaced b y small chopping secondar ies and beam combining 
m i r r o r s . 

Another point we have cons idered is application of t h e above 
des igns to te lescopes in s p a c e . Paul optics a re an obvious choice for 
wide field imaging, given the i r achromatici ty and excellent images . 
However, t he t h r e e element Cassegra in co r r ec to r has h igh enough p e r f o r ­
mance to merit considerat ion for a l a r g e r ST successor t ha t can do 
multiobject spec t roscopy as well as imaging. Large and small field 
co r r ec to r s could b e used in t e rchangeab ly at t he same bas ic Cassegra in 
focus , to give e i the r t he wide field at 0.2 arcsecond reso lu t ion , or a 
smaller field at the diffraction limit. 

Whether in space or on t he g r o u n d , t he problems of t r ansmi t t i ng , 
r e co rd ing , access ing and ca l ibra t ing images each of 10^ pixels is for ­
midable. Still more of a chal lenge is to use computers efficiently to 
help us d iges t all this information. As we plan and develop new v e r y 
l a rge te lescopes with wide fields and the h ighes t reso lu t ion , t h e 
exper ience gained from Schmidt te lescopes will b e inva luab le . 

I am indebted to Harland Epps for sha r ing his i n s igh t s into much 
of th is material with me. This work is suppor t ed b y NASA u n d e r g r a n t 
NAGW-121. 
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