
GRO UJYD -BASED A STROJVO TWT

A TEJV-TEAR PROGRATVT

I ?¿'t- (W tlLL, *-^¡V'""t*'")

NATIONAL ACADEilTY OF SCIENCES



GROU]VD-BASED ASTRONOMT
A TE]V-TEAR PROGRATVT

A REPORT PREPARED BY THE PANEL ON ASTRONOMICAL FACILITIES

FOR THE COMMITTEE ON SCIENCE Al:lD PUBLIC POLIC'(

OF THE NATIONAL ACADEMY OF SCIENCES

NATIONAL ACADEMY OF SCIENCES-NATIONAL RESEARCH COUNCIL

w 
^c.urNtlT¡)N 

f) (: lAA¿



Endsheet: A portiarù of th.e Netu)otk Nebulø irL

Cggnus, photogaphad, toíth the 4\-inah Schmtd,t
telescope ol the Mount Wllsotu and Pølþñ.øl
Obse¡oøto¡íes. The bop struc-ture i.s conposeil
of the debrìs of a supernoþø erplos.¡oÌù nanv
thousands ol geørs øgo. Rad.ia tel.escopes d,etea.,

the strongest rad,íatíon ftumthe cenfer of the looþ.

Second, príntíng 1966, aìth reoìsed, Appendk.

Líbørg of Congess catatog nttmbet 64-62266
P ublication N urnb et 7234
Pri,ce: $4.O0



w
FI

ffi
li
1:i

I

August 19, 7964

Dear Dr. Seítz:

The Comrnittee on Science anil, Public Poliat¿, on the basis of careful stuilg
of thi.s report and, extensioe d,iscussion lDith its authors, is plnased to endorse ít
to you for transmiflal.

The report deals uith grounil-baseil astronomical facåIitíes ercl:usioelg.

It recommend,s ôertain neû facilities, to be acquired at a. rate based, on an in-
temnl criterion--a consewatû)e esti'nnte of the rate at tohich astuonomical

progtess can be made. We bekeae thnt this k the rìght aytproach to be adopted
by panels of experts y:repøring 'plnnningi reports, i.e., reports on the oppor-
tunities a.nd, needs of aaúous f,el.ds of science. Determhlat¿on of the optixrutm
balance of the scáences as u.tell as the oaer-all ro,te of scienti.frc progress needed

for achóetsing twtional goals requires mønq authoritatiÐe inputs of informati.on
ïel.e.ti,ng to the aari,ous sciencøs, and the iudgment of people concet ned løith
rwti.ornl policies. We are corwince¿J that the present rcport ôonstitutes a oetA

sound input for such d,etermirntion.
The report presents an excellently balnnced, program for nea facôlíties

of ground.-bøsed. astronomV i.n the neú decad.e, uell justif,ed, by the i,mportant
scientìfrc opportunities brìeflg d,iscussed, in the report. The care uith ushich

radio and, optica,l progra.ms haoe been interuoùen anil the sel.ection of facikti.es
at oarì,ous le¡sels to sttit the eqJected, spectrum of research and, teachöng actiDitìes

are especially noteaot'thV. A good deal of care appears also to haoe gone into
the consideratíon of lhe indíuidual items of the progtam.

Wi,th rcgard, to rud,ioaßtronomì,cal facilities, the Commirtea on Science and
Pubkc Policy í,s aware that ín the past some x.ùstantiallg loú cost estimates haoe

been made, eoen bg øxpørt oßbonomical engineers. The situation has improoed
¿n Íecent gears, houeoer, aniL seoeral maior facílities (q 300-foot dish telescope,

neu; \S-foot dtíshes, and, some millimeter uaoe telescopes) haoe been com.pleted'

at costs vþíthin a feü percentd.ge poi,nts ol the original estimates. A great deal
of care uent into ihe cost estímates of the facilities proposed here, and ue haoe



no grúnd.s to qüestí.on the rcMltant figures. Some of thøse lacölìfies øre quite

adoanned, honseoer, anil ue loin the authors of the rcport in rccommending that

further d,etail,ed cost estimntes be unilertaken pÍ¿oÌ to d'ecísionß irusolaing such

facilitips. The total scope ol the fanilifies program appears oery ieasornbl'e and

ueII iustifieil bg tha promises of radin a.stronomy.

Wöth îegard to optbal faciliti,es ae frnd that the recommendeil plan is
ilefinìtelg conseraatû)e. ln fact, if u:e hnoe anE il,oubts at all, it ìß that ìt înaA

err on the side of conseraatism bg not proaìding tufrciønt opportunities for the
grousí,ng rwmbø of goung asttonomers at the gadlnte leael ønil, slightfu beEonå

to nnke uße of f.rst-cbss research facilifies. We are also not sure that the pro-

poseil facilities and &tpporti,ng inßtrumentetion, uhich clea g rcquite røpiìl
ileoelopment, toould, be adequ.ate to peÍmit their efiectitse use by groups closelE

relateil to aßfionom7 an¿l Aet not quite an integTal palt ol if' We mean, for
instance, sc¿entists usho are concemeil wìth the denils of planetarg strachtre
and compositíon.

The Panel thnt prepare¿l thiß røport uas requested to concern üself pri-
marilE uðth astronomìral facilities. The report, houeoer, includ,es a bù'øf sectinn

in ushich estômates of the annunl costs of scielntif,c actioities, uhích are additi'oe

to the cos'ts of facilit¿es and thøh mnintenonce, are prøsented. The Panefs stud'g

of this subiect uas considerablg less d,etailød than its studA of facikties rcquöre'

ments, but ue belieoe tlnt the findings are quiie rcasonable and' aïe consistent

u;ith the proposed plnn for facíkties.
The rcport rightlg emphasízes o.s'tronomy as a pure scíence. lts søeep

anil granileur hnoe had. an inner fasctuntion for all peopln at all thnes and ís

certain to haoe if in the-Íuture. We utould be remiss if u.:e iliil not note 1Dáth the

Panel the mnior contri.bütíons of astronomA to other sciences-for emmpl'e, the

d,iscoaerg of heltum and, the contri,butians to the problem of thermonucleat

rcactíons.
Clearly the fed.eral agencg ûhose activities u:iLl be most dôrectly affecteil

by rcsearch ûith the heþ of nea østuonotnical fac¿lties is thø National Aero'
nautics and, Space Ad.ministration. The connection betuseen the swbiect matter

of the Nøtional Aercrwutics an'il Space Ad'mìnishatiois interest and the intetests

of g¡otq4d-based astronomy is cloqe, not onlg in the uell;recognized. problems

of the sol sustern, but in the eEnllE exciting areas of interstellar partü:les and



fielãs, uløaoiolet railiation of the stars, anil radio, X+ag, and gamma-raV energ7
sources. The Natiornl Aerorm.tics and Space Administîation ß, in fact, engaged
in alJ these field.s uith its orbiting erperáments. The natiorís neulg gaineiL tech-
nologg of ertrateîrestrìa.l a:tronom7 mtkes ìt hnperatûse that the knouleilge tlwt
can be had, from the ground in these arcas be pushe.d ahead, as fast øs possible
so th.at the spaæ effort aill h^aae the strongest possible back-up. A mooe bg thn
Nationi.l Aercrrtutics and, Space Administuation to broaden its alreadE sfiong
interest in basic astronomical research so as to includ,e grounil,-based, stellar
astronomA uoulÅ, be highlg aiLaantageous to the national scíentifrc effort anå to
the Natianal Aerotwutács and Space Administration itself- The keen and, uell-
itßtifie¿I interest of the National Aerorwttics and Space Ad,ministration in the
traíning of space scíentists coulil, toell be extend,ed to assißtance anil ðnuease
in fani.lifies for ølI astronomy, because the space ønd, ground,-based, actioities of
østronomers are but the tuo faces of the same coin.

The National Science Foundntion has gioen the broadest poss:ible support
to resea.rch i,n q.stronomV; the Foundntion and the. Office of Narsal Research
haoe been the princùpal channels for Fed,eral participation in the &tppoú of
thß research. lt is essential th(û the broad. sup,port from these sources, uhöch
constitutes so Dilal a contribution to the adaancement of artronomy, be continued^
The Nati,onal Science Foundation anìl the Office of Naaal Research, together uith
the Nøtional Aercrwutics and Spacø Admí,nßtratíon, coul"d, form a strong gouetn-
ment ted.m thnt uould cørry (rstronom7 foruard, on all fronts, by means of a bal-
anced, program of wpport of alJ eLements along the lines enaßíoned, in this report.

ln conclt¿sion, ûe ûßh to recommend, a cøreful stuìlg o! thi.s report and.
the adoption of its recommendatiotß to those. u;ho are concerned usith fed,eral
pl.anning of suppott of science; ít is a carrtullg prepared ønd, toell-conceioed
document. We extend our complí,merús on a iob u:ell ìl,one to all those u.tho

particip(úe¿l in its preparation, and, especiallE to the chafumnn ønd, members of
the Panel, uho deooted, maior perconal efrort to this r eport.

Sincerelg yours,
G. B. Kistiakou:skE

FOR THE COMMITTEE ON SCIENCE A.ND PUBLIC POLICY
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Since its foun¿l,ing in 7863, the Academg has hail, a ileep ånterest

in ground-based dstronomA. Benjamin A. Goul.d, a chnrter member

of the Acail.emg, uaß an interrntionally famous aatronþmer ol hß ilny.
George Ellerg Hal.e, the first chairman of the National Research Coun-

cil, u,vs enormotælg efiectioe in ad,oancíng a.stronomg itù our countrA

to a leaìling posátion in uo Å astronomg.

ln continu&tion oÍ thiß interest the Acadenry s Commöttee on

Science anil Pubkc Pokcg undertook a studg of the need for facilities
in this field. It is a priailege to make their usork krnun.

Freileríck Sei.tz

PRESIDENT

NÄTIONAI ÀCADEMY OF SCIENCES

Washington, D.C
August 25, 1964
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FOREWORD

The Panel on Astronomical Facilities was established late in 1962 by the
National Academy of Sciences as an actíviÇ of the Academy's Committee
on Science and Public Policy. The established purpose of the Panel was
to study the probable need for major new astronomical facilities in the
United States during the next ffve to ten years, and to recommend guiding
princíples and estimates of cost in order that federal fu¡ds might be em-
ployed with maximum efficiency to promote advancement of astronomy in all
its b¡anches. The members of the Panel, cbosen to be representative of the
most active groups in both optical and radio astuonomy, have attemptetl to
assess the dùection that the obsewational branch of the science is likeþ to
take in the decade ahead, and to ¡ecommend a program of facilities that will
build upon the strength ancl productivity that the American âstronomical
community has already demonstrated.

The study was conffned to grounil-based facilities. Investigations of the
universe by telescopes carried above the ea¡th's aûnosphere are under the
cognizance of review bodíes considering various aspects of the national space
program, and the Panel has not considered them to be within its stated
purview. It has, however, given thought to the relative roles of orbiting and
ground-based telescopes and to the proper divísion of tasks betwéen the two
methods of observatíon, in oriler to appraise any imbalance in support or
emphasis tliat may exist. The Panel has been guided by the view that
âstronomy is a branch of the physical sciences engaged in basic research of



the purest sort, haditionally motivated by the desire to Imow and und.er_
stand. It is true that astronomy has also provided economic or practical
dividends such as navigation, guidance systems, aod the gatherinf of data
that gpirle and support the national space program. Furthelnore, ashonomy
has enriched all other sciences: examples ,tã dr" di."ou"rv of the element
helium from observations of the sr::r; ttre recognition of thennonuclear reac_
tions as a source of energy and as an explanation of the origin of the ele_
ments; and rÌevelopment of a picture of the early history óf tlre earth_
important to both geology and biology. Nevertheless, thé panel has con_
sidered its assignment to be the formulation of a facilities program dictated
by the orderþ development of observational astronomy ai a pure science,
not tied to mission-oriented facilities that may be proviáed with other goals
in mind.

The Panel has sought to anive at a set of recommendations that will
be_ reasonable and pr.udent, consistent with growth rates already estab-
lished. The Panel has felq however, tïat these rational precautions should
be secondary to its mâin charge: to recommend ground--based instruments
that will enable astronomers to exploit the opportrmities that beckon-both
age-old problems that are on the verge of yielding to observational attack
and exciting new developments of transcendent importance.

_ The support that the federal govemment gives to such a program is in
the same category as that given to ínvestigatioÃ of the inte¡ioi ofihe earth,
of the depths of the ocean, of tlie upper atmosphere, and incleed to thé
e4lloratjon of space by orbiting vehicles. These efiorts are all consequences
of the natural human desire to understand ttre larger aspècts o¡ mart's
environment. To the non-specialist the far reaches of space and time investi.
gated by the astronomer have widespread appeal. The panel believes that
an ínvestment in ground-based astronomical facilities of the order of one half
of I per cent of that going into the space efiort woulil be consistent with a
balanced program of federal support for science.

4'---
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INTROD(TCTION AND GENERAL STATEþIENT

THE NATURE OF ASTRONOMY

Astronomy has as its domain the study of the celestial bodies-the sun,

planets, stars, clouds of gas between tìre stars, galaúes-and indeed the

entfue universe considered as a single system. A.stronomy's goal is to leam
the nature of these diverse obiects and to relate their properties, their
motions, and their distribution in space in a uniffed world picture; to under-

stand the evolutionary development of the universe from the time of íts
formation to the present epoch of obsérvation and beyond; and indeed, to

discover, if possible, its original st¿te and its ûnal destiny.
Unlike other sciences, where subtle and detailed experimentation can

be done ulder controlled conditions in the laboratory, astronomy must be

content to study the experiments tflat nature herself makes, 'þerformed' in
space by natural causes under uncontrolleil conditions. Àll knowledge rnust

be gleaned from the radiation coming from the obiects under study.

Although this transfer link is a feeble one, the light beams carry ân amazing

"-orrrri 
of ioformation. Interpretation of the data using the laws of physics

as we lanow them ( d}'namics, atomic and nuclear physics, thermodynamics,
plasma physics) has proiluced our present untlerstanding of the external

universe.

DEVELOPMENT OF A WORLD PICTURE

Astronomy is the oldest of the sciences. As soon as man could write, he

preserûed his thoughts antl speculations about the universe around him on

cuneiform clay tablets, on papyrus, and in the Greek anil Arabic documents

that form our ieritage. Ancient man observed the daiþ rising and setting of
the sun, its annual ioumey northward anil southward which produced the



seasons, the phases of the moon, and the wandering of the planets against
the background of the "ffxed' stars. These regularities of tle cosmos câr¡sed

much wonder, and out of speculation arose tlose systems of cosmology with
which the history of astuonomy is written. In the earþ days of civilization,
astronomy had a major role in forming man's concepts of his place in space
and time.

Primarily as a result of discoveries by Aristarchus, by Ptolemy, by
Copemicus, Galileo, Tycho, Kepler, and Newton, man's view of nature
passed through a long series of profound revolutions. Earþ man naturally
considered the earth to be the center of the u¡iverse-the ffxed stars, tl-re

planets, and the sul being creations of the gods or even gods themselves.
When regularities within tle system wele discovereil, the geocentric theory
with its crystalline spheres and epicycles was invented to explain tìre mo-
tions. This theory culminated in the Ptolemaic geocentric tables of planetary
conffgurations. Unexplained discrepancies led certain visionaries to con-
sider the sun rattrer than the earth to be the center of the world, but tlis
hypothesis was so foreign to the ancient mind that not until the middle of
the 16th century did Copernicus force a recognition of a heliocentric uni-
verse. The transition was so painful that Giordano Bruno lost his life for
teaching it and Galileo was forced to recant his belief before tbe Church
in Rome. But r¡¡ith the discoveries of the laws of planetâry motion by Kepler
and Newton, the revolution was complete.

In modem times, an equally profound hansition has occurred with the
recognition that the sun, with its planets, is one of a million million other
stars comprising a large, flattened, slowly rotating system called the Miþ
Way galaxy. In tum, our galaxy, as a membei' of a local cluster of nearby
galaxies, is but one of billions of other galaxies that make up the universe.
And, in a discovery of deepest signiÊcance, the entire system has been found
to be in a state of rapid expansion, each galaxy receding from every other.

Less than 50 years have passed since tlis worlcl picture, with tÌìe atoms
ordered into stars, stars into galaxies, galaxies ínto clusters, and clusters
embeclded in expanding spacè, was established with certainÇ from observa-
tions with the large telescopes constructed within this century. No armchair
speculation could have coniured tç such a hierarchy of systems to bring
order out of apparent chaos. Yet nature, in some way yet dimly appreciated,
has fashioned herself into such a pattem. Can we hope to lèarn how or
when? Can we comprehend this structu¡e as a sequence of events, each
¡¡nderstandable in itself, un{olding in time? In the broailest sense ttris is the
purpose of research in astronomy. Detailed projects on a multitude of sub-

2
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iects are leading, each in its own wa¡ toward tlis goal.

Knowledge tlrat seemed impossible to obtain 50 years ago is now either
routineþ lnown or c¿n be found with our present capabilities. Today some

of the cleepest problems of ashonomy and cosmology appeat to be on the

verge of fielding. We know the distances to stars, their sizes, surface

temperatures, and the abundances of the ehemical elements that comprise

tÏ.eir surface layers. We Ïnow their space motions witlin the galary, their
ages, tìeir evolutionary history, and tleir probable fate. But tlere are many
tTings we don't know. How are stars formed? Why do they condense

from tåe interstellar medium into double, triple, ancl multiple systems that
revolve around each other in gravitationaþ stable conffgurations? Why do

some possess suong magnetic ffelds wble others do not? How ilid the

gahxiãs come into ;xistence? \Mhat is the origin of ratlio signals from stars

ánd galaxies? What is the origin of cosmic rays, and what are tÌre nuclear
processes that give rise to the high-energy gamma rays and X-rays that
ipace probes are iust beginning to observe? Perhaps the most {undamental
question of all concems the origin of the large-scale ordered magnetic ûelds

that recent studies in radio astronomy have found to exist in certain regions

of space.
Ànswers to some of these questions will undoubtedly come within the

next decade; others, now only dimly perceiveil through the mists of present

ignorance, must wait until ou¡ present larowledge can be broadened.

Progress will be made by clever and aggressive use of telescopes of the

largest size, equipped with detectors such as radio receivers, spectrographs,
photometers, and photographic plates-instrùments that anaþze the faint
incomíng radiation maile feeble by the enormorrs spreading out that has

taken place in its long jourrrey ftom its place of origin to the earth.

ROLE OF THE UNTTED STATES IN
ASTRONOMTCAL RESEARCH

Optácal Astrorømg

Since 1900, the United States has held a dominant position in much of
observational astronomy. The discoveríes ftom which the present world
picture has emergeil have aünost invariably come from observatories in ttris
ãountry. This was no accident; it came about between 1900 and 1950,
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solely because a few aggressive, inspired, and imaginative men in this cor:¡-
try secured private fùnds to design and build the large telescopes with which
tåe present frontièr position in astrophysics was reached. WitÏout these
instruments, buiìt in a period when government supþort did not exist,
the lmowledge we have today would have been denied us, The ffrst sys-
tematic study of tÏe distances to nealby stars could begin in Ameriea in the
earþ 1900t with the long-focalJength refractors at the ,A,llegheny Observa-
tory ( Pittsburgh), at the Yerkes Observatory (Chicago), at the Sproul Ob-
servatory (Swarthmore), at the Van Vleck Obse¡vatory ( Connecticut
Wesleyan ), and several otfrers-because these large telescopes existerl. The
discovery of ttre form of our galaxy in 1915 as a higtrly flàtened rotating
disk of stars, with the sun and its attendant planets at a peripheral position
30,000 light years from its center, would not have been possible without the
60-inch reflector on Mount Wilson. The discovery of the tme nature of the
extemal galaxies as separate island universes" was possible in Ig24 because
the 36-inch Crossley reflector of the Lick Observatory ancl the 60-inch and
100-inch telescopes of Mount Wilson were available. And the expansion of
the u¡riverse could be fou¡d in 1929 and studied adequateþ from 1g2g
to 1938 only with tÏe 100-inch and 36-inch Crossley reflectors and their
efieciive nebular spectrographs. Without this progression of instruments
of increasing size, equipped with detectors of high sensitivity and sophís-
tication, asûophysics would yet be largely in an infant state.

Radin Astronomg

In the new science of radio astronomv, it was the pioneer discoveries of
young American scientists in the 1930's that opened up t]1e ûeld. The
fundamental iliscovery came in 1931, when Karl G. Jansþ of the Bell
Telephone Laboratories found that radio waves were arriving from space at
an intensity level a million million times greater than could be explained
by the known properties of astronomical bodies. In the late IgS0 s thà raclio
amateur Grote Reber surveyed the heavens with a S2-foot paraboloid
erected in his back yard in Wheaton, Illinois, and produced the frst coarse
map of the radio sþ. These promising beginnings were followed up, how-
ever, by bold developments in other countries, and tÏe U. S. position over
tÏe past 15 years of rapid growth has not been dominant.

In the postwar years, it was the highly talented European and Aus-
tralian scientists, rather than the Americans, who advanced radio astronomy
by adapting wartime electronic developments to the observation of radio-
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frequency radiation lrom extraterrestuial obiects. Discrete radio sor¡¡ces

*".L ,oon discovereil, and a treasure trove \¡/as openecl up. Large radio

telescopes. and antenna alrays we¡e bgilt in,{ustralia, Englancl, and the

Nettrerlands, and the United States fell far behincl.

Serious U, S. efiorts in radio astronomy began in the earþ I950s witl
modest projects at the Naval Research Laboratory, where the trst 5O-foot

paraboloid was built, and at Comell University. À maior discovery came

ir, 1g5t *h"o the Zl-centimeter railiation of hydrogen was detecteil by

H. I. Ewen and E. M. Purcell at Harvard. Otlrer important U' S' cont¡ibu-

tions incluiled tÏe discovery of powerful sporadic railio emissions ftom

Jupiter antl the development of the low-noise maser-type ¡adio receiver'

,4. radio astronomy project at Harvard, started in 1953, produced the

ûrst Ph.D.'s in radio aitronomy. Since 1955, tlevelopments at several uni-

versities, aided by enlightened federal support, have done much to regain

the ground lost whíle ãther countries were surging ¿}eacl. The National

Radiã Astronomy Observatory, planned in 1954, is fulfflling its objective of

provrding radio astronomers from any part of the country witÏ instnments

L"yood [h. capability of a single university; its 300-foot transit-mounted

paiaboloid coniiderably extends the capabilities of 60- to 9O-foot parabo'

ioids available at several universities' Very recentþ, the completion of a

1,000-foot, limited-coverage, ffxed-mirror radio telescope at Arecibo, Puerto

Rico ( operated by Cornell University ), has given the United States a pre-

eminent position in radio astronomy with single-mirror antenna systems'

Theïnited States now plays an importânt role in nearþ aII aspects of

radio ashonom¡ and in a few ûelds, such as planetary physics, it is in a

dominant position. In the use of extended antennâ ârays to achieve high

angula.r rJsolution, however, the United States is ileûcient World-wide

coåpetition in radio astronomy is intense, and if the Uniteil- States is to keep

pacJ with plogress elsewhere, and to realize the lruits of a revolutionary

ã"u"lop-"it tÉat began on its own soil, the country must mount a iliversi-

ffed and far-reaching program.

CURRENT PROBLEMS

A brief survey of recent progless in aspects of astronomical research of

great current inte¡est deãonstrates the important role playeil by large

instmments:



Creation of the Chemì.cal Elam¿nts

An important deveþment in astronomy during the 1950s has been the
spectrographic discovery that the abundance of healy chemical elements in
stellar atnospheres varies from star to star and is related to stellâr age.
This fact strongly suggests that the elements are continuously manufac-
tuled ín tÏe stars tìemselves under conditions of high temperature and
pressure, and are clistributed by stellar explosions tluoughout the interstellar
meùíum in which ne\ry stars are forme¿l. Here we have the shongest link
between ttre large-scale world of ashonomy and the subatomic world of
nuclear physics, because we see that the origín of atomic nuclei is tied
directly to the astronomical events in outer space. The data would not have
been obtained without the use of large telescopes equipped wíth mode¡n
spectrographs.

Neu Krøuled,ge from Ra.dìb Astronomg

Some of úre great advances of the last 15 years have come through the
application of radio astronomy methods. In this brief period, new and
previously unsuspected phenomena have been foirnd by radio techniques,
phenomena that are now changing old concepts and enlarging our víew
of others. No portion of the observable universe has been left untouched
by the efiects of radio observations; our knowledge concerning the sun, the
moon, the planetary system, our galaxy, and distant galaxies has been vastly
increased.

In particular, the methods of radio astronomy have brought us a
diversity of new knowledge-an improve¿l distânce to the sun, the conlgura-
tion of the magnetic ûeld of Jupiter, tle temperature and structure of the
invisible surface of Venus, the composition and roughness of the lunar su¡-
face, the temperature of the solar corona, ttre density clistribution of neutral
hydrogen in our galary, and a more complete picture of the rotation of our
galaxy.

Railio astronomy studies today play key roles in all aspects of the study
of space, and continued rapid growth of their role in astronomical research
appears certain.

Erpbding Galnsi¿s

Perhaps the most important radio astronomy discovery was that ce¡tain
rare antl unusual galaxies emit prodigious quantities of radio energy by
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some natural process not completeþ understood. We now have indications
that these phenomena, whatever they may be, are connected with enormous
explosions occurring near tÏe centers of tlese systems-explosions that release

energy exceeding even that to be expected from nuclear transformations.
Once beforg astronomers faced a símilar prot¡lem: what is the source of the
energy of the stars? We need only recall tÏe tremendous consequences of
the study of that problem, which led to tÏe discovery and understanding of
thermonuclear energy souces, to appreciate the import of this greater
pltzzf,e.

The discovery of radio explosions in galaxies ís one of the most far-
reaching of our time because it shows, in addition to the existence of tìese
catastuophic events, that general magnetic ûelds exist in space between the
stars ( and perhaps between the galaxies ), and thât large numbers of high-
energy particles of udrnown origin are moving through tìese ffelds. The
discovery undoubtedly provides the long-sought connection between astron-
omy and cosmic rays. The process that produces the radio emission is
called magnetíc bremsstrahlung or s¡,nchrotron radiation. It occurs when
high-energy electrons, traveling near the speed of light, encounter a mag-
netic Êeld. They are deflected by the ûeld in a well-understooil way, and in
so doing are accelerated, wíth a subsequent emission of electromagnetic
radiation. For certaín ranges of electron energies ancl magnetic-ffeld
shengths, this radiation is in the radio region of the spectrum. If the energies
and ffeld strengths are high enough, part of the energy can also be radiated
in optical wavelengths, and there are well-known examples in which this
occurs. The Crab Nebula, which is a lemnant of an ancíent supernova, is

one such example, anil the exploding galaxy M82, shom in Figure 1, ís
another. Direct evidence is available in M82 from optical polarization data
to show that magnetic ûelds exist extending 10,000 light years from tlhe

center of the galaxy, and that high-energy electrons interacting with these
ffelds procluce the observed ¡ailiation. The implication of these data for
cosmic-ray ashonomy and for the problem of the evolution of galaxies

is enormous.
To learn more about these events in space we must have many types of

observational data. Information on the amount of radiation in difierent
frequency ranges, i.e., the characteristic continuum spectrum of the sources,

must be found. If we know the polarization of the radiation, we can map
tle pattem of tÏe magnetic ffelds. The variation of the emitted flux with
time gives i¡formation on the changing pattern of the telds or on the vary-
ing energy clistribution of the electrons as the explosion evolves. Parallel

v
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studies are neeiled witl large and intermediate-size optical telescopes, to
obtain: (1) optical identiffcation of the sources, (2) observations of tleir
optical spectrum to ûnd ttre radial velocities in the expanding ulive¡se and
hence their distances, and (3 ) their apparent luminosities so tìat the energies
involved can be determined.

Quasí-Stellar Radio Sour ces

Within tle past year, the early stages of such a program have brought
a discovery of major signiffcance. Parallel optical studies have led to the
identiffcation of a few members of an entirely new class of astronomical
objects; tìeir presence had been signaled by strong radio emission coming
from discrete point sources in the sþ. On photographic plates these objects
appeared to be like ordinary stars; t-hey have no resolvâble disk or extended
structure, and are called quasí-stellar sources. The discovery that members
of the class have large redshifts showed that we are dealing with very
distant objects tlat are radiating energy at an enorrnous rate. Calculations
made from the combined radio anil optical data show that the rate of energy
release from these objects is ât least l0 times greater than from the brightest
normal galaxies known. Indeed, the total energy stored in the exploding
system is so high that there is now a considerable question as to the ade.
quacy of thermonuclear energy to account for the phenomenon. Calcula-
tions show that the energy stored is equivalent to the explosion of a hydro-
gen bomb containing one billion solar masses of hydrogen. It apþears likeþ
that a new type of energy source is required, and specrilation favors a
mechanism involving the ¡elease of energy stored in the gravitational ffeld
of a coì'lapsing body. If a mass equivalent to 100 million suns is compresseil
into a radius somewhat smaller than the distance from ttre ea¡tì to the
sul, enough energy will be released from the gavitational ffeld to account
for the quasi-stellar energy sources. Obviously astronomers are only now
beginning to assess the implications of this discovery, which may have as
great an impact on physical thought as the discovery of nuclear energy ot
the expansion of the universe. More data of a kind that is diftcult to obtain
are necessary to explore the possibilities openerl up by this discovery.
The identiûcation of further sources to the optical limit of our largest tele-
scopes must be achieverl; their calculated distances are so much greater
than those of previously identiffed individual obiects that cosmological
moclels ean be put to an observational test. The spectral-energy distribu-
tions, redshifts, polarization, anil spatial distribution must be found.
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The signals, both in the optical and radio spectral regions, are weak.

Unless largo railio antenna systems anil large optical telescopes had been

available, the true natu¡e of tlese remarkable obiects would not have been

discovered; further progress in understanding tleir nature is absolutely

dependent upon suficient access to such facilities' Enougb instruments of
the necessary size are not now available to support an all-out attack, even

on tfris one major problem, to say nothing of tlre other pressing problems

now awaiti.ng solution.
The quasi-stellar sources are an excellent example of the complementary

natu¡e of radio and optical astronomy. New diicoveries by radio techniques

suggest follow-up studies by optical metliods, which may leail in turn
to the recognition of previously unsuspected phenomena of great im'
portance.

THE INADEQUACY OF PRESENT FACILITIES

Similar inadequacies of telescopic facilities can be documented in observa-

tional astrophysics. Only a few examples need be mentioned. The study

of stellar evolution, which leads to a knowledge of the ages of stars and the

history of our galaxy, sufiers from lack of data at the faintest light levels that
can now be reached witÏ only two telescopes in the world, the Lick 120-inch

antl the Palomar 200-inch telescopes. Studies of galaxies aie hampered be-

cause too few ¡otation curves and mass values have been determined,

due to the demandi of other proiects on the few existing large telescopes.

Optical measuremerits of polarization of radio sources carìnot be carried on

at a rate commensurable with minimum progress ín the ffeld.
The recent resurgence of interest in planetary astronomy, encouraged

by the space program, has created new demands on existing large telescopes

that likewise cannot be met. Commitments to programs already in progress

have made it dificult for observatories with large telescopes to divert time
to ground-based re-evaluation of many palameters of planets and their
atmospheres, r¡/hich are of vital importance in planning vehicular missions to

points in the solal system.
Nearþ every phase of observational astrophysics is hampered today

because tle rate of glowth of new astronomical facilities has not kept pace

with the increasing ilemanil for fundamental data' In optical astronomy, we

are living largely ãn the legacy of tLe pas! using instruments haniled down

to us from the era of private Ênancing. In radío astronomy, U' S' instru-

Ð



ments are too few in number and not powerful enough to accomplish tbe

tasks demandetl of them. If astronomy is to progress, major new faciüties

are needeil.
After considering the present serious situation, tlis Panel proposes the

construction of the new facilities in optical and radio astronomy diseussecl

in detail in Sections III and IV. In broad outline, we propose the construc-

tion of three maior opticâl telescopes of the 150- to 200-inch size, four inter-

mediate-size telescopes (60 to 84 inches), a number of smaller instruments

capable of important bright+tar research anil training, two maiol array'

type radio teiescopes capable of high resolution, two large paraboìic

stðerable antennas of tle 300-foot class, and a number of special-purpose

radio ínstruments for the unique problems of great importance.

THE RELATION OF GROUND.BASED

AND SPACE ASTRONOMY

The foregoing recommendations, discussed and documented in Sections III
and IV, are io, o"* ground-based installations' What is the relation of

these propose<l faciliues to the greât potential of astronomy done from
,p"""f Th" conclusion of the Panel, based on the consiilerations outlined

below, is that the existence of our new space capability increases the need

for new ground-based facilities.
The possibility of making observations from space above the i¡-fluence

of the earth's atmosphere is a prospect long dreamed of by astronomers'

New regions of the eiectromagnetic spectïum will be immediately accessible

to obserwatioo, and the chance of making fundamental discoveries about

unknown processes and events in the u¡iverse is extremeþ high. The tlree
principal reasons for going into space are: (1) The aünosphere cuts out

ãImosi all radiaUon with v¡avelengths shorter than 3000 A, and absorbs many

important regions of the optical infra¡e<l, as well as the long-wavelength

raáio spectrum. (2) Turbulence in the atmosphele sets a limit of about

one-haú arc second to the optical resolution of big telescopes. ( 3 ) The back-

ground radiation tlat sets the detection limit with a given telescope can be

ieiluced by going into an orbit above the airglow of the upper atmosphe-re

where the rãmaining backgrounil due to zodiacal Iight is estimated to be

one half to one tenth as bright.
Examples of important problems that can be dealt with only from space
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are: (1) tle detection of gamma- and X-radiation, which give evidence of
ultra-high-ènergy events; (2) tle measu¡ement of the intermediate ultra-
violet and X-ray spectra of the su¡r and stars; (3) the study of the absolute
intensity of the zodiacal light; (4) the detection of the cosmic light from
the u¡¡esolved background galaxies; and (5) the bringing back of physical
samples of the surface materials of the moon and planets. High-resolution
photographs may be obtained from less-expensive balloon-borne telescopes.

It is importa.nt to realize, however, that these key data obtained from
space vehicles will in many cases need to be supplemented by observations
that can be obtained quickly and easily {rom the groulcl. Examples would
Ínclude: ( 1 ) opticaì identiÊcatÍon of the objects tlat emit X-ray and gamma-
ray radiation on direct photographs, followed by detailed spectrographic
studies; (2) observation of the energy distribution in ordinary optical wave-
lengths of those stars for which extreme-ultraviolet data have been obtained,
particular'þ those objects that show abnormalities; (3) galaxy counts to tÏe
opiical limit of the largest telescopes to interpret the space data on the cos-
mic light; (4) planetary studies suggested by space results, such as tem-
perature mapping and high-resolution spectra for identiffcation of atmos-
pheric gases. If the capability for rapid acquisition of this back-up inforrna-
tion does not exist, the space data will not be inte$ated into as rich or
complete a picture as is ottrerwise possíble.

Astronomy from the ground and astronomy from space complement
each other. One provides the bulk of the data easily; the other provides
certain key data, inaccessible from the earth, with commensurateþ great
efiort. Each mode of observation sees a part of the universe in a difierent
wa¡ and therefore each must be exploited.

The cost of launching telescopes will be borne by the space program,
and since the cost will exceecl, by a large factor, any of the items contained
in our recommendaüons, it is not appropdate to consider here the admittedly
huge problem of funding space telescopes. .4,n example of the costs is fur-
nished by the 36-inch telescopes now under construction {or the Orbiting
Àstronomical Observatories. Each instrument will cost $60 millíon launched,
and each is designed to last one year. Comparable numbers for a similar
telescope on the gtound are $0.3 million for the basic instnment and a life-
time of at least 50 years. Even with a generous allowance for the greater
eficiency of space telescopes arising from better resolution and the darker
sþ babkground, the mst of doing the same observations from space that
could be done f¡om the ground is at least 100 times greater, Obviously,
no observation that can be done from the grounrl should be done with a
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space telescope. These instruments must be reserved for observations that
they alone can make,

A proper balance in expenditures for space equipment and for ground-
based instruments must be achieved if ashonomical lmowledge on all fronts
is to be gained at an optimum rate. The Panel's. recommendations for new
facilities are based bottr on the genuine needs of ground-baseil astronomy
in its owri dght and on the equipment needed to adequateþ supplement
the space program. It would indeed be urrealistic to concentrate support
on the space efiort without corresponding attention to the requirements
for terrestrial facilities. More gror:.nd-based telescopes are needed if neces-
sary data are to be obtained with suficient speed at minimum cost.

Our recommendations cover the next 10 or 15 years in ground-baseil
astronomy. They are, in a sense, minimal. That is, for example, we ilo not
recommend constructioà projects that technically could be carried out, such
as a 400-inch optical telescope, though it would be of benefft to the science.
We believe that the recommendations are ¡ealistic in terrns of what can be
achieved within our present technology anil of what will be of most benefft
from 1965 to 1975 anil some years beyond in the present wave of advance.
If new facilities are not created, either tlrough private fulding or tluough
government support, then gifted young astronomers will turn to other ffeldl
tlre promise of astuonomy will remain unfulfflled, and .{merican astronomy
will surely stagnate in this century. ii

tl.:l

12

Ë-



that

¡nd-
onts
new
lmy
ìent
port
ents
ces-

med

DOt

uch
oce.

rbe
refft
oce.

ugh
tds,
)my

THE PRESENT POSITION
IN GROUND-BASED ASTRONOI,TT

It is clear that ground-based astronomy has spread before it a wealth of
inviting prospects. Questions of the most fundamental nature regarding
the structüe and evolutionary history of the universe can be asked with
reasonable hope of obtaining answers. But on one frontier after another
the growth of knowledge is limited because we need far more extensive
obse¡vational data than we now have.

What new facilities are needed to exploit the opportunities? In arriving
at a recommended program, the Panel has conside¡ed the existing facilities,
and has reviewed how they came into being and were brought to their
present state of operating eficíency. It has compared the technical capabil-
ities of existing proven telescopes with the requirements set by the observa-
tional tasks now clearly foreseen, It has also considered a projection of
astronomical manpower over the next ten years, to keep the facilities and the
number of observing outlets ín step with the demands of a growing body of
researchers, and yet not outrun the expected supply of experienced instru-
mentalists and observers needed to build and operate t-he new major installa-
tions proposed. The Panel presents here its evaluations of tìe present posi-
tion as a background for the recommendations tÏat follow in Sections III
and IV.

T H EORET IC AL AST ROP HY SIC S

Before éxtensive new facilities are recommended, it is necessary to ínquire
whether progress in understanding the universe is not as dependent on
interpretâtion of old observations in the light of known physical laws, and
on the new ideas that may thus come from theoretical astrophysicists, as
it is on accumulation of still more observations. In the earþ decades of the
20th century, when the highly successful mountain-top observatories in tle
western United States were exploring the virgin ffelds laid open by the
great new telescopes, it was perhaps tme that not enough time was spent

t3



on relating observaüons to theo¡etical lmowledge, The interpretations
were not long in coming, but they came mainly from elsewhere. The founda-
tions of modern theoretical ashophysics-theories of stellar atmospheres, the
internal constitution of tlle stars, and cosmolog¡ for example-wãe hid in
Europe, where cloudy skies anil small telescopes discouraged rapid develop-
ment of observational astronomy.

The Panel believes that any imbalance that may once have existed in
this coultry has long since been co¡¡ected. At many universities in the
United States tlere are groups of mature practitioners of theoretical astro-
physics. Graduate schools give every young astronomer ín training a basíc
grounding in the subiect, and at certain centers a number of studànts pre.
pare for caree¡s in that field. Physical scientists trained in neighboring
ûelds have become interested in astronomy and have made maior theoretica-i
conkibutions to problems of thermonuclear energy soutces, to stellar evolu-
tion, and to the radiation physics of radio sources, for example.

Another desirable development has been the near disappearance of t}re
separation between observationalists and theo¡ists. euite a number of U.S.
astronomers are adept in both roles, and a balance in the numbers of spè-
cialists of the two Çpes is maintained in most university graduate depart-
ments. Through Irequent visitation and extended sojoìlrns at maior centets,
the pure theoretical âshophysicists maintain fairly continuous contact with
the latest observational results, and there is immediate feedback of their
ideas into proposed new observations.

The Panel concludes that progress in observational astronomy is not
idealimited. The limitation is still well on the side of obsewations, which
come much more slowly than the flashes of insight that may be their initial
ilspiration.

While the Panel has concentrated its attention on the facilities needed
to accelerate the acquisition of new observatíonal data about tÏe universe,
it also recognizes the great importance of a continuing buildup of strength
on the theo¡etical side.

OPTICAL ASTRONOMY

Present Domínant Position of the UníteiL States

The position of Ieadership that thd United States enjoys in optical astronomy
has been won as a direct result of its superior observing facilities. The event
of greatest hístoric signiffcance was the building of the S6-inch refractor
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at Lick Observatoïy on Mount Hamilton in the 1880's. This was the ffrst
permanently occupíed mountain observatory anywhere, anil quickly demon-

itt"ted t¡" advantages of such a site' The greât success of tle 36-inch

Crossley reflector at Lick Observatory a few years later leil naturaþ to

tle perfecting of the large modern reflecting telescope, with all its advan-

tages for askophysical research. The founding of the Mount Wilson Ob-

seivatory witl its 60-inch reflector, completed in 1908, and its 100-inch

in 1918, was perhaps the decisive step towaril achieving leatlership. It was

not entirely a matter of size and superior atmospheric conditions, however.

The insistence of tle builders of all these pioneering telescopes on the high-

est sta¡dards of optical and mechanical performance also contributed to

their spectacular success. The McDonald 82-inch telescope in West Texas

in 1939, the giant 200-inch reflector on Palomar Mou¡rtain in 1949, and the

120-inch reflàctor at Lick Observatory in 1959 complete tìe list of tle
telescopes that have continued ttre tradition. All save the last were private

grftr; th" 120-inch was ffnanced by tax monies of the State of California.

Íhese great telescopes are the peculiar American contribution to the devel-

opment of asbonomy. Inshuments like them are so essential to astronomers

tlat nerv large telescopes are being planned in other parts of tÏe world.
À 104-inch reflector at the Crimean Observatory in the U.S.S.R. is iust get-

ting its auxiliary instruments, and a 237-ínch for a mountain site in the

U.S.S.n. is being planned. A 150-inch reflector for the Southem Hemisphere

is beíng planned by a group of European countries, and anottrer one of
similar size for t}re Southern Hemisphere is being discussed by British
Commonwealth nations. The momentum of the .{merican observatories will
not be quícHy overcome, but inevitable continuation of a position of leader-

ship should not be assumedl,

Thø Limìting Fa.ctor for Future Success

\ryith these excellent instruments in thè good-climate areas of tÏe western
United States, what limits more rapid progress on the unsolved prob-
lems already opened up? The Panel believes that it is not a lack of a unifying
tleoretical concept or of new ideas, as explained earlier; not is it the lack
of a proper number of skilled and imaginative observational âstronomers,
It is not tÏe need to wait for crucial bits of data from space telescopes,

helpful as these may be in certain cases. Neither is it delay in the con-
struction of a larger telescope than any yet made to get pâst an all-important
threshold of information. The limíting factor is, rather, simply the ertremelg
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smnll m.rmber ol telescopes of ad.equnte siza in d.ark-skg Incatians and, úrc
consequent slow accumulation of urgentþ needed observational data. Only
a handful of ast¡onomers can now be engaged in a sustaineil attack on fron-
tier problems at any one time.

This dilemma arises because astronomical soulces are so faint tlat tele-
scopes of the largest size are required for at least part of most problems.
If we compute tle output capacity of all telescopes with adequate light-
collecting area now in operation any'rvherg and compare this with the crucial
problems requiring certain numbers of photon-hours for their solution, we
immediately perceive that our present instrumental facilities are entirely
inadequate to meet the astronomical demand. Thus data precious to the
advance of astrophysics are presently denied us.

Only two existing telescopes are adequate for pushing current frontier
problems to the observational limit. These are the Lick 120-inch and the
Palomar 200-inch reflectors. (The 100-inch telescope on Mount Wilson
has lost efiectiveness because of the light from nearby metropolitan areas.)
These two telescopes do not begin to satisfy the requirements of mid-2Oth
century astronomy. Experience over the past 20 years at the McDonald,
Lick, Mount Wílson, and Palomar Observatories, shows that the most effi-
cient exploitation of large telescopes requires carrying on several programs at
once-work on faint obiects at the photomehic limit during the dark of tle
moon, and spectroscopic work during moonlight. There is, however, an
optimum number of perhaps 10 long-term problems that can be handled
at any one time-giving each of them about 35 nights a year. Even then,
such problems as t-he distance scale of the udverse, where cepheid variables
must be found and measured. in galaxies, require.two to four years to com-
plete at tlis rate, because of the large number of plates required. This
means that 10 to 15 stafi astlonomers per major telescope is all that can be
efiective. With onþ two major frontier telescopes operating, this means
that no more than two or th¡ee astronomers in tTe entire worlil now have
the opportunity to work on the most excitíng problems in any given ûeld.
Competition and the obviously needed opportunity to check results are
lacking. The problem, serious enough from the standpoint of progress,
is even more serious in another respect: it squeezes out of research life at
the frontier top-notch men who, by accident, are not among the fortunate
staff members of big observatoríes. This is an extremely unilesirable situa-
tion from many points of view.

The problem can be, and is, documented every month by the adminis-
trations of both Lick and Mount Wilson-Palomar, where meritorious projects
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bv competent "outsicle" astronomers must be fumed down time after time

fár hck of guest-investigator time at tbe telescopes'

The establishment of the Kitt Peak National Observatory will begin to

ease the problem, but it is so acute that tÏe establishment of only one more

-rio, t"i"r"op" (the 150-inch) is not a sufficient answer' This is partþ

because Kitt Þeak will be the only non-private instnment available to the

more thnn 700 obsørcer canÅ,íilntes' ( Neither the Lick nor tle Mount Wil-

,on arrd Pulomar Observatories are federally supportetl instítutions, ancl

thei¡ instruments are not generally available' ) If the yearþ assigned observ-

ing ,i*" on any large telescope is cut below 15 niqhts p3r proiect, no real

mã¡or problem'can be completed successfully in less,than three or four

.,""r.. *hi"h is extremeþ long by modern standarils' There will, of course,

L" 
" 
i"* spectacular onå-shoi discoveries made with only a few nights, but

th" follo*-ìp of these leads, so essential in the orclerly, progressive advance

of astronomy, will be missing.
The inádeq-uacy of the existing large telescopes for the difficult prob-

lems involving fãínt sources would be even more acute if telescopes of lesser

size could ,to-'t b" used to câlry the considerable fraction of the needed

observations that do not demanil such geat light-gathering power' Tele-

scopes of intermediate size can perforrn all the standard- observational tasks

ove-r most of the brightness range covered by obiects of a given class' For

some types of measrirement, toãh ut the study of nebulae, there is almost

no loss of efficiency in going to a quite motlest telescqpe'

Recent astronãmy it t"pl"t" *ith 
"*amples 

of the most productive use of

telescopes of small and intermediate size. Examples are: (1) photoelectric

photometry of hundreds of sta¡ clusters to iletermi¡e color-magnituile dia-

g."-., (2j the study of the rotation of galaxies from- spectrographic r-adial

ielocities, (S) spectroscopic studies of physical conditions and abundance

ratios in gàsåous nebdaã, (4) the study of intrinsic variablg stars a¡d

eclipsing iinaries, ( 5 ) narrow-band ûlter photometry for determining

lumlnosity and chemical composition of stars, and (6J obiective prism

suruey, fó, the discovery of peculiar emission obÍects and t-he iilentiffcation

of stars of a particular class.

Interest L these valuable lines of research has maintaineil a steady

pressure on telescopes of small ancl intermediate size, which has been

ànly pa*ly relieved by the facilities alreacly completecl at the Kitt Peak

Ñ"íi-"t óbservatory. 
' 
The inadequacy so strongly felt at the largest tele-

scopes is equally critical all along the line, and plans to bolster observing

poiu, by U"lai"g new telescopeì must give attention to the whole range
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of sizes in order to provide an eficient set of observing tools tailored to
the varied obsewational needs of the astronomical community.

RADIO ASTRONOMY

PÍesent Posítiøn of the United States

The United States now has an impressive group of major radio telescopes;
contrary to the situation in optical astronomy, however, it can not be said
that the Àmerican position is dominant. The ûrst line of American tele-
scopes, all constructed in the recent past, includes three large telescopes:
the 1,000-foot ffxed-mirror irìstuument at .,{recibo, Puerto Rico, the 300-foot
paraboloid at the National Radio Astronomy Observatory (NRÀO), and
the 600-foot cylindrical paraboloid of the Universíty of lllinois; the latter two
are tuansit instruments. Then there are the two-element interfetometers
at the California Institute of Technology anil NRAO, and the soon-to-be-
completed, 140-foot, fuþ steerable radio telescope at NRAO. As power-
ful as these i¡strûments are, they are exceeded in capability (in ways to
be discussed later ) by such foreign instuuments âs the 2l0-foot telescope
in Australía, tÏe 22-meter millimeter-wave telescope near Moscow, and
ttre large cross-q4)e arrays nearing completion near Sydney and Moscow.
A {urther development that will outrank American telescopes in capability
is tlre proposed high-resolution instrument to be constructed by the Benelux
nations.

NaeiL for Hàgþ Angulnr Resolutian

Even more important than the capabilities of U. S. railio telescopes rela-
tive to tlose in other parts of tlre world, however, is the capaciÇ of these
telescopes to provide the key data requirecl by the central problems now
confronting radio astronomers. In one ffeld of research after another,
existing and projected telescopes fall short in one all-important respect:
angular resolution. The reason for the exceedíngly |uzzy view o{ the radio
sþ given by these instruments is that they are not large enough, measured
in units of the wavelength of the receíved radiation, to narrow the instru-
mental diflraction patter:n to efiective levels. It must be remembe¡eil that
radio telescopes difier f¡om optical telescopes in their ability to resolve ûne
detail because the wavelengths of the radio waves are as much as a million
times longer tlian the wavelength of the optical railiation.

t8

t_ s



opes;
, said
tele-

opes:
)-foot
, and
r two
retels
o-be-
lwef-
ys to
scope

, ?nd
scow.
.bility
¡elux Fíguîe 7 The peculiar galary tr482 in hlJd,rogen light. Thø frLaments eúend,íng upøard and

dotL;nuaard, are composeð. ol nateîial tlxrolÙn oltt bg an erplosion in tlle nuclear regioñ of the
galaq about I milliþn geo.Ìs aga.

rela-
these

; now
other,
rpect:
radio

!sured
nsfuu-
I ttrat
'e ûne
lillion

É.



r

Fígure 2 The spiúL galaxg M31, uíth íts tüo compaìnioß,
as photogruphed þith øn optícøl telescope giDíng a rcsolu-
tion of 1 second, of arc-
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L íts tØo aompaníons,
,ope eíþíng ø rcsolu

The galarg M31 øs ít u;ould, appeu to a lelesaope
¡esoluÍían ol 34'

5 Th.e galatg M31 as seen aith 3' resolut¡on-

Fìgure 4 The gaünV M37 o.s seen tD¡th 12, resohttìon-

Figurc 6 The galary M37 as seen @ìth ft rcsolutìon.



Fìeu¡e 7 The spìto¿ galarg M87 as seen aíth an optícal

telescope gioíng 7" tesolution

Figure 9 The whi pool ¿alaxg,M51' as seen þith an optí'

cal telescope gioìn! 7" resolulion'

i

lI-

Fìs|iîe 8 The spiîol golLxg M87 os seen Ðilh 7' rcsolutíon'

l)71n, tio" tttot pott¡ble Øíth er'islìñg rcilìo relescopes

The uhbþool galary as seen 1þith 7' resohiìon'



xs seen tDíth 7'
tin g tad,io t el¿sc opes.

11 Th.e barred' spâ¡al' gala*E NCC 7300' as seen

optícal telescope giDing 7" rcsolutìon
r-igute 12 Thé bared spi¡al gala*g NGC 1300, a's seen

Loith 7' lesolution, begond the cøpabi\ta of existirl! radío

telescopes,



FígØe 13 A s(nlple of si,mulated' sk{ populated @ith tun-
d,ontfu d.ístrtbuted. radìo soØces of a consíderøble tunge ol
ifltensífies, seen under híeh resolution. The area shoøn cott-

tains about 70 squ rc degrces.

Figr.ue 14 The model skg of Figure 13 as it Lþoul¿' be

seen at a rcsohttion oÍ 7', or about th&t possìbtø @ilh a

300-foot tudio telescope üorkiltg at 2f cm.

IL



aÃ ít toould, be
oossíble üíth a

The model skg of Fi,gute 73 at a resohttioí of 3' Fl,gurc 16 Th,e modd skg oÍ Figure 13 at a îesoh.ttt'n of
7', begond, the capabllitv of ang eíìsting rudia telescopes.



Thus the maior factor that limits the advance of rarlio astronomy today
is not particularly lack of obsewing time with frontier instruments, as in the
case of optical astuonomy, but rather the lack of instuuments oI the proper
design to meet problems no\M recognized.

Two important facts should be recognized in an analysis of the Ameri-
can-and tÏe world-wide-program in radio telescopes: I ) None of the pro-
posed or existing instruments will provide the versatility, the speed, anil
particularþ the resolution demanded for substantial progress with tÏe prime
astronomical problems. The only ínstrument that approaches the require-
ments is the proposecl ântenna system for the Califomía Institute of Tech-
nology; its limitations are tlat its resolution is not su.ficiendy good, its
energy-collecting area is limíted, and its sídelobe levels are high. Thus it
may reach only the strongest sources efiectively. The resolving power of all
the other existing instruments falls far short of the requireil speciffcations.

2) Conùary to the situation in optical astuonomy, railio telescopes have

not yet nearly approached the ultimate limitations in performance produced

by intromogeneities of the eaïth's atmosphere. Theory anil preliminary
experiments have indicated that the ultimate aknospheric limitations on

radio-telescope resolution will be about the same as tltose for optical tele-
scopes-a fraction of a second of arc. Thus, there is no natural barrier that
prevents building radio telescopes on the ground witl an angular resolution
far beyonrl tlìat yet achieved, and thus to go beyond an all-important
threshold of information.

Tuming now speciûcaþ to the problems presented by existing radio
resolution, we demonstrate graphically the efiects of this resolution tluough
the presentation of actual photographs of celestial objects made with a

resolution simulating that of radio telescopes. These photographs were
prepared by Dr. J. S. Högbom at Leiden Observatory, using optical plates

from tle Mount Wilson and Palomar Observatories. In prepäring these

illustrations, a technique is used in which high-quality optical photographs,

which have an efiective resolution of a few seconds of arc, are reproduced
with an out-of-focus enlarger that simulates accurately the performance

of a radio telescope of interest.

Resolution of Ra.dio Galnrìes

The loss of detail in viewing a nearþ galaxy is shown in a series of pictures

made by the above proceilure. A standar<l photograph of the giant ipiral
galaxy M31 is shown in Figure 2. Its optical image has a major axis of about

I5!
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180. In Figure 3 we see the galaxy as it would appear to a telescope with
34' resolution, a value given by present 85-foot telescopes at 21-cm wave-
length. It is obvious that at this resolution all detail disappears, except

for the flatteníng of the galary. More alaming, the image of the small

elliptical galaxy near M8l merges with the image of M31, giving tÏe illusion
t¡.at M31 perhaps possesses a iet of radiating material. Such structu¡es
actually occur in some very abnormal galaxies, and so it is very undesirable
that an efiect such as this may appear spuriousþ. Figure 4 shows tle galaxy

as seen with 12' resolution, about the resolution of the 300-foot telescope

at 2l-cm wavelength. Still most of the important spiral structure of the
galaxy is indiscemible, and Doppler studies of the rotation of the hydrogen
gas in the spiral arms can give only a blurreil picture of the motion. Figure
5 shows the galaxy with 3' resolution, about that obtâinable with the 1,000-

foot telescope, were it able to reach the declination of this obiect. á.t this

resolution, important detail begins to appe in tle outer part of the obiect,

but tÏe important nuclear regions remain unresolved. Finally, in Figure 6,

where the resolution is 1', a clear picfure of the nuclear stmcture is begin-

ning to appear, and there is hoþe that a clear observational picture of the
physical structure of this object could be obtained. Yet no existing tele-

scope can achieve this resolution. Equally discouraging is the fact that
this is the galary of greatest apparent size in the northern sþ' To gain a

clear underitanding of the structure of the various forms of galaxies in thè

universe, a large number of more-distant obiects must be observed, anil a
resolution of the order of seconds of arc will be required,

Examples of the difÊculty in observing more-distant obiects are shown

in Figures 7-12. Figure 7 is a photograph of the galaxy M81, whose major

axis measures about 20'. Figure 8 shows the galaxy as it would appear at
the presently unavailable 1'resolution. Much important detail has been lost.

Figure I is the famous Whirlpool nebula, about I in diameter, and Figure
10 is its image with a 1' resolution. Its true form is only barely discernible,

and the structure of the nuclear regions is lost. Figure 1l shows the barred

spiral galaxy NGC 1300, and Figule 12 its image agaín with a 1' resolution.

Such ã radio picture, standing alone, might well be only a controversial

enigma.

Resolution and the Cosmologi'cal Problem

The important role of resolution in radio astronomy is nowhere more clearly

demonstrated than in radio observations associated with problems of cosmol-
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ogy. It is now well established that moilerate-size radio telescopes hav-e

sthci.ot sensitiviÇ to detect numerous radio sources even at the bou¡ds

of the observable universe. Thus, in principle, the changes in mrmber,

density, brightress, anil spectrum of these sources can be examinecl over

the vast eons of time spanned as we look to such great distances' From

such studies, the history of the universe can, in principle, be determined'

However, this can be accomplished only if we can see the most distant

sources clearly, which is to say that the telescope resolution must be sufffcient

to distinguish well the most distant sources from oire another and ftom

,r"uru. ro-*""r. It can be calculateil that this requires the clear resolution of

all radio sources when the total number of sources visible in the whole

sþ is about one million.
Figure 13 shows a sample of about 10 square degrees of a simulated

sþ poslsessing in all about one million sources ilistributeil randomly' Figure

t¿ ,iro*t thiJmodel as it appears with a ¡esolution of 7', ¿ little better than

the resolution of the 300-foot telescope workíng at 21 cm, and the resolution

of most existing 85-foot telescopes at their shortest opeÏating wavelengths'

It ís obvious thãt ,ton" of the fainter sources can be reached at all with such

resolution. Fígure 15 shows the model as seen with 3' resolution, about that

of the 1,000-fòot or 140-foot antennas, each working at the shortest wave-

length túat its accuracy perrnits. The picture ofthe sky obtained is still quite

inaãcu¡ate. ,A' striking fãature here is the high frequency with which appar-

ent double and multiple soulces appear spuriously' Double sources appear

to b" u 
"o-*on 

featirre of the real radio sþ, so a spurious prodtiLction of

them is an extremeþ serious defect in any observing instrument' Lastþ,

Figure 16 is a view óf the model with 1' resolution, presentþ not available'

O;ty at this resolution is a clear rendition o{ the model beginning to appear'

Hoi.rrer, close comparison between Figures I3 and 16 shows that further

resolution will be reqired if a tr.uly accurate reproiluction of the model is to

be obtaineil. In actual fact, it can be calculated that a resolution of 3Û' or

better is required to produce a pictùe adequate for cosmological computa-

tions. Cleaily, from ìhe preceding figures, no deffnitive krowledge of the

radio sources'throughout the universe can be obtained until ¡esolution of the

order of seconds of arc is available to radio astronomers'

Melhods of Achíeoing High Angulat Resolution

Increased resolution can be obtained only by increasing the linear size of the

"ri"nr",y.t"-. 
Fortunateþ, it is unnecessary to build a single antenna that
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fflls the complete area spanned by the most distant compolents of the sys-

a*.ìLput"å, relativeb small ant",,nas spaced on a-Iong baseline give the

necessafu'pattern of hígh resolution witì a small total area'- - 
Á Éà" e*ample-of this approach is the Mills cross in Australia' in

*fri"n u- hrg" nu-Ë", of simple-dipole energy collectors are spaced out on

il;"I¡ndï th; pattern o{ i 
"roti; 

io the sirnilar Ch¡istiansen cross' small

p"ru'boloid, ,"""ivô th" urr"tgy. The wiilely spread energy coilectors are con-
'""","a 

"f""oi""ly 
so that thã perfo.-"o"L i*itat"t well the performance of

" "ì*pi"a" 
,"fl"cto, of us greit tlimension as the largest dimension of the

cross pattern.- -,iooth"t 
advance is the development in England of a scheme Ior using

two-element interlerometer antenn¿s on a variable baseline in such a man-

,r"" tUut, after many observations at clifierent times, the electuical perform-

;;; ; co*pl"t"íy ffIlecl aperture of greai dimension- can be imitated' or
;.yott 

"ri""d."-fhese 
interfeiometer expedments have brought great atten-

tiáo to tttu concept that any distribution of radio sources, or radío "bright-

,r"r." in th" tþ, 
""n 

be represented as an infinite Fourier series of intensities

"iïUlp"i*f í"u"I".tgth, projected on the sþ' An interferometer' at âny

;J;f; recording oã" of thlt" Fourier components' Given time' enough

;;;;;;;" can b""obtuio"d to allow a combination in.a Fourier synthesis

th"i ."p.od.t"", with good accuracy the appearance of tle raclio sþ' It now

õp""i aft"r, if sufficiãnt care is tafen with tÏe observations' this technique

"ãå froa,r""'"""*ate high-resolution railio maps of tÏe sky' The procedure

i, biog prttuud with vilgor in England and at other places' It becomes evi-

ã"", i.?å any careful slucly of thL aperture-syntlesis technique' however'

that the procådure is a very lengthy and teilious- one; 
- 

fu¡tlermore' when a

larse ,ro;ber of Fourier compoients are needed, as is the case where ex-

it"it" ."r"1",i"" is required, ii b""o*"t very difficult to maintain suficient

accuracy in tlle measurement of the phases and amplitudes of the Fourier

com'onents' 
rceiving elementsA compromise solution to the problem is to use many re

simultaneoirsly, so that many Fourier comporr"ttT ut" received simultane-

;"rto À iudiáíus choice cán be maile of tÏe Foufier components to be

,u""i,r"il,'.o that the prime astrophysical in.formation about the source in

q";.tiá; rt emphasizeå. The ¡esuli is a rapict acquisition of data' and a sys-

i"- io *lti"ft e^rrors in phase and amplituãe âre more easiþ discovered-and

corrected, Ieading to acceptable accuracy in the results' The Mills and Ch¡is-

ti"rrr"n 
".orr", 

ai'e, in faci, examples of this procedure' It has become clear

tlr"t, il tlt" ,eqoired resolutions åf 
" 
f"* secónck of arc are to be obtained
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with tìe ffrrancial and tecbnological resou¡ces realistically presumed to be
available, this indírect but efiective procedule must be used,

Rapid steps in this direction a¡e being taken. Examples are the construc-
tion of the 1.6-lqn cross of the Universþ of Syilney, now nearing comple-
tion; the l-lar¡ cross nearly completed by the Lebeclev Physical Institute,
Moscow; the l-kn cross of the UniversiÇ of Bologna; anil the new aperture-
s¡mthesis ínterferometer of Cambridge University, Extensive experience in
aperture-slzrthesis techniques eústs in the United States; one of tÏe out-
standing interfe¡ometers is tlat of the California Institute of Technology,
which has given many young astronomers backgrounds in tlese techliques.
Soon the long-baseline interferometer of the National Radío Astronomy
Obsewatory will have given a new group of scientists experience in this ffeld.

Collecting Area and Sídelabes as L¿nxi,ti,ng Factors

Two major factors besides resolution must be considered in evaluating
radio telescope desígn: energy-collecting area, and secondary responses or
sidelobes ofi the main beam. The two are interconnected.

Secondary responses or sitlelobes arÈe from the fact that every antenna
collects a small amourt of energy from all parts of the sky. In certain direc-
tions, this response may be an appreciable fraction of the response in the
main beam, i.e., from the ilirection the telescope is pointing. When the side-
lobe response from a strong source equals or overwhelms that from weak
sources in the main beam, confusion and error resulg since the receiver
sums all the ¡eceived energy. This problem is particularþ acute when only
two or very few antenna elements occupy the space between tihe extreme
separation requireil for speciffed resolution; hence the need to reduce the
so-called grating response by adding the many Fourier components previ-
ously mentioned.

One solution is to ffll Ín the area between the two extremities completely.
This is done in the paraboloid, for which tÏe sidelobe trouble is negligible.
The collecting area is enotmously increased and signals from weak sources

are lifted out of the backgrouncl noise present in all radio receivers. The
advantages of paraboloids for many problems, discussed in a later paragraph,

are well k¡own. But in achieving resolution dre area is wastefully used, since
the resolving power goes onþ linearly with the aperture and the cost goes

as the 2.5 power of the aperture. ( See Section VI and the Àppendix. ) As the
size increases, the engineering dificulties of holcling a precise parabolic
shape in a moving System impose severe obstacles. The compromise of a
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úansit instrument, in which the paraboloid moves only about a single east-

west axis, reduces tlese problems somewhat, but limits the observations of

a given obiect to a few minutes each day while it is passing through the

north-south plane. ,4' ffxed-mirror system permits a still larger apelture at

the price of restricted sþ coverage'
For mapping and investigations of indiviclual faint radio sources scat-

tered over the sþ, it is much more efficient to use multi-element arrâys

arrangeil in the form of a cross. The¡e must be a carefully calculated balance

between the energy-collecting area needed for a satisfactory signal-to-noise

ratio on the weakãit sorrtc"s tliat are clearþ resolved, and the number ancl

spacing of elements required to suppless sidelobes adequateþ. Too large a

"h[-in factor" not only ìs wasteful, but also, in tle case of the paraboloiil, it
actualþ brings so many extremely faint sources above the detection level

tìat a larger. aperture increases the confusion between such sources by a
factor greãter thao the capacity of the aperture to resolve them. The result

is a "cðnfusion-limited," ratler than an "íntensitylimited," system On the

other hand, too small a "ûll-in factor" means higher sidelobes and a limita-

tion to brighter sources.
The rieans of achieving balance between the three interconnected fac-

tors of resolution, energy-collecting area, and suppression of sidelobes are

now well understood and are being taken into account fur designs for radio

telescopes now projected. Techniques have been developed for iilentifying
and eliminating siclelobe responses, with less fflling-in of the total aperture-

spread of the antenna system than straighüorward optical theory would re-

qìir". By slightly varying the frequency, or by combining the signals from

tir" ,rarió.rs cãüecting elements with an altered set of weighting factors, the

sidelobe response can be changed wíthout afiecting the main beam appre-

ciably, thus providing a means of separating spurious sources.

Parabolíc Antewøs

Critical as is the need for high resolution, complex arrays are not the com'

plete answer. A balanced anil fully efiective program of radio telescopes

wlll include fully steerable single paraboloids of the largest feasible aperture'

There is a class of problems, as in the stucly of variable radio sources,

galactic shucture, and Lhe polarization of railiation, tÏat tlo not require

the highest resolution. Studies of the 21-cm line of hydrogen and other spec-

tral lines, or any problems that require frequency scanning, are extremely

difficult with arrays. Not only for these problems, but also in situations where
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a telescope is required to serve a heterogeneous group of observels, as at

the National Railio Astronomy Observatory, a single paraboloiil has been

for:¡d to be the best solution. Indeed, such an instrument can be operateil

on widely difierent frequencies simultaneously, thus facilitating use of dif-
ferent programs on tle same ilay without change of i¡strumentation. When
o""erráry, instrumentation at the single receiving point can be quicldy

changed and experimental eqrdpment for exploratory measulement conven-

iently and cheaply attached. And, not the least in importance, ease of use

and versatility make tle paraboloid ideal for gtaduate students, thus giving

them personal f¡st-hand experience.
From the foregoing discussion it is clear that straighdorward applica-

tions of known technology could produce radio telescopes considerably

superior to any now existing in the United States. The giant 1,000-foot tele-

scope at Arecibo, Puerto Rico, may produce a resolution of a few minutes of

arc, but has limiteal sky and frequency coverage, and a major part of its
obserøng tjme ís committed to a program of geophysical stuclies. The 600-

foot telescope of the University of Iìlinois is limited by its frequency cover-

age.to resolutions of the order of 10' of arc, and as a bansit instnrment it
cannot track objects across the sky. The National Radio ,{stronomy Observa-

tory (NRAO) 300-foot railio telescope is also limited in its frequency and

sþ coverage, and by its inability to track. The interferometers at the Cali-
foinia Instiìute of Technology and at NRÀO ( consisting of two 9O-foot and

two S5-foot antennas respectiveþ ) are limited by their small efiective col-

lecting area, which restricts them to stuily of stïong sources, and by the speed

with which they can acquire data. The compound interferometer at StanJord

UniversiÇ, which forms a fan beam less than one minute of arc wide, is

limited to less than a dozen sources. Soon the NRAO 140-foot telescope will
be finished; it will achieve resolutions of the o¡der of a few minutes of arc

at best. There also exist in the Unite¿l States more than a half-tlozen 85-foot-

class paraboloids at various institutions' Àlthorrgh these serve well for certain

classes of problems, they are too small to provide adequate resolving power

and collecting area.
In summary, then, the tremendous U. S. progress in recent years has

proiluced a series of impressive insbuments for radio astronomy. Their use

has clearþ indicated fairly direct paths to profounclly important information
about the univetse. But none of the instruments now in existence anywhere

or authorized for construction are adequate for meeting these challenges.

The United States should proceed with production of instruments that will
uoss the resolution threshold, lest we neglect one of the most signiûcant

25

i::

.
h
ft"



l

llr

scientiûc heritages of our tímes, The proposals in Section IV look toward a
construction program suficient to overcome the inadequacies we have dis.
cussed here.

THE DILEMMA OF THE ASTRONOMY

GRADUATE SCHOOL IN 1964

Equally as serious as the problems arising from tle lack of large frontier
telescopes is the cur¡ent situation conceming the instrumentation at gradu-
ate schools throughout the country. The demand for grailuate astlonoÍìers
is very high. Whereas 15 years ago the few new astronomers produced each
year were suftcient to satisfy the immediate needs of that era, today there
are not enough astronomers either to satisfy the demands of the space pro-
glam or to keep pace with expanding university requirements. On the sur-
face, present demand and potential supply might appear to be on tÏe way
toward a satisfactory balance.. Graduate schools are now flooded with appli-
cations in âstuonomy; enrollment is higher than it ever has been and is in-
creasing at the unprecedented growth rate of 19 per cent a year. (See the
discussion of manpower, pp. 28-37.) But herein lies the problem: Of the 30

Ph.D.-granting institutions, only a hanclful-perhaps tluee or four-are well
enough equippetl with adequate instruments to teach âstronomy and astro-
physics in the manner required. Most departments possess equipment (small
telescopes, light detectors, spectuogrâphs, data-¡eduction instruments ) t]1at

dates from approximateþ 40 years ago. These deparknents are now asked

to train students in this modern era. A parallel task would be to maintain
high-level research and teachíng departments of physics without nuclear
accelerators o¡ modern low-temperature laboratories; or to teach chemistry
with only Bunsen burners and test tubes; or to teach molecular biology with-
out electron microscopes ancl X-ray apparatus.

The circumstances leading to the present lack of university research
facilities in astronomy can easily be traceil. Before World War II, astronomy
was an "ivory towef' subiect in the university cur¡iculum, Most astronomy

departrnents were small, consisting of one or perhaps tv¡o men with very
few students. Almost no university could justify the creation of research
facilities fo¡ such a small fraction of its activity. There were a few institu-
tions, however, that did obtain research equipment, either by gifts from
interested outside indiviiluals or from enlightened administrations that
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strongly supported small but active astronomy programs' These few schools

then ãevelopeil into the only graduate departments in the Unitetl States that

stressed observational astrophysics, and tley a¡e the schools from which

most graaluate astronomers have emerged' Not only thes-e schools, but also

schooli that wânt to stør, astronomy programs' face almost insurmount-

able problems in the present era with its increased pressure for excellence.

Except for a hantlful of radio telescopes, there have been very few major

adilitions to tÏe equipment of the existing graduate schools for mâny years.

Even mo¡e serious is the fact that most of tle newly created grailuate depart'

ments have virtually no instrumental legacy from the past.

This problem was recognized about ten years ago when the discussions

leading tJ setting up tÏe Kitt Peak National Observatory anil the National

Radio Astronomy Observatory were begun. If the Kitt Peak Obserwatory did

not exist, the situation in optical astronomy would now be almost intoler-

able. At present, some of tìe graduate-student pressure is relieved because

students from any institution in the courìtry can use the national facilþ at

Kitt Peak. But it is estimated that Kitt Peak can satisfy only 25 per cent of

the total demand that will develop in the near future.
Furthermore, there is a fundamental disadvantage in reþing solely on

the national facilities. Faculty members and students must travel from their

home institutions to distant places in order to collect material for their re-

search problems. They then return to their own graduate departments to

analyze t}'te data. It is usuaþ the case in all experimental science that, as

insight into a problem develops, difierent data are required or new tech-

niqies must be employed at intermediate stages in the research. It is dificult
to 

.meet 
this requirement unless the research facilities are constantþ at

hand at the home institution. The most efficient use of the telescopes at Kitt
Peak and NRAO would be in the Ênal push toward solution of problems,

after observational techniques had been thoroughly tested on nearby mod-

ern instruments. Thus, the necessariþ limitetl period with a larger telescope

and good skies for optical observers could be usecl far more productiveþ'

it is the opinion of this Panel that a number of graduate schools in tÏe
country should be supported in tlreir attempt to acquire moderate-size tele'

scopes so tåat such a icheme of operation could be adopted generally' There

i*, åf 
"orrrse, 

a Iimit to tlie size of the optical telescope that can be iustiûed
in parts of the country with low percentages of clear nights' In tlre opinio'l

of ihe Parrel, telescopås hrger than 48 inches should not be built in areas of

relatively poo, *""|h"r. Ho*"u"t, ít is abundantþ clear from results ob-

tainecl, íoiexample, at the Case Institute of Technology, the University of

!t
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Wisconsín, and the University of Michigan that telescopes of 24- to 4O-inch

size can anil have contributeil enormously to tle progress of observational

astronomy. The research of both faculty and students 
_at 

these institutions is

of high caliber, and exempliffes what can be done under relativeþ poor sþ
conditions.

The existence of modern telescopes at individual graduate schools has

many advantages. À healthy ,"s""r"L atmosphere is almost automatically

"r""i"d "*orrf 
f"culty and students alike. The equipment is available for

many astronoirical pioblems that could not be solved on an expeditiola,ry

basis at a nauonal fãciüty. Specíal work on novae' comets, planets, and the

moon at certain unprediótable times requires obsewations thât could not be

made at a national observatory huntlreds or even thousands of miles away'

Any problem requiring close iurveillarce, such as those posed by irregular

]rarialle stars, eJipsirig binaries, int¡insic variables, and tìre radio emission

of Jupiter, cannotie ãealt with away from home because the neecl is for

,"j"uiu,l obr"*"tions at selected tímes. Most importânt is the fact that most

uniiversity-connccted astronomeïs are engaged in teaching and hence a¡e on

t-he campus for three quarters of the year. A'nil this is where the students are'

If maxiirum use is to be made of equipment, it must not be locateil hun-

dreds of miles away, but must be easiþ accessible, not more than one hour's

travel time awaY.

MANPOWER

We have now outlined the present position of optical and radio astlonomy

with respect to the facilitiei needeil for an aggressive attack on problems

awaitinj solution. There remains the important question of the balance l¡e-

t*e"o tie creation of facilities and tìe number of astronomers that wiII be

demanding observing time when the facilíties are completed'

The a-nswer to this question cannot be given in hard bookkeeping terms'

because the availability of facilities afiects the choice that young scientists

make on whether to g; into tÌìeoretical or into observational astronomy' The

evidence we have cit-ed earlier in this discussion-the unsatisûed demand for

the telescope time at maior observing centeï and the desire of many univer-

sity graduate departments for modern, locaþ based observing equipment-

poLis to tlte current severe limitations in facilities' Fine new instmments
^o.rdonbt"dly do attract and inspire imaginative use by outstanding young
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scientists. Without allowance for such intangibles, the Panel has examined

the growth rate in the number of asttonomels in recent years, anil has at-

tempteil to set upper and lower limits on tìle nunber of U. S. astronomers a

decade hence. The conclusion points to no less than a doubling in t}re next

ten years. If the current rapid growth in graduate enrollment continues, the

factor of increase may be as large as 2.4.

Truiníng of As'tronnmers Comparcd to Ttainíng

of Other Phgsical Scíenfists

Astronomy is one of the smallest disciplines among the engineering, mathe-

matical, and physical sciences. The annual proiluction of Ph.D.'s has been

widely used as an index of the growth rate in these Êelils, The following
studies contain material relevant to the present discussion:

Doctorate Productíon in tJni,teiJ Statas Uniqersitíes. Ofice of ScientiÊc

Personnel of the National Àcademy of Sciences-National Research Council,

Publication 1142. (See also Phgsics Toil'ag, 15:21, 1962 for ilata on physics

Ph.D.'s.)
Comparìson of Eørned Degrees Aaarded 7907-1962 ttsith Ptoiectioru

to 2000. Nàtional Science For:ndation Report NSF 64-2.

lnoestíng án Scíentìfic Progress. National Science Foundation Report

NSF 6l-27; also Report NSF 62-43.
Meating Manpouer Naeds in Science ønd' Technologg. Report No. 1,

Graduate Training in Engineering, Mathematical, and Physical Sciences, by
President's Science Àdvisory Committee, Dec.12, \962.

The semilogarithmie plot of Figure 17 shows the annual U' S. Ph.D.

proiluction in astronomy, physics, and all physical sciences (ûrst two refer-

ãnces above ) . It is apparent tha t ouer the long term +Áe country's astuonomy

education system has not consistentþ maintained tÏe smoothed growth rate

of about 7 per cent per year (doubling time, 10.2 years) that has prevailed

in related ,ãi"n""r. The decline in the period 1935-4I may have been causeil

by the paucity of ¡obs in astronomy at a time when the field ofiereil many

fáwer industrial and government openings than were available to physicists'

The Ph.D.-production rate is perhaps a less reliable basis for estimating

tÏe U. S. wolking force in astronomy than in othei physical sciences because

of the importani fraction of foreign-born, foreign-trained scientists in the

group. Môreot er, there is good evidence that an appreciable proportion of

ihe present astronomy force transfened into astronomy aftel Ph'D' training

in o-ther disciplines, such as physics and engineering. Yet Figure 17 shows
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steady growth at about 3.8 per cent a year ( l9-year doubling time) through

all the lostwar years, including the I950's, when physics-Ph.D. proiluction

was onã plateau. Since 1956, there have been signs of an upsurge that may

lead to a much higher growth rate. Before exploring the implications and

making a projection based on the best cu¡rent data, it ís of interest to con-

sider alnother'index of research activity in astronomy to see if corroborative

evidence exists.

89í PER rdÀIt

Fígøe 78
Crouth of U,5. membetship ¡tu the lntemational Astrononúcal Uniotu 7921-1963'

proiecte¿ to f972.

(J. S. Membershâp ín tlw Infernatianal Astronomical Union

Figure 18 shows the number of U. S' members in the International Astro-

nomical Union (IAU) from 1923 to 1961. Membership in the IAU is univer-

sal enough among established professional astronomers so that weighting in
favor of [he intemational-minded is negligible. Yet the standards of member-

ship are such that, at any one time, a number of young and productive

,"rã"."h"r* who make heavy demanils on facilities are not being counted'

The membership ffgure is tìerefore lower than the actual force, presumably

by a constant percentage in a period of stable growth. The enumeration is

insensitive to fôreign birth and training, anil to transfer into asEonomy from

initial training in another ûeld'
The plot in Figure 18 shows a steady growth rate of-4'5 per cent per

year ( iloubling Umã, fO years) from 1923 to 1955. The-tlree points {rom

íSSS ìo fSO¿ Jrow a sharp ltptorn to a doubling time of nine years (The

1964 point is an estimate from the U. S. National Committee of the IAU,
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based on nominations. ) This conffrms tle impression gainedJrom the glowÌb

in membership of tìe American Astronomical Society, and from the rapid

swelling of the astronomy graduate student population' Since the latter gives

the most up-to-tlate irformation, it has been made tl-re subiect of a special

study. .

Graduate Stuiønt Populntion in Astrotwmg Depattments

The current survey gïew out of a census made by W. E. Howard III for the

1962 Conference on Graduate Education in Astronomy, held at Bìoomington,

Indiana. Material for this study was gathered by inquiries to the 28 clepart-

ments listed in the brochure entitled "Careers in Astronomy," published in

1962 by the Committee on Education in Astronomy of the American AStro-

nomicál Society, plus four new departments known to the committee' The

replies on tìe .t,rmbets of students in the falls of 1957, 1960, and 1963, plus

eaich deparunent's estimate of the 1966 enrollment, are listeil in Table 1' The

totals, plotted in Figure 19, establish a growth rate within the graduate

schools of 19 per cent a year (a doubling time of 4.0 years )' This is near-þ

twice the rate attained or projectecl in related sciences A simple extrapola-

tion predicts 2,590 graduate students in astronomy ín 1973 The ffrst efiect

of this surge was a Þh.D. output of 30 in 1962, considerably higher than ìn
any previJus year, but a figure consistent with the assumption that the
ph.O.t should'be at least 10 per cent of the student population, with a three-

year lag to allow for the fact that rapid growth means a hígher proportion of

be ginning graduate students.- 
What it the source of this boom and how long will it continue? In the

opinion of the Panel, some o{ it was a natural growth, stimulated by general

"i"."rr"r, 
among science-inclined undergraduates of the exciting derrelop-

ments in astronomy of the postwar years, and fostereil by wise supplemen-

tary support of resåarch and instïumentation in many universities by federal

"gá.t"iår. 
A new anil strong influence came with the ffrst Sputnik in 1957 ancl

tÈe widespread interest in space that followed. Since a good part of the

university-based space efiort is in special institutes separate from astronomy

departments-often dominated by physicists, geophysicists, and engineers-

thJ rapidly growing student population in the departmental tâbülation of

Table ì reprãsents a broad spectrum o{ interests, and something like the tra-

ditional pioportion of tlre students may be expecteil to go ínto ground-based

observational astronomy.
The new astronomy students irndoubtedly lepresent a shift in interest



TABLE 7 THE NUMBER OF CA.NU ATE STUDENTS IN ASTRONOMI
BY INSTITUTION

1966
1957 . 1960 1963 (nxrncrao)

Untuersitu ol Arízona O

CaliÍorûia. In'stítute of Tealnolagg 16
tlnÍaeîsítv of CøInÍoîrìa, BØkelea 20

Unìoeßitg oÍ Ca.UÍomùt, Los Angelzs 3
Case htstitute of Techrølogv 1

Uítueîsftv of Chí'cago 6
Unioeß¿tg of Chûìnnati 0

Uflioeßìtg oÍ Colþru¿o 7
Columbíø UûbeßìtlJ 5

Conell Uníoeßítg 2
Unbetsìtg of Florìdø 0

Georgetoün Un oeßtfg 22
Haroard Uníoeßìta 24

Utuloeßìtu oî lllítuois 2
Indí.anafJnìaersítE 16

State Uníaeßitg oÍ Iotþ4. 0
Louí9íøna Sta.te Un¿aeßitg O

Ilntuersüg of Marllønd 0
Untuersttl! of Mtch¡'gan 76

NorthØestern uníoeßìtg 1

Ohio St tte Unheîsìtu 5
unìoeÍsifv ol Pennsgh)ania 3

Pr¿ncehn Aníþeßíig 6
RensselnetPolgtechn¿clnstitlûe 0

tJniÐeÌsitg oî Roch¿ster I
Stanford Unloeß¡tg 5

' Unioersitg of Terns 0
Vand.erbilt Uû¡þeßítg 0
Uniþersítg oÍ V¿rginial l

Wesl.egafl Uníoersitg 0
Uníoersitv of Wbconsín 2

Yalþ Uníoeßíta 5

22835
22 19 35
23 35 65
20 28 40
51720
71420
641

I5 42 50
5412
01220

31 40 45
28 40 55
813 17

23 25 30
0610
026
22555

28 32 40
011 15
71425
81520
6710
r8-13
228
É712
51225
026
o2L6
2610

14 19 30
62840

Totals

within the 25 per cent fraction of the physical-science doctorates thai have

been going into astronomy, physics, and geo-scien ces (Doctorate Production

ín Uãitel ffiates Uníoersitíes, see p. 30). This percentage has remained

stable over many years, as has the over-all fractíon of abdut one sixth of total

doctorate production going into all the physical sciences' The shift diil not

need to b; a hrge one to produce the drastic increase in astronomy alone,

since astronomy plt.¡.t irr the years 1957-62 were only 3 per cent o{ t'hose

in physics, rising to just over 4 per cent in 1962. An íncrease of the astronomy

Ph.D.'s to 8 pei cent of the physics production, as was the case in the pre-

nuclear decaãe of the 1920t, or even to 10 or 12 per cent, woulil not be
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tantamount to a drastic redístribution of emphasis among the physical 
-sci-

"î"ärï"" 
,¡" ""*¡er 

o{ astronomers is stilitlisproportionately small when

;ö;ä ;the total manpower in physics' geophysics' and astronomv

combined."""^îîãrå"r 
a" tustain a high growth rate there must be support for increas-

t-.,;;;; of øraduate ,úraÉots' The National Defense Education Act is

Ïiäil"ff;.'"i;"ì"pìr"'i"" in a1l the phvsical sciences' and the efiect

;ililåå;;"i vet '"""h"d 
itt maximumpáint' The new National Aero-

"",îu"r- ""Jóp"""' 
Administratiãn iN¡'s¿') i"16ç5hip- 

^program 
supportetl

iäöä.ii;;r;ãJ. i" il n"1'{' i" r0 institutions tur1s62-63' and 886 fel-

lows in 1963-64; it is expected to insease' according to- NASÀ sources' to

;îi;;;*'t; as 4,00ô graduate students' rn view of the announced pur-

:::ili1Ë;s;;;;*i" fraction of the recþients could be assumed'

í""il ;;;il;r*¿""" *ho *ot'Id otherwise have go, e into some other

;hy"*üì;;;;. ,{ltho'tgh itis conceivable that this influence could accel-

erate the growth late even n"yoJ th" p'"'"nt very high ffgure' it is probably

not safe to attempt such 
" 
p;;ñ;ti"";*' rhe Ñns¡' fellowships mav be

;;;ã,;";"d ", 
o"" ofthå sources of support that will sustain the cur-

;';;;";;;;n""sion of inte¡est in astronomv in the universities'

A Ten-Iear Proiectíon

Two projections of the number of astronomers in the Uniteil States will be

"aì"nñ,"d. 
It may be assumed that the 19 per cent a;ear growth rate in

äsiffi;; truduáte-st.'ilent pàpuìation- has-bee¡ in efiect long enough to

achieve a new equilibtitt"', "íã'tttui, "s 
long as the growth rate is sustainetl'

Aä ph.li. ptàa"Ë,íon will also increase at u 19 p"t cent a year rate' starting

il;;ouap* of 30 in 1962' For a high estimate of the production' it mav

further be assumed th"t th;';;r""t g:rowth rate in P-h.D. procluction.will

iä*"i" ""¿""ged 
in the tetþ' p"t"iod 1SOS-1SZS Since it is difficult to

maintain that such u pft""o-áouily high rate can be sustaineil over a long

;;i;ã, ; t""t" conser-vatíve estimate rÀust be basecl on some assumption as

i" ift"'ait"i"g of a tapering ofi of the growth rate' For the low estimate' a

19 per cent $owth rate ¡ "tt"t*ã 
t"i tfte ûrst year' decreasing uniformly

by 1.2 per cent per year to t"""ft tU" Z per cent lóng-term growth rate char-

"ä".tråã "i 
aì" nf..i"¡ *ià""át i" genåral by the enil oI the ten-year period'**õiah; 
r,36^0 itmbets ãf the Ãmerican'Astronomical Society on Janu-

"-, I laR4 620 have U. S' 
"ådt"1t"t 

antl hold doctorates or professorships'

ü,J'",,mI)-J;"d""u*a( i"a"a"s some fringe asrronomers and persons
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TABLE 2 PREDICTED ASTRONOMICAL MANPOWER IN THE
UNITED STATES

uNrFoRM cRowrr¡ RÀTE (79% a gea¡ or 4-gear d,oubling perlod)

1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973

Neø Ph.D.'s
SubJotal .

l-54 Loss

Total 620 653 692 740 799 869 953 1055 1175 1317 1489

43 50 59 71 83 98 118 I38 162 I95
663 703 751 8-tr 882 967 7071 7193 1337 1512
10 11 11 12 13 14 16 18 20 23

42 49 56 64 72 8_t 90 98 106 113
662 701 747 800 860 928 7004 1087 717',/ 7272
10 10 77 t2 13 14 15 16 18 19

TÀPERED cRowûr R.41æ (791¿ ø geaî ín first geaL d,eøeasíng to 7% ø geøÌ at eñd)

1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973

Neu: Ph.D,'s
Sub-totøI

1,5% Loss

Total 620 652 691 736 788 847 914 989 1071 1159 1253t:
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with primary interests in other ûelds, but there is probably approximate
compensatíon by the active astronomers in the other 54 per cent of the mem-
bership who do not hold doctorates or professorships. The National Register
of Scientific and Technical Pe¡sonnel lists 483 full-time astronomers in the
United States in 1962. (W. L. Koltun of the National Science Foundation,
which maintains tle Register, estimates that tÏe listing, basecl on responses

to a questionnairg is only 80 per cent complete. ) If allowance is made for
incompleteness and for about 40 Ph.D.'s added since 1962, and also for the
standard loss of 1.5 per cent a year by death or retirement, found by the
National Science Foundation to apply generaþ ín scientiffc-manpower srü-
veys, the corrected total becomes 626 full-time astronomers at the beginning
of 1964. This is a confirrnation of the previous ffgure of 620, and that number
may be adopted as a base for the prolection.

Two projections are worked out in Table 2 and plotted in Figure 19.

The high estimate shows an increase in total ashonomical manpower by a
lactor o12.4in ten years. The low estimate proiects an increase by a factor
of 2.0. Thís tabulation does not attempt to classify astronomers by categoties
of inte¡est-theoretical or observational, optical or radio, ground-based or
space-oriented. Since shifts in emphasis occur quite slowly, no complete
overturn ín percentages would be expecteil in a decade. A prediction would
be hazardous, but the proportion of tlle student population in graduate de-
partments that place emphasis on ground-based astronomy, compared with
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the proportion in departments that have taken up space-orienteil astronomy,

*orild årgo" againsf any immediate drift away from the present division of

interest.

Conclusían

The surge of students into the graduate departments of astronomy has fol-

lowed aiteaily upward course for at least six years, and as yet shows no sign

àf ,ou.rding oif. If only the Ph.D.'s expecteil from the cur-rent enrollment are

countetl, a"sharp increase in growth rate of the number of ast¡onomers in the

count yis ioevitable. Arry reasonable assumptíon about a ¡ounding-ofi in the

*o*tí t"t* of graduate enrollment leads to not less than a iloubling of the

iumber of astrolnomers in the United States in the next ilecade'--' 
iin"" grounil-baseil astronomy has been shown Jo be uncler-instru-

menæd forïe demand already 
""ittittg, " 

program of new facilities that

*ilt p"t-it roughly twice 
", -åoy obseivets to work efiectively at moilern

i"lããop", *orrãt úe consiclered rash. There will sureþ be more than enough

astronomers waiting to use the new instruments'
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m A PROGRAÃI FOR CONSTRUCTION
OF OPTIUL TELESCOPES

What types and sizes of optical telescopes should be built in the next ten
years? The preceding sections have shown that observational astronomy is
at a stage where more telescopes are urgently needed, both to increase the
rate of acquisition of observational data and to enlarge the rather small circle
of ast¡onomers who can now work on faint sources. This section of the report
presents the specific recommendations of the Panel as to the telescopes that
it believes represent a reasonable and prudent investment over the next
decade.

TYPES NEEDED

The next generation of general-purpose resea¡ch telescopes will almost cer-
tainly follow the over-all optical design of existing small-ffeld reflectors. This
type of instrument has been shown to be extremely longJived anil versatile,
and adaptable to changing astronomical problems through the ûtting of new
analyzing instruments and detectors. The larger telescopes will ofier more
tÏan one focal ratio through the use of secondary mirrors, and will provide
for large and healy analyzing equipment at a ffxed coudé focus. Fields of
view somewhat larger than the fraction of a degree previously customary
can be achieved by slight deparhrre from conic seetions in the primary and
secondary minors, or by improved correctol lenses placed a short distance
ahead of the focal plane. But in inshtments that depend on the well-under-
stood elements of geometrical optics, revolutionary changes in design are
unlikely.
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Spe cial-PurPose T el'e s coPes

Special-purpose wide-ûeld telescopes will not, the Panel believes, become

"i "ppå"iá¡U 
fraction of those built in the next few years' The 48-inch

Puloir-ar Schmidt telescope has been a superb survey instrlrment' Experience

since the completion of the Palomar Sþ Srirvey has shown trhat this one

;rrroo*"rra 
""r, 

,"rve the neeils of u. s. astronomers for the parts of the heav-

ãrr, 
"""urribl" 

to it. A similar instrument is urgentþ neeiled in the Southern

ffã*irpfr"t". It could be identical, or it might be modiûecl-to give a larger

plate Jcale at a price of reducecl angular feld-and,speed' 
For surveys to a

il;htermag;tñde Limit, the smalier Schmidt telescopes (up to 24-ineh

"pËt*" I 
suãh as those at Michigan and Case, should sufice-for the nert ten

.,å"rr. Wid*-û"ld astrometric refractors, such as the twin Carnegie instnr-

í"*i 
", 

i.f. õUservatory and its counterpart being built for the Yale-Colum-

¡i" ,a"aio" in Argentina, will not need to be duplicated, since the "ripening

;ñJ;i;";*;otion plates is so much longer than the expos're cvele for

;"";;i"¿ coverage åf the sky and the subsequent evaluation period'

fhe OO-inch astrometric reflector now being tested at the Flagstafi sta-

tion of the U. S. Naval Observatory is another special-purpose telescope tl.rat

rit""fa r-,irfy U. S. demands in iis particular ffelcl for the next decade'

Solnr TelescoPes

The completion of the McMath solar telescope at the Kitt Peak National

ô¡r"*"tärv f.". given the solar astrQnomers of the country the largest such

;b.;;p; i Ur" i'o¡¿. The large aperture (60 inch) gives a bright image'

^"JAä ""t"ruf 
drermal controi of every part of the surroundings gives an

;;;";,."1t for high-resolution spectrcscopy of fine iletails of the solar sur-

fååe. Still ánother facllity ât the Àtu Force-Sacramento Peak Observatory is

ì;;hJ¿;h""ing stagås, and construction seems assured' The loss of reso-

i"ri"" """*a 
by tlo.boì"rrt air currents within the optical system (internal

r""ìîgiìt iå ¡"'.olvetl by placing the entire telescope and spectrogÉph in â

lrr"rliå. In view of thesL ma¡or ãdditions to facilities, the-PaneJ feels that it
*o,,,1ã ¡" *ir" to await evaluãtion of the new instrumental techniques being

employed before recommending construction of further solar telescopes'

Thå Pánel believes, however, thai solar researchers shoulil be vigorously sup-

p-iJ * the development of new auxiliary instruments an¿l in the testing

of new methods



SIZE CATP.GOAIES

The optical telescopes that could be built in the next ten years may be
divided into the following arbitrary size categories:

Giant: diameter larger than 250 inches
Large: 100-20p inches
fntermediate : 60-84 inches
Small: 36-48 inches

Except for tle giant class, the size ranges listed are those represented by
existing U. S. telescopes. The gaps are not signi.ffcant, except in the sense
that a ready-made, highly successful design cannot be taken over fo¡ the
in-between sizes without some scaling up or down.

PERF ORMAN CE V ERSUS SIZE

The Panel's decision ón what telescopes to recommend for funding has re-
quired balancing scientiffc obiectives against size, cost, and time for con-
struction. A brief résumé of the interdependence of these factors is necessary
to make clear the decisions Ênally taken.

Faint star images must be detected against the unavoidable background
of the Iight of the night sþ. Astronomical telescopes are normally built to
optical and mechanical tole¡ances such that the tremor or seeing disk caused
by atmospheric turbulence sets the limit of per{ormance; tlat is, the instru-
mental blurríng of a point star image is less than the blurring caused by
inllomogeneities in the earth's atmosphere above the telescope. Then the
problem of registering a faint star image with a large telescope is one of
contrast between the small angular patch representing the star (about 0.5
arc seconds in diameter ulder very good conditions ) and a simila¡ adjacent
patch of blank night sky.

Under these conditions the brightness of the faintest obiect detectable
with a speciûed degree of certainty in a given time does not improve in pro-
portion to the collecting area of the telescope obiective ( all dimensions of
the telescope being scaled in the same proportion), as would be expected in
the presence of negligible sþ background, but only in proportion to the
square root of the area. (See, for example, Astronomi,cal Techniques, lJni-
versity of Chicago Press, 1962, editecl by W. A. Hiltner, Chapter I by \M. A.
Baum. ) The same rule applies to photoelectric photometry of faint obiects
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through a focal plane cliaphragm, antl to low-dispersion spectroscopy anil

spectrophotometry.----In 
*ort of the frontier problems the aim is to reach out to the most

¿irt""i 
"Ui""tt "f 

each class' Êut fo¡ these faint obiects the ilistance reached

varies only as the square root of the diameter of the telescope' assuming the

inverse-souare law in transparent space anil no redshift corrections; allow-

;#;i"iilrr*r, u"a.äa.UU, *ilt di-ioir' rhe clistance reached. The

;ilfä;""d. lr"riu, ", 
tlre square of the diameter for the sizes alreaclv

;;ïr:it;;,h;'.,i"nt" t"l"."op"' oåt vet attempted' the cost mav be expected

. varr, 
"r 

r"piilv as 2.5-3.0 po*"t oi thu iliameter' because of the increasing

ä;í"t-;;i.É ã"rie" 
^"å 

hig¡ ungineering costs' Thus' since the number

;i;ffi;'u.J;î-it'" u"-ãt"' Jqo"'"d, th" cost per collected photon

from such telescopes varies only as ûte ó/4 or 6/4 power of the diameter'

But in view of the sqrra,e-'oot í"htio" b"t*""tt diameter and clistance' the

;;;;;;t"t ""ah" 
5th'or 6th power of the clistance reached' ( The cost varies

;;ä;5À;;61á power of tle volume of space opened.to exploration')- 
-- -î;; l"ãi"-j""a high-rãsolution 

'p*åtto'"opy' 
where the tight of the

night sky does not enter as a backgrountl illumination' the gain with tele-

r"å"àt ìi rã.àåt "i"*r.u 
ao"' t'uty-"s the sq'are of the diameter' provided^

the collimator of the spectrographî"'"u'"' L ptoportion to the iliameter of

,h;;"1**t" (See, e-.g., Bo:t"i, p'"'oiorr'- reference' or.Bowen' Chapter 2

;";;;;il;.¡ É"tï th" "oú-"tot 
diameter remains unchanged' the

gain with telescope size varies at best as the square r-oot of the aperture, and

ffä;ä;;;ã tñt 
" 

th"," i' tto gain at all' Single-difiraction gratings large

;;;;;;;;;;.',he desireil condíIion are not available even for the existing

ãöó-ii"r.i"r"t-pe' For a 400-inch telescopø a grating-area 24 to 30 inches in

ãi"*ì,"t *""r¿ Ue re(uired for proper eåi"i"ticy' a"ã srrch a size is beyoncl

;"ä;;;;;h-tog'v. Tht ob''"ioi' "o'ollutv 
to these conclusions is that

i,r"""rrfot iogi.reerin-g development of much larger glatings would be 
-as

;äl-J;; inL""rinittt" "puit"" 
of the obiectivã'even with existing tele-

.^,,.,hêc âc is iliscusseil furthår in the section ãn auxiliary instr.ments. Such

;;:";'p*;. ;; "" 
essential preliminary to building still larger instruments'

Other factors b"ria", "fi'tu'" 
have something to ofier in extending the

*"tú; ilï;f 
"1"rg" 

t"lã'"ope' T onger er(posure times will' for a linear

"""","i" detector, pro'drr"" a gain that ia¡esãs the square root of the time

iä;ä; ;,h;;tãgraphic pìátes the situation is complicated bv saturation

il;;þ;;"ìÉ fail;e. The'u;it """ 
b" extendeil in proportion to- tÏe

square root of the gain i" qi'"n-t"* 
"ffi"i"o"y' 

Such a gain may be realizecl

from a practical itn"g" uoåî ito*-improuåd photogrãphic emulsions; the



efficiency is-low,enough at present so that there is room for a gain at least
as gleât as tliat from doubling the telescope aperture. Better avetage seeing
through the discovery of superior sites, or through treatment of the immedil
ate surroundings of the telescope, is another obvious possibility. Here the
gain is in direct proportion to the reduction in image diamete¡.

HOW BIG?

An-y rational,ten-year plan to provide facilities for the optical astronomers
will inevitably put the major share of the funds into b;il¿ling large tele_
scopes; partþ because tÏey are needed for frontier problem{ anJ partly
because experíence has shown t}rat the record of reseãrch yierd froni sucÍr
telescopes over tfre whole range of observational astronomy has been an
excellent return on the investment.

LARGE TELESCOPES

The Panel concluded that ffrst priority should go to telescopes in the large_
size c_atego-ry. Three large telescopes in the l50-200-inch aperture range
shor'1¿ 6u funded as rapidly as meritorious proposals fo¡ their construction
and operation are put forward. proven designi should be used wherever
possible, a¡d at least one of the three should be located in the Southern
Hemisphere. Each of the large telescopes placed at a new site should include
a_ supporting auxiliary telescope. For the Southern Hemisphere site, this
should be a 4S-inch Schmidt-type survey instrument. This conclusion was
based in the main on the consideration of urgency versus the long time-scale
for the "giant x-inch."

fn view of the rather slow gain in per{ormance with size, an increase in
apertu-re from the Iargest existing instrument (200 inches) to anything less
than 350 or 400 inches would hardly be worth the inveitment needed to
produce a new engineering design. If ffrst priority were to be given to a
"giant x-inch" in tle 350-400-inch aperture range, the cost wodJbe of the
order of $100 million, and the time-scale would be ffve to seven years longer
þ1r for the straightfor-ward construction of a proven design, iuóh as ùat
of the 200-inch Palomar telesc<ipe; i.e., the total time *orrld be of the order
of 15 years.
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À seconil important consideration was the neecl for access to large tele-

.";;;;;-;*h 1urser number of astronomers than is now possibls and the

;""iå:ïä#äåi'itv ""lp-"uel 
advances on a number or fronts tlat

would come with such io"'""t"ã access' It should be emphasizeil that the

¿lecision âgainst consbuction of a "giant îT9h'": this time will not deny

;.H;"ï":ä; Jdd*lv u'"""n"itrtt"tttold analogous to the creation of

;:iöffitr';;;;;r";"""b"tor, since the cutofi or anv large telescope

is not a suilden one'

The ilecision to recommend thtee s¡ch telescopes wa-s dictated in part

b" .il;;;;;it outlinetl neeJfor acceleration of research on faint obiects'

;id üJi;"ti;í .il" """'l'"' "i 
i-ge telescopes has not in recent vears kept

oace wit}r the grovrth of r¡" u't'o"i*lcal wãrk force-in the country' Three

#; ffi äåÇ", *o"r¿ ¿ãï¡i" the number of u' s'-controlled large tele-

::"*ïrh;;tJo'" tu"g" roõ t" zóo it"rt"s' since' as hasleen mentioneil

in earlier discussion, tf'" outnt"' of astronomers in the' Uniteil States is

exnected to double, at te"st, itt the r'"xt ilecaile' the-number should not be

;.T""1"* ò;;ilio" "f 
t¡" ""-tãt 

of experiencetl operating groups that

äîîï;d"";"i;-riÀr" p'oi""'t'îiul r'i"¿lpr"' tle size of the burden that

î'är¿ be lr-""¿ on thJinstrumentaþ-inclined astronomers' sets an upper

ü-ir. l" ,f" "p-ron 
of the Panel' this limit is three'

LOCATION OF LARGE TELESCOPES

At least one of the three large telescopes should certainly be located in the

Soutlerl Hemisphere' Th" ilÀi* ¿ have three large instr-uments makes

i"ö;i" ;;ä" *o*tr''I "'ã 
ob¡""tu"' uv putting them at three difier-

ent sites. And the immedí"t" -r"tto"tio" {iot ã ptou"o design can- shorten

the interval until a U. S.*""ttåU"¿ telescope of maiol size can bring in

observations of the unique ää ""a"t"tpf"it"il 
riches of the southern sky:

the nèarest extemal galuxies lthe Mage[ånic Clo'ds ) , the center of our own

;;îC;;itg .t"u'-th" "enìrh' 
th" 

"nearest globular clusters' The existing

imbalance, wíth the sete" l;;;;'t t"l"t"op"t ii the 
'wor]d 

all in the Northem

iï"-öil; ;;ã .h' t*" 7l-i;;i' ;'i'o-u"o in the- southern t"Ï:*':
at infeúor sites, may soon be redresse'l in palt under European ausplces

whatever other countries ;;;;;l;;;"id seem logical for the united

States to set up a So"tft"* ï"-l'ph"t" tul""op" that will bring to the

southern skies the t"-" n";t;;;ã tãtt"tifity tltut ttte Ïigtrly suecessful 200-

i""rt îJi"-"t aaescope hìs provicletl in the Northern Hemisphgre'

l¡-
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Unless telescopes in the 150-200 inch aperture range are located at the
most favorable sites, their potential usefuIness can be seriously degraded.
In the United States, climatological factors make it imperative that large
telescopes be located in the soutlwestem part of the country. Thorough
investigation of temperaturg wind, clear night hours, Eansparency, ilarkneìs
of the sþ, and especially seeing is required before a new site is occupied,
in the United States as elsewhere. Considerations o{ convenience or prox-
imity to urban centers are secondary tb ûnding a site of superior quality.

UNDER WHAT AUSPICES?

The Panel has not attempted to select speciffc institutions for each optical
telescope that it recommends to be built. Such designations by the panel
could have created conflict-of-interest situations tìat would have prevented
qualiûed astronomers from se¡ving on the Panel.

For each class of ínstuument, proposals will undoubtedly be put forward
by universities, research institutions, or associations of universities. For the
larger instruments at leas! and particularly in cases where a choice must be
made, ad, hoc evaltation panels should be established to review proposals.
The Panel has given thought to the general principles to be followed in
selecting the organization to build and operate the telescopes of largest
aperture.

Preaíous PetJormnnce

Competence, demonstrated by building a telescope of lesser aperfure and
producing research results with it, constitutes an essential qualiffiation. The
alertness and breadth of experience of the astronomers ässociated with the
organization must be weíghed. The group must have shown itselÍ capable of
developing auxiliary instruments that work well and of maintaining tlem in
optimum condition.

Tgpe of Instítutìon

There is no single answer as to the type of organization best suited to be the
builder and custodian of a large optical telescope. In this, as in quite a num-
ber of thÍs country's other educational, cultural, and scientiffc enterprises,
the strength tåat comes from diversity and friendly rivalry would appear to
give the best guarantee of outstanding achievement.
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Since optical astronomy requires a gooil climate, there were strong

reasons for 
"ìtubüthlog 

th" Kitt Peak National Observatory, a national cen-

ter operated by an association of u¡riversities' Such an organization can

eogale in actiuities u¡suited to the clouily surroundings of excellent univer-

,iuiJlt ttt" ""tt"* 
part of the country, and too large for any one of them to

manage alone. The nationwicle character of such a center, anil its status as a

f"a".ãty ffnancecl facility open to aII qualiÊed applicants, combine to guar-

".ri"" 
alr"t 

^"""r. 
to its telesãopes will be granteil to the less-v/ell-established

workers. Such a center must, of course, have a large telescope' and until jt
à*r,lt""tt* *mpleteþ {tllll its objectives' The 150-inch reflector alreaily

;ñ;Jby the Kiti Peai National Observatory should be completeil at the

ã".Ii".t pá"ti""l date. This enterprise, approvetl by ttre National Science

F;;á"ai"", is counteil as one of ìhe thrãã hrge telescopes recommended

by the Panel.
Certain single universities witlr experience in the operation of an ob-

,u*",ory ,rtqi* Ïkely to ask to be asilgneil the resp-onsibility of building

;il;;i"b;"å;". wháe the qualiûcatiðns 
-can 

be demonstrated bevond

iolrti tft"." 
""ãcl 

be no hesitatiãn about singling out a particular university

i" ifrií *"y. When the funds of the feileral government go into such a proi-

ect, the oierating instituuon cannot have sole proprietary rights' but must

"dáitrirt"i 
ttt" nÃv astronomical resource as a national asset' granting a por-

ii* of obr"rui.g time to qualified observers from other institutions' Never-

theless, the morã intimate association of such a telescope with an astronomi-

""i 
.t"ÍI 

"ooo""ted 
with a single instituiion could favor the plannìng of a

Ñ;;J;"á concentrated relear"h campaign, when such is needed' Anil

ihe fact that tÏe home team of observers would be faculty members in a

,rniversity, who taught cou¡ses and had thesis students, woultl give a chance

fo, th" Iarge telescãpe to exert its maximum influence on the educational

pro""rr, u,rätt though the graduate students ditl not themselves have access

to the insûument.
Decisions between competing universities, or between single universi-

ties anJ associations, must be grappled with by the ad' hoc commitlee t}l':at

"onside.s 
all the factors for each large facility' The most important require-

ment, in the Panelis view, is {ree and open competition' T}ie inter-university

"r.o"iutlon 
or national center is a valuable device for enabling universities

to clo collectiveþ what no one of them can do as well, or at all' by itself'

But there should not be any automatic, unreviewed preemption by such

centers of functions that can be carried out as well or better Ín the universi-

ties. Each assignment should be maile on the merits'
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Tha Pri.mnrg Goal

The decisions to be taken in locating ttre largest and most expensive optical

telescopes must be clirectecl to the primary goal-acceleration of astronomi-

cal research on the most dificult frontier problems. The quality of the people

who builit and administer the new facilities, and particularly the quality of

the observers selecteil to use them-seasoned veterans, young developing

asùonome.rs, and promising postdoctoral fellows-are more important tìan
the organizational structure or tle management scheme. More than one

arrangáment has been made to work well by the nuclear physicists in tÏe
opurutiott of particle accelerators. But whatever schemes are adopteil to

bimg the nation's Iargest telescopes and talented astronomers together, the
prinãiple of equality of opportunity must, at this level, be subordinated to

ãn insistence on performance-to the requirement of excellence at the top'

ENGINEEAING STUDT FOR A GIANT TELESCOPE

The Panel recommends that as soon as tlle three large telescopes for the next

decade are ulder way, a representative stuily group be assembleil to con-

sider the problems of buildÍng a telescope of the largest feasible size, to

decide on practícal design concepts, and to prepare a cost estimate for the

design adopted.
Th"r"ìutt hardly be any doubt of the ultimate desirability of planning

for an optical telescope larger than any yet built. Yet, for the reasons given

in our discussion of performance and size (p. 40), the next upward step

cannot be a small one if a sizable gain in depth-penetrating power is to be

realized. A tholoughgoing engineering design study to determine the feasi-

bilíty anil cost of a 400-inch or possibly 600-inch telescope ought 
-to 

b-e

undårtaken before any proposal to start such a project is seriousþ considered'

The problems to be consideretl are both optical and mechanical What

material tho"ld bu used for the mirror and what technique for fabrication

and for producing the ûnal precise shape? What focal ratio is practical anil

how shall the enormous surface be supporteil so as to hold its proper shape

at all pointing angles? \Mill transportation problems preclude making the

mi..oifrom the raw material at any other place than the observing site? Can

the mechanically desirable shift to an alt-azimuth mounting-no\¡/ standard

for large ¡adio telescopes-be made without loss of following antl pointing

u""*Jry? Can the flexure in the very heary mounting be balanced out, or
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compensated by corrections introduce¿l tlrough a com-puter?----'SJ"" 
dre ånterpríse would, in the enil' uniloubtedly be one of national

.""pãlaU" ¡tr""i"tiän of Univársities for Research in 'A'stronomy 
(AURA)

would be an appropriate agency under which to organíze.the study' The

;"'ä;;;;tËir¿'¡"Lrd"-o¡tárvational asbonomers' optical experts' and

rn""ú"ii""i ""¿ 
structural engineers of the highest competence'

TELESCOPES OF MODERATE SIZE

The Panel recommends rheLt lour general-purpose telescopes of ap:rture

tä" ão ," Sa.ches be built in the-next ten years' These are self-suficient

;:iä"ö;, ;J"'" i" 
"Jalti"" 

to the suppoiting telescopes mentioned as

"rr*iüu¡u" 
to th" large instruments discussetl on page 42' 

-

The same consitlerations àf performance veisui size-that create difficul-

d", f;;;J;;;;ers contemplatirìg the constr"ction of telescopes larger than

,"rì"i¡"tfa are favorable^to thã users of telescopes of i:rtermediate size,

ilí"i";ûneã-;¿0 to 84 inches aperture' Experience with such instruments

;;";l;il (such as the Moo"i \Milson oiservatory and the McDonalil

öUiããi"w l .ho*, th"* to be capable of tuming out first-rate research on

iå;il;;il;it " 
t"," ot prtoton collectÍon mav be less ,t}''n 

that from the

i"rfJ 
"*irai"g 

aelescopes; e*amoL' were cited on page 17' Such telescopes

rrJi"rg" 
"rroigh 

to support thå complete range of anaþzing insbuments'

\iih;;;;"";f th"m àin be 
"sed 

{or-observational work that would other-

wise consume time on one of the latg"st telescopes' the opportunities for

access to the latter are multçiieã. Insämental developments may be tested

""Ji"i* 
ù""rt"rreil to the'largest telescope after they have proven their

worth.""-îrou"n 
designs for telescopes of intermediate size exist' but' where

,"q"o¿ 
" 

*ãitû-ed clesign wouid not involve high engineering costs' Instru-

ments of this size cost a gfeat d.eal, however, and' tlreir capabilities- are

,"ät 
-,ft* 

,ft"t .lt"old be loJat"d only at good-sites' The conditions need not

;;;';ü;; 
"s 

for the wL*t Lí""Jp"s' bul. universíties in the clouclv

eastern or ãidwestern parts ãf the country' which have, strong astonomy

deoartments anil could qualifu as proiluctÍve operators of intermediate-size

ät:ä#ï""ä"';;;T;i"td observatiorial prosrarns' must consider

Duttins them at olrr"*i"g tüioot L th" W"'t ot So:uthwest' Often this coulcl

^b" 
on ãt atllacent to an already-occupiecl- site'

universities t trr" *"rt""o o. '.ooth*"rt"- part of the country with

_À



well-established astronomy departrnents can put forward a strong case for
intenneiliate-size telescopes. He¡e suitable nearby sites can be found, and
the easy integration of the telescopes into graaluate-student thesis problems
can be a very important part of tle development and training of new astrono-
me¡s. Universities or research instífutions already operating good telescopes
of intermediate size or larger should not be excluded from consiileration for
an additional telescope ín the 60-84-inch range if the entire case, based on
site, productivity, and educational beneffts, is a strong one.

The recommendation ol four telescopes is dictated again by the number
of institutions with the proper capability anil background. There are now
ûve U. S. telescopes in thís aperture range at goorl-climate sites.

SMALL TELESCOPES

The Panel recommends that eight telescopes of 36 to 48 inches aperture be
built in the next decade. These should be fully equipped ¡esearch instru-
ments located at dark-sþ sites near universities with active gtaduate depart-
ments. Climatic conditions need be given little weight.

The case for modern telescopes of research quality as an integral part
of the basic local equipment of an ínstitution maintaining a graduate-level
astronomy department has been set forth in Section II. The efiectiveness of
the concept has been demonstrated at several institutions ín relatively poor
or mediocre climates, of which Wisconsin, Michigan, and Case Institute have
been cited as examples. While tle 36-to-48-inch aperture range is given,
the most useful design thus far has been a 36-inch Cassegrain reflector,
equipped with a photoelectric photometer, a low-dispersion spectrograph,
and possibly a spectrum scanner. Telescopes in this category are now almost
"ofi-the-shelf" items, and need not be re-engineered in each case.

Some of the institutions acquiring these telescopes may be acquiring
their ffrst instruments with research capabilities. The qualiûcation should
be an existing graduate department of demonstrated vitality; at least one
faculty member in it should have some aptitude and experience in observa-
tional astronomy anil the use of instruments.

The ¡ecommend ation of eight such telescopes is based on the number
already existing and an estimate of the number of astronomy depârtments
that are likely to come forwar¿l with meritorious proposals. The recent rapid
development of graduate study in astronomy in universities that previously
had only small programs or did not awarcl tlre Ph.D. degree in astronomy at
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all makes it probable that the decade ahead will see similar- developments at

several more institutions. rn"t rilt p"*i¡le that øi*hf such telescopes wilt

äïåil;"d;tl" ¿"""¿", p'*"'to b" too few' If the sufÊcient number

of small telescopes for insututiã"s meeting the qualiffcations set forth here

should prove to be tweloe t'üJth;; 'dltt' 
oriven a- Iarger number' the

ìä"d:; ä'ãã ,tilt t" ooti" '-"u 
päce"tage of the total expeniliture

ä;"-;;Jüthe Panel, and well within the margin ot 
^error'

It should be emphasized inlt 
'¡" 

instruments in the.36 to 48 inches

aperture range are research tä[t""p"t' ¡'aáltional teaching telescopes of'

sav. 16 to 30 inch", *"v 
"pn'åi'tåi"iv 

befuncleil from p::llttott for gradu-

;îå'l'joî^ö;;úprrrétt, *r'l"r' are not within the province of thís Panel'

SUMMARY OF RECAMMENDA?IONS FOR

OPTICAL TELESCOPES

I Thrae Iargetelescopes o{ the 150-to-200-inch class' The Kitt Peak pro-

iecteil 150¡inch is included "t "i" "f 
tft" tttt'uments The other two should

ffîitäffift;-"t"', ""i*ì"* o"" 
't'outd 

be located in the southern

Hemisphere. only the t"ty ;"';;;;oi"ltop sites can be considered for

location. Cost: $60 millíon'

î*"ît,ö gtå,,p to be formeil as soon as the three large telescopes are

*ell rrnder wav, to considerä" a"ttg";f th-e largest feasible optical reflec-

.;:'ö;i;áe: $1 0 million sptead over four vears'

3 Fourmoderate-size t"Ëö;sî;b-io-s+--i""n aperture to be located

in above-average "fi-"tt 'ä-ü"jásities 
with strong astronomy depart-

mentsorresearchinstitutions'withexceptionalpromiseorpâstachievement
îã"iã t" .ft" t""ipients' Cost: $4 0 million'

4 Eís,ht fuIly 
"q"ipp"a 

äoÏ"'ïï"Sã"i'"e telescopes of 36 to 48 inches

to be located "t 
*"1t-o'g"tti""ã;;;";;ty tlJpartm"nts at good universities'

fii;lüf#::;t or this rour-part construction and studv program' baseil

on the detailed ",tgin""'ioiäiu*"ìi;;tt"" 
VI¿nil the Appenclix' is thus

õä4.ä*inioo, *ith ì'to ope'ii'-'g expense incìuded'
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ill A PROGRAN,T FOR CONSTRUCTION
OF RADIO TELESCOPES

In the ffrst two sections of this report we have discussed the scientiûc prob-

Iems presented to radio astronomy and the instrumental specifications de-

maod-"d by them. It was shown that existing instrumentation is inadequate

to perfoun efiective work on these plogïâms; nevertheless, it was found that

the' technical knowledge exists to build instruments tlat can reach beyond

the thresholds of information now foreseen. It was for¡nil that instruments

of extremely high resolution were required, anil also versatile instruments of

considerabíy grãater capacity than those now in existence' Along with these,

a group of lãsser instruments useful in special problems and for student train-

in! is required. This section of the report pres€nts the-speciffc recommenda-

tions of the Panel as to the radio telescopes that it believes lepresent a rea-

sonable anil prudent goal for the next decade.

A MAJOR HIGH-RESOLUTION INSTRUMENT

In the discussion in Sections I and II, it has been shown that the primary

need in radio astronomy is a very powerful high-resolutíon instrument' This

is needed particularly for the study of the physics of the bright extragalactic

radio sources, and for cosmological studies, anil also for other programs in

galactic structure and solar-system phenomena. Fo-r reasons already given,

ãspecially the need for detailed stucly of the bright extragalactic sources,

this instrument must, as its prime goal, achieve a resolution of less than 10

seconds of arc at centimeter wavelengths. Its collecting area must be ade-

quate to allow the detection of sources so faint that about 25 sources can be

detectecl in each square degree of sþ. The size and distribution of its energy-
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collecting area must be such tlat sidelobe responses can be suppressed to a

satisfactory level As a secondary goal, tle instrument should, if feasible,

achieve high quality, extremeþ low sidelobes, and pencil-beam performance

with a resolution of about one minute of arc at 21-cm wavelength, for use in
studies of galactic structure'

The Èanel recommends, as the largest single untlertaking in radio

astronomy, the construction of a large array that would achieve t-hese goals'

Such an änay might consist, for example, of about l@ separate parabolic

antennas, each perhaps 85 feet in diameter. Each should have a surface

quality giving gõocl operation down to wavelengths as short as 3 cm' These

""t"o"uã -"! U" pt"""d in a single line, utilizing the rotation of the earth

to move theá, in efiect, along a second coordinate on the sþ' Or they might

be arrangeil in the pattern of a cross. Other possibilities may prove efiective,

ancl the ãngineering of the array shoultl incluile a search for a format that

will give rn'¿ximum returns' \Mhen the antennas are spaced so as to give

ooe-rii.nrrte-of-arc resolution at 2L cm, about I0 per cent of the aperture

woulcl be fflled, leading to extremely low sidelobe levels. When the antennas

are spaced so as to give resolutions of less than 10 seconds of arc, the aper-

ture 
-ûlllng 

will be cónsiderably less than 1 per cent, and special proceilures,

of the kinã outlined in Section II, will be required to provide adequate side-

lobe suppression. Every efiort should be made to include as high a degree

of ue.r"ìility as can be achieved without increasing costs unreasonably'

It ís exþected that a project of this magnítude will cost $40 million' The

cost is fairli¡ predictable, since 85-foot paraboloids of the speciffed su-rface

"""oru"y 
háuð ,row been built many times and several engineering and con-

strucuon ffrms have proved their competence (see Table A, Appendix, p' 90) '

Likewise there is coìsiderable experience in interferometry between single

pairs of such dishes over a long baseline. The eartì s atmosphere anil iono-

iphere do not introduce appreciable deparhrres from phase coherence, as

slown by tests at Joclrell Bank in Englancl at a wavelength of 1'9 meters, over

a baseline of 70 miles. Control of line-Iengths and phase stability has been

tested at the Owens Valley Railio Observatory at wavelengths of 31 cm antl

12 cm, and in a more limitetl way at the National Ratlio Astronomy Observa-

tory ai Green Bank at a wavelength of 10 cm. A precise lineJength monitor-

ing system, based on signals sent out from tÏe central receiving point, has

beãn'used on tle Stanfoid S2-element anây. In all these tests, stability ade-

quate to give an angular resolution of two seconds of arc was demonstrated'- 
Æthãugh therã is little doubt about the basic feasibility of the large

high-resolutìon array, antl although the performance of the entire system



may be predicted with some con.ffilence, the replication of so many com-
ponents, even though each is of a proven design, and the tying together of
the sígnal Iines from all the wiileþ spaced receiving points make the whole
undertaking a very complex one. The proiect thus appears to be beyond
the capabilities of a single university, and, ín fact, falls naturally into the
category of instruments that shoulil be constructed by the National Radio
Astronomy Obsewatory. Since this will be a major national enileavor, the
National Radio Astronomy Observatory should make every efiort to avail
itself of the knowledge anil experience in the required tecbniques possessed

by the scientiffc communþ. Means should be provided for extensive par-
ticipation by scientists who are not members of the NR {O stafi in the plan-
níng and development of the instrument. It may take little less than a decatle
to build, and so should be started as soon as possible.

A HICH-RESOLATrcN ARRAY OF LIMITED CAPABILITY

Going beyond the major instrument proposeil above, the Panel feels that the
neeil for high resolution is great enough to warrant proposâl of an alter-
native, simpler, less expensive, and quicker approach to tÏe high-resolution
problem pet se. It is highly desirable to have an instrument ttrat can
achieve quite high resolution on the brighter radio sources. This would
provide many advantages: 1 ) Some prime data would be fortlcoming at the
earliest possible time; 2) these data would be valuable guides to the design
of the giant high-¡esolution antenna; 3) this antenna would provide a teslíng
ground for techniques possibly useful to the high-resolution antenna, such
as methoils of sidelobe suppression and the interconnection of various en-

ergy-collecting elements.
To implement this neeil, the Panel recommends the funding of the

already-proposed extension of the obsewing facilities at the Owens Valley
Observatory of the Califomia Institute of Technology. This proposeil exten-
sion can be achieved relatively quickly, and will produce high-resolution
measurements on a limited number of radio sources. The extension includes
the construction of four new steerable parabolic reflectors of about 130-foot
apertu-re, bringing to six the number of antennas at tÏe site, and an increase
in the length of the inte¡ferometer track on which the antennas are car¡ied.

Based on existing alata, it appears virtuaþ certain that the presently
approved, but unfunded, additions will prove highly successful. In tÏis case,

a further increase in the available equipment by a factor of about two will
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allow useful resolutions of less tha¡ I0 seconds of arc, tìe speciûcation set
previously in thís report. Thus, the Panel feels that one should anticipate
now the need for this further adilition to tTe Owens Valley faciJities. The
cost of the approved extension to the Owens Valley system has been care-
fully estimated to be about $5 million; the second extension recommended
here would cost about the same amount. Therefore, the total funding re-
quired for this development is $10 million. It should perhaps be emphasized
that this inskument is not an adequâte substitute for the giant telescope
previously recommended; but it will serve as ân efiective interim instrument
and guide to optimum design of the very large array, and continue to be V L fl
useful in its own right. Sínce t}re very large array will take almost a decade
to build, construction should be commenced immediately. The results from
the extension at tìe Owens Valley Observatory can be e¡pected to come in
good time to contribute to the ffnal success of the very large array. VL A

LARGE PARABOLOIDS

It was shown in Section II that tìere is a great need for additional powerful,
multi-purpose, easily used instruments to complement the high-resolution
instruments proposed above. These are required for 21-cm galactic studies,
polarization studies, measurernents of source spectra, monitoring of variable
cosmic radio sources and planets, and radar experiments, among other proi-
ects. They should be quickly convertible from one type of observation to
another, and adaptable to radar operation by aildition of a transmitter. The
growth in manpower, and problems to which such instruments are appli-
cable, indicate a national need for more than one development of this natu¡e,
It would appear that the appropriate instrument for these tasks is the fully
steerable paraboloid of about 300-foot diameter, with a surface accuracy
adequate for 10-cm or shorter wavelengths, Any smaller inshument ís not
suftciently powerfu.l; a larger instrument encounters severe technical and
financial obstacles. After due.consideration, the Panel feels that the appro-
priate number of such instruments to be built within the next ten years is
two. Progress with any less would be too slow; any more might well exceed
the foreseeable observational requirements and manpower availability.

The cost of each of these instruments will be $8 million, calling then for
a total investment in such instruments of $16 million. These instruments
could appropriateþ be built by a single university able to provide the exten-
sive personnel support required, by a regional group of universities, or by
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the NRAO. It would be desirable if at least one of these were constructed

adjacent to one of tle large arrays previously proposed, since electrical inter-

connection of the ar:ray and the large paraboloiil may ofier unique observa-

tional capabilities of great value in some problems. Since tlree years or more

will be rãquired to complete these instruments, once started, their construc-

tion should be authorizetl at the earliest possible time.

SM ALLER SPECI AL-PU RP OSE IN ST RU MEN T S

In addition to the major costþ instruments recommended above, the Panel

feels shongly that both an adequate program in radio astronomy and the

proper suppãrt of student training call for extensive investment in lesser

i"str"me"is over the next ten years. These will be, in general, instruments

aimed at special problems, often of an exploratory nature, and will normally

be located at universities active in graduate education' The Panel does not

consider it proper to specify all the instruments required; in many specific

cases, the fãrm of a rãquirecl instrument will develop naturaþ from the

special interests and areas of competence of the proposers of the instrument'

In fact, it should be emphasizecl that the speciffcations of many of the instru-

ments to be built cannot b. predicted today' The past history of radio

astronomy has shown that we are still in a stage of development in which

many of the more important celestial phenomena and observing techniques

are yet to be discoverecl. Examples from the recent past of such new devel-

opments include the iletection of the quasi-stellar sources, radio emission

fàm flare stars, and the use of lunar occultations to achieve resolution'

Nevertleless, the Panel sees some areas in which signiûcant instruments

are clearly justiûed, and presents these here as examples of suitable projects

for support. These include large telescopes suitable for millimeter wave-

lengths; thes" may be steerable paraboloids up to 60 feet in diameter, antl

"or-tirrg 
,rp to $2 million. Another example is ímproved arrays for the stutly

of the decameter railiation of Jupiter antl perhaps Satu¡n' Another is ex-

tended arrays for high-resolution studies o{ solar racliation. Telescopes par-

ticularþ designed tð monitor known flare stars would be most valuable'

One of the laiger university-operated paraboloids coulcl be used as a radar

system for stuãies of lunar anil planetary surfaces and atrnospheres, the

interplanetary medium, anil the motions of bodies in the solar system' In
,o*"-""."r, uníversity departments will develop new and original electronic

ilevices to be used in existing arrays or paraboloids. These may be perfected
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on a local antenna system during the development perioil, and later trans-

ferred to the major instuments at NR-AO ancl ottrer places; examples of the

success of this procedure have alreaily established a precedent. These de-

vices may include special low-noise receivers, multi-channel receivers for
hydrogen-line studies, receivers for the search lor atd/or study of other

spectral lines, and radar astuonomy instnmentation'
After due consideration, the Panel feels tlat approximately 15 universi-

ties will be capable of such projects over tÏe next ten years, Based on esti-

mates of the cost of the examples given, we estimate that tle average cost

to implement one of ttrese projects will be about $2 million. Thus tle Panel

recommends that approximately $30 million be provided over tlie next ten
years for proiects of this nature. The limited power of such instruments

shou-ld not be misconstuueil as an indication that ttrey are unimportant' In
many cases, they will be capable of producing certain speciffc data beyond

the capabilities of the giant instruments to produce; an example is the study
of flare stars, to which the valuable time of the maior instuuments cannot be

assigned, But more important, these lesser instruments will probably provide

the principal practical experience to graduate students, and thus snongly
influence the quality of personnel available in tle latte¡ portion of the dec-

ade. Thus they are of crucial importance, ín that they will proviile a training
ground for the personnel who will be needecl iI the maior instruments are to
produce optimum results.

Indeed, the Panel feels that particular emphasis must be given to the

continuing support of radio astronomy groups in the r:niversities. Älthough
. annual operating support for existing programs is outside the scope of this

report (see Section VI, p. 76), the Panel reports its opinion that'the present

level of support of university departments with on-going radio astronomy

programs is less than adequate. This situation has arisen perhaps because

universities have had to assume the operation of large and rather complex

new research instruments over a short interval of time, antl have had to rely
heavily on extramural support in a new ffeld of research that has not been

integrated into the traalitional academic structure in the same way as has

optical astronomy. In the opinion of the Panel, there is already danger of an

i-b"l"tt"" between the strong federal support given to the national center

for radio astronomy, on the one hand, and, on the other hand, the support

given to the varied activities in the same ûeld in the universities.
The efiectiveness of the support to university departrnents would be

markedly increased if it were in the form of long-term block-funding rather

than on ân annual basis, as is now the common plactice. Long-term funding
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will enable tÏe universities to retain efiective stafis and to carry ou.t time-
consuming development programs extending over a nu:nber of years.

DESIGN STUDY FOR THE LARGEST POSSTBLE

STEERABLE PARABOLOID

The Panel, after consiilerable discussion with a broad segment of the radio-
askonomy community, feels tlat, by the end of the decade, a need may
arise for fully steerable paraboloids even larger than the 300-foot paraboloids
previously proposed in this report. The basis for this opinion is the present
youthful state of railio astronomy, a situation in which it has been found,
as can be supported by many events in recent history, tìat many important
phenomena are yet to be discove¡ed. Throughout the short history of radio
astronomy, every increase in telescope size has resulted in the discovery of
new and very important phenomena in the universe. It is realistic to assume

that this sequence of events will continue as the maior instruments described
here are brought into selvice. The extension of the large high-resolution
arrays may be made simply by adding to them more collecting elements of
ttre same type as those originally used in the array. Thus, no great difrcuÌty
is foreseen in extending these instruments, should tle need become apparent.
However, an increase in the size of large paraboloids requires extensive

design and engineering studies, since each increase in size confronts the
builder with new technological obstacles.

When paraboloids larger than 300 feet'in diameter are studieil, severe

tech¡ical problems are encountered and the possible solutions are quite
complex, incluiling, for example, the use of servo-operated controls on the
shape of t}re reflector surface. The design anil evaluation of these solutions

are costþ and very time-consuming, as has been shown in the ulsuccessful
attempt at Sugar Grove to build a 600-foot paraboloid. Clearly, construction
of a successful giant telescope for astronomical purposes requires a thorough-
going engineeríng study. If the reasonable assumption is made tlrat toward
ttre enil of the decade a need for paraboloids larger than 300 feet in diameter
will have appeared, studies of possible antenna designs should be com-

menced in the not-too-distant futwe.
Thus the Panel recommends that design studies for the largest feasible

steerable paraboloids be commenced at an earþ date. The control of the
reflector surface through a sewo system should be investigated in the course
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of this study. The funding probably required to make an adequate study, as

here proposeil, ís $1 million.

A SOLAR RADAR SYSTEM

The possibility of using radar techfiques to produce unique data on the
solar corona has now been demonstrated. Such studies could contribute
important data on solar phenomena, especially when used in coniunction
with passive radio observations of the active sun. However, such an installa-
tion would cost perhaps $15 millíon, and the Panel considers that the data
per dollar tlrat might accrue ftom such an installation a¡e not commensurate
with tle data per dollar to be produced by the instruments proposed above.
Furthermore, since such installations have had practical utility for space
and military operations, they have hitherto found sources of funds through
agencies that do not ordinarily contribute to conventional asbonomical
instrumentation. Ther.efore, the Panel does not wish to recommend that
funding of such a radar system should be conside¡ed within the framework
of ttre present report.

SUMMARY OF RECOMMENDATIONS FOR
B,ADIO TELESCOPES

I Ä very-high-resolution array with great collecting area and low side-
lobe levels. Construction time, approximateþ one decade. Cost: $40 million.

2 Two additions to the interferometer at the Owens Valley Observatory
of the California Institute of Technology. Six years to complete. Cost: $10
million.

3 Two fully steerable 300-foot paraboloids. Five years to complete. Cost:
$16 míllion.

4 Smaller special-purpose instruments, approximately 15, costing an
average of $2 million each. $30 million.

5 Design study of largest feasible steerable paraboloid. Cost: $I million.
The cost of this ffve-part program for radio astronomy thus totals $97 million,
not including operating expense.
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V AUXILIART INSTRUMENTS
AND AUTOXIATION

: -
j:

AUXTLIART INSTRUMENTS

Although the telescope is properly given greât emphasís.as.the single most

;;;"-"î iool of thå obrJ*"tiooJ"ttronomer, the anaþzing devices and
-riä 

r^ii"rioo detectors at the focus of the telescope ale so vitâl a link i¡ the

piocess of collecting and ilecoding the information being received from astro-

ão*icaf ¡o¿i"t thai th"y deservã the closest scrutiny' 'A' review of current

f.u.ti"" "tta 
perfo.munce in this area of technology inilicates that very

ãppreciable g"io, ou". p."r"ot opeïâtions are possible' A-ny rational dívision

;i-rh" i;", iálent, aotl 
-money 

tJbe invested in improved observing facilities

over the náxt decade must certainly make atlequate provision for research

"nJdr*Iop*"o, 
in this Êeld, and for equipping both old antl new telescopes

with modern auxiliaries.
Improvement in the performance of a detector or analyzing ilNtrument

has the same efieet as inõreasing the aperture o{ a telescope' and because

;;; ;il-* oo* b"t t ,eache¡*here tlte optical antl mechanical speciff-

""1å". "f 
telescopes, both radio and optical, are so well understood that no

ør'eat ímprovemeit in efficiency seems likely, it is particularly importantto

il;;";;',h";ffi;l;ocy of the ánalvzing insiruments used at the end of the

,ãù'rÇ 
'.fri, 

is espâcially t*" ú""^.iru the cost of increasing the size. of

ãlã-iuf"r"op" 
"p"rtüt" 

is enormously greater than 
-the 

probable cost of im-

;;;rt"c ,Ë "ftlit 
r"y of photometeis, spectrographs, and direct-plate cam-

;;"r,;;-d rh" ."-" gáin li threshold detection of celestial objects is achiev-

able by either route.
Increased efiectiveness of existing telescopes through improved auxil-

iaries is not, however, an argument against new large telescopes' or against

lo*i¿oi"g the design of one larger than any previously built' since any
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expansion of the calculatecl horizon of tlese expensive instrumènts \Pill bring

lnì flood of data previously unobserwable by any method. This new infor-

mation is almost certain to contain revealing surprises'

The general areas of investigation t]]at give promise of a gain in effi-

ciency are:

Rdi,i¿tian Detøctors

The detectors used on optical telescopes are, for the most palt, quanlum

detectors, and the ultimãte ümit of one recorded event for each incident

photon, with negligible spurious background, is an obvious standard against

which to compare current performances.

Photographíc plntes. "lhe highest published value of ùe measureil

quantum 
"ifr"i"o"y 

of a photographic emulsion is about 1.per cent, but, at

tire very low intensities encountered in astronomical use, the same accumu-

Iated incident energy produces less blackening than under normal testing

condítions (reciproãÇ failute ), anil the eficiency is several times smaller'

Working "riroo*"t. in seve¡al observatories have shown by experimenta-

tion wiãr baking of plates, refrigeration during exposure, anil pre-flashing'

tlat appreciablJimpiovement is possible. What is needecl is a full investiga-

tio' iotà tìe mechairism of recþrocity failure at low intensities, and of possi-

ble increases in the funclamental effióiency of photographic emulsions uniler

"onditioo, 
of astronomical use. A símilar campaign by the photographic

industry, clirected toward cor¡ections of high-intensiÇ reciprocity- failure

?" ""*p"ig" 
inspired by commercial anil military recjirir-ements ), brought

,p*a g"itt of Zô to tOO times. On the other hanil, there have been no sig-

,rìff""tri i-ptou"-ents in astronomical emulsions in 15 years'

Photoelecftíc catlndes, Quantum efficiencies of 15 to 25 per cent are

commonly realized in the bluà and ultraviolet; the yield falls by an order of

magnitude in going to the deep red, and by another faetor of ffve or so in

thÃear-infrarãd. Ã determined search for photoelectricaþ sensitive mate-

rials with higher eficiency in the red and infrared is worth supporting'

Image tubes. The bright prospect held out by the considerably higher

qo"rrt r--"fi"i"ttcy of ùe fhotoelectric cathode relative to the photographic

;l*;;r not be"tt ¡ealizeã after several years'efiort' In only a few limited

ipecial cases, results not attaínable by photography have been achieved; yet
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progress has been made. Unless phenomenal improvements in photogÌaphic

ã-,irioo, 
"t" 

,""Iized, a gain of 10 to 20 times is still technologically feasible'

This very great prize is worth multiplying the sizable investment already

made several times over.

Infrared iletectors. Excellent detectors of both the photoconductive and

bolometer types are now available. The problems in adapting them to asho-

nomical uses are mainly problems of cryogenic and thermal engineering to

reiluce ambient radiation, and, at the longer wavelengths, ffnding a way of

compensating for variable ihermal radiation from the atmosphere. (See "Sþ
tadiatiotr," p. 61.) The very promising initial efiorts at two or three observa-

tories shoulã be given vigorous continuing support, and entrance of other

techlologically competent groups into this field should be encouraged'

Radío recaioets. As a result of many ímprovements ín radio receivers

for ¡adio telescopes, including the parametric ampliffer and the maser, one

may presently come within a factor of about ûve of the ultimate sensitiviÇ
po.riblr io ground-based radio telescopes. However, such excellent per-

formance is presently available witìr only a few ratlio telescopes' The remain-

ing noise is mainly thermal radiation from components ahead of the receiver,

in-the circuit, and the atrnosphere, ând not noise generateil in tÏe receiver

itself, The support of instrumentation in this ûeld must therefore have two

objectives: If the development of telescopes approaching very closeþ the

dúmate sensitivity perrnitted by the atmosphere and cosmic radio emission;

and 2) the outfitúng of more radio telescopes with the rather complicated

and fairly expensive electronic equipment required to attain low-noise

performance.

Auxiliarg Optícal Ins um.ents

The nartow s¿i¿. In most spectroscopic observations, particularly those

at modeïate and high ilispersion, there is a loss of efficiency because much

of the star image dòes not go through the narrow slit' ,4' large gain in effi-

ciency appears possible through the following developments:

Dí,firøctíon grati.ngs, Theory shows that an increase in the size of the col-

limator is just as efiective as the same proportionate increase in the apelfure

of the telescope. However, clífiraction gratings large enough to hanclle the
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larger colLimator beam are not now available. Development _of 
ruling engines

""p'"¡f" "ç 
proilucing $atings at least twi'ce as large as tJrose now in use

iä"*" tit"lãtl *udíb"" 
" 

t uity profftable investmenl' Increasing the anguìar

àiro"r.ion bv developing gratiigs that maintain their 
-efficiency 

in higher

ãtio" ot ¡v g"i"g to the echelle grating, may also be efiective'

Inferferometrie spøctron-¿eters, The Fabry-Perot etalon has a large entrance

,,"oií. nood luminous efficiency, antl extremely high spectral resolution' Its

il""'å;;il;.;io.-a"tuit"¿ studies of limitetl regions of the spectrum has

ü""" 
"-pi"n"¿ 

in onþ a limited way. The potential of 
,Michelson-type 

mov-

iog--in., irrt".terenóe speetrometeis, particularly in the in{rareil' is not yet

fuIly explored.

Fast calnpras. The Schmidt camela' as useil in spectrographs, although

sivinø excellent definition at low f-ratios, is not well adapted to light de-

í;;:t, ;,h;;õ".'1" photog.uphic plate, because larger pieces of appa-

,",* äã""t"¿ ..io th" 
^b"a*i 

block iut ioo much light. If image tubes

;;;"-" -h; standard recorders of faint spectra, Jhere-will be an overwhelm-

;"t ;"d f"." high-resolution camera tlåt has a focal surface external to all

.h: ;;",t";iil"î, *J u to""t ratio no greater than 10' anil that can be

made in apertures of 12 inches or more'

Atm o spheûc D í stutbanc e s

Seeíng.For mosttypes of observations, halving the angular diameterof

the seeinidisk of a star is equivalent to doubling the aPerture of the tele-

;;"p""îåf" ah; empirical iearch for sites with favorable proportions of

niøhts with good seeing must be continueil, the whole problem should be

T:il.,,' ;ñ'";;;sis bviroader and more fundamental investigations' There

Ilr""l¿ t"-" *""h greäter egort at understanding the physics of seeing, its

,"ilion to terrain alnd meteorological factors, its variation \rith height above

aft" n.o"oa, and Þossible improvements from control of dome temperatule

"rä 
?ì. i".i', 

"t 
riom modiÊåation of ground cover around the dome' Here

again the prize is great enough to justi{y a considerable investment'

SkE mÅíøtian.The night-sþ brightness (or airglow) sets the final límit

to all oiservations with goondlbaseã optical telescopes' Although there is

no krown way to eliminat"-ihi' light, ih"t" "'" 
developments that would
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reiluce the efiect of va¡iations in ttre brightness that raise the noise level in
photoelectric comparison of stars and adiacent sþ, or introduce fluctuations
into i¡frared meâsu.rements. Similar ¿¡ilÊculties occur in radio astuonomy
measurements at wavelengtls below 3 cm, whe¡e wate¡ vapor in the atrnos-
phere introduces variable opacity. Dual channels, difie¡ential measurementJ,
and t}re choice of a signal-modulation frequency low in noise content are
possible approaches. For the infrared and radio wavelengths, choice of a

site can also make a large dífierence.
The examples cited in the previous paragraphs represent some of the

more persistent obstacles in the way of making telescopes deliver the ulti
mate performance permitted by the laws of optics and radiation. Unpre-
dictable technological developments or new ideas not now foreseen may
alter the prospects considerably in less tÏan a decade, and dictate support
of instrumental developments of an entirely difierent character. The support
given to such projects must be kept flexible and be subiected to periodic
teassessment.

Recom.mendations

I The fraction of the total astronomical research efiort actively de-
voted to instrumental development should be increased by a factor of two
in the next few yea¡s. Funds of the orde¡ of $I million a year will be neecled.

2 The support should go to the major observatories and university
astronomy departments, sínce development must be carrieil on close to thé
actual observations anil other processes of astronomy to be kept realistic.
A separate special laboratory for the development of instruments shoukl not
be created, since it would lack this close connectíon.

3 National observatories, such as Kitt Peak, will quite appropriately
builil up a group of astuonomers, engineers, and physicists devoted to instru-
mental development and testing. It woukl be a mistake, however, not to have
specialist groups at several observatories or universities attacking various
facets of instrumental problems.

4 In many cases the observatory-connected invesügator will devote
a good part of his primary grant to subconþacts with industrial laborato¡ies.
As an astronomer end-user, who hrows what is needed, he will guide the
work and test the products that come out of it. Examples might be photo-
graphic plates and image tubes. Budgetary support must be adequate to
assure more than desultory attention from the industrial laboratory involveil.

62

i
--?;iëL;ú:-l



AUTOMATION

lnlrodu;tían

The essential continuing requfuement facing us is tTe requirement for more

data. Many problems réquire more observing time on motlerate- and large-

size telescápãs. But every link in the chain of ilata-acquisition must be scru-

tinized to sãe diat a system of the greatest þossible eficiency is used, guaran-

teeing that every tlatum is recoriled and available.

ií th" fittt part of this section we have dealt with auxiliary equipment

used witì telescopes and with the all-important detectors used to turn in-

coming photons into usable data. The remaining link in the data chain,

navini tã do with data-processing and evaluation, also requires substantial

increases in efficiency in the use of time and manpower.

.Astronomy is just emerging into the modern era of automatic control'

The informatión content thai must be processed Ior many astronomical prob-

lems is exceedin gly large, approaching that of high-energy physics' The

techniques fo. uitãmuti" daia-hattdling are in many cases already devel-

op"d; wh"revet and whenever the eficiency and accuracy of acquiring or

p^rocessiog data can be improved, the opportunities shoulil be vigorously

exploitetl.
Only a few optical telescopes âre even partiaþ 

-automated' 
either in

their basic operatiãn or for ûnal.ilata-reduction. On the other hand, radio

astronomers ãre already making wide use of modern data-processing tech-

niques, and the revolution is well advanced. Existing radio telescopes are

U"i"g hft"a with modern readout and computer equrpment as râpidly as

fundtg pennits; costs for proposed new radio facilities routinely include

provisiãn for the instrumentation needed for automation' But in opti-

ãul ast onomy a marked increase in the over-all ouþut of fundamental data

is clearþ possible.
Obseivatories embarking on a program lookíng toward the realization

of such obiectives will require the services of engineers experienced in instru-

mentatio; and data-processing; the larger observing centers must think

of persons technicaþ competent in fhis ûeld as a normal part oI their ¡esi-

dent stafis. The drain on the engineering community to provide the rela-

tively small number of engineers required woulil b-e almost negligible, but

the impact on the astronomical community would be enormous' Among

maoy åthe. advantages, the acquisition of such engineers would free the
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time of astronomers who now do tleir own engineering work, so that they
could procêed with tle primary iob of producing astronomical results.

Acqußition and, Red.uctìnn of Data

fn certain ¿reas of astronomical research the available manpower and
telescope time could be used to produce data much more efficiently if the
burden of data-reductíon were handled by machines rather than by hand.
Programs that could be expedited in this way include: (1) those involving
photographs or records of many stars obiained simultaneously, such as posi-
tions, proper motions, varíable star magnitudes, objective prism speotral
classiûcation, and objective prism radial velocity deteraninations; (2) pro-
grams producing large quantities of simultaneous data on individual objects,
such as multichannel photoelectric photometry, high-dispersion spectro-
scop¡ and spectral scans of bright stars; (3) programs requiring two-dimen-
sional intensity studies or isophotal plots of extended sources, such as
galaxies and gaseous nebulae. An example of the possibilities is furnished
by astrometric-reduction programs. Schemes already proiected and nearing
the stage of initial trial seem almost certain to keep reductions current with
obse¡vation.

There are similar examples in radio astronomy of programs limited by
¡eduction-time requirements: (1) repeated radio scans using multichannel
hydrogen-line receivers to obtain radio isophotes of the distribution of
neutral hydrogen in our galaxy or in neighboring galaxies; (2) analysis of
spectral and temporal characteristics of radio bursts from the sun and
planets; (3) analysis of occultations of radio sources by the moon or by
tfre solar corona.

There is a second class of problems that are limited by available tele-
scope time. ,A,mong these are; (1) direct photographs of very faint obiects,
(2) slit spectroscopic work for ¡adial velocities or spectral classiffcation of
stars, (3) photon-limited single-channel photoelectric photometry or spec-
tral scans, (4) observations requiring excellent seeing or atmospheric trans-
pârency. .A,lthough the most important gain in efficiency will come in the
problems that are reduction-time limited, digitized and automated data-
recording systems can not only improve the reliability antl reduce the tedium
of the observations that are telescope-time-1imited, but also ofier oppor-
tunities for optimum utilization of available quanta and the recovery of
extremely. weak signals otherwise submerged in the background. These
techniques are wèll u¡derstood by the radio observers, and should be more
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øenerally exploited by optical observers.

"'--,1, ,irita potsibilíty ior improving eficiency comes when the observa-

tion time peiobject is 
"o*p".ábl" 

wíth or less tlan the setting time of the

ì"i. 
"oo".^ 

Then automatic setting of a rapidly moving telescope, a pre-

".ã*"*-"¿ 
exposure scheilule, and automatic digital reailout of both posi-

ä*?r ¿"a" and 
-the 

obsewational ouçut will repay tle cost many times' In

;lt ,*"r of obse¡vations where the telescope ouþut is an electrical signal

ã, 
"á" 

¡" conve¡ted to one (photoelectríc observations, infrared detectors,

ã.,ni"o"-typ" image tubes ) , Jirect iligital readout not only reduces human

"rro.. 
Uoi"tto pteìenb the information in satisfactory form for rapid reduc-

tion by a computeÌ.- 
Progr"r. iowartl these desirable goals depenils on,support funds for

those obìervatories that are willing anil competent to undertake thé respon-

sibility of automating present astronomical facilities. Part of the funcls

wo,ilã go fo, the emplãyment of astronomical instrumentation engineers and

associated technicians.

Deoelopment of Nau Automøtic Instnrlnents

Several of the possibilities for automated insbuments mentioned above

are already verf close to realization, or could be adaptetl -to 
astronomical

measuremLnts by a slight extension of techniques already krown:

Automatic ttoo-coord'ìtwte mnasuring engi'rc' The astrometlic measur-

ing engine being installed at the Lick Obsewatory will be the ûrst machine

of"this" type. Pìecise æ and y measurements can be 
-made 

automatically

fro* pr"-|tog."rttmetl instructions sto¡eil on punched cards' Control by

i"p" o-, 
" 

'"o*jp,rt"t 
would be possible. MgaryremenJ of stellar magnihrdes

by' an iris phúometer is autoÃatically inclucletl, and is reported out along

*ith rhu cãordinate readíngs on punched cards. Variations of the machine

could incluile optional display of the measuring area where an auxiliary

machine for pre-prog.amming was not available or woultl not be efficient'

A slight modhcaiion of the optics would permit conversion of the machine

to a one-dimensíonal spectrum-plate-measuring engine'

Measuríng enghe-mi,crophotomøtar for spøctnnx pløúa-s' Several possi-

bilities, using"prin-ciples tesied separateþ, could be combinecl in an all-

porpot" "t"[à for- spectrum plaies. For, measurement-of the position of
ihe'stellar-spectrom lines or còmparison lines, visual displays aiding the

centering of a line proffle relative to a referénce mark are already in use'
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with digital readout anil data storage. Automation of tÏe centering process

and pre-programming of a set pattem of lines, as in a radial velociÇ pro-
gram or in the measurement of stellar magnetic ffelds, woulcl be feasible
extensions. Where the intensity clistribution across a spectuum line must
be recorded, as in studies of line proffles or in equivalent width tletermína-
tions for abundance studies, analog computers that allow for ttre calibrated
characteristic curve of the plate are alreaily in use. Transferral of the out-
put from a strip-chart recording to digital form for processing in a computer
can be accelerated by a digitized readout device. The Ênal stage in auto-
mating the entire process is digital storage in a computer or on tape of tàe
information in each spectrum-resolution bit, as has already been done on
hígh-resolution solar spectrograms. The entire process would then become
automatic and iligital, with tle strip-chart serving as a monitor anil refer-
ence, but not as a li¡k in the data-reduction.

Autom.a.tì.callg controll.ed opti,cal telpscopa. As a step on the way to the
automated observatory outlined in a later paragraph, an automated tele-
scope would not only provide a valuable proving ground, but also would
be ext¡emely useful in its owl right. A small instrument could be pro-
grammed to carry out three-color extinction measrrrements on standard
stars, t1rus saving observing time on maior instruments and war:ning of
deterioration of sþ transparency. ,{tmospheric seeing and stella¡ scintilla-
tion could likewise be automatically recorded. A more important program
would involve photoelectric programs on relatively bright stars involving
either the standaril three-color or narrow-band Êlter measurements. This
would be a ¡ealization of the previously cited advantage of speeding up
the routine in cases where the observation time for objects is less than the
setting time.

Infotmnfían Storage

The traditional solution to the need to store enormous volumes of data
regarding the positions, the spectral types, tle magnitudes and colors, tÏe
parallaxes and proper motions, and the binary character of hundreds of

. thousands of stars has been the issuance of specialized catalogues. These
often become out-of-date before the enormous labo¡ of revised editions
can be completed, requiring recourse to scattered references in tÌìe literature.
The advantages of data-storage on punched cards, witÏ easy editing and
insertion of new information, have already been resorteil to at certain
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observatories, at least for specialized classes of objects, such as double stars'

While the Panel does not suggest that such methods will replace tÏe use

of the printeil page in conventional libraries as the princþal medium of

storagJand communi"ation, it does urge encourâgement of- central ûles of

machïe-stored data at a few maior observatories that wish to undertake

such projects. Such i¡rformation can easily be printed out when needed,

"r,il "åo 
ú" 

"""h^nged 
in digital form, much as is now commonly done with

computer progr"rni. Information stored in this way, as on punched cards,

is iåmedåte{ applicable to automatic programming and to theoretical-

anaþsis proiects.

Aut omat e d O b s er o at oú'e s

AS the technology of automatic conuol systems advances to â state where

more and *or"îf th" operations now under human control can be done

under machine guidance, the time may be foreseen when almost all the

procedures of dãta-acquisition and. äata-reduction useil in observational

ästronomy may bu 
""oiãd 

out by automatic devices. An entirely autom¿tetl

observatory-a complex of telescopes, measuring engines, anil otiher ilata-

gathering lrr.t o-"itr, together wìth a complex of plotters, printers, and

ãt¡"r ¿uø display and output devices, all connected to a central computel

and under thelmmediate and direct control of one or more observers-is now

a deûnite possibility. Nearly all tlle work of any observatory falls into one

of the following areas:

Routin¿ obsarcaúdolrs. This area includes the repetitive work of astronomy

thui le"d, to the publication of lengthy catalogue,s and tables' The p-eriod

;f;t;;;;tt"" is tng, and the wori, iedious fõr human beings, should be

handled automatically when possible'

Specìal obsøroafions' Here we ûnd most of the spectacular-work' For these

o'ronr"r.r, onlv a mod.est amount of time (perhaps only a few nights ) may

l" i""4"¿ for the initiat discovery. ,{utomation is a less importart- factor

i" ttto" nttt obselvations, bnt can be valuable in the extensive follow-up

that is invariablY necessary.

Monitorúng obsaraing conditíons. Whenever- possible, small auxiliary tele-

r"ãp"r .f,"'UJ ¡" úseä to monitor the aknosphiric transparency and steatli-

,,"*'r. ih" øeneral skv brightness, antl other quantities of interest' The large

instiumen"ts, relieveã of s=uch tasks, are thereby matle more efiective'
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DaÍøprocessíng. This area includes all tle operations that are performed
o-nce a telescope provides output. Two types of data-processiig can be
ttrought of: (a) immediate data-display, petmitting tìJobserver-to make
quick_decísions as to ttre best use of telescoie time wã e he is still observing;
(b) the detailed ¡eduction of all the telesóope ouþut..

The automation equipment required for tJre posh_rlated automatic
obseryatory might consist of: (I) a central medium-size digital computer;
(2) an individual control console fo¡ each major instrumenq (B) a;aster
control console from which minor inskuments, ineluding monitors, are
normally controlled; (4) digital readouts for position of each inshument and
digital readouts on all sensors where appropriate; ( 5 ) provision on all instru-
ments for remote conkol of slewing motion, automatic guiding, focusing,
switching of optical components, selecting of detectors, and adjusting ap-
paratus; and (6) automatic measuring engínes for fast and convenient
readout of data, particularþ from photogaphic plates.

The control console for each major instrument would be designed to
permit the observer to control the telescope either directly from the console
or indirectly through the central computer-a fast, core-memory model of
moderate size. The computer occupies tÏe céntual posítion in tlie system
and communicates with tåe consoles anil the telescopes. The digital readout
systems can handle a wiile variety of tasks, including automatic recording of
the position of each instrument. This datum, together with the exact tíme,
deffnes uniquely the position in the sky at which the telescope is poinied,
and eliminates misidentiffcation. Most electrical sensors lend ih"rnr"l.,r"s to
digital readout; photographic plates, because they record such large quan-
tities of ¡l¡t¿,'can be processed eficientþ only witll automatic-measuring
engines of the sort already described.

Recomm.end,atìo¡w

Initial support for tJre design and development of maior instruments for
automation of ast¡onomical facilities should ûrst be given to only a few
experienced astronomical groups with qualiûed stafis. A fully automated
pilot facility jn each category can then be tested, evaluated, and ffnally
made available to other observatories. Such arr approach would help create
standardization and avoid the growth of a hodge-poilge of appioaches.
Already the Kitt Peak National Observatory, with support from thãNational
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Aeronautics and Space Administration and the National Science Founcla-

tion, is well along io a plan for limited automatic operation of a single

telescope of moderate size. Àstronomers wishing to work in t¡is general area

should be required to become acquainted with this pioneer facility'

Surrreys oÌ existing commercial apparatus inclicate tìat it would cost in

tlie neighúorhoott of $Z mlltion to fully automate a moderate-size observa-

tory. TËis ffgure applies to an existing observatory-that was not designetl

*itÌr automa=tion in mind' New observatories could be automatecl for ap-

proximately half this amount.
The pioblem that now confronts both optical anil raclio observatories

in the Uiited States is, however, one of updating existing telescopes and

data-analyzing equipment so that they will be partiaþ automatetl antl wíll
present tieir 

-oufrot iofotmation in a form that can be fetl directþ into

ålectronic co-pGrs. Well-conceiveil plans for step-by-step progress toward

this goal should certainly be supported. Typícal examples o{ instrumenta-

tion that will be needed include:

1 Reaclout, digitizing, and data-processing units to be attached to

existíng optical t"iescãpes ind plate-anaþsis instluments' These would

cover f,oin^ting coordinaìes, photõmeter settings, photometer ouþut, plate

coordiiates, 
"od 

pl"t" intensity readings. Digitizations of a single quantity

may cost only ui"- tìroosarrâ dollari a complete readout system míght

come to $50,000 lor instrumentation.

I Fully automatic plate-measurement machines with automatic

centering and irovision for pie-programming for sp,ectrum-plates and direct

photogrJphs. hrese -ight ìosi $rso,ooo eich. Pilot models will be more

expensive.

3 Complete automation of a moderate-size optical telescope, incluil-

i.rg pre-prograåmed automatic setting and unattenìled acquisition of ob-

servational data.

4 Automation of telescope setting, observing loutines, ancl data

readout on existing radio telescopes.

The Panel has purposely refrai:red from assigning speciffc total dollar

values to these categories, since experience in this rapidly developing ffeld

will come from pilo-t installations .tot y"t itt operation Supþort of engi-

1C

tft
ef
IE
ril
u-

P.
nt

to
rIe

of
fn
'ut
of
ìe,
d,
to
tn-
ng

[or
ew
:etl
,lly
¡te
,es.

nal



neering and technical personnel needed to initiate anil operate t-hese pro-
grams in individual observatories custitutes part of tle cost. Considera-
tion of the unit costs already known and the adrantages to be gained has

led the Panel to recommend tìat a total of $10 million be allocated to these
pu-ryoses in the next ten years. This is less ttran 5 per cent of ttre ove¡-all
sum ¡ecommendeil in tÏis report; the potential gain in ouþut ís so great tìrat
the engineering of the automation of astronomical observations must be
given high priority in the total efiort.
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INTRODUCTION

This report recommends a program for constmction of 
-facilities 

that will
utilize ùre versatile, relatively low-cost methods of grounil-based astronomy

to cârry out the large {raction of the observations of the-universe tìat can

be done through thã atmosphere, and thus to mâintâin the proper balarrce

between the u-nique capabilities of insÛuments carried into space and the

capabilities of tlðse opãratecl on tle surface of the earth. The total cost for

thå ten-year progrum is less than the ûrst ûve years of that part of the Space

Administration's orbiting obserwatory program devoted to stellar astronomy

and to radio astronomyl These orbiting observatories are, of course, only

a small part of the wúole space efiort' The annual spending rate for the

o"* groLd-b^r"d facilities proiected in.tle previous section of this report

ls of ihe order of one haff of t per cent of tlre present total annual buclget

of the National Aeronautics and Space ,{dministration'
Since astronomers represent a small fraction of the physical scientists

in the country, however, iì is appropriate to ask whether the grourrd-based

facilities recoÁmeodetl ,"pt"tÀt a sharp acceleration in tìe next decade

or are in line with growth rates already established or in sight'

In the case of ãptical astronomy, whe¡e there has been a long perioil of

growth while the Unitecl States was establishing its dominant position in

Ihi, 
"r"" 

of science, it is possible to give a rough quantitative ansr¡/er to

,fr" -q"ltlt ih" b"rt rittgi" ittdex of tÈe nation's òapability in observational

optical'astronomy wodd ãppear to be the collecting area oJ all its research

;å".-p";. The'necessary'ãata have been taken from the Appendir of

Kuiper^anil Middlehurst's ?¿lescopes (lJniversity of Chicago Press' 1960)'



wíth a few additions fo¡ instruments completed since Ig60. In Figure 20 is
show¡ the integrated area of all telescopes of 24-inch aperture or larger
in the United States. Accumulated totals at intervals of ûve to ten years
are plotted. In the same ûgwe is shown the breakdown for the size cate-
gories (large, medium, anil small) as used in Section III and in ttre recom-
mendations of this report. Here each point represents tìe new total after
ailding tïe telescopes completed in a given year. At the right side a hypo-
thetical point is plotted on each of the graphs, showing how the collecting
area ín each of the four cases would stand in 1976 if all the recommendations
of the PaneÏs report were completeþ implemented by that time. In no
case is tlere any marked increase over the growth rate that has been estab-
Iished over previous decades. Implementation of the Panel's recommenda-
tions will do little more tÏan keep up with the general trend, which indicates
a doubling of the total collecting area each 15 years. Because there has
been a slackening in the growth rate over tÏe last 15 years, it is necessar¡
however, to compress about 15 years of normal growth into the next decade.

It will be noted that this long-term trend was established when the
number of asfuonomers in the country was growing less rapidly than is now
shown to be the case in the manpower survey in Section II ( page 28 ) . The
manpower growth rate previously shown in Figure 18 (page 3I) is repro-
duced at the top o{ the telescope-area graph in Figure 20. At the right edge
is shown ttre range of the expected number of U. S. members of the Inter-
national Astronomical Union in 1973, based on the projection of Table 2
(page 86), and tle assumption that the ratio between the number of U. S.

astronomers, as deûned in Section II, and the number of U. S. members of
the International Astronomical Union will continue to be about 3:2. The
slope of this portion of the plot indicates a doubling of manpower ín nine
or ten years and increases more steeply than the proiected growth of the
telescope collecting area in any size category.

In summary, then, tìre optical facilities recommended by the Panel
would appear to be reasonable and prudent. It should be noted that, even
with full implementation of these ¡ecommendatíons, there will be fewer
square feet of telescopic obiective per U. S. astronomer at the end of the
clecade than there are now. And, even with some allor¡¡ance lor a slight
reduction in tJre percentage of U. S. astronomers engaged in optical astron-
omy, as interest in tleoretical ashophysics, radio astronomy, and space
âsþonomy grows, the program is still based upon a straightforward proiec-
tion. In view of the important contributions being made to the develop-
ment of astronomy by obsewers with U. S. optical telescopes, to provide
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Iess tlan is recommended here would, in the opinion of the Panel, mean a

loss of momentum, and would constitute a retrenchment.
There is no single index in radio astuonomy tlat represents tle grouncl-

based observing potential in tÏe Unitecl States, particularþ since modem

antenna systems consist of both arrays and paraboloids. The growth of the

major U. S. facilities is bareþ a decade old, and no long-term trends or

growtl rates can be said to have been established. The recommendations

ãf the Pattel proposed a set of facilities demanded by the nature of the
problems now faceil in this ffeld' These faciìities will create capabitties

lor observational research commensurate wittr these tlemands, and quite

beyond any yet provided. The manpower, the tecbniques, anil the engi-

nelring competence for realizatíon of this goal are all in sight, but ade-

quate support must be Provided.

SUMMARY OF RECOMMENDATIONS AND COSTS

The cost of the program discusseil in Sections III and IV is established in this

section. The proposeil program as laid out consists of the following items.

Optical Astrorømy

7) Tlnee large telescopes of the 150'to-200-inch c1ass. The

Iiitt Peak 150-inch is consiclered as tlie trst of this group. $60.0 million

:) An engineering study for constluction of the largest

feasible optical reflector. $ 1.0 million

3) Fo¿r intermediate-size telescopes of the 60-to-84-inch

class' $ 4'o million

4) Eight small mode¡n telescopes of 36-to-48-inch aperture. $ 3.2 million

Total cost of the optical facilities and engineering study is $68.2 million
with no operating expense included,

Included in these costs are funds for the initial instrumentation such

as spectrographs, photometer, and specbum scanner with which to start

initiãl opeiations. Included also is the cost of site-development, land-
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acquisition, and building {or tIe case of items I ) and 3 ) above. The details
of the cost breakdown and ttre budget per year to realize the goals are stated
in the present section.

Radín Astronomg

7) A very large high-resolution pencil-beam array witli
low sidelobes to be constructed as a national faciiíty.

Cost of basic dishes.

Cost of land development with buildings.

Cost of electronics and other auxiliaries.

$30.0 million

$ 4.0 million

$ 6.0 million

his
ms.

Total cost $40.0 million

2J A high-resolution array consisting of about eight an-
tennas to be constructed at the Owens Valley Observatory. $10.0 million

3) Two fully steerable 300-foot paraboloids. $16.0 million

4) Engineering study for the largest possible steerable para-
bolic antenna. $ L0 million

5J Support for existing radio astronomy departments for
new small instruments and special, unique problems. $30.0 million

The total support for new radio instruments is then $97.0 million, with no
annual support to maintain new facilitíes included.

Auxilinrg lnstruments and Automntinn

7) New auxiliary ínstruments for both optical and radio. $10.0 million

2,) Data-processing instruments and automation of tele-
scopes. $10.0 million

The combined cost of recommendeil auxiliary instrrments and data-
processing and automation equipment thus totals $20.0 million.
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Anrunl O p er ating SUPP ort

1) Annual opemting support of new optical facilities at

a rate of 4 pei cent of the value of the facilities completed

"t ""y 
gi*" ti-". $ 5 S million

2.) Amual operating support of new radio facilities at a rate

oî 10 p"t cent of the value of the faeilities completed at

any given time. $33'6 million

Total operating support l-ras *trtoo

The total cost of the entire ten-yeal program is thus $224'12 million' The

detailed breakclown is shown and the budget per yeal for this program is

iustified in this section. ( See the cost curye in Figure 23, page 86' )

BASIS. OF COST ESTIMATES AND

PROT ECT ED SPENDIN G RAT E

Facíliti,es Cost Esl ímntes

Estimating the cost of large research instruments that have not yet been

built is aãmittedly difRfllt' The Panel is well aware of the fact that the

Êgures submitted in this Report may meet with- consi¡lerable skepticism'

Sich iloubts are not surprising in view of the number of times that enthusi-

astic proponents of new resáutch facilities in the physical sciences have

seriouìIyìnderestimated the cost' Astronomical ventures have by no means

been immune from this exPerience.

Nevertheless the Panel has arrived at a set of cost estimates which it
feels it can put forward with reasonable conûdence The principal reason

for this conff-dence is the nature of the recommendations: the major facil-

itíes, both ratlio anil optical, a¡e based on clesigns and components that have

already been built, so tlat neither the feasibility nor the costs are in any

great âoubt. The decision to recommend facilities o{ this nature for im-

áediate constluction took into consideration both Lhe ¡esearch requirements

-the type of instruments that will bring observational ânswers to important

probleris-and the need to get new telescopes into the hands of üre under-
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inst¡umented astronomical commulity in the shortest possible time. The
recommended construction program should not only yíeld an optimum
return f¡om the inveitment of available mânpower and funds, but should
also be subject to minimum uncertainty in the cost estimates.

Radio and optical telescopes larger and more complicated than any
yet built, which would ínvolve costs difficult to estimate at presen! have
not been recommended for construetion within the ten-year períod; rather
they have been reserved for consideration by study groups which will pro-
vide not only a thorough-going feasibility analysis, but also detailed cost
estimates.

The cost evaluations for tlre instruments ¡ecommended in the coming
ten-year period are based on the engineering experience of a member of the
Panel who has participated, either directly or as'an adviser, in the recent
construction of large telescopes, both radio and optical. Through this experi-
ence and a continuously updated record of the costs of telescope construc-
tion elsewhere, he has assembled the cost survey data summarized in the
Appendix to this report. The rapidly growing industrial experience in this
highly speciaìized field has also provided a background of actual costs that
is of great assistance in estimating and biddíng on ne\¡/ construction projects.

Tables A and B of the Appendix list existing major astronomical facil-
ities, both radio and optical (pages 90 and 96). In Tables C and D of
the Appendix a¡e shown the best available data on basic instrument costs
for ttrese facilities, in terms of 1963 dollars. The cost data are summarized
graphicaþ in Figures 2L and 22, which show cost as a function of size for
optical telescopes and for radio astronomy paraboloids.

The costs of optical telescopes {all remarkably close to a mean line
showing direct proportionality between cost and collecting area (diameter
squared). There is considerably more scatter for the radio astronomy
antennâs because some of the steerable paraboloids shown in Figure 22
were built for satellite tracking or communications purposes, where opera-
tion must be continued ulder extreme environmental conditions. The mean
line, showing cost varying as the 2.5 power of the diameter, passes through
points representing dishes built to tlre tolerances acceptable in ¡adio astron-
omy, where the rapid and variable motions needed for satellite tracking are
not required, and where temporary shutdowns during high winds or icing
conditions are not serious.

The estimated total construction costs of the recommended faciiíties
a¡e based on the accumulated data shown in Figures 2l and 22. The adop-
tion of a practical construction schedule then leads to a forecast of the year-
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to-year furiling needeil through tle ten-year perioil coverecl by the present

reDort.'"""iï"" 
the astronomical program proposed involves multiple produc-

uo" ãiå*irti"g types of basic iistirm"t'i' tih"t"u"t possible' the total facility

;;t f;r """t 
iåe classiffcation can be tabulated in terms of unit cost'

i"Ui" S øu.. the total cost per unit or total facility witÏ a breakdown

i"Iä fr.,ï,, ú"ri" and auxiliar| instrumentation costs of optical telescopes

;J;"d" ;;"t"as alreatly in operation or now under construction' In the

""." 
ofì"tg" 

"p,ical 
telescópe,, iiis necessary' of course' to make site suweys'

;;;"q"# ""ä 
develop prãperty at nerv observing sites' anil to construct

i-,,'iiai'"n. and facilitie; fòr supporting activjties' For the Northern Hemi-

;"#ä;;;; be depe.dei"ì o' l"rg" industrial_facilities witfri¡ a rea-

,ã"iùL ¿i.*"* of thã site 
"hot""' 

Iio*"uer, a large teiescope in the

;;;ã;" H;trphere would involve additional expense {or the remote site

i".ltri"t, ,hippiog, labor, ancl related costs, as noteil in Table 3'
'*- 'iü ,""ãi¿ îortio" of Table 3 indicátes the corresponding cost of

f""itiry lt"*. fo, ihe tht"" types- of radio telescope ínstn-rnents proposed'
'--'ät; 

pt".toiog, 
"ngit "",ioi 

designs, procurement' and erection scheil-

or", ?oì rãrg" ,"ãio "ia 
optiä *""i"uuui must be tlovetailed to equalize

afr" 1""¿ oi mannfacto.lrrg facilities antl available technical manpower'

if* "r"",i""f 
fabrication aid constmction tímes for the optical telescope¡

;* tf,"t";ì;i;î, i"g".rt* *l*t the proposed number of units involved'

ilt"."ft"¿ot" times are 
-basJ 

oo '""""i 
e*-pe'ience in the construction of

similar facilities.- -- 
itt" corresponiling estimates for fabrication time Tor the large radio

telescopes 
"nd 

ã.ruy, ãr" indicateil in the second half of Table 4' along

with tlle corresponding scheilules for construction'

Anrrunl Operating Support for Neu Facilities

Before using the information in Table 3 to prepare- a schedule of funcling

;;;;-; ;;:y:; perioil, it is necessarv to inquire what allowance must be

;;å" f* típ;"i, of the reseat"h ptág'"tnt that.ltl $ow up around the

""* inro*""",t as they are compllteã' Universities'- res-earch institutions'

""à ""ir""rf """ters 
wiú be reqrrieil to assume the added expense of oper-

ffiiih;,"*;g"'"rrd "o-pl"* 
å'""'"h tools in a rather short interval' The

.ltäi¿y ."t""i problem Jf annual support at all observatories' both radio

ã"J"iu*r, *iI- b""o*" acute unlessìirere is advance planning and unless

flrodiig agâocies can anticipate the demanil'
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Obs. Site, per unít

FuIIg Stee¡abl'e 3OO' Patuboloii'| at Eristìig
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1.0
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23.0
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A complete analysis of the operating costs of existing observatories is

dificult beùuse suppot comes ftãm many sources and is accounteil for in

many difierent *uy* Sio"" tìe impact will be greatest upon those having

to operate the larglst new facilities, it will be su-fficient to use a formula for

comluting 
"rron"I 

.opport costs based on tle experience of the larger re-

,""råh ""it"r, 
alreaily-in operation. A¡r examination oI the known annual

operating costs of the ûve oì six largest observatoríes i'.' this country shows

tlìat theiatlo of the annual cost to ttre 1963 estimated capital value of the

facility falls in a remarkably n¿urow lânge between 2 5 and 3'5 per cent'

ir, 
"í¿i 

ioo, other recent iarge telescope proposals have also intlicated

annual operating support t"ogiog fto- 3.5 to 4'75 per c€nt of the total

propor"df""ility vatuã. ¡ correlaied experience may also- be noted; many

iarg:" unirrersity anil college campus building programs show annual oper-

atiig costs for iaboratory building and facilities runningfrom 3'5 to 4'5 per

""rriof 
th" to,"I plant välue. It appears adequate, thereforg to recommend

that, for the adàitions to established optical observatories, the allowance

for ánnual operation of newly completed facilities be set at 4 per cent of the

construction cost.
On the other hand, experience with large radio telescopes clearly indi-

cates a very clifierent set ofannual operating costs, involving a much higher

percentage of construction costs; the range is from about 10 per cent to,

io ,orn" ã"r"r, over 28 per cent of the value of the faeility' These higher

opeÉting costs arise from the special nature of the facilities and the peculiar

oi"rati"! problems of raclio obse¡vatoríes. Al arbitrary examination of

tËe parti-cJar facilities recommended in this report indicates that a 10 per

c"J fo.mola for amual operation would be justited' This rate is two or

tlree times higher than that fôr the corresponding optical observatories

because: (1) the radio obServatories are growing, arrd operating costs are

hígh on nù iacilities; (2) advances in electronic teclïdques make for rapid

ob"solescence of auxiliary equipment, such as receivers, and frequent replace-

ment is necessary; (3)'most iadio observatories are much further removed

fiom university óenters than are optical observatories, with corresponclingly

higher travel ánd operating costs; (4) at radio obserwatories work is carried

oti both d"y and night, with higher costs for double crews; (5) antenna

systems cover t *o"lt htg"t property area, with higher road antl grounds

maintenance costs, and higher communication costs'

It should be emphasized tlat the percentage figures adopted here for

the annual operating ( "housekeeping') cost of new facilities cover only the

added technical cosis such as operating and maintenance personnel, scien-
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tiffc and maintenance supplies, and data-processing and computer charges.

They do not include salaries of academíc or scienti.ffc stafi, support of .grad-

uate students, or otler progtam-cost items such as scientiffc libraries. In
various institutions the latter costs may be divideal in so many ilifierent
ways between old and new telescopes, between observational anil non-

observational research, and between teaching and research, that ít would
be dificult to ârrive at a universal formula.

Since the assígnecl task of tìe Panel has been to consider the npu
facilities that will be needed in the next ten years, it has not attempted to
examine the total problem of the support of astronomical teaching anil
research in the Uniterl States. Thus the ffgures presented here should not
be construed as representing the total government support neealed by Amer-
ican astronomy. The problem of annual support is being consiilered by
a panel of the Physics Survey Committee, appointed by the National Acad-

emy of Sciences to make a long-range study of physics and its requirements.
According to the estimates of the Physics Surwey panel, the total sup-

port cost, including small project facilities, is between $10 million and $20

million ¿ year witl tle present physical plant. Since ou¡ recommendations

will approúmately ilouble the existing facilities and will accommodate

n""tly t*i"" the number of astronomers by the end of the decade, it may

be assumed that the total support cost will also approximately double if the

same unit cost per astronomer prevails. Thus, ttre technical ("housekeep-

ing") costs shown in Table 5 constitute approximately one half of the total
additional operating cost needed to support tÏe scientific programs to be

cauied by tÏe new facilities. Untloubtedly these costs will continue to be

divided beween normal university budgets and feileral grant monies.

Spend.i,ng Rate

The unit costs for new facilities from Table I antl the construction sched-

ules from Table 4 are combined in Table 5, anil tÏe growth of annual oper-

ating costs is computed according to the 4 per cent and 10 per cent formulas

adopted in the prevíous section. This table Shows the spending rate for con-

struction of each type of facility and also the accumulated value of all the

facilities completed at the end of each year of the program. The latter ffgure
is used for calculation of the corresponding annual operating support that
will be needed as the new instruments go into actual research operation.

In addition to the spending for tÏe major facilities and for their operat-

ing support as they are completed, the total spending rate must take into

account other parts of the over-all recommended program' These costs are

many
oper-
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TABLE 5 ANNUÁL OPERATTNG çOFT OF NEW FACTLTTLES-í MTLLTON

Based, on C otlstruc'tion Sched'ul'e

Optícøl

I. 8 36/48" TelPs'
2. 4 60/84" Teles.

60.0 0.4 0.8 0.4
1.0

ç 3.2
4.0

0.4
1.0

0.4
1.0

0.4
1.0

0.4

3. 3 150/200" Best Site: 18.5
N o' Hømís' -So'Eemís -

r8.5
23.O

Value ol geør's addítìon
to co ûryl.eted lacíLiÍi¿s
Aacutwlated' aahre oÍ
completed' løcílitíes

0.0 0.4 0.8 7.4 o'4 1'4 o'4 r9 9 42'5 67'2

o.o 0.4 7.2 2'6 3.0 44 4'8 24'7 247 67'2

Annu,I operatínesuppoft at 
o.o 016 o.o4| 0'104 0'120 0'176 o'1g2 og88 0988 9688 5'3

B ßødío

1. 7 Pencíl-Beam Atøg 0'0 4'O

2. 1 I Aût. Mobìle Aîraa 0'0
3. 2 300-ft. Steerable

value ol leois add'iti'otu to

"o 
pt"iuâ ¡oavu"t o'o 4'0

Acaumulatød oalue of com'
iiiied fac¡I¡t¡es 0'o 4'o

Annual o\eiating flPPoft at
tO9¿ rrtte" 00 0'40

5.0 5.0 5.0 1.0
1-25

B.0

6-25 5.0 13.0 1.0

47.00 52.00 65.00 66.00

40.0
10.0
16.0

66.0

TA)5.0 5.0 5.0 5.0
7.25 2.50 2.50 2.50

80

6.25 7.50 15.Ë0 7.50

10.25 17.25 33.25 40.75

1.025 1.775 3.325 4.075 4.700 5.200 6 500 6'600 33'6

Total AnnuaL Ogetufítug
SúpþoÌt, OPticlI and Rad'¡o 0.0 0.416 7.073 1.879 3.445 4.251 4892 6'188 7'488 9288 38'9

4;t""t f- w*otio*tuppoitaate formøl^tion'

t.

4.
ð.

1.

3.
4.

shown in Table 6; some of the ûgures 'already develop-etl in Table 5 are

,.o""t".I. The stuily goup to conJder the lalgest feasible optical telesco-pe

i;Ë;;;ï;äJt".i". vears of the decaile' not onlv to sive time for

tirå t"irr"tting of the maior new telescopes, but also to make use of the in-

t"t-äiø" "f¿ 
expertise developecl during the-period of their engineering

;J;;;ril;rt""''The work of ihe proposed radio astronomv stuily group to

;;;ã;;;ili"tg;t possible movabL paraboloitl is scheduled on a somewhat

more urgent basis, since its conclusiåns may infuence the construction of

ä" r"""ilãoo-ioát paraboloiil that is recommendêtl and could ¡esult in its

conversion into a larger instrument' Line C of Table 6 includes the provision

f- fflö;Jrurri"n 
"aioo '""ommended 

in Section V of the report antl
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- 42.5

also the funds for automation and data-processing, likewise advocated in
tlat Section. The funding for tlese programs is divided fairly evenly over
the years, in the expectation ttrat there will be a great demand for this type of
inst¡umentation in radio astronomy in the ûrst two yeârs, followed by the
same type of support for the new optical telescopes as they are completed.
Line D of Table 6 lists the annual operating support of research programs
using the new instnnents, both radio and optical, taken from ttre schedules
shown in Table 5.

The total proiected ten-yeæ spencling schedulg shom in ttre Ênal line
of Table Q is displayed graphically in Figure 23. Of the total of $224 million
for ttre ten-year period, the facfüties for grourd-based optical ashonomy
amount to $68.2 million and those for radio astronomy to $97 million. The
accumulated operating support for the completed {acilities at the end of

PROPOSED 10-Y EAR BUDCET-6 MILLION*Facilôtöes Cotßtructi.on and. Operati.on

' 67.2

r88 2.688

:-l

i
is.3 I

'¡i

t 7.0 4o.o ,; TABLE 6 PR)POSED 1(
10.0 1

) - 16.0 -ì

;
o 1.0 66.0 i¡

;i
00 66.00 .j erv. r'-rcrcrrv

5oo 6-600 33.6 iì A opt¡caltl r. ¿ 36-48" TeI¿s.-Unío.
¿88 9.288 38.9 i 2. 4 60-84" at UníÞ. Sítes

-----J 
3. 3 t50-200" atBestsítesl!: 4. I Teles. Studg Gøup

,'j 5. 0 New ¿t neplacernent
,t Equtp.
l:*
, Tolal Optìcal

b are ,i , Radío)scoDe l .*--:- It, I Pcnc¡l-Beotu Atav
ne lor :i 2. 1 I Ant. Mobile Atag
.he in_ .$ 3. 2 900-ft. SteefttbLe,r 4. I Larye Ant. StudA crcupeenng .Ì 5. J5 unla. Neu-Reptace.
oup to i. Total RødIo

rewhat ,{ C Instflrnents, Data processíng,

ion Ot + Automatíon (Opt. ¿r Radì.o)

t in.its ïO Annual Opet. Support
)USIOn ': Totd Prcposed.rl

BIIDGEî YE,IRS-FOR SCIIEDI'LED FÀCIÌ-T¡IES 1o-YEA.R
TOTAL
co¡Ts

0.4 0.2 .' 3.2
0.6 0.4 0.4 0.1 4.0
6.5 7.0 5.0 3.5 60.0
.25 .25 .25 '' - 1.0

7.75 7-85 5.65 3.6 68.2

80.2 0.4 0.6 0.6 0.4
0.2 0.3 0.6 0.4 0.6

iuoir:r.:
***;;

2.0 3.0 4.0 5.0 5.0 5.0 5.0 5.0 4.0 2.0 40.0
1.0 2.0 2.5 2.É 1.5 0.5 10.0
1.0 2.0 2.0 3.0 3.0 2.0 2.0 1.0 76.0

0.25 0.25 0.25 0.25. 7.0
3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 30.0
7.0 10.25 11.75 1s.75 12.75 10.50 10.00 9.00 7.OO 5.00 97.0

0.4
0.4
6.5

2.0 2.0 2.0 2.0 2.0 2.0

.416 1.073 1.879 3.445 4.251

12.400 19.366 24.023 26.129 26.195 24.301

2.0 2.0 2.0 2.0 20.0

4.892 6.188 Z.iAe S.zAe 38.9

24.642 25.038 22.138 19.888 224.1

rrt and
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ÍES
tlllcfEs
i ¡{ND

ES

LIfIES

.c¡l-rTfES

ten years amounts to $38.9 million, and the annual support level reaches

$g-3 million in ttre last year of ttre program' The over-all annual rate of

;;;dt.*;;;"t in rhe árst four veaìs tã a maximum of about $26 million

;i;;Ñ,h; ;adual decline to ábout $20 million a vear at the end of the

decacle.*--"it 
" 

¿""tlo" in the predicted rate toward ttre end of ttre decaile requires

a word of clariffcation, It arises from the fact tlat a ten-year program of

facilities construction must proceed on the assumption tlat all the instru-

;"*;ii-b" 
""mpleted 

at 
-the 

enil of the decade' It is' of course' likeþ'

,J""tU""t 
"l-ost 

certain, that, well before tle end of ttre ten-year period'

;ahJ;a"il; *p*tant faciities now unforeseeable will have appeared on

,ltìl-in""1 lvËether these can be built within an annual eæenditurg lle
that is stabiLized at the maximum predicted ûgure in the fourtl and Êfth

vears of tle current program, or wiil 
'equire 

a continuecl growth in spend-

í"g, """""t 
,,o* b" 

tfotãtold. 
There woulil inileeil be reason to question

thã vitality of Àmerican astronomy if lhe instrunents here recommendeil

*ã" touo¿ suficient for many decades, ¡ather than merely for the im-

mediately foreseeable futu¡e.

fuwuøt Scìentific Suppott lor Exíßting Faaiktíes

Although it is not a part of the PaneÏs task to make iletaileil recommeird'a-

;;";; tle scale of- total a.toual support, it does wish to record its deep

;J,'ä;ovJ, ,h; problem of maint"i'üg a ptoper balance of support' with-

ã"iir"tt¡r¡l"g iis emphasis oo 
""""ùuI 

ttew gtound-based facilities' the

Þ;;"ññ-aú t},"ru 
^not 

be anv tliversion of iuppo* from or neglect of

ã"goi";ptogt"-s"'in existing otsewatories and university deparknents,

It is particularþ important, tËe Panel feels, to maintain a distribution of

i"aãå ,opport t¡atiill ensure an equitable balance between astronomical

ufiort in näãonal centers and tlat in universiÇ departments'

¡ of coø'
ack geøt.

87



APPENDIX

This appendix provides backgiound information about existing astronomi-

"l t"åiiiti", *ä th"it costs. This material has been used by the Panel

in ,"u"hiog its conclusions and establishing the cost estimates in the text

of tle report. It includes:

Table A Major radio telescopes, world-wide, 30 feet or over in size'

Table B Major optical telescopes, world-wide, 20 inches or greater in 
..

aperture, burlt since 1945.

Table C Maior astronomical facilities, built since 1945 by U' S' insti-

tutions with fecleral ûnancial suppo*.

Table D Maior astronomical facilities built since 1945 by U' S' institu-

tions with state ûnancial support.

Table E Large radio âstronomy parabolic antennas and their cost'

Table F Large optical telescopes antl their cost'

Tables ,{ and B are compiled largeþ from the Ameúcøn Ephematís ønd

Nøutícal Almønc,listings àaintained by the National Science Founda-

tÌon, a catalog compiled by B' H. Rule (a panel member), and Telnscopes'

"dited 
by C.Þ. fuiper, University of Chicago P¡ess, 

-1960' 
The remaining

iabtes háve been cãmpiled largãIy ftom data suppliecl by the National

Science For:ndatioo unã d"tu compilecl by B. H. Rule through private com-

munications. Wherever costs are given, the actual cost of an instmment

has been correcteil to repl'esent the cost to produce the instrument in 1963'

using correction factors proviiled by appraisalJistings services for typical

equipment in the United States.
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Tables ,{ and B give a gooil picture of the extent of astronomical facil-

ities at present. From this, a picture can be obtained of the status, relative

to the ùo¡lil-wide pictüe, of ,{merican astronomical facilities' The extent

of feileral anil stateìupport can be ascertained from Tables C and D' Tables

E and F provide thelìsis for unilerstanding of tle costs of astuonomical

instrumenis of all signiffcant sizes.

In Tables E attã F, every efiort has been macle to give an accurate anil

homogeneous set of costs. This is sometimes diftculg since quoted costs

in any given case may ol may not include such items as operational sup-

port, feãsibiìity stuiliés, site surveys, Iand procurement and development,

ãuxiliary buildings such as residences and laboratories, anal instrumentation

fo, lrr" iith tlie ielescope, such as radio receivers, spectrographs, anil other

auxiìiary equipment. The costs of such items have been eliminated wherever

possibÉ 
"Itho"gh 

any of them may be necessary in a given project' Thus
'thur" 

-"y b" soãe inaccuracíes in tlese tables; however, it is felt that any

such inaccuracies do not distort the general price picture' The costs shown

here are in agreement with ttrose listed in other stuclies'

The datã from Tables E and F have been useil to produce Figures 21

and 22, pages 78 and 79. The curves in these ffgures indicate that the

.cost of-o-ptlcd telescopes gïows as the square of the telescope diameter,

and of ¡aàio telescopes as ih" di"ttt"tut to the 2 5 power' In applying such

a simple generalization to obtain an estimate of telescope cost, however,

""otiJo -"ort be observeil by considering any unusual features of the tele-

scope that may signiffcantly afiect costs, Such {eatures may include: l)
exdemely tatgl apettures; 2) construction at remote or dificult sites; 3)

,rnor.r" y.g."ãt dìmensional tolerances or stability; 4) a requirement for

proper opãation and/or protection in severe environments; 5) complex

äutômatii-control or data-acquísition features; 6) a requirement for com-

plex electronic systems.
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TABLE A BADIO ASTRONOMy AN?ENNAS - 9'14-m (30-ft) Size ot Larget

ANIENNÀ DESCruPTION

OBSERV.ATOÂY SPONSOÂ Size, Tgpe, Mouú, eta,LOCÀTION

Arecibo
PI'ÉRTO ÂICO

A¡ecibo lono- Comell U.
soheric Obs. ÀAPA' lnosn

æe'ìlr
H
B

Ê unz'
H

D,*rE oF $ ,o" tt
OPER. REMÀIIB Þ 

=--

- 
-E 

LariÞn
1963 Râdâr B E¡cr

2.5 Mw Ëpeal Ëpower 
Ei

li
åi

ß-
H
€r,-
B clark L

[*
1158 

--Þ 
collegeit Æ,Àsr

tl

- 
-t,

re58 iÙ 

-
ùì C¡imea
È¡ ussn I

1966 Under il
constr. i?

rss8 il_ _tl
1964 E-W ar¡l i:

: . Danville
N-S ,rtrd",ll: Er¡N(

"oo.tt. 
llì

FÂEQI'ENCY

U. of Texas
NSF

A.ustin
TE,rÀS

U. of Texas
( moved from
Yale U. Obs.,
Bethany,
Cona. )

Belma¡ Evaas Signal U.S. ÀrúY
NEw JERSEY Lab. Electron.

R&D Lab.

-* 

(run , ot*t *"o rpn"""", t* -*, *" (-*
flecLo¡ ùth d00' arc .adi,¡s- and wit} 1420 Mc)
steerable correcting feed. Built into ûat-
u¡al earth sinkhole.

@roo¡ooM"
40m (16.6 X 131.2').
Transit, steerable in altitude only.
Used as inte¡ferometer (40 Y 25'\.
Three steerable Yagi aûays 12,2 X 7.6 m. 20 Mc

18.3-m (60') paraboloid, stee¡abìe, alt-âz. 100_3000 Mc
I5,2-m (50') þaraboloid, steerable, alt-az.

.t
;.

i

i,

:

Bis Pine Calif. Inst. of Ca]if. lnst.
""or-rson¡r¡¡ Tecb. Owens of Tech.

Valley Obs. ONR
NSF

Be¡lin-Äille¡shofHeiruich Deut..A.kad.
(IEFM-ÀNY Heftz Inst. der Wiss.

36-rû (u8') paraboloid, steerable in alti- 1500 Mc
tucle only.
Ira¡sit mount.

Two 27.4-m (90') movable paraboloids. To 13 Cc
Steerable, equatorial mount. Useil as

inteÍerometer.
39.6-m ( I30') movable paraboloid, deer- l0 Cc
able, alt-az. Fi¡st of sèveral additional
ele¡nents of exoa¡deil inteferoúetet.
10-m (32') rirovable paraboloid, steer-
able, equatorial.

620 X 36 m (2033.6 X 118.1') parabolic
cvlinder E-W axis.
3â cyünders 50 X 7 m ( 164 X 23' ), 10 m 408Mc
(32') apart on N-S axis.
Adjustable in elevâtion kansjt iÍstrume¡t.

Bologna
ITÀLY

U. of Bologna Ministry of
.{stron. Lab. Pub. Educ.

Delawa¡
OIIIO

Bothwell Tasma¡iâ
Radio
Obs.

Research
Cotp.
CSIRO

Filled-in aûay with ci¡cula¡ periphery 1.8-24.Mc 1962 ..
3520' ( l.I-km) diam. Beam_ 8"_ diam- l. 

-

adjustable in no¡th-zenith-south pla¡e. _ _,.. Dexte¡_

Ño 2A.4 x 13.8 m ( 80 x 46') trihed¡al t5-60 Mc 1955 :'i Mrcr¡r(

stee¡able òomer reflectors, alt-az. [i Dwhgel,

@ roo-l1oo M" rqrl¡¿

ration 66 m (216'); 18.3-m (60') diâr¡,
alt-az, paraboloid 1036.3 m (3400') dis- l! El Camp
tânt. 'ri rF:xastânt. :i ÍExas
f*ã re.s-- (60') paraboloids, ,lt-a", in- to-75 v" 1959 ! 

**"
terfe¡omète¡-ßxed slacing approximately t,; Fairbank

Four cylindrical paraboloids, Sxed. IO-m
(32.8') paraboloid.

Boulde¡ High Ältitude
coLoRÀDo Obs.

B."ld"" B*ld* L.b"
COLOR.4DO

AFCRL
NSF

:i

"i

ll
B¡rralcan

ussß
Astron. Obs.

Fl-."*
rTáIY

Fo¡t Dar¡
lEXAS
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îABLE A (coúìrnted)
AìYÎEIIIN-Â DESCÂ¡PTION

r,ocÀl1oN oBSERVATORY SPON$OII Size, TVpe, Molhùt; etc.
I'ÀTE OF

F'REQUENCY OÞB.REM¡:REII

ffi- MG.ñã P"p,."r' EN"rrn" Astron' obs. Sci: & I¡d.
ffii?8ü;-irse
cyliniler, steerable in altitude oDly. Syn-
thesized inteferoEeter.
I00O X 12.2 m (3300 X 40') comer re- 38 Mc 1958
dector, _steemble i.D altitude only. S¡n-
ùresize¿l tee.
Two 7.5-m (24.6') paraboloiils, equato- f948
riâl ñoû¡L

ì

I

E-$t *.

N-S

Clark Lake
c,{r,Foßl{IÄ

College
ÁI-ASEA

Clark Lake
Radio Obs.

Th¡ee 18.3-m (60') equatorial parabo- 400 a-ud
loids, synthesÞed I500-m (5000') ci¡cr¡- 1420 Mc
lar aperture.

U. of Md.
NSF

U. ofAlaska Two 8.53-m (28') steerable, polar-
NSF mou-oted paraboloíds providiDg interfer-

ometer.
18.6-n ( 61') diam steerable paraboloid.

Lb"d"" @
Phys. Inst oloid, steerable, alt-az.
(/A.cad. Sci.) t9-m (62.8') paraboloid, steerable, alt-az,
USSR) Two 3l-m (I0I') ûxecl reflectors, ûa¡sit

zínc-painted oD coDcrete, used âs lr¡ter-
feromete¡ with 800-m (2605') E-W base-
line,
22-n (72'l paraboloid, alt-az.

183 X 122 m (600 X 400') X r8.5m 6IlMc
(54.7') deep. Fixed aperture, parabolic
cylinder scoopeil out of eartL

Dipole an"ay 3.2 lør (9 øiles) E-W, 1.6 26 Mc
km(lmile)N-S.

Criûea C¡imean
vssn ( Simeis) A.st¡on. Obs.

USA.F
Geophys. Inst.

923 Mc a¡il
456 Mc simul.

398 Mc

T. l/. G"

To 37 Gc

1966 Uncler
const¡.

r958

U. of lll.
ONR
NSF

Danville
ILLÍNOIE

1964

1962

r955

U. of Ill.
Ve¡milion
Rive¡ Obsconstl.

Delawa¡e
OEIO

Pe¡kins Obs. Ohio State U.
Radio Tele- NSF
scope

U. of Mich.
Obs.

III X 21.4 m (360 X 70') standing 40-2500 Mc
paraboloid, with tiltable plane reflector
79X30.5m(206Xr00').

Dextel U. of Mich. 26-m (85') pa¡aboloiil, equato¡ial mou¡t, I-16 Gc r959

Dwingelo Neth. Found. Leiden U.
NErrrERr.¡{NDs Radio Astror. Neth. Organ.

fo¡ Pu¡e Res.

25-m (83') steerable paraboloid, alt-az, 400-600-
742O Mc

El Campo
l!&ls

Solar Radar MIT
Obsewatory NASA

.Arcetd
Astrophys.
Ohs.

517 X 61.0 m (1700 X 200') phased 38.2 Mc
dipole array.

25.9-m (85').steerable paraboloid, X-Y
mount.

U. of
F lo¡ence

(33') steerable paraboloid, Cass lG-40 Gc

196l Racla¡

Fairbanlcs Gilmo¡e C¡eek NÄSÄ
.A.cquisition
Facility

136 Mc
400 Mc
1700 Mc

Þ'lo¡ence
ITÀLY

l0-m
b¡Pe.

! Fo¡t Davis
| ¡sxas

'

I
i.

Þ
&

Harva¡il Radio ÄFCRL
.A.stron. Stâ. NSF

26-m (85') steerable paraboloid, equa- ToI0Gc
to al Ðount.
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Í'ABLÊ A (cotttì¡wed)

LOCATION

Gai¡esville
FI.ORTDA

OBSERVAfORi

U. of Fla.
Radio Obs'

NASADeeP IPL-NÀSA
Space Inst.

Sí@,TgPe, Mo&nt, øtc.
sloNsoR

ONR
NSF

AI TENNÀ DESCÊTSTION DATE OF

FREQIJTNCY OPER'REMÀIÌES

'ffi*rrr^no**r"*odõG_

Goldstoue
cÄl-I!OA¡ÛÀ

rcfl ectols. Traûsit mount'rexectors. r rauJ" -"*":: . ,. li ""nnr¡^ rqs¡ Radar
.+- (ay) .t"ttuUt" parabolic dish' 9390 Mc 1958 Rada¡

960 Mc 1958 Rada¡

I0 Gc

futff-* 1aíl steerable paraboloid' equa-

tol-ofiset.

g2-- (3O'I diar¡ steeable paraboloid'

iliff*;gl"**::*#"ärl

loid.

Ñ
todal mount.

Gt*" B"tL l¡"'l' nuao
wEsr \BGrNrÁ AJtlon' Ubs'

åî* ir"ffi "*-ote 
paraboloid' alt-âz' ro 3 c'c

ffi¡-4oo-1o,ooo
iËkTrk$í'*g:3"'tr3i""obr" pu,"b- 

M"

li"¡tu*1íf i",ojx",'"f.*!'å;3*i
;*:g illþ,":f"m:Ïi'3ttå,"ur" -o"u-
hl"-hase oaraboloid.

?iirriÏl3jiJ"':*ff ',';.tr"'':,1ï-*"il"i:if iIå"

!înå]#iäij p","u"roid, meridiar transit' 750and

AUI
NSF

1966 Raila¡

1959

Unile¡
constr.

1S62
1965

Homilton
MÀSSÀCEft_
sEl:ls

SaEaoore Hill AFCRL
n"äio obs.

3åi"lå?,riåi.'sà1 *-,-,uiäi;"r' ä8JiuT'Y'Ï"
collecting ãrea 10 sq m'

t5ê- ( 84') .S*"rial mour¡q stee¡- To 3 Gc

iB5-å'''iÌÊto"ri 
",-"', 

steerable parabo- ro 15 Gc

r958

19M

1956 84' in-
stalled in
1966

Harvard
Coll.
NSF

1420 Mc
l-2 Gc

Harvaril
MÀSSÀCE¡J
sEfrs

Aøassiz Stâ.
Häwa¡d Coll
Obs.

Hat Creek
C¡ILEORNIA

U. of Calif.
Radio Obs.

1-10 Cc

8000 Mc
U. of Calif .

ONR
zol-r g5') .r."*ble paraboloiil, polar

mount ( eouato¡ial Pede¡tal )'I 
"-o"ato¡al 

Pede¡tal).
'( 3'3') stee¡a-ble, equatorial'l0.I-Ð (3J ) steelaDrc, egud'v¡¡¡+'

r962

1S60

Hava¡a
ILLINOIS

116; r4o - (3so5 x 459 2') (broad- 41 Mc

side ar¡av of 32 X 32 diPoles )'
40-kW t;ansmitter.milåî,*
IilË H'.^|,T*; *.uer 1554.5 m.(5loo')
i"'i,"iiiiËr" 1"a¡;"tion bv phase ad-

justment.

1965

Iloskinstown
AIJSTR.{LI.{

Molo¡slo U.9f
River öbs. Sydney

.NSF
1966
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IE OF
ß. ¡¡MÀRKS

58 Rada¡

58 Rada¡

Raila¡

TABLE A (contímed')

IOCÀî¡ON oEsERV,A.fORf sÞONsoR

Í,'oain- Radio obs. RoYal Obs.

Rochefo¡t of BeÌgitrm
!Er,crt^4

(hârkbov Inst. Acåd. Sci.

ussR RadioPhYs. & U}:r. SSR
Electlon.

LakeT¡ave¡se, Algonquio
Otrt. Radío Obs.

ANTENNÀ DISCRÍPTION

Sìze, Tgpe, Mount, eta, FIÌEQUENCY

I85-ú (606.8') Iinear array ( compouncl 3000 Mc
i¡terferometer). _

À¡¡av of 48 dishes 4 m (13.1') in diam, 408 Mc
32 ií E-W ti¡e, 16 ítr N-S line.

Two 176 X r0 m (577.4 X 32.8') anays, 20--40 Mc
one E-W. o¡e N-S, sepa¡ated bY 470 m
(154I.6'). Stee¡able 

-in declinátion by
phasing.

10-m 133') pa¡aboloid. equatorial moùnt. To 16 Gc 1963

45.8-; ( 1ú0r) steerable pâraboloid, equâ- 300-2000 Mc 1966

torial,
.A.rray of 32 dishes 3 m ( l0') in iliam.

DÀTE OF

OPEÂ. REMÀRES

Uncle¡
constt.

1964

NRC
of Canacla

C¡NÀDA

LaPlata Radio Obs. Argentiûe
ÀRc.eNrrNA NRC

Camegie
Inst.
NSF

30-m (98.4') paraboloid, limite¿l steera- 1420 Mc 1966
bilüy.

Under
coDstL
With
a¿lditions

)60

)59

962
ed5

I*"i*"d P,rtLo O¡* ¡"¿. S"i.

'*.ñ ussR
l6-m (52.5') tued paraboloid' 300 Mc
120 X 3 Ð (394 i I0') parabolic sector
I âdiustâble in altituAe oDIv).
i*å fz-- (39.4') paraLoloids, tra¡sit 10001000 Mc
moùnt.
Used as inteferometer with parabolic I78 Mc
secto¡.

Leningrad
( Kislovoksk,
N. Caucasus )

t ssÂ

Lima
PERU

Pulkovo Obs, ,{cad. Sci.
USSR

Ticâmarc¿ NBS & Inst.
hadio Obs. Geophys.

Lima

Two 10 X 2 m (33 x 7') cylindrical r78Mc
paraboloids, transit mount.

t958

t964 288 X 288 m (995 X 995, ) b¡oadsiile a¡- 50 Mc
tay'

1962 Radar

1956 8!g it-
stalleil i¡
1966

Macclesûeld Jodrell Bank
Expt. Stâ.

Nufield
Found.
DSIR
U. of Man-
cheste¡
ONR

Mark I

Mark II
Ma¡k III
Under
constl.

1962

1960

?6-2-m 1250') sleerable pa¡aboloiù alt-az. 20-1420 Mc
9.15-n i30'i stee¡abldparaboloid, âlt-az' 1420 Mc
15.5-m 

'(50') parabåloiil, eguatodal ToI0Cc
moùnt.
s4.4 X 36.6 ú (80 ¡ 120') elliptical pa- To 3 Gc
¡aboloid. alt-az mou¡t.

.4 x ge-6 r\ ( 80 X 120') eÌliptical pa- To 1.4 Gc
raboloid, alt-az mount, semitrarþo*alle
remote station.

1957

I963

1964

1966

1958

Manipu,
Sartiago

CI'ILE

U. of Chile U. of Chile
Madorr Radio U. of Fla,
¡+-i,. o¡"- NsF

12.2 x L2.2 m (40 X 40') come¡ ¡eflec- 13-30 Mc
tor, transit mou¡t.

Malvem,
Worcestershire

ENCLÀND

Ministry of
AviatioD
Ministry of
Supply

Royal Rada¡
Esiab.

f3.7-m (45') steerable paraboloiil, alt-âz. 3000 Mc

T\llo 25-m (82') diam steerable pärab- To3000Mc
oloids, alt-az.
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TABLE A (contínued)

w
B
H¡

F¡
ll
F
I

OBSTRVÀTORY SPONSOR

ANTENNÄ DESCRIPTION DA.ÍE O¡'
O"ER. ÂEMÀBßS

1957
1965

Size- Tuoe, Motnt, eto. FIEQI¡ENoY

îlããfi4') ,t".r"bI", equatodal Dount' 40Ñ000 Mc

ãã---t às'l '.i""'"ule,' e{uatorial mount' 16Gc

LOCATION

Marvlancl Point'
Chaíles County

MÀNYI.AND

Ma¡vland
Point Obs.

NRL

1r55169 Mc
NaDçaY

FÂ.ANCE

Nederhoßt
ilen Berg

NETEÉRLANDS

O¡sala
(Gothenbe4)

SWEDEN

Parkes. N.S.W.
AUSTN¡LIA

Ñ"d.th"", N.th P"tt"I
den Berg Obs. &-Ielecom'

õ"*t" R"di" Ch"ì-"" u
\ryave ProP. of Tech'

Meudon Obs Obs. de
Pa¡is

r'.iøht ro-m (32.8') ând t¡tuty-two 5-El

iiB.* f p.hìa"'a', -.J*pb!". 1 -d-l1j:)'"ir. ú"isi-"*t' used as inteú€roúe-
ter'ío slnthe.øe 770-o (9525'6') aper-

Pnn" . "t m I 1000 x U5') sts.uiling 1420 Mc

üË.iàuii"t""tài a¡d 200 X 40 m (650 2300 Mc

i tlt' ¡ tl.l table platte rc0ector wit¡ úov-
able feed.

r966

Obs.

CSIRO
Ra{iophys.
Lab.

CSIRO

tollaz8') .t"er"bL Paraboloid, alt-az' 200 Mc

@3oooM"
torial.
f*JLro"d.id" u."uYs. 25 Mc

ffu) .t"ouut" p".uuoloid, ult-u- 600-'z000 M"
is.¿J-r æ;l ìt""o¡leilt-az paraboloid, 1420 Mc

movable, ca¡ be used as an interferometer'

,5.6-nrf 8!--( 84 ) "t"-"bL P-"b"tttdñqua- 1420 Mc

ililtå tr* x72o,"¡ (4067.2 x 236r.6') r0and22Mc
ro*:'ti"q"Àqi r-.tt"pèd array of dipoles'

iõs|--* (saa).t"ou¡te paraboloid, equa- To 3 Cc

1961
1962

Pentrctot
(White Late
Sta. )

B.C.

Doûinion DePt. of
Radar Mhes &
Àstron. Obs. Tech.

1959

r965
t.

ti
tì:r
ltl
|:i
ñr

Èi
Þ:::

!r
U¿

t-i:

[,7

ft
ffi

ffi
ffi
sÍ1

i;'ì
i:i

fr

ì;
:l;

Potsdam
GERM-ANY

f"t.dr-
A.st¡on. Obs.

Deut. Alad.
de¡ \üiss. torial moutt.

Såint-Michel

Sa! Diego
C,l¡IFO¡NIA

Semukhov
( ne'a¡ Moscow )

IJSSR

Stan{ord Stanford U'
cÀLEoRNrÀ Radioscience

Lab.

[Iaute- CNRS
P¡ovence Obs.

Naval Naval Elec-
Electron. Lab. t¡on. Lab.

Seroukhov Lebedev
Radiophys. PhYs.Inst'
Sta.

S"rcI""*-t"t, õttf, HiU O¡" l{-nC of
ó-",- 

----- 
Canada

@aoor'1"
cylinders, used as intefe¡ometer'

i83"t (6Cf) p"ttb"I"t4 alt-az mount To I0 Gc

i";;iñ'fio;-(ããeo i tat'-l para- 50-150Mc Unde¡
constl.îïãilì*'f ¿o * (3i80 x r31') Pala-

ú.1. 
"yri'a"i, 

.t*'-"!^t" b,q$j*9," 'lI'r*d t,i tr-thét¿u 500-m (1640') aper-

ture at 3;n (9.8').

Z5 x O45 - ( lil X t-5I') tra¡sit 2700 Mc

;""''î ;;;;"b1" 
"b"ut 

È-w axis 3ooo Mc

ffissoov"
stee¡ablä. equito¡ial, in a row Il43 ú
i'ãii;Í'lä"elÏi*"tá¿ ât sht ansles bv

a simila¡ row
i;ï;åä#fu dishes foro a comPound

inte¡feror¡eter.
iTii: ö.äî' t äo' I paraboloids, equâtoriâl 3000 Mc

tnor¡.nt.

StanIo¡ð U.
AFOSR
NSF
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TABLE A (cont¡iued)

Á¡IIENNÂ DESCRIPTTON

LOCÂT¡ON OASERVÀTORY SPONSOR Síze, Tgpe, Mouít, etc. F'¡EQI'ENCY
DÀTT OF
OPER. REMÁIITSEOF

I. REMARTS

7

=Þ

45.7-m (150') steerable paraboloid, alt-
az moùnt.
Five 18.3-m (60') paraboloiils, steerable. 10 cc

18.6-¡o (6f') steerable paraboloid, alt-az. 3000 Mc

Uocle¡
cotrsh.

Sta¡Ioril Res.
I¡st.

J{FCRL
RoEe Äir
Dev. Ctr.

State College
PENNSY¡,-

Stockert
GERMANY

Bo¡n U. Obs.

1962
19M

Radio Obs, PeDn State
U.

1956
1965

La¡d Nord¡.
'We,sÉ.

1957
I959
19É7

10-m (30') steerable equatorial mount. 980-3000 Mc
,{nay of dipoles 1 .2 X LI n (50' ¡ 74 Mc
30').

25-n (83') steerable paraboloid, alt-az. TogGc
IO-n ( 33') paraboloid, equatorial ûouDt. To 32 Gc

Svd¡ev
'(flåu¡s)

AT'STIÌÀLIA

( Narrabri)

Fleurs Fiel<l U. of
Sta. Sydney

CSIRO
Railiophys.
Lab.

UrO-m ( 3500') Mill¡ cross. 20 Mc
461.5-m ( 1500') Mills c¡oss. 85 Mc
381-m ( 1940') Mills cross, 32 X 32 ele- 1500 Mc
Eeots, 5,8-m ( I9') paraboloicl, equatorial
mouDt,
Radio heliograph, 96 steerable parab- 80-It0 Mc
oloids 13 m (,9') in" iliam ít â ci¡cùlar
arfav 3 L-ú in diam.
II-á (36') paraboloid, steerable in ald- 600-1420 Mc
tude only. Transit mount. 400 Mc
Two 2000 X I m (6560 X 3.3') comer
re0ecto¡s, sepa¡atioo 600 m ( 1968').

10-m (32.8') paraboloid, equatoria¡ 200 Mc
mount.

Unde¡
constr.

i

I
ToLyo

JÁPÀN

U. of Toþo

Tucson Nad. Railio
(Kitt Peak) ,A.stror. Obs.
ÀnuoNA

AUI
NSF

ll-m ( 36') steerable paraboloiil in dome. To300Cc Unile¡
coDsb.

1968 Unde¡
constl-

\fashington
D,C,

Camegie
hst.

NAL

Weste¡bo¡k Neth, For¡¡d. Neth. Organ:
NETÊERI.aNDS Radio Ast¡on. fo¡ Pure

Res.

40-m (I20') equatorial paraboloid. To 1.4 Gc
46I.5-û (1500') Mills c¡oss. 21 Mc
923-m (3000') linear array of come¡ ¡e- 87 Mc
decto¡.
f8.3-m (60') equatorial paraboloid, To 16 Cc
15.5-¡n (50') steerable, high-gain para- 25Gc
bolic reflector. alt-az ( fork ).

Twelve 25-m (83') paraboloids, equato-
rial mount. Synthesized 1650-m (5413.4') 1420 Mc
apertu¡e. Two paraboloids, movable on
E-W t¡ack

1964
1954
1959

r959
l95l

WesÉord Havstack Hill Lincol¡
MAssAcEu- Lab.
sÞrrs Millstone Hill MIT

.{nDc

36.6-m.( 120') steerable paraboloid, alt-az 'fo t0 cc
rt â fâdotne.
25.6-m (84') steerable paraboloid, equa- 400 Mc
toÌial ¡ûount. 1200 Mc

1964 Racla¡

1956 Râdâr

Zime¡ki
ttssR

Zimenki Radio Inst. for Two 15.2-m (50') paraboloids.
.A.stron.Sta. Radiophys.

Goùi State U.

Planneil
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TABLEBMAI,RASTR)NTMI1AL'PTICALTELES]jPESSinceTg'ß_Apertu're20ormoreinches
Cass = Cassegrain; Cor¡ = ¡eflecto¡ cor¡ect9l; Greg - -Grggoriaa: 

IR = inf¡a¡eù Mat = Matsutov (meniscus

tlTe) corlector; N". ='Nas;iË'Ñe;-- N"*rooT"o; ReB"= 'efÍedor: 
Ref¡ = ¡efmcto¡r Scbm = schmidt co¡-

ri:ôror lens; vb = ,tr""t:"Ë;'.;ä;ü; ätõp"s, Êrsi line apþlies ø aperture and optical materíal of

corrector; second line to Pririâry mirlor' 
oprrcs

;'"^-

LOC.{TION

ELEV. Ttrls. ÎÛRE OPTICS

oBssRvA'roRy ôPoNsoR tt"l' ;; (n¡') (rrer) rocus f/ opBq ÁEMÀltg

;"*."h*. Ob" A"trophy.. 5'z50 R"fl 28 Glass P-rime 3 1956

o¡". ' ' ( Mâk ) 38'5 Glass Nas 15

- 
"t 

--O 
-fS50ilb"; ob" l-i.¡* o¡t 131 Re0 20 Grass I"nCass 18

erEãñ-v* roll- .-rt.ophy.. lzso-n"f 20 Glass 91'" 24 1948

rnst. " Ii;fl 20 Glass P¡ime 2'4 1950

( Mâk) 26.5 Glass

D.{TE OF

1965 Double
ashograPh

A.bastumani,
Georgia
USSR

Alfeite
POÂTUCÀ!

Alma-Ata
T'SSR

8"¡¡""1 

- 
Y"I"4"I"-bt" Y"L u Ref¡ 90'20 7

-ì.,1^t t" So. Obs. Columbia U'
U, of Cuyo

B"'k"l"y t.t""h"* obt uãc"fii- øo Refl 20 Pyrcx 
È;S #

1956,
1965

Unde¡
constr.

CÂI-IFORNIÀ

Berlin
GERMANY

B"*- t"**urt" ã--ut*"td dtt 2952 Refl

srr.t\zlTRLAND Udversitât Bem

Refl 30 Pyte* Cass, 8

ZrO R"fl ,8 Gl"* C"* 
" 

1'g57

n fl 2l Glass Cass 20 1960
--' --- 

-*24 Glass Cass 25 1959

Stemwarte Berlin-Ba¿lelsburg

81"".f""t"t" B.yd"" St" - II"**d U' 4549 BÑ(j* -ã Ct"* P¡ime 3'7 1950

o,F.s. Schrn 36 Glass

Bonn univ. obs. 
- 

Rufl 40 câss 1966
Nas

. CERMÀN'
-- Gl"* Ñt*t= --¿s 

-rgr¿B*" 

- -oi*,o.ity 

ob". Masaryk U' 909 Refl 2A

CZECHOSLOVAE.A'

; : i-- ;:=-il --- 4s54 s"lt- cut' Prime 3'4 1954
bwr"katt, Byrrakan Astron. 4ó54 Þcllm zL
"';;;; õi;. 2t Pvrex

(¡hm 39 il""t P¡in¡e 21 1963ussR Schm 39 Glâss _Hnlne z't

B¡rrakan, Byüakân A.stron. tt"l"gt"d 
- 

R"fl 19 Pyrex 
È;S ,lu 

1964

'At-"oíu O'bs. State U'
USSR

c"-b'tdg. Ú't"*tt,y ob" - õ"-b'rdg' U' s'z nãã- -ão nv'"* åffi? ,å 
5 1955

ENGr-AND coudé 30

Canber¡a Mt. strololo obs. A".tt"lf'" Ñ -n"s 74 Pl'¡ex Newt 5 1955

ÀusrB.{Lra Natl U' ' Cass I8
Coudé 31

Refl 50 Pltex Greg 18 1954
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ore inches

v ( ûeniscu¡
;cheidt cor-
Eaterial of

]F
REMAAJKS

Double
âstro$aph

'f ABLE B (conthwad)

.{PER-
EI,!V. :IELES. II'RE OPTTCS DÄTE OF,

OBSERV.{TORf (FT) TypE (n¡.) (rvp¡) ¡ocvs f/ oPER. atMAREs

Refl 40 P¡ex Cass_ .8 1964 4t sidiDg
Couilé 40 Sp"ing

Sta.
Refl 28 Pyrex Cass 72 1959 ,{tsi¿lhg

Spti"g
Sta.

Refl 26 Glass 16.6 1953
Schm 20 Glass Priuie 3.5 1956

26 Pyrex

Ref 39 Puex Prime 4.6 1964' Co¡¡ 3.9
. Cass 20

Uppsala Obs.

6".r
öood Hope
SOI]:!I.Í A¡'RICA

ITÀLY

Roval Obs

Castel Gandolfo Vatican Obs

30'--:=-
25

Charlottesville Fan Mt¡. Obs.
vßclNra Sta.

U. of Va.

Cleveland Wame¡ and Case Inst.
orrro Swasey Obs. of Tech

Collese Park U. of Md. .{stron. U. of Md.
-ürtol¡o obs.

Pyre,x Cass 16
Cass 32

Clr." C." 14"4 Ir57

Refl 20 Pvrcr Cass l5 1964

Refl Pyrex Cass l¿ f S58- At Br..
felde Sta.

Cass 16.3
. Coudé 40

Nas 16.0
48 Glass Cass 20 1952
20 Pçrex Coudé 13 1950
25.5 1 ilass Cor¡ 7.4 l95l Ríchte¡-

Slefogt
9?e

820
Unde¡
constL

C"!rth"g-t U"t"*"ttyOb"
DEÑMARK

Crinea C¡imean .{st¡on.
(Nauchny) Obs.

U. of Cooen- 298
hag"r, ^

1S?0 R"fl fO¿ Pyt* Ptl-" 3.8 1960

C¡imea
L'SSR

Refl
Refl
Refl

28Dunsink Obs.Dublin
EIRE

Stemberg Âstron.
Inst. (So. Sta. )

Pe¡kins Obs ohio stare u. 880

Refl 20 Glass Prime 4 1958
( Mak ) 2A Glass
ReÂ 50 Glass Prime 4 1960

Newt 4
Cass 77

Refl 32 Pyrex Ne\at 4.7 1958
Cass 16.5

Delaware
OIIIO

Reû Glass Coudé 4.3 1957

Eür,h.th"tll. filSACOb"
coNco

n"0 3S5 Pyl* Ptl-" Z fS60-
Cass 10
Coudé 10

Sch¡n 26.3 Quarlz Príme 1960
38.5 Pyrer

4920
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TABLE B (co thúre¿L)

LOCÀTfON OBSERVATORY

Lindheime¡ Ast¡on.
Res. Ct¡,

APER-

Et:!:v. TELES ' TI'RE
i^.) (rrre) rocos f/ oPsÊ' nE¡¡'{¡Ãs

oBSERVATORY SÞONSOIì (Fr) TYPE \rN''f I ¡¡r!/ ^wvÞ

f .in¡lhcimer Âskon. Nodùwestem 600 Refl 40 Quartz Cass', lÍ Uuder
coûstl.

sÞoNsoÂ (r¡)
I

il

Evarstoû
ILI,INO¡$

Flagstafi
.ABTZONÀ

Flagstafi U.S. Navsl Obs.
ARIZONA

Pe¡kins Obs'

Fort Davis
Í'EXÀS

Coll.

o. Wesleyaa- 7200
O. Statti U.
Lo¡r'ell Obs.

Couilé 30
U.

Ätmos. Res. Obs. ,{rí2. State 6900 Refl 24 P¡ex Newt 4'6 1953

rt-s, N^,v ?SsO R"t ¿o Glass Cass 6'8 195-q
' Refl 6I q"artt Cass 10 1963 Àst¡o-

metric

FLcrt"fi ct J* i^s. ct"L 7100 R"fl 30 Pltex C¿ss 15
--^irzo*o ,{strogeolog¡t surv'

iq-c n's 2o'8 Ptnex Cass 16
Ftagstafi . Lowell obs. 7z u fiä ii" 'rËä ö; ¡iAREONA ' Cass 32

Câss 104

R"fl- -72 Py.* Ne*'t 6'4 1932' New t¡¡âin-
Cass 17'8 1962 Di¡¡or 1965

McDonald Obs. U' of Tex. 6825 ãã-- se rY'* cass 13 6 1957

U, of Chicago
U. of Tex. Quaftz Ne{'t 4

Cass I
Couilé 18

BeinS
ilesigned
Unde¡
cotstL
Unde¡

33 co¡tstr'

Elæ- æ Pyt"" Cass 13.5 Uniler' Coudé 30 constr'G¡eenbelt Goddaril SPace

r\rARYr.ÁND Flight Ctl.
Astron. Obs.

Ilamburg
GIÂMANY

Harrbúg-Belgedo¡f Stemwarte

Helwan Helwa¡ Obs'
EGfP¡

Herstnoûceu¡ RoYalGreenwich
ENCL¡ND ObS.

rryd*"b"d- Ñit"-iuh o¡t' osmania U' 1820

Iowa City U' of lowa Obs'

131 S"h- 32 Glass 3 1955

48 Glass

ezz ¡"s 74 Glass Ètr ,tn le63

Coudé 98.9

ß, R"fl ,0- Cl"* C*. 16 1'g5?

Reß 98 Pgex Newt 3

Cass I5
Couilé 32

Refl 48 PY¡ex Newt 4 1982- Cass t5
' Coudé 30

ReÁ 1984

Unde¡
const¡.
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IF
BTM,{RTS

Unde¡
coDsb.

,{sbo-
metric

EABLE B (cor'tí red)

Loc^TroN oDsEÂv¡.,loRY sÞoNsoR

len University-Stemrra.rte.Asùor.
GEßMANY IN5I'

¡t'!ElR-
ELEV. ÍELES. TURE OÞî¡CS(r¡) TypE (o¡.) (rwr) rocus / oern. nu'rerxs

ll15 Refl 20 Glass Nel*t 5 1958
Cass 20

Refl 36 Glass Cass f5 1960

DÁTEOF

Kiev,
Ulgai¡e
ussR

Ul¡. SSR Acad. Sci. 492 Refl 28 Glass P¡ime 4.5 1959
Newt 4.
Cass 15

4

Kw¿sân Obs- Kvoto U. 7êA Refl Pyro Newt
Cass

5.5 1960
20

Kyoto
JÀT,{N

LÂquila
IT.AJ-Y

Obs. di Roma 7216 Sclrm 26 Glass Prime 3 1959
Pyro

New Daiû
¡rir¡o¡ 1965

Las Cruces CoEalitos Obs. No¡t¡westem
NEWMEXICO U.

1965

La Serena Cer¡o Tololo .A,URÁ
cru,E Inte¡-.Am, Obs.

Refl

Re0

60

36

Unde¡
const!,
Unde¡
constr,

Lausa¡ne Obs, Udve¡sity Ct"* N.*t 3J lr48' Cass 24
1952 Refl

SwffzERLANDBeing
desþeil
Unde¡
const¡.
Unde¡
coDstl.

Unde¡
coDstr.

Lembang, Java Bosscha Obs.
oùDóNEsra

Lìège, ( Cointe- Universþ Obs,
Sclessin )
BELCI(N'f

4264 Schm 20 Glass P¡iee 2.5 f958
28 Pltex

417 Schm 24 Glass Ptt-" 3 1r5?
Cass 3.75
Coudé l3

Univelsitv

Los,Angeles Oiai Sta.
CÀLIFOÂNIA

U. of Calif.,
Los Ángeles

Cass
Nas

I¡uiwille Sta¡ Lane Obs.
ENTUCKY

U. of
Louiwille

469 Reû 20.3 Pyrex Nel*t 5 f956
Cass

l9 Py¡ex Newt 4,5 1964
Cass t6

U. of Wis. 1190 Refl 30 Py¡ex Cass lBÍ tgSS

Lvov
msR

Madisou \Mashbum Obs.
wlscoNs¡NUnde¡

constr.
5 196050 Glass Ne\'t

Cass
1066 ReflMelate, Como Obs. Astron.

ITALY

Meudon
¡'TT]INCE

Obs. de Paris 531 Refl P¡ime
Cass

r949
72

4.5 7951
4.5

15

Ste¡nberg .q.stlon.
Inct

823 Refl Glass P¡ime
Newt
Cass

Moscow
ussÀ

99



ffiI

:i

rl

TABLE B (contiøæd')

.{PER.

EI]EV. TELES. TÛRE gPTICS.

Loc^rroN oBsF^v.{rony spoNsoa "Ö- åî" Q i'*"1 "P- +-:::i 
**

sPoNsoa C'/_ ,.î 

- - 
;_=- -- 

.ñã 

-

to
Pr'

ffi"" uã c'lrr. ã08- ã;fl- iãõ- rv'* r':"" 5 rsse

CALIFORNIÀ 1956
1964
1946, Double
1962 .Astro-

goph

Refl 22 Glass Cass 1l
ill PYrex câss 18

n i, 20,20 7

clã- -stzo ReÂ rR 29 Pvrex cass 199?
Red IR 'A Glats Cass 16 1963

fuo*. '* ".n ,â m N:* 45 1'g5s

Cass 16

-r¡,."'r"o¡.lõõ- 

n"a 24 a** 3:i ,å 1s65

U. o{ Del. Bz

-.- --:- - ,* 

-
750 Refl 20 P1'rex L';ass rÐ ¡ùu¿

nåS 40 P-Y-"" Cass I0'3 1965

Coudé 20

lzsr R"f ls Glass Prime l'4 1959

(Mak)

SOOO n"g ZOO PYrex P¡irûe 3'3 1948
Cass 16

Mt. Wilson
c.{rlFo¡Nr-a

Nashville DYer Obs

TENNESSEE

Newa¡k Mt. Cuba Obs'
DEI-À$'âIÌE

Mt. l ilson Obs.

New Haven BetlanY Sta'

CONNECTICUÍ

Yale U.

Ondrejov Ond¡eiov Obs

CZECIIOSLOVAEÄ

Pafoma¡ Palomar Mtn
Mou¡tain Obs.
CAI,IÍORNIÀ

Calif. Inst.
of Tectrr.
Camegie Inst' Coudé 30

Schm 48 Glass Prù$e 2É 1948
.1a Pvrex

D^n ;; i'í; Cass t2.7 l95r
fi:ä ãö õi; 3å:ïu .3. "'.i'til

Philadelphia
PENNSYLVANLA

Portage Lake
M¡CIIICÀN

Potsdam ,{strophys' Obs'

GEÂMANA

Flower and Cook U.ofPa. ¡oã- n"l- ze Pvrex È;it IE 
1956

P¡ime 5

Portage Lake Obs. U. of Mich lO51- R"fl 24 Py'o Cass 
# 

1958

Schm PYrex P¡ime 3 5 1950

¡6 ilutt Newt 3 5

-- g51 s"h- 20 Glass P¡i¡¡e 34 1952

27 Glass

Reo 28 Glass Cass 32 1957

!õão n"s 74 PYrex Newt '4'8 1948
' cass 18

Coudé 28
Radclií{e Obs.Pretoda

softTrl aFRfcÀ

rli
ri
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\ føtnB þoitínued)

I

IF
RE!ÍÄR(S LocÀfroN

Princetot
ñE'tt JERSEI

Provo
l/1\Ìl

OBSERVÂTORY

Princeton U. Obs.

Brighara Youag U'

-{?ER.
,rELEs. TURE Op,t'fCS DA'ÍE Or'

(ttt TlrpE (o¡.) (rgp¡) rocus f/ oPER' REMARKS

10 R"fl 36 Quartz Cass 1966

¿tx n S 24 Pyrex i.:* 
3 195e

Cass 15

246 Refl 20 Glass Coudé l3'5 195r

?ì.-n*r Ze Class 16 1957

n r 27 5 Metal Pdme 3 1960

o¡ Cass 72
Glass Coudé 29

Double
Ästro-
$aPh Acad. Sci.Pulkovo Äst¡on. Obs.

rrssB Acâd. Sci.

Riga
I,ÀrytÀ

Refl 22 P¡nex Cass 13 8 1964

rsor Refl 77 Glass È:S rg 
te58

Coudé 30
Refl 24 Glass Cass t6 1959

Saht Michel Obs. de Haute
¡'FANCÉ P¡oveDce

San Diego
C.{LIFORNIÄ

San Diego State
coll. Obs.

Natl. Obs. U .f Cftlf" ZA1S Ref¡ 24 Glass 18 2 1956

fSO Schm 26 Glass Prime 4'6 IS60

Santiago
cqÛ,E

SaltsjöbâdeD
S\TIEDEN

Stockl.rolm Obs.

Sunspot Sacra¡ento Park
NEW ¡,G:çrcO obs.

30

24 Ouartz Cass 16 1966- coudé 33

Refl 19 PYrex Ne\tt 4'5 1964
Cass 16

1081 Schm 53 Glass P¡ime 3 1960

7g Glass Cass 10
Coudé 45

19g Refl 36 PJtex Pdme 5 1961 Mitaka
Cass 18 Sta'

fZI4 Refl 74 Pyrex Newt 4'9 1960 Okayama
Sta.

Cass
Coudé
Cass

Refr

Refl
Table Morntaín JPL Obs

CÂTIÍFORNIÀ

Tartu
'fJssR

.3
0

2

Thuringen
CERMÀNY

Ka¡l Schwa¡zschild German
Obs. Àcail. Sci.

Tokyo
JAPÀN

Tokyo Ast¡on.
ohs.

18
29
13 196036 PYrex



T'ABLE B (contlnued)

.ffi
I

I

â}ER-
E:EV. TELES. TUÂE OSfICS DATE OF

¡ocÀTroN oBsERvaroaY sPoNsoR (rr) TYPE (n¡.) (rrrr) rocus f/ orrn' nrlalrs

Tr"*t l"tt. Tonanbintla Obs. U. of 7180 Scbm 26 3'2 1948

MExrrco Mexico 
Refl 13 1963

T""- University Obs. N. Copemicus 350 Schm Prime 3 1962
por,AÀrD U. ' 36 Cass 22

T"*"" Kitt Peak Natl. ÀUnA 6850 Ret 36 Pyrex Cass I3.5 196I
.a¡zoNÀ Obs. Rel 36 ' Cass 13'5 Unile¡

const¡.
Refl 50 Metal Cass t3 1965 Semiauto-

eatrc
Refl 63 Quartz Prime 60 l9Bl Solar
Re0 84 Plrex Cass 7.5' Couilé 30.5
Refl 150 Quarø {"iog

T"*"" C"t"ll"" Stt U-f .{rL 8390 R"fl ,L5 P'r,* C^, 16 tn* 
lg1

l¡tzoNÀ Refl 29 P)'¡ex Cass 16 l9g?Re[ 6t P¡nex Câss f3.5 1964
Cass 45

Refl 61 Metal Cas$ 16 1965 IR teles.

Stewarcl Obs. U. ofÁ¡iz. 6850 RçÂ 36 Glass Priu¡e 5 1963 Re-
rtounte¿l

Uppsala Obs.

Cass 15 at Kitt
Peak

Refl A1 Quartz Unile¡
const¡.

344 S"h- 33 Cl"* Ptl-" ,5 1958 

-
46 Quartz Cass 10

66 Schm 39.4 Glass Prime 3 1962
53 PY."*

750 Refl 48 P1rlex Prime 4 196l
Cass 18
Couilé 30

Uccle Royal Obs.
AEITGIIIM

Uppsala
SW:EDEN

Victoria, B.C, Dominion Obs.

Williarns Bay Yerkes Obs.
wrscoNs¡N

U. of
Chicago

ll00 R"fl -% Pyt"- C*. 1964 Tube
¡otatable
for polari-

' zatioD
stuiliesR"n 40 c€rvit 

::: ,Lu Y"*i.
Coudé 26

Compileil from Anrøicø Ephømeñs anil various listings by B. H. Rule, reviseil August 1966.
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OF
. BEMÀ¡RS

Unde¡
coDsh.
SeDiaùtoÈ
matic
Sola¡

Þu¡"g
designed

MNOR FEDEruLLY FUNDED ASTRONOMICAL FACILITIES

C orctru.c'teil Since 7945

F¡.CIL TY DESCRTPA'ION

INSTRI'À4E]NT
COST ONLY
¿r 1963
PRICD LEVEL
( $ Tso¡rsANDs )

$r0,130

lec ¡ues

Ce¡¡o Tololo
IDter-ADer. Obs.

l-,-ãGt""kN"tl5bt Altna

usAF- 60"
NSF 38"

ñSf !6" Cass Ofi-.{xis
g6" Cass Ofi-Axis
M Cass/Coudé Fork
60" sola¡ Fo¡k

Cass/Coudé OE-Axis
Cass Ofi-Axís

36" and 50" Cass ¡emote ( Const¡.)

ÂstroD.
Àshon.

,{stroû.
A.suon.

^shor,Sola¡

$ r,050
20

ô5
27É

2,500
3,500
2,500

Sola¡ 4,000
coro l-
grâphl

Fla¡elat¡ol 1,500

A.stroEetric 1,200

lsac¡amento Peak Obs. Ha¡va¡d USAF

4. Climax Obs. U. Colo.

4.5"
6",16"

ONR.
USAF

I0.5",3" Ref¡

IR teles.
Re-
mou¡ted
at Kitt
Peak
Unde¡
c:onsh.

Tube
¡otâtâble
for polari-
zatioD
stu¿lies
Unile¡
coDstf.

3. Uriv. Mich. Obs. 85', Parab. Equator.

EquatoÌ.
Equator.

5. USN Flagstafi

Radio Observato¡Y Facilities
1. Natl. Râdio.Astron. Obs. ,A.UI NSF

2. Owens VaIIey Obs'

oPfrcÀ! TorÀLs $16'830

85' Parab.
l4O' Parab.
300' Pa¡ab
13 X 17' Hom

Eouâtor. Railio ast¡on. $ 375

Eåuato¡. (Constr.) 13,500
M;rid. Tr. T¡aasit 900

Calib. 75

Parab.
Parab.

Parab.
Pa¡ab.

60'
2A'

I

I

$r4,850

À,r;b. p";b. friãl- t.-t"'to. $ e7o
Calif. Inst. ONR (2)90'
of Tech.

4, Harvard Coll. Obs.

U. of Mich. ONR

Harvaril NSF ,

Radioastrori. 375

Radio astron. I10
RaöoastroÈ 95

5. Hat C¡eek Obs. U. of Calif. ONR 85' Equato¡.
Equator.

Ratlio astron. 350
Radioâstron. 45

6. Ill. Radio Obs U. of I1l. ONR 600 X 400' Fixed earth

Parab. cl.
300

7. Stanfor¿l U. Stanfo¡d U. USÄF 375'
( 32) 10',

StaDfor¿l U. USrq'F (2)30'
Stanford U./ USAF 150'
SRI

Cross array Equator.
Pa¡ab.
Pa¡ab. Equator.
Parab. Alt-Âz

Sola¡

Iûte er.
Rada¡

MO

60
350

103

.i r*"..
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TABLE C (coñtltwpd.)

OBSERVÁTOBÍ

INSTRUMEIiI¡
cosl o¡ff.Y
¡.r 1963

¡'ÁG¡LTTÍ DESCIIEÎTON
FVNDINC

SPONSOR AGEI{!

ohio srate u. NsF

PÂ¡@ LE!'EL
( $ ÍrousÁNDs)

8. Ohio State U.

Equator. Radio ast¡on. $ 450

Rediôâstron- 3759. Foft Dâvìs 85' Equato¡.

f0. NRLMarylanil Pt.
Washin6on

ONR/NRL ONR 84'
50'

Ra¿lioâstroû, 250
Radioastron. 300

Pa¡ab. EqrÌator.
Pa¡ab. Ali-Az

11. Ilaward Meteor ( Illinois ) NBS/
Hava¡d U

Trough

n"ttft ¡"*l t St"*"Ulq¡*¿ I

AÀDIO TOîAI5

Meteo¡ &
obse¡vation

Comell 4,00012. Comell ( Arecibo )
$23,620

200

48 t72

Calif. Inst.
of Tech.

:tjl,j

ìr:
'.1t:

ii

ir.

ill
i:::

ìì
ri:
:iì

.i¡::

i1
l1

riì.

l;l

.t'li

'il
;.iiì

rl

trl
,ìl

:Ìi
tij|

lit
'i

Note: Costs do not i¡clude property, auxiliary instruûetrts, or oPeration.

TABLE D MAIOR ASTRONOMICAL FACILITIES COMPLETED Since 7945 by State and Príoate

Ilntueriôt¡ps (No Federal Funds)
INSTRI'MENT
cosl oNI-Y

r963
PRICE LE!'EL
( $ r¡¡orn¡rws)

$ 8,500I. Palomar P¡ime focus/
Cass/Couilé
Schmidt

A.stlor.

Asìlon.

Yoke

Fo¡k

2- Lick U. of Calif. Cass/Couilé 2,t70

t243, McDonald U. of Texas
U. of Chicago

U. of Mich.

Fork

4. Portage Lake Fork

5. Washbum U. of Wisc. Cass AstÌon.

Totals $11.749

Note: Costs include mounting, optics complete, dome, and buildi¡g, but not othe¡ iDstruments, oPeraÉons, or Prcperty.



250
300

'TRI'¡,fEN¡'ST ONLY
1963

tciÉ LÈVEL
TEOüSANDS )

450

4000

3,820

PrtuaÍe

I'MEIqT
ONLY
63
LEVEL

CùS,q,N'DS )

00

00
::-
IU

,A

t6

r9

TABLE E COSTS OF LARGE BADIO ASTRONOMY PARABOLIC ANTENN,{S
Steerablø Mounti,ngs Aboae 31-þ Dinn. - Equúorial or Ali-Azirn th
Mountings (Reoised to lan. 7963 Costs per Prbe Inderes)

ÂPER-
T¡'RE
DIÀM.
( ¡-¡. )

3l
g2

- \4/heaton,Ill. G. Rebe¡

Equator. 5 cm Câltecl\ Owens Valley Caltech

Equato¡. l0 co U. of Calif., Philco/
Hat Creek, calif, u. of Calif.

MOÛNA
TYPE

FOÂ
.w.A\¡E LENCTH OBSMV.{TORY

YEA¡
MIìC- RY F¡8.

1963 costs
(ù.s.
$ rrrovs, ws )

lst US ântennâ

L5

40 AIr-At

l"-

USAF Tracking,
Delawa¡e, O.

Blaw K¡ox

NRL, Wash., D.C. Collins

Alt-.{z Radar Collins

50

50

60

60--

84

Equâtor. 20 cm Harva¡d Obs. DS Ke¡nedv

Alt-Az Telemetry Commerci¿l Telemetry DS Keûnedy

20 cm- Bon¡, Cermâry Telefu¡Ìen

AIt-.4.2 MIT Líucol¡ Lab Radar DS Kennedy 460(2)

85
*
85

85

s5

90 cm- Dwingelo, Neth. Neth.

Equator. 5 cm JPL, Goldstone Blaw lGox

Equator. 3 crtr AUI, Green Bank, W.Va. Blaw Knox

Eqùator. 2a'l] U. of Mich- Blaw K¡ox

Equator. l0 cE U. of Calif.,
Hat Creek, Calif.

S4 Eq""t-. l0 
""t

NRL, Maryland PL DS Kennedy f957 250

S5 ,{It-,{" 5.il JPL, Cotd".". Bl"* I(n":r 1160 ?50

90 Equator. (2) 5cm Caltech, Owens Valley Câltech/.{llison 1958 970

I2O Ält-Az 5 c¡n MIT Lincoln Lab N4,4. 1963 1,900

350

140 Equato¡. 3 cm

150 Alt-,A.2 long

150 ÁIt-Az l0 cm

A.UI, Greenba.nk Stone-Webster Coûst¡. 13,500

S." 1159 350Sta¡{ord Obs

2IO Alt-Az I0 cm JPL, Goldstone

250 Alt-Az 2I cm+ Jodrell Bank

Constr. 2,700

R"ht C".rh. Irt000

H*bæd Ig5S 5'000-10'000

NRC of Canada M.A.N.

2IO ,{t-Az l0 cm CSIRO, Àushalia M..A..N. Ger. 1961 2,500

Note: 1. Costs include mountìng, erection, ¿ldve, and control - no reâ¿loì¡t or radiofrequency equipEent.
2. CoÉected costs to JaDuary 1963 based oo naHo¡al average price index for equipEeDt.
3. This list DoEs Nor rNcLnDE tl-re following aûterùa types: a. Stee¡able antennas belorv 30-ft diam;

b. Large radar scatte¡, war¡ing systems, etc.; c. Large moltiple a¡d cluste¡ arays; d. Defense or
classitãd projects.
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TABLE F TOTAL COSTS FOR LIAGE OPTICAL TELESCOPES Co¡rected. to lan. 7963

From Natinnal Aoeruge Cos't Indør Factors for Equipment
Includ¿s - Dom¿-Build,úng; Telescope Mu.nrt; anìI Conplpte Optìcs

: Does Not Inchtil¿ - Lø.nd; Síte Døoelopment; Obseming Ir*truments anìI Atnilía¡i¿s

A.PEÂTURE

(w.) o¡sEÂvÁToRY sPoN6oR

16 Kitt Peak Nâd. Obs. Á,UR¡.
lAl2ß Paloma¡

Liclc Obs. U. of Calif.
Kítt Peak Nad. Obs. AURÄ
Paloma¡ Calif. Inst. of

Tech. / Camegie
Inst. of lüash.

Ofi-axis
Fo¡k

Fo¡k 1958 276
Fo¡k Const¡, 25
Ofi-axis t960 275
Fo¡k 1957 124
Fork 1958 139
Ofi-axis 1963 350

Fo¡k P¡elím. ( f60)

cosrs on (rsr.)
xE-a.R 1963
oPER. ($ rnous,eNos )

1961 360
1948 675

Constr. ( 1,200)
(800 4 Opt. )

P¡elim. ( 650 )

TELESCOPT
F]ONDT\G
ACEIYI TÍPE ,IND MOVIVITNC

Cass
Schmidt

NSF
Private

1s61 (55 )le58 (80 )Calif. Inst, of
Tech. / Carnegie
I¡st. of Wash.

Ul38 Portâge Lâke U. of Mich. State Schmidt
Paloma¡-Mt. l hiuev Caltech Lurâ¡ NASA Cass

36 Kftt Peat< NarI. Obs.' ,A.URÂ NSF Cass
36 McDonald U. of Chicago State Cass
36 Washbum U. of Wisc. Stâte Cass
40 Mt. StroÞlo Auskalia Ausbal. Cass/Couilé

Govt.
European Southem Australia Group Ausual.

Govt.
Dominion Obs. Victoda Canaila
Paloma¡ Calif.Inst of Private

Tech. / Camegie
Inst of Wash.

U.S. Naval Obs. Naval Obs. USN

Paloma¡ Calif. Inst. of
Tech. / Camegie
lnst. oI Wash.

Cbite Obs. AUB-{. NSF
Kitt Peâk Nâd. obs. A.UB-A. NSF
Mt. Wilson CtW Private

( r,050)
( 1,200 )
( r,680)
( Olil est. )
2,4.0
7,800
6,950

Fo¡k
Fork

State
NSF
Privâte

40

48
48t72

60

60

60
84

r00

720
r50
200

Cass/Couclé

Cass/Coudé
Schmült

Cass

Cass/Couilé

Fork

Fo¡k

Cass/PF/Coudé O$-axis P¡elim
Cass/Coudé Fork 1963
Ner¡4/Cass/CoudéYoke 1908

PF/Cass/Coudé Fork 1959
PF,/Cass,/Coudé Yoke P¡elim.
PF/Cass./Coudé Yoke 1948
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