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ABSTRACT

A brief description is given of the various types of image tubes
presently used in astronomical research and a review is presented of the
past applications of image tubes to direct astronomical photography.

A

detailed laboratory evaluation of the Carnegie image tube is summarized
and photographs at the telescope are presented to confirm and extend the
results obtained in the laboratory.
Iris photometry of stellar images can be carried out on Carnegie
tube photographs with about the same accuracy as is obtained by normal
photographic techniques.

Compared to unaided plates the image tube typi

cally requires about 1/15 the exposure time to record stellar images of
a specified threshold magnitude. When exposures are made to near the sky
limit, however, the Carnegie tube cannot record stars as faint as can be
recorded with an unaided plate.

When exposed at a given focal length tel

escope, the limiting magnitude of an image tube record is about

1 magni

tude brighter than that of an unaided photograph.
Primarily two characteristics of the Carnegie tube, an over-all
mottled sensitivity pattern and a light-induced background, are found to
be responsible for_the Joss in limiting magnitude of a Carnegie tube re
cord. The mottle pattern is characterized by an rms variation in sensi
tivity of ±1.3 percent.

It modulates the photographic record of the

night-sky radiation and seriously affects the signal-to-noise ratio of the

xi

xii
threshold images. The additional background produced by the light-induced
background of the image tube generally amounts to 25 percent of the nightsky radiation on a sky-limited photograph.
In order to record the same sky-limited magnitude on a Carnegie
tube plate and an unaided plate, the image tube record must be exposed
at a longer focal length telescope.

The exposure time required by the

image tube is then about 1/2 to 1/3 that of the unaided plate.

Because

of the higher scale of the image tube photograph in such a case, however,
the effective gain provided by the image tube over the unaided plate is
generally somewhat larger than the relative exposure time.
The photography of extended objects is found to be particularly
affected by the nonuniformities of the image tube.

Besides reducing the

over-all signal-to-noise ratio of the image tube record, the general mottle
pattern and additional discrete patches and ripples in sensitivity of the
image tube tend to mimic low contrast features of galaxies and-nebulae.
The rather subjective effects of the nonuniformities can be significantly
reduced by using telescopes with moderately long focal lengths, so that
the seeing image is then large in comparison to the nonuniformities.
The photography of astronomical sources through narrowband inter
ference filters has been found to be a particularly promising application
of the Carnegie image tube.

Preliminary tests reported in the present

study include the photography of supernova remnants, planetary nebulae,
galaxies, and reflection nebulae.
The basic quality criterion for comparing the image tube to un
aided photographic emulsions is argued to be the detective quantum effi
ciency. Typical values of the gain over unaided emulsions provided by

xiii
the Carnegie tube are calculated to be in the range 10 to 20.

It is em

phasized, however, that because of the variety of requirements in spe
cific research areas and because of the several unique characteristics
of a given image tube, no single figure of merit may be defined that will
predict the usefulness of an image tube in all applications.

It is sug

gested that the resolution of a detector should not generally be combined
into the calculation of a single figure of merit but should be considered
as a separate quality criterion.
Certain problems with the Carnegie tube (and other image tubes
as well) potentially limit its usefulness in specific research areas.
Besides the problems already mentioned, other problems include low reso
lution, geometrical distortion, the complexities of analyzing the final
record (as compared to an unaided photograph), and the limited field of
the image tube.

Each of these characteristics can be highly significant

or entirely inconsequential in different applications.

CHAPTER I

INTRODUCTION

The importance of image tubes for astronomical observations is
based primarily on one outstanding fact: photoemissive surfaces (photocathodes) have a significantly higher quantum efficiency than photo
graphic emulsions.

The quantum efficiencies of various photographic

emulsions have been measured to be between 0.1 and 1 percent (Webb 1948
Fellgett 1953, 1958a; Argyle 1955; Baum 1955; Jones 1958; Zweig, Higgins, and MacAdam 1958), while photocathodes are being produced with
quantum efficiencies of from 10 to greater than 20 percent in the blue
spectral region.

The efficiency with which an ideal image tube detects

radiation may thus be 10 to 200 times that of a photographic emulsionbased on the relative quantum efficiencies.

General Types of Image Tubes
Several methods have been developed for amplifying and record
ing the photoelectrons emitted from the photocathode of an image tube.
The designs which have proved most successful and which have been ap
plied to astronomical observations of low light level phenomena will be
briefly described in the following paragraphs.

For a more complete

discussion of the various types of image tubes—their theory of opera
tion, technological development, and applications—the reader is
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referred to the book by Soule (1968), Eleotro-Optioal Photography at

Low Illumination Levels.

For image tubes used in astronomy, the most

general references are those by Baum et al. (1955-1968), Hiltner (1962),
McGee (1962), and Livingston (1967a).
In the simplest image tube configuration, the electrons liber
ated from the photocathode are accelerated by an electrostatic field to
energies sufficient to expose electron-sensitive nuclear track emul
sions directly.

As in other image tubes, electrostatic or magnetic

lenses serve to focus the electronic image.

The original version of

this type of image tube was developed by Lallemand and has been suc
cessfully used for astronomical observations.

However, the coexistence

of the electronographic emulsion and the photocathode in the same vac
uum environment poses several problems that have led to the development
of other types of electronographic tubes.

Principal among these are a

tube developed by Kron utilizing a valve to facilitate changing of
plates and a tube developed by McGee in which the high energy electrons
pass through a thin mica window to expose an emulsion held in contact
with the window.

To withstand atmospheric pressure, the window config

uration of McGee's tube is long and narrow (about 30 * 7 mm).

This

tends to restrict the device to spectrographic applications.
Another type of image tube configuration uses a phosphor for
detecting the accelerated electrons.

Each photoelectron gives rise to

a discrete scintillation of light at the phosphor which may be recorded
photographically.

T h e o p t i c a l coupling may b e b y relay lens o r b y d i 

rect contact for tubes having thin output windows*.

To obtain
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efficient recording of the original photoelectrons it is generally nec
essary to increase the brightness of the phosphor scintillations more
than is possible in a single-stage .tube.

This can be accomplished by

providing electron amplification within the tube.
One technique for internal amplification has been to directly
couple the phosphor output of one image tube stage with the photocathode input of another.

This type of multistage image tube is referred

to as a cascade design.

Another technique has been to use a series of

plane-parallel, secondary-emitter dynodes.

The first dynode is placed

at the focus of the pho^ocathode electron image.

For each primary

electron incident on the dynode several secondary electrons are emitted.
The secondaries are focused at the next element of the image tube.
This element may be either another dynode of the series or the output
phosphor.

The particular dynode assembly is generally referred to as a

transmission secondary emission (TSE) design.

For both the transmission

secondary emission and cascade image tubes the amplification required
can in principal be obtained by selecting the appropriate number of
stages.
The final type of image tube to be considered here is the sig
nal generating, or television-type, image tube.

The various designs

of such tubes all provide two-dimensional storage of an electrical
charge image that is proportional to the radiation incident on the photocathode.

T h e charge i m a g e i s c h a n g e d into a n electrical output s i g 

nal by one of several techniques involving scanning of the electron
image by an electron beam.

It is beyond the scope of this investigation
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to consider in more detail the complex nature of signal generating
tubes.

Except for summarizing the work of other investigators, the

present paper will not. be concerned with this particular type of image
tube.

Basic Advantages of Image Tube Photography
More than 30 years ago Lallemand (1936) suggested the advan
tages an image tube would have over conventional photography and photo
electric photometry.

These advantages have been further expanded by

Baum et al. (1955-1968) in the "Annual Reports of the Committee on Image
Tubes for Telescopes", as well as by others (Fellgett 1958b, Hiltner
1958, McGee 1958, and Baum 1962a).

The basic point in all these papers

is that image tubes not only have the panoramic capability of photo
graphic plates but also have the high quantum efficiency of photomultipliers.

It thus becomes possible to record a given object with greatly

reduced exposure times.

Perhaps even more important, it is possible to

detect fainter objects than can be detected with a photographic plate
in the same total exposure time.
In addition to higher efficiency, another advantage of the photoemissive surface over a photographic emulsion is the strict linearity
between the incident light flux and the resulting number of photoelectrons.

The degree to which this advantage is realized in an actual

image tube, however, is a function of the design and operation of the
particular device under consideration.
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Carnegie Image Tube, Present Investigation
An image tube which has been of particular interest to astrono
mers is the "Carnegie image tube", so named because its development has
been largely guided by the Carnegie Committee on Image Tubes for Tele
scopes.

In many spectrographic applications, the Carnegie image tube

system has been simple and straightforward to use and has provided a
significant gain over the photographic plate.

Further, due to the

efforts of the Carnegie Committee, this system is generally available
to the interested astronomer.

The present investigation was made pos

sible by the loan of a Carnegie image tube system to the Steward Obser
vatory of The University of Arizona.
In view of the great interest in image tubes in general, and
this tube in particular, it was decided that a full evaluation of the
Carnegie image tube for use in direct photography of astronomical ob
jects was desirable.

Such an evaluation is the basic purpose of the

present investigation.

The basic point of view is to consider the

image tube as an alternative to the photographic emulsion, and
therefore the discussions are generally presented in photographic ter
minology.

It is felt that this terminology provides the most immedi

ately useful understanding of the capabilities of the image tube for
\
astronomers unfamiliar with such a device.
For the present study, tests of the Carnegie tube have been
made both in the laboratory and at the telescope.

The conditions nec

essary for optimum operation of the entire Carnegie system were deter
mined early in the laboratory investigation.

The laboratory

investigation included measurements of properties which are generally
important in any image detector:

resolution, geometrical distortion,

dark-emission background, light-induced background, spectral sensitivity,
photometric uniformity, and limiting detectable signal (limiting magni
tude capability).

When applicable, astronomical plates and the image

tube have been directly compared by testing both detectors with the
same apparatus.
The detailed measurements carried out in the laboratory, and
the results, are presented in Chapter II.

Chapter III is devoted to a

development and discussion of appropriate figures of merit for compar
ing the image tube with normal photographic plates.

In the final sec

tions of Chapter III the results of the laboratory investigation are
discussed in terms of these figures of merit.
In Chapter IV the telescopic observations are discussed.

Expo

sures a t t h e t e l e s c o p e w e r e t y p i c a l o f t h o s e usually encountered i n d i 
rect astronomical photography.

Advantages and limitations of the image

tube are graphically presented by comparing direct photographs taken
with normal astronomical emulsions and with the image tube.

General

starfields, globular clusters, diffuse nebulae, and galaxies have been
photographed.

The telescopic observations provide a check on the capa

bilities predicted from the laboratory investigation and provide addi%

tional tests supplementing those made in the laboratory.

More impor

tant, the telescopic observations demonstrate in practice, not theory,
the unique advantages of using the Carnegie image tube in astronomical
direct photography.

Chapter V summarizes the most important results of the investi
gation.

The performance to be expected from other image tubes is dis

cussed in the light of the results of this investigation.

Direct Photography; Comparison to Spectroscopy
By far the greatest emphasis in utilizing image tubes in astron
omy has involved applications to astronomical spectroscopy.

From an

astronomer's point of view the reasons for this are clear.

Spectros

copy is a very powerful tool in determining the physical conditions of
the objects studied in astronomy; with a proper spectrogram of such an
object, more information can be derived about that object than from
nearly any other single type of observation.

The introduction of image

tube cameras on spectrographs has significantly aided the study of
faint objects.

This has been particularly true for observations of

galaxies, quasars, and short period variable stars.
One might assume that an image tube can be applied to fullfield, direct

photography with as much success as in spectrographic

applications.

However, there is a problem in image tubes that

can po

tentially limit their usefulness in direct photography applications.
The problem referred to here is the light-induced background.

Whenever

light is incident on the photocathode, there is an additional final
output from the image tube that is more or less uniformly distributed
throughout the field.

T h i s b a c k g r o u n d m a y generally b e caused b y s e v 

eral phenomena within the tube.

The amount of light-induced background

is roughly independent of the image detail and depends mostly on the
net radiation received by the photocathode.

When an image tube is being used with a slit spectrograph, only
a small portion of the photocathode is illuminated.

The light-induced

background recorded at any one given image element is correspondingly
less than if the entire photocathode were being illuminated—as is usu
ally the case in direct photography.

Thus, for direct photography ap

plications, it is necessary to consider the capabilities of an image
tube when its entire photocathode area is illuminated.
ularly true for photography of faint objects

This is partic

because in such photogra

phy there is a great deal of radiation from the comparatively bright
foreground night sky.
The low resolution of many image tubes compared to photographic
emulsions is often pointed out as a limitation of such devices in pho
tography.

However, the importance of resolution has often been misun

derstood or overstated, as will be discussed in more detail in Chapter
III.

Image Tubes in Direct Photography, Past Experiences
In spite of the several difficulties encountered in the use of
image tubes, certain types have nevertheless been shown to be effective
research tools.

The successful application of image tubes to direct

astronomical photography will be summarized in this section.

Note that

no discussion will be made of the excellent spectrographic applications
of image tubes that have been reported by Ford, Livingston, Lynds, Ru
bin, Walker, and others.

Electronographic Tubes—Short Exposure
Perhaps the earliest published results which actually contrib
uted new knowledge to a particular field of application (and not just
to the image tube technology alone) are those of ROsch, Wlgrick, and
Duprfi (1961).

These investigators made use of the short exposure times,

high resolution, and freedom from the Eberhard effect of the Lallemand
electronographic camera in the measurement of close double stars.

More

recently, Laques (1966) has reported additional measurements of close
double s t a r s w i t h a Lallemand t u b e .

S h o r t exposure photography o f J u 

piter and Saturn with the same device has also been reported (Bellier
et al. 1963).

Electronographic Tubes--Long Exposure
Only one paper has been published concerning the use of the
Lallemand camera in long exposure stellar photometry (Lallemand, Canavaggia, and Amiot 1966).

However, this particular application has been

more thoroughly studied with a similar electronographic device developed
by Kron (Walker and Kron 1967).

This paper clearly points out the po

tential of electronography in stellar photometry.

The authors present

convincing evidence for the linear relationship between plate density
and incident intensity.

Observing the globular cluster M13, they

found that the linearity extends over a range of 4.6
ning at the plate limit.

magnitudes, begin

This linearity provides, among other things,

the possibility of precisely accounting for background nonuniformities
such as occur in nebular regions, and the possibility of calibrating
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the plates with only the brighter stars in the field, with assurance
that a linear extrapolation to the faintest stars is accurate.
Abies and Kron (1967) have calculated that the information gain
of Kron's tube when applied to star photography is better than 30, rel
ative to IIa-0 and 103a-0 plates.

Earlier papers, which had not taken

into full account the superior signal-to-noise ratio of the electronographic images, had given more conservative estimates of the informa
tion gain (Breckinridge, Kron, and Papiashvili 1964; Kron, Breckinridge,
and Papiashvili 1965).

Due to the superior storage capacity of the

electronographic emulsion, stars fainter than those possible to observe
with direct plates have recently been recorded with this tube (Kron
1967, unpublished).

In another study using the Kron image tube, mea

surements were made of the brightness distribution of the globular
clusters M13 and M15 (Kron and Papiashvili 1967).

The authors state

that more information was collected at the telescope in a 30 minute ex
posure than had been gathered in a similar study using photoelectric
techniques requiring about 2 hours per cluster (Kron and Mayall 1960).
A prime criticism of Kron's tube, as well as Lallemand's, is
the complexity of the preparation for observing.

Although Kron has

minimized the preparation procedures, there are still several technical
skills required of the observer.

In Lallemand's device, a slow deteri

oration of the photocathode is experienced due to gas evolved from the
electronographic emulsion.

Further, removal of the exposed plates from

the tube results in the destruction of the photocathode.

In Kron's

tube, a valve between the photocathode and plateholder preserves the
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photocathode and prevents its destruction during plate changing.

It is

important to note that the plates cannot be examined immediately after
exposure, and this therefore requires very careful control of all focus
adjustments.

The field that is well corrected is relatively small in

these electrostatically-focused tubes (diameter near 15 mm for Kron's).
However, it is hoped that with a complete redesign, an electronographic
tube can be built, in the future with a useful photocathode diameter of
around 10 cm (Walker and Kron 1967).

The uniformity of these tubes in

sensitivity and spectral response has not been thoroughly discussed,
n o r h a s t h e p r o b l e m o f light-induced b a c k g r o u n d b e e n q u a n t i t a t i v e l y r e 
ported for Kron's tube.

Kron feels, however, that light-induced back

ground is a significant problem in his device (Kron 1967, unpublished).
Loss of contrast by scattered light in Lallemand's tube has been re
ported, and investigations by Wlfirick and Grosse (1966) have resulted
in design changes in the tube to reduce this problem considerably. _
Another present limitation of electronographic tubes appears to
be in the threshold detection of images on lightly exposed plates.

The

individual grains are so small (around 1 ym in diameter) that, when only
a few such grains have been recorded in an image, their detection with
present measuring equipment is difficult.

Furthermore, these nuclear

track emulsions are fogged quickly by cosmic rays and natural radioactiv
ity, making threshold images even more difficult to identify.
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High Gain Tubes (Transmission Secondary Emission)
For the very high gain image tubes, such as the English Electric
Valve TSE (transmission secondary emission) type, the ability to record
single photoelectric events is very good.

No reports of using high gain

tubes in direct astronomical photography have recently been made.

How

ever, application appears limited because of the generally high lightinduced background in these tubes and because the recording emulsion is
quickly saturated by only a few photon events per unit area.

Early

tests of this type of tube (Baum et al. 1960) indicated these limitations
in a preliminary fashion,

Signal Generating Tubes (Television-Type)
The signal generating tubes, such as the photoemissive image
orthicon and the photoconductive vidicon, have the unique feature of
supplying directly an electrical output signal.

This signal can be

used to display an image on a closed circuit television system, can be
stored for later data processing, and can be transmitted over large
distances.

In a series of tests carried out by the Carnegie Committee

(Baum et al. 1960), it was concluded that the signal generating tubesl i m i t e d p r i m a r i l y b y t h e i r s t o r a g e a n d n o i s e characteristics, a n d t h e
vidicon also by its sensitivity--were less promising for most low light
level work than the intensifier type tubes.

However, it was pointed

out that in certain applications, such tubes might indeed be useful
tools.
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Livingston (1962) has shown the image orthicon to be useful for
low accuracy stellar photometry (probable error of ±0.1 magnitude).
However, Livingston states that for the image orthicon to become a tool
for scientific measurement, a more thorough description of the internal
operation must be made available.

In another study using an image or

thicon system, Bakos and Rymer (1964) have successfully searched for
variable stars in galactic clusters.

Other investigators (Hynek and

Dunlap 1964; Hynek, Bakos, Dunlap, and Powers 1966) have pointed out
that, although the image orthicon does not have the photometric and
geometrical accuracies required for most astronomical investigations,
t h e r e a r e certain applications w h e r e t h e significant p r o p e r t y o f a d e 
tector is the speed of observing.

Examples of such applications are

sky surveillance for faint, fast moving objects, and surveys of galaxies
for supernovae.

Still another field of application that benefits from

the unique properties of signal generating tubes is space astronomy.
The electronic recording and telemetering of information are highly
requisite capabilities in this field.

Thus signal generating tubes may

be considered as valuable supplements, rather than replacements, of the
photographic plate.
New signal generating tubes are now being developed that may
overcome several of the disadvantages of the vidicon and image orthicon.
One such tube that looks most promising is the SEC (secondary electron
conduction) camera, fo.r which experimental photographs at the telescope
have been made (Beardsley and Hansen 1968; Green 1968a, 1968b).

Advan

tages of this tube include extremely short rise and decay times, high
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storage capacity, very low charge loss or spread during long integra
tions, and no black border effects with overexposure.

Cascade Tubes
In a study involving direct photography of galaxies with a cas
cade image tube (Butslov et al. 1962), Russian observers reported a
"gain in speed" of 200 over nmaided photography.

Fifty-eight galaxies

were photographed with four filters:

Ha and 6100 A interference filters

as well as B and V passband filters.

The limitations of this particu

lar tube have not been discussed, and one can only guess that they are
the same as the other tubes of this type (e.g., the Carnegie tube).
Tuve et al. (1958) have reported on a Carnegie Committee study
of direct photography applications with an electrostatically-focused
RCA cascade tube.

Though the results obtained with this early device

were encouraging, they left much to be desired.

The main shortcomings

of the design were nonuniformty and graininess of the phosphor screens,
a useful field diameter of only about 6 mm, and insufficient gain to
utilize fully the available quantum efficiency of the photocathode.
Technological advance^ related to these shortcomings, as well as others,
have been reported in later reports of the Carnegie Committee.

The

present Carnegie image tube has evolved from the above-mentioned cascade
design.

However, as the image tube was improved, the emphasis of appli

cation turned to spectrography.

Consequently, many details needed for

considering direct photography applications were not fully investigated.
The investigation of these details is the subject of this paper.

CHAPTER II

LABORATORY INVESTIGATION

It is the purpose of this chapter to summarize the individual
studies of the Carnegie image tube system which were carried out in the
laboratory.

Before the laboratory data is presented, however, it is

appropriate to first describe this image tube system in some detail.

Description of Carnegie Image Tube System
Fig. 1 shows the individual pieces of the entire Carnegie image
tube assembly when dismantled.

The image tube proper is shown encapsu

lated in a permanent silicone rubber cylinder.

The tube is a two-stage

cascade, magnetically-focused design built by RCA and identified as RCADevelopmental Type C33011.

The photocathode is 38 mm in diameter and

is of the S-20 type (extended red sensitivity).

Photoelectrons from the

photocathode are accelerated in an electric field of 10 kV and strike a
phosphor-photocathode sandwich.

This amplification element (dynode)

multiplies the number of original photoelectrons some 30 to 50 times.
The amplified electrons from the second photocathode are again accel
erated in a 10 kV field, and are brought to focus on the final output
screen--a fine-grained Pll (blue) phosphor.

Focus of the electrons is

provided by a uniform magnetic field of 220 Gauss.

This field is sup

plied by a permanent magnet array shown directly above the image tube
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in Fig. 1.

Behind this magnet is shown the relay lens, which is an El-

geet f/1.2 lens designed for one-to-one magnification.

This lens trans

fers the phosphor output to the recording photographic plate.
plateholder assembly is shown directly behind the lens.

The

The entire

image tube assembly, when put together and mounted at the telescope, is
shown in Fig. 16, Chapter IV.
Certain parameters of the Steward Observatory tube have been
measured by the Carnegie Committee or the manufacturer (Ford 1968, pri
vate communication).

These values are a photocathode sensitivity of

160 yA/lumen1 to 2,870°K

tungsten radiation, a blue sensitivity as

measured through a one-half stock thickness Corning 5113 filter of 11
yA/lumen, a radiant power gain (ratio of total output power from phos
phor to input radiant power at wavelength of maximum sensitivity) of
4,600, and an equivalent screen background input of 1.6 * 10"16 W/cm2.
When these numbers are compared to those for an average tube as reported
by the Carnegie Image Tube Committee (Baum et al. 1965), one concludes
that this is a somewhat better than average tube in all figures quoted
above.

Resolution
The resolution of image tubes, normally expressed in number of
line pairs (one black and one white line) per millimeter is given in
almost any description of a particular tube.

Unfortunately, such data

1. The Radiometry and Photometry Technical Group of the Optical
"" Society of America and the International Commission on Optics disap
proves of continued use of the lumen; however, at present, most "photo
sensitive devices are still rated in terms of the lumen (a unit of
luminous flux) instead of in terms of a unit of radiant power.
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commonly refer only to the central area of the image tube.

If a fair

comparison to other methods of image detection is to be made, the reso
lution across the entire field of the image tube must be known.
To investigate the resolution capabilities of the Carnegie image
tube a high resolution projector, developed and described by Baum
(1962b), was used to image a high contrast resolution pattern onto the
photocathode of the image tube.

This "microprojector" was loaned by

the Department of Terrestrial Magnetism, Carnegie Institution of Wash
ington, and its use is most gratefully acknowledged.

A very useful fea

ture of the microprojector is the ability to precisely focus on a par
tially reflective surface by direct viewing through the projector, thus
eliminating the need for focus plates.

Resolution at the Phosphor Output Screen
The resolution measurements•

The resolution of the image tube

alone was determined by directly viewing the phosphor output screen
with a 15-30 power microscope.

The numerical results were expressed

as the limiting number of line pairs per millimeter (lp/mm) that could
be resolved by visual inspection.

The resolution test pattern appeared

as a uniformly illuminated surface at spatial frequencies higher than
the limiting value, and appeared clearly resolved into lines at lower
spatial frequencies.
The results of measuring the resolution in this manner across
the full field of the image tube are shown in the two upper curves of
Fig. 2.

The curves represent the resolution for two different settings

19

£40

Phosphor

z 30

20

10

—20

-15

-10

-5

20

RADIUS (mm)

Fig. 2.

Resolution Across Image Tube Face.

Shown is the resolution of the phosphor output with two settings of
the high voltage supply—providing maximum resolution at the center
(solid line) and at a point halfway to the edge (dashed line). The
transduced resolution for these two settings are shown for a IIa-0
recording emulsion with the relay lens at f/2. The increased reso
lution, by using a baked Illa-J recording emulsion, is clearly demon
strated. The loss in resolution caused by opening the relay lens
to f/1.2 is also seen. Though 24 lp/mm resolution is observed at
the center for the IIa-0,a more representative value over the useful
area of the image tube is around 22 lp/mm--one third that of direct
plates. The need for an improved high-speed relay lens is clear.

of the high voltage supply; one setting provides maximum resolution at
the center of the image tube field
the edge.

and the other at a point halfway to

The voltage setting is 21.5 kV for maximum central resolution

and is 21.2 kV for the 50 percent zone maximum.

For the former setting,

a resolution of 40 lp/mm is obtained over about a 5 mm radius.

The res

olution falls off smoothly to 20 lp/mm at a 15 mm radius and to 14 lp/mm
at an 18 mm radius.

For the lower voltage setting, the edge resolution

is improved somewhat, but only at the expense of reduced central reso
lution.

It is interesting to note that with more reduction in over-all

voltage, a resolution of 30 lp/mm can be obtained at an 18 mm radius.
However, the central resolution is then severely reduced.
Optimum electronic settings, anomalies.

Regarding the optimum

focus voltage for the image tube, it is clear that only a little exten
sion of the useful field can be obtained by optimizing the focus off
center.

This is particularly true when one considers the final recorded

resolution on a photographic emulsion, which will be discussed shortly.
Generally, it is felt that for most objects photographed at the tele
scope, the maximum resolution ought to occur over the central half of
the field.
It should be pointed out that before a stable electronic focus
can be achieved, the high voltage must be applied for at least 2 hours.
When the power supply is first turned on,

maximum resolution is

obtained with a voltage of 20.0 kV; when 2 or more hours have passed,
the voltage must be readjusted to 21.5 kV.
termine whether

Tests were not made to de

it is the image tube or the voltage divider that

causes this effect.
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The optimum interstage voltage setting was found to be that
which produced best resolution in the center of the field.

A setting

that improved the resolution for an area near one edge of the field
would slightly degrade the resolution at a point diametrically opposite
that area.

Small asymmetries have also been found in other tube char

acteristics.

These results indicate that there are nonuniform magnetic

and/or electric fields in the image tube system.

Nonuniformities in the

fields of image tubes are common problems, however, and the degree ap
pears quite normal for the present device (Livingston 1967b, private
communication).

Effects of Relay Lens on Resolution
Field curvature in a relay lens might easily require that the
lens be focused on an off-center field point in order to provide opti
mum resolution over the full image tube field.

Tests were carried out

to check for this effect, but the results indicate that the field curv
ature is small for the Elgeet relay lens and.that optimum resolution
for the entire field is obtained by critically focusing the field cen
ter.
The improvement in image quality by stopping down the lens aper
ture was also investigated.

With the lens used at full aperture there

is an extended faint distribution of light surrounding the image.

This

distribution, referred to here as "flare", is presumably caused mostly
by spherical aberration.

As the lens is stopped from the wide-open ap

erture of f/1.2 to f/2, there is a particular reduction in the flare,

and a significant increase in resolution.
given for infinity focus

(Note all lens apertures are

and not for "1:1 magnification.)

Stopping

down the lens further decreases flare and increases resolution very
little.

The numerical values of resolution for various lens apertures

are given in Table 1.

A photograph comparing the relay lens at f/2 and

f/1.2 is given in Fig. 3.

It is concluded from data presented in Figs.

2 and 3 and Table 1 that the f/2 aperture is the optimum setting for
the relay lens—balancing resolution and freedom from flare against
the reduced speed.

Table 1
Image Characteristics for TWo
Recording Emulsions vs. Relay Lens Aperture

Resolution (lp/mm)
Aperture
f/1.2
f/1.5
f/2.0
f/2.4
f/2.8

IIa-0
17
20
24
25
26

Illa-Jft
24
26
29
- —

Notes
Surrounded with flare
Somewhat less flare
Flare essentially gone
Flare essentially gone
Flare essentially gone

An argument can be made for the need of a high resolution relay
lens with an aperture of f/1, and perhaps with a magnification of
around 1.5.
1967a).

This need has been pointed out earlier by Ford (Livingston

The magnification is recommended so that the finite resolving

power of the photographic recording emulsion does not limit the net

f/2 (EFFECTIVE f/4 at 1*1)

f/1.2 (EFFECTIVE f/2.4 at 1:1)
Fig. 3.

Image Detail Across Image Tube Face for Two Lens Apertures.

The photographs, recorded on IIa-0 emulsions, show the imaging properties of the Carnegie system from
the center to the edge of the field. The resolution is seen to increase when the relay lens is stopped
down from f/1.2 to f/2. The lens flare is decreased at f/2, but this effect cannot be adequately dem
onstrated on the reproductions here. Note that the faint "stars" against the "sky background" in the
lower left rectangle of the test pattern are essentially lost at f/1.21. The distortion at the edge is
caused by the image tube proper.
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resolving power of the system.

A design that may meet these requirements

has recently been described by Bowen (1967).

Effects of Recording Emulsion on Resolution
That resolution of the final image tube record is not entirely
limited by the phosphor iiqage and relay lens

but is also affected by

the recording emulsion, is demonstrated in tests carried out with two
photographic materials.

A comparison of the final recorded resolution

on both IIa-0 and baked Illa-J emulsions is made in Fig. 2 and Table 1.
(Note that a subscript B after an emulsion type indicates the emulsion
has been baked to increase its sensitivity.)

The baked Illa-J emulsion

is seen to provide increased resolution over the IIa-0.

Other charac

teristics of the baked Illa-J emulsion will be discussed later.
It is seen from Fig. 2 that the present Carnegie tube, when used
with a IIa-0 recording emulsion and an f/2 relay lens setting, has an
average resolution of 22 lp/mm.

This figure applies to essentially

half the photocathode diameter, or about 20 mm.

Using a baked Illa-J

recording emulsion, the average resolution is increased to about 27
lp/mm.

Ford (1967, private communication) feels the resolutions found

in the present investigation may be a little low compared to the aver
age Carnegie tube system.

Naturally, individual differences among image

tubes, focusing magnets, and relay lenses are to be expected.

Typical

resolutions reported by Baum et al.(1965) using IIa-0 recording emul
sions are 25-30 lp/mm.
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Direct Plate Resolution Measurements
The resolutions of several astronomical emulsions were also de
termined using the same Baum microprojector as was used for the image
tube.

The 103a series of plates were measured to resolve, on the aver

age, 67 lp/mm, the Ila series 73 lp/mm, and the I-N plates 81 lp/mm.
The significantly higher resolution obtained from the I-N emulsion seems
to be caused primarily by the higher contrast of this plate, rather than
a finer grain structure.

Resolution:

Concluding Remarks

It is clear that the Carnegie image tube system will resolve
only 1/3 to possibly 1/2 of the detail that can be resolved with the
common astronomical emulsions.

In certain applications this reduced

resolution will limit the usefulness of the image tube.

However, in

many applications, the focal length of the telescope may be increased
until the object observed is equally resolved with the image tube.

It

should of course be remembered that in direct astronomical photography
with moderately long focus telescopes, the resolution on the plate is
often "seeing-limited".

If the seeing disc is substantially larger

than the present measured resolution limit of 40 to 50

ym for the

image tube, there should exist essentially no difference in the image
resolution of direct or image tube photographs.
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Geometrical Properties
It is generally recognized that no image tube in use today has
enough freedom from geometrical aberrations to compete with photographic
plates in applications of critical positional measurement, and the Carn
egie system is no exception.

Judging from the qualitative information

that is available on other tubes, however, this tube compares favorably.

Fixed Geometrical Distortions
The over-all character of the geometrical distortion present in
the Carnegie tube is shown in the photograph of a rectangular grid re
produced in Fig. 4.
barrel distortion.
a straight line.

The most obvious distortions are "S-distortion" and
The former produces a slightly S-shaped image of

S-distortion is apparent in many magnetically-focused

tubes and is created by nonuniformities in the electric and magnetic
fields within the image tube.

Barrel distortion is caused by a decrease

in magnification toward the edge of the field.
ments of these distortions are given in Table 2.

Quantitative measure
The linear

Table 2
Magnification; S-Distortion for Carnegie Tube

Radius
(mm)
0
4
15
18

Magnifi
cation
1.015
1.015
0.952
0.878

Ay (mm)
0.000
0.000
0.104
0.180

Flfi* 4*

Geometrical Distn-n--

The distortions are
^ ^ Carnegie
Most obvious are S H-61"7 parent when this

"~
y
'

lth coinputer

Ima * e T"be.

•

S*VfI - -p°t"e
data PrXStxaonetailed "map"

magnification and the deviation from a straight line (indicated as
Ay in Fig. 4) are listed for selected field radii.

The values for a

given radius are averages of measurements taken at several position
angles.

The amount of local deviation from these average values is

significant.

For example, values of Ay at an 18 mm radius range from

0.200 mm to 0.149 mm.

Clearly, accurate corrections for the field dis

tortions will require a detailed "map" of the image tube field, and such
corrections will be troublesome unless computer reduction procedures
are used.

It is likely that if such an elaborate scheme were applied,

however, the positional accuracy of Carnegie tube photographs would
compare favorably with that of unaided photographic plates.

A recent

example of this type of data correction, successfully applied to accu
rate radial velocity studies obtained with a Carnegie tube spectro
graph, has been published by Ford and Rubin (Baum et al. 1968).

These

authors concluded that, with the particular correction scheme used by
them, a single measurement of a point on a spectral line was accurate
to within t2 ym.

Geometrical Stability
Besides geometrical distortion per se, an additional problem
with image tubes is geometrical instability; the electronic image is
displaced due to variations in electrostatic and magnetic fields.
The variations can either occur in the image tube apparatus or arise
from external sources.

Laboratory tests for image motion due to insta

bilities of the image tube and its associated electronics have been

29
negative.

Resolution patterns exposed as long as 6 hours were as well

resolved as ones exposed only a few seconds.
Regarding image motion due to external sources (such as the
changing magnetic field of the earth or the proximity of ferro-magnetic
objects) it is noted from actual telescope experiences that such an
effect has never been detected.

Based on the apparent lack of degreda-

tion of image quality on exposures of up to 3 hours, the image motion
must never have exceeded 50 iim.

Dark Background
The noise arising from background emission in image tubes often
limits the application of such devices in low light level investiga
tions.

Several tests were made in the laboratory in order to determine

the severity of the background emission for the present Carnegie tube,
but only an upper limit to this emission can be set from the available
tests.

This is because, even with a 4 hour exposure with the relay

lens at f/1.2, no background emission was photographically recorded.
Using reasonable assumptions of photographic plate sensitivity, image
tube light gain, etc., the laboratory data indicate that the background
emission is equivalent to less than 4 x 10"16 W/cm2 at 4200 A radiation
incident on the photocathode.

This agrees well with the RCA-determined

figure of 1.6 x 10"16 W/cm2 given earlier.
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Spectral Sensitivity
The basic spectral sensitivity of the Carnegie image tube is
that of an S-20 photocathode.

The average response for such a surface,

given in Fig. 5, is characterized by a peak around 4200 A and a red sen
sitivity extending to 8000 A.

Sensitivity in the red varies a great

deal from photocathode to photocathode, but essentially no useful re
sponse exists beyond 8500 A.
It is the purpose of this section to compare the relative sen
sitivities of the image tube and the photographic emulsions which woul4otherwise be used in low light level photography.

The quantity deter

mined here is the "blackening rate" of the image tube plates, relative
to the direct plate.

This may be defined simply as the ratio of expo

sure times required to obtain a specified density above fog for the com
parison plate and the image tube plate.
The photographic plates which have been chosen for comparison
are those which would normally be used at the particular wavelength in
question

and which in practice have been found to be best suited for

astronomical applications.

Recent improvement in the sensitivity of the

IIa-0 emulsion has resulted in its general acceptance as equal to or su
perior

to the 103a-0 in low light level astronomical photography (Mil

ler et al. 1966).

For radiation redward of 5000 A, however, the general

higher sensitivity of the 103a series of plates is still considered an
advantage for most direct photography, and therefore tests in the appro
priate wavelength regions were made with 103a-D, 103a-E and 103a-F
plates.

For the near infrared, comparison of the image tube and unhyper-

sensitized I-N plates was also made.
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Fig. 5.

Wavelength Response of Typical S-20 Photocathode of Carnegie
Image Tube.
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Sensitometric Test Apparatus, Procedure
For the spectral sensitivity tests a projector was built that
projected, with uniform illumination and low scattering, a "neutral
density" step wedge formed by layers of evaporated rhodium.

Although

it is often assumed that the relative transmissions of the various
wedges of such a filter are quite independent of wavelength, tests for
wavelength dependence made in the laboratory showed a definite depen
dence, indicating differences in the relative transmissions of greater
than 20 percent.

These measurements were made by normalizing the

"clear" portions of the wedge to 100 percent transmission and covered
the wavelength region from 3500 A to 7500 A.

The wedge was illuminated

by a Bausch and Lomb monochromator which was measured to have a passband at any one wavelength of less than 120 A.

The steps of the wedge

were further measured when projected in the entire projector system
using a photomultiplier cell.

The nonuniformities discovered in the

relative intensities were corrected for in the final data.
The sensitometric exposures were made at numerous wavelengths
by first exposing a IIa-0 recording emulsion through the image tube,
then a comparison plate, and finally a second exposure with the image
tube.

The relay lens was set at f/2 for these blackening rate tests of

the image tube.

The exposure times were selected

so that the result

ing densities on both the image tube and the unaided plates were as
equal as possible.

The times averaged 40 minutes for the unaided plates

and 80 seconds for the image tube plates

although there were variations

in both to account for wavelength sensitivity peaks and dips in the

photographic emulsions.

One long-exposure pair of plates was taken to

test for the effects of reciprocity failure.

A IIa-0 emulsion was ex

posed 30 minutes and 12% hours, respectively, for the image tube and un
aided exposures.

The image tube and unaided plate pairs for all the

above tests were always developed together in D-19 at 68°F for 4 min
utes, with careful control of temperature, time, and agitation during
the tray development.

In the case of the IIa-0 plates, the image tube

exposures and the direct plate exposures were on the same plate.

Be

cause the sensitivity of a IIa-0 emulsion is greater when developed in
D-76, compared to D-19, an appropriate correction was made in calculat
ing the final relative blackening rates.
The plates were all measured with Steward Observatory's JarrellAsh microdensitometer, and characteristic curves were plotted for each
set of plates.

Each set consisted of two image tube exposures and one

direct plate exposure.

To calculate the relative rates at which the

direct plate and image tube plate acquired a specified density, the rel
ative exposure times were used along with the intensity scale of the
characteristic curve for whatever interpolation was required.

Results, Blackening Rate
Two values of the relative blackening rate were determined for
each set of plates at a given wavelength.

One value was calculated for

the low plate density of 0.3 and another for the appreciably higher den
sity of 1.0.

The low-density tests are representative of a class of

astronomical problems involving the detection of weak signals in the

absence of background radiation.

The high-density tests, on the other

hand, are representative of those problems where it is desired to detect
and measure very low-contrast images against a strong background.

The

relative blackening rates of the image tube compared to the various
photographic plates are plotted as a function of wavelength in Figs. 6
and 7, for the low and high densities, respectively.

The average devia

tion in a measured value of the blackening rate is t3 percent.
It should be noted that for all wavelengths longward of 4500 A
the relative blackening rate is lower at high densities than at low den
sities.

This is because the direct plates show higher contrast than do

the image tube plates.
versed

Shortward of about 4300 A the situation is re

because of the wavelength dependence of contrast for the IIa-0

emulsion.

The contrast is constant for the image tube plates because

in the image tube the emulsion is always receiving the same spectral
distribution of light from the phosphor.

However, the contrast in the

corresponding direct plate changes as the wavelength of the incident
radiation is changed.

For the IIa-0 emulsion, the contrast becomes

less than that of the image tube when the wavelength is shorter than
4300 A.

There is of course a color dependence for the red-sensitive

plates as well, but they always show higher contrast than the image
tube plates over their respective wavelength regions.

Thus, the rela-

i

tive blackening rate for the image tube is always lower at high densi
ties when compared with red-sensitive plates.
When a baked Ilia-J emulsion is used as the recording emulsion
in the image tube, there are some changes in the relative blackening
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Relative Blackening Rate, Density = 0.3.

The rate at which an image tube plate obtains a specified density is ex
pressed relative to that of several astronomical emulsions in the above
plots. The recording emulsion used for the image tube was a IIa-0 and
the relay lens setting was f/2. The exposure times for the direct plates
were approximately 40 minutes. A single long-exposure test was made with
a IIa-0 plate by exposing the direct emulsion for 12h30m. The density of
0.3 is representative of a plate that has been minimally exposed to detect
high contrast objects against a weak background. In certain applications
the figure of merit of the Carnegie tube is nearly equal to the relative
blackening rate.
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Relative Blackening Rate, Density = 1.0.

The difference between this figure and Fig. 6 is the higher plate density
specified. This high density is typical of a sky-limited exposure, where
low contrast objects are to be detected against the night-sky background.
Data for the I-N plates were interpolated somewhat because the highest
plate densities were less than 1.0.
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rate characteristics.

The rate of blackening is decreased by the fac

tor 0.54 for the low densities and by the factor 0.76 for the high den
sities.

This makes the relative blackening rates fairly comparable for

both densities, as the contrast of the image tube plus baked Illa-J is
roughly equal to that of the direct plates.

Contrast Measurements (Gradient)
Measurements of the slopes of the characteristic curves were
made for the image tube and unaided plates.

A "mean" value for each

emulsion was determined by finding the slope of a straight line drawn
through the characteristic curve where it intersects the density values
of 1.0 and 0.3.

This contrast figure is commonly called the "gradient"

for the emulsion.

In the present case, the gradient values refer to

the most appropriate wavelength region for each particular emulsion.
The determined values of gradient are presented in Table 3.

Table 3

Gradient Values

Direct
plate

Gradient

IIa-0
103a-D
103a-E
103a-F
1-N

1.12
1.26
1.49
1.24
1.50

Image
tube
IIa-0
Illa-J

B

1.12
1.35

Spectral Sensitivity:

Concluding Remarks

The results of this investigation on the relative sensitivity
of the image tube compared to astronomical emulsions may be summarized
by stating that the image tube is about 25 times faster than unaided
plates over most wavelength ranges.

This figure applies to the image

tube when the relay lens is set at f/2 and a IIa-0 recording emulsion
is used.

Further, this speed gain is for a typical unaided plate expo

sure of 40 minutes--and the image tube correspondingly 25 times shorter.
If the image tube is exposed for 30 minutes, an unaided plate would have
to be exposed not only 25 times longer to obtain the same density, but
an additional exposure factor would be required because of reciprocity
failure.

For the long-exposure test with a IIa-0 emulsion carried out

in the laboratory, this factor was found to be 1.3. "It should be noted
that from Eastman Kodak data on reciprocity characteristics for their
plates (Eastman Kodak 1967), this exposure factor may be calculated to
be greater than 5.

The discrepancy between these two values indi

cates that for the IIa-0 emulsion, at least, the reciprocity character
istics have been improved since the last reciprocity curves were deter
mined by Eastman Kodak.
In one important region of the spectrum, the 6563 A Ha region,
the sharply peaked sensitivity of the 103a-E emulsion reduces the rela
tive blackening rate of the image tube to approximately 10.

In the

spectral region of 6800-7400 A the image tube is several hundred times
more sensitive than any existing photographic plate, but as the wave
length is further increased to 8000 A the image tube is only some 6

times faster than the I-N emulsion.

The I-N can in general be hyper-

sensitized enough to match the speed of the image tube at 8000 A and
beyond.

As was suggested earlier, however, it is suspected that this

particular image tube is somewhat less sensitive in the red and infra
red than an average Carnegie tube.

In any event, lack of sensitivity,

as well as a further lack of uniformity, limit the usefulness of this
tube for most applications beyond 7500 A.
It should be pointed out that the blackening rate of the image
tube can be increased by nearly a factor of 2 by using the relay lens
at f/1.5 instead of f/2.

If the particular application will allow the

reduced resolution and increased lens flare accompanying this faster
lens setting, then it should by all means be used.

An example of such

an application might be the search for objects with peculiar emission
features, using interference filters to isolate spectral regions just
off, and on, the emission wavelength.

Provided the contrast of the

images is sufficiently high compared to the surrounding background, the
increased lens flare would not seriously affect such an application, and
the increased speed would be significant.

Uniformity
A qualitative estimate of the photometric uniformity of the Car
negie tube can be obtained by visually studying Figs. 8, 9, and 10.

For

these photographs, the entire field of the photocathode was uniformly
illuminated by a distant point source of light.

The wavelength of the

illuminating radiation was 5500 A for Figs. 8 and 9

and was 8000 A for

Fig. 8.

Photograph of Uniformly-1 Humiliated Photocathode
at 5500 A, IIa-0 Recording Emulsion (Positive
Print).

The large-scale uniformity appears quite good although some
increase in sensitivity at the edges is detectable. The
small-scale sensitivity variations, forming patches and rip
ples, are just discernible above the grain noise of the IIa-0.
However, the pinholes are clearly seen. (See Fig. 9.)

Fig. 9.

High Contrast Photograph of Uniformly-Illuminated
Photocathode at 5500 A, Illa-J Recording Emulsion
(Positive Print).

This Illa-J record shows more clearly the large-scale sensi
tivity increase at the image tube edges than is shown on the
IIa-0 photograph in Fig. 8, and clearly reveals the individ
ual sensitivity patches and ripples of the image tube. The
most obvious patches are characteristically under 1 mm in
size and deviate in sensitivity some 3 to 5%. Their effect
on photometry is statistically small, but they may often
mimic faint objects and reduce detection. The general mot
tled pattern over the entire image tube surface affects the
photometry of 175 ym star images by adding only a 0.7% rms
error. However, threshold images may often be adversely
affected because the characteristic size of an element of
the mottle pattern may be that of a star image.

Fig. 10.

High Contrast Photograph of Uniformly-Illuminated
Photocathode at 8000 A, Illa-J Recording Emulsion
(Positive Print).

The nonuniform large-scale sensitivity in the infrared is
very apparent here; the edge sensitivity is increasing rap
idly compared to the center and there is an anomalous "hole"
in the middle of the photocathode. Comparing this photo
graph to the 5500 A plate of Fig. 9, it is seen that the
small-scale nonuniformities are unchanged with wavelength
and must be caused by the phosphors. The pinholes are en
larged, and are clearly on the photocathode. This particu
lar sample of the Carnegie tube may have less "sensitivity
and more anomalies in the infrared than average. No severe
anomalies exist in this tube for radiation wavelengths shortward of 7000 A.
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Fig. 10.

The recording emulsion in Fig. 8 was IIa-0 andj for this com

monly used emulsion, the response of the image tube appears moderately
uniform.

However, in Fig. 9, the nonuniformities of the image tube

response become quite apparent to the eye.

The increased prominence of

the nonuniformities in this figure results from using a fine-grained,
high-contrast, Illa-J recording emulsion.

By comparing the Illa-J pho

tographs in Figs. 9 and 10, the wavelength dependence of the nonuni
formities can be seen.
The nonuniformities of the image tube may be divided into four
basically different types according to their morphological structure.
First, there is a general "sensitivity profile", by which is meant the
smooth, large-scale

change in sensitivity.

From the figures, the sen

sitivity profile is seen to increase toward the edges of the field.
Second, there are several individual bright and dark "patches" and
*

"ripples" within the field.
holes".

Third, there are many small, dark "pin

Fourth, there is an over-all "mottle pattern" of small-scale

deviations that exists throughout the field of the image tube.

In ad

dition to these four main types of nonuniformities, there is a small
area in the center of the field that exhibits an anomalous decrease in
sensitivity to infrared radiation (Fig. 10).

A detailed description of

each of the above nonuniformities will be presented in the following
paragraphs.
at f/2.

For all the following measurements, the relay lens was set
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Sensitivity Profile
Determination for 4800 A radiation (small area illumination by
step wedge).

To determine the sensitivity profile of the Carnegie tube

at a typical wavelength, several step wedge patterns--illuminated by
4800 A radiation--were exposed throughout the field on a single image
tube plate.

As a control, direct plates were also exposed and processed

in an identical fashion.

Measurement of these direct plates showed

that the uniformity determinations were accurate to within ±2 percent.
The sensitivity of the image tube across its face, as obtained
by the reduction of this step wedge data, is shown in Fig. 11.

The

sensitivity is seen to increase with increasing radius from the center.
It should be pointed out that this increase in sensitivity toward the
edge of the field is not caused by higher effective quantum efficiency
but is caused by the decrease in magnification toward the outer portion
of the field.
Color dependence of sensitivity profile (full area illumination).
To investigate the color dependence of the sensitivity profile, image
tube (and unaided control) plates were taken under conditions of uni
form, full area illumination.
was varied from 3500 to 8000 A.

The wavelength of the illuminating light
Examples of these plates have already

been given in Figs. 8, 9, and 10.

The sensitivity profile determined

by scanning one such plate with a microphotometer is compared-in Fig. 11
to that determined from the step wedge data.

The difference in the

wavelength of the illuminating radiation is insignificant for the two
determinations.
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Full-Area vs. Small-Area Illumination Measurements
of Uniformity.

The "sensitivity profile" determined by projecting small-area step
wedges at several points across the image tube field is the correct
determination. The error bars for these data have been determined
from control exposures on direct plates. The apparent increase in
sensitivity at the edges is caused by the image demagnification due
to geometrical distortion. The measured sensitivity profile is dif
ferent when the photocathode is uniformly illuminated, and this is
caused by light-induced background.

Fig. 11 clearly shows a discrepancy between the two methods of
determining the sensitivity profile of the image tube.

This apparent

discrepancy may be explained by using the results obtained in the in
vestigation of the light-induced background presented in a later sec
tion.

The sense of the effect is that, when the photocathode is uni

formly illuminated, the center of the field receives proportionately
more background than the edge.

When the effects of the background are

allowed for, the apparent discrepancy in Fig. 11 is largely eliminated.
Thus, the sensitivity profile determined by the small area (step wedge)
illumination is the correct one.
Keeping in mind that the light-induced background prevents the
determination of the true sensitivity profile from the full-area illu
mination plates, these photographs can still be used to determine the
relative changes as a function of wavelength.
are presented in Table 4.

The data thus obtained

Note that the 5500 A data in this table are

the same as are plotted in Fig. 11.

It is seen from Table 4 that over

the spectral region of 3500 to 6700 A the relative sensitivity profile
changes very little.

In fact, the small differences indicated in the

profiles up to 6700 A can be shown to be caused by a color dependence
of the light-induced background.

Thus, the true sensitivity profile

remains essentially unchanged over this spectral region.

Changes do

occur, however, in the sensitivity profile beyond about 7000 A.

This

is shown by the 8000 A data of Table 4, where the edge of the field
tends to increase in sensitivity relative to the center.
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Table 4
Relative Sensitivity Profile Measured for Fully-Illuminated
Photocathode at Several Wavelengths^

Measured sensitivity normalized to center
Radius
(mm)

3500 A

5500 A

6700 A

8000 A

0.0
4.4
5.9
8.8
11.8
14.8
17.7

1.00
1.00
1.00
1.00
1.01
1.03
1.10

1.00
1.00
1.00
1.00
1.01
1.02
1.07

1.00
1.00
1.00
1.00
0.99
1.02
1.05

1.00b
1.08
1.10
1.15
1.22
1.33
1.45

a. No corrections have been made for the effects
of light-induced background in these data.
b. An anomalous small-area decrease in sensitivity
in the center at 8000 A was removed by a correction factor.

Origin of color dependence of sensitivity profile.

The sensi

tivity profile color dependence (beyond 7000 A) suggests that the
effect is associated with the input photocathode.

Apparently there is

over the photocathode an appreciable variation in the chemical proper
ties which determine the infrared sensitivity.

In addition to the

change in the sensitivity profile, the small area in the center of the
field that exhibits decreased infrared sensitivity must also be asso
ciated with the input photocathode.

These particular phenomena of the

Steward Observatory Carnegie tube may not be typical.
Significance of sensitivity profile.

It is concluded that in

order for accurate photometric measurement to be made with the Carnegie
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tube, definite corrections for the varying sensitivity will have to be
made.

These corrections will follow the profile given in Fig. 11, pro

vided observations are not made beyond 7000 A.

Such corrections-will

be straightforward for small objects superimposed on a uniform back
ground, where the background (both natural and light-induced) can be
clearly separated from the objects of interest.

Photometric measure

ments under these conditions should be only slightly less accurate when
made with the Carnegie tube than when made with unaided plates.
In those applications where the object cannot be unambiguously
separated from the background (e.g., surface photometry of faint ex
tended objects) accurate photometry will be difficult.

In such cases,

little more can be done as a means of correcting for the background
than to assume the input background is uniform and that the net re
corded background is similar to that given in Table 4.

This is prob

ably the best that can be done in practice to allow for the lightinduced background.

It will be shown in the next section that to

attempt a more accurate correction would most likely be futile.
Variation of sensitivity profile with position angle.

It

should be pointed out that the data presented above concerning the
sensitivity profile refer to average values, taken over several po
sition angles at given radii.

There are smooth variations of 2 to 3

percent with position angle that may be compared to the random varia
tions of 1 to 2 percent that are inherent in carefully processed pho
tographic plates (Latham 1966).

However, to properly correct for

the sensitivity variations of the image tube--making the large-scale
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photometric properties of the image tube in effect as good as those of
unaided plates—would require computer reduction of the data.

Patches and Ripples
The bright and dark patches and ripples number about 20 over
the field of the image tube and are particularly concentrated to the
left of center in Figs. 8, 9, and 10.

The longest dimensions of some

of the larger ripples and patches are 2 to 4 mm, but the average patch
size is less than 1 mm, and the narrow ripples are generally less than
0.1 mm wide.

The sensitivity for the most obvious nonuniformities has

been measured to deviate ±3 to ±6 percent from that of the surrounding
field.
The patches and ripples have been found to be independent of
the wavelength of the incident radiation.

This suggests that these

nonuniformities arise at the dynode and/or output phosphor.

Indeed,

their "watermark" structure suggests they may be caused by clumping and
stretching during the settling process in phosphor manufacture.
The statistical effect of these regions on stellar photometry
should be quite small because they occupy very little of the total sen
sitive area.

However, these same patches will make the study of faint

nebulosity, or other extended objects, considerably more difficult be
cause the patches will tend to "mimic" some of the expected character
istics of the objects studied.

The photometry of either a stellar

image or an extended area will of course be affected if the object lies
on one of these patches.
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Pinholes
The pinholes on an image tube photograph number about 30, are
distributed randomly over the field, and are characteristically 20 um
in diameter.

The diameters of several, but not all, of the pinholes

are significantly larger in the infrared.

Such a color dependence in

dicates that they are probably associated with the dynode and the input
photocathode.

It seems likely that these pinholes were formed during

the evaporation process of photocathode manufacture.

Their significance

in most photography applications of the Carnegie tube should be very
small because of their easily recognizable character and the insignifi
cant fraction of the total sensitive area occupied.

Mottle Pattern
Description.

To quantitatively measure the general mottle

pattern of the image tube, uniformly exposed plates were scanned with
a narrow microdensitometer slit of 5 * 125 ym.

The traces revealed

an undulating pattern superimposed on the normal fluctuations of the
photographic grain of the IIla-J recording emulsion.

Measurements of

this pattern show it to be characterized by a mean spatial period of
350 pm.

The rms sensitivity fluctuation for this mottle pattern is

found to be about 1.3 percent.

The maximum deviations, however, are

found to be about 4 percent, which are not very different from the
deviations of the more obvious sensitivity patches discussed earlier.
Just as in the case for the patches and ripples, the mottle
pattern has been found to be color independent.

Thus it is probable

that this pattern is also associated with the phosphors.
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Significance of mottle pattern.

The effect of the mottled sen

sitivity pattern should be similar to grain noise.

In the limiting

case, the contrast of an image against its surroundings will have to be
greater than that required for normal photography.

The effect may be

particularly strong for star images, realizing that the characteristic
size of an element making up the mottle pattern may be about that of a
typical star image.
A somewhat different problem than the reduced detectability of
threshold stellar images is the error introduced in conventional iris
If it is assumed that the size of a star image is

photometry of stars.

175 ym, the added noise to stellar photometry can be estimated by
representing the mottle pattern as a sinusoidal variation.

The rms

photometry error due to the mottle effect is then calculated to be
about ±0.7 percent, or ±0.008 magnitude.

The normal photographic

errors inherent in stellar photometry will of couse be added to this
value.

Realizing that typical probable errors in such photometry amount

to ±0.03 magnitude,

it is clear that the mottle effect will degrade

stellar photometry very little (see Chapter IV).
Comparison of mottle pattern and normal emulsion granularity.
Microdensitometer traces of direct photographic plates, using a 125 x
15 ym

slit, reveal an rms granularity of about 3.4 percent for the

103a series of plates and 3.0 percent for the IIa-0 plates.

The

granularity expressed here is in terms of intensity fluctuations, not
density fluctuations.
fog of about 0.65.

The values were determined for a density above
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The mottle effect of the image tube is almost hidden in the
plate grain noise when a IIa-0 recording emulsion is used; the granu
larity for the image tubq plus IIa-0 has been measured to be 3.4 percent, only some 11 percent greater than the IIa-0 alone.

For the image

tube plus baked Illa-J, the granularity is about 1.9 percent and the
mottle pattern is clearly affecting the value.

Internal Reflections Within Photocathode Faceplate
When initial tests were made of the Carnegie tube under condi
tions of full-field illumination of the photocathode, an unexpected
pattern appeared at the image tube output.

A photograph which vividly

demonstrates this pattern is reproduced in Fig. 12.

In this photograph

a mask was placed in front of the image tube so that only an outer por
tion of the photocathode was illuminated.

Studying this phenomenon re

vealed that the pattern was being caused by reflections from the re
flective metallic annulus that surrounds the input photocathode.

The

light reflected from this annulus was then reflected from the circular
wall of the photocathode faceplate and internally reflected again and
again between the two faces of the faceplate, producing the pattern ob
served.

The multiple internal reflections of the light initially fall

ing on the metallic annulus are clearly shown in Fig. 12.

For this

photograph the illuminating light was only slightly divergent at the
edge of the photocathode.

The distance between the photocathode and

the point source of illumination was 2.3 m.
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Fig. 12.

Internal Reflections from Illuminated Edge of Photocathode.

When initial tests for uniformity of response were made, this unexpect
ed pattern appeared when the photocathode was fully illuminated. In
this photograph only a small portion of the photocathode (pure white
area) was illuminated; such illumination clearly reveals the nature of
the pattern. Caused by reflections at the edge wall of the photocath
ode facep-late, the pattern was eliminated by adding a paper mask around
the entrance window. The importance of internal reflections within the
glass faceplates is strikingly pointed out in this photograph. Such
internal reflections undoubtedly augment the light-induced background
of image tubes—the subject of the next section. Note the faint induced
background over the entire photocathode.

Fortunately, the problem caused by these reflections may be
successfully eliminated by installing an opaque mask around the en
trance window of the image tube.

However, the discovery of the effect

did serve to point out the importance of internal reflections within
the photocathode window.

Such reflections are undoubtedly responsible

for some of the light-induced background present in the Carnegie image
tube and possibly in other image tubes.

Light-Induced Background
It would be well to explain the convention used in this paper
for describing all light-induced backgrounds.

When such a background

component is recorded, it is expressed in terms of an equivalent inci
dent light that would render a similar final record on an ideal image
tube (with no induced background).

This hypothetical light is always

expressed as a percentage of the true incident radiation.

Background from Small Spot
To examine the nature of the light-induced background of the
Carnegie tube, a 2.5 mm diameter spot of light was projected onto the
photocathode with an f/13 lens system.

Plates were exposed long enough

to clearly record the faint background surrounding the image of this
spot (see Fig. 13).

The wavelength of the illuminating radiation was

varied from 3500 to 8000 A to investigate the color dependence of the
background.

Analysis of the plates indicates that the light-induced

background consists of two different components and suggests the princi
pal causes of the background in the Carnegie tube.
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Fig. 13.

Photograph Showing Nature of Light-Induced Background.

The rings surrounding the highly overexposed spot are caused by inter
nal reflections in the phosphor output window. The smooth component of
the induced background is caused by the light that is transmitted by
the photocathode and is subsequently scattered back to it. Measurements
of these components are plotted in Fig. 14. The ghost image appearing
diametrically opposite the input image is insignificant in contributing
to the total induced background.
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Color dependent, smooth component.

There is a relatively

smooth component of background that gradually diminishes in strength
with increasing distance from the image.

On photographs of this compo

nent, certain small defects of the input photocathode are plainly visi
ble.

This clearly indicates that the background is caused by emission

from the photocathode.

In addition, this component is found to be

color dependent; the relative amount of background increases as the
wavelength of the incident radiation is increased.

It is concluded

from the above characteristics that this background component is caused
by scattering of the incident radiation in the following manner.

A

certain portion of the incident radiation is transmitted by the semitransparent photocathode and is subsequently reflected and scattered
from the dynode phosphor and possibly the image tube walls.

Some of

the scattered light is eventually returned to the photocathode.
The distribution of the color dependent induced background is
shown for two different wavelengths of the incident radiation in Fig. 14,
where the intensity is plotted as a function of distance from the image
of the illuminating spot.

Straight lines are seen to fit the data

points rather well.
Color independent component.

Once the background described

above is removed from the data, the remaining background is found to be
independent of the wavelength of the incident radiation.

This compo

nent is represented in the photograph of Fig. 13 by the concentric
rings surrounding the spot target.

The diffuse light immediately sur

rounding the spot is also part of the color independent component.

The
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Plot of Induced Background of 2.5 mm Spot.

The induced background—plotted here as a fraction of the
intensity of the 2.5 mm spot--is composed primarily of
two parts. One is the color dependent background caused
by the transmitted and scattered light originally forming
the image on the photocathode. The other is the diffuse
scattered light and internal reflections occurring within
the output phosphor window.
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intensity in the rings and nearby diffuse light is plotted in Fig. 14.
The concentric ring structure suggests that this background component
is caused primarily by internal reflections within the input or output
window, but the color independence and the expected Lambertian radia
tion law for the phosphor suggests that it is the output window that is
mainly involved.

A portion of the diffuse light immediately surround

ing the spot image may arise within the multiplying dynode of the tube.
Another background component that is independent of wavelength
is a "ghost" image occurring diametrically opposite the primary image.
(See Fig. 13.) The intensity of this ghost is about 3 * 10-Jt that of
the primary image.
derstood.

The cause of the ghost image is not presently un

Its contribution to the total background is insignificant,

however.

Calculations from the Background Photographs
Using an appropriate model and the numerical results obtained
from the background photography it is possible to predict the amount of
light-induced background that will be present when the image tube is
uniformly illuminated over its entire field.

The model for the scat

tered incident radiation (color dependent component) follows straight
forwardly from the data of Fig. 14.

Assume there is a uniform incident

radiation, of intensity IQ, falling on the photocathode.

Then the in

cremental intensity, dl, of induced background due to the radiation in
cident on an incremental area, dA, at a distance, r, from the point un
der consideration is
dl = I

(ar - b) dA.

The constants, a and b, may be determined from the background data for
a given wavelength of incident radiation.

For the concentric ring

(color independent) component of background, the intensity of the back
ground received from the nth ring may be represented as
I = a I (2Trr_).
n
n o
n-'
Here, 2irrn is the circumference and an is a constant for the nth ring
in the present model.
The above expressions have been integrated (color dependent
component) and summed (color independent component) over the appropri
ate limits to give the background at the center of the image tube.
Such calculations are of course possible for any point in the image
tube field, but the boundary conditions become rather complex for any
point other than the center.

These calculations show that the inten

sity of the color independent background is 4.0 percent of the incident
intensity.

The color dependent background arising from the scattered

incident light is about 14 percent at 3500 A and 29 percent at 8000 A.

Background for the Fully-Illuminated Photocathode:

A Test

A second, more direct, method has been used to determine the
amount of light-induced background under conditions of a fully-illumi
nated photocathode.

In this test exactly half of the field, a 180°

sector, was illuminated.

Measurements of the background were made near

the boundary of the illuminated portion, and the resulting values were
multiplied by 2 in order to approximate the background for full photo
cathode illumination.

The values thus obtained are presented in
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Table 5.

A comparison between these values and those predicted from

the spot photographs shows the agreement is quite good.

Table 5
Light-Induced Background at Three
Wavelengths for Fully-Illuminated Photocathode

Wavelength

Edge
(18 mm)

3500 A
5500 A
8000 A

Light-Induced Background:

Center
21 %
26 %
36 %

13 %
18 %
31 %

Prediction
from spot
photographs
(center)
18 %
33 %

Concluding Remarks

The results of the above study of light-induced background in
dicate that this particular shortcoming of the image tube can be one of
the most severe in certain applications.

The facts that the background

is color dependent, affects the center more than the edge when the
image tube is uniformly illuminated, and is generally dependent on the
distribution of light in the incident image make the correction fojr
this background rather difficult.

A few numerical examples should in

dicate the extent of the difficulties.
When photographs of astronomical objects are taken with no
bright star in the field, the most important effect of the induced
background will be that of effectively increasing the night-sky back
ground by about 25 percent.

The actual amount will depend on wavelength

and position in the" field according to Table 5.

(More accurate values

for this background will be difficult to predict because of the complex
ities involved in the scattered light component.

For example, the back

ground should depend on the focal ratio of the input optics to the
image tube.)
The additional corrections required by the effects of lightinduced background have been discussed in the section concerned with
uniformity of the image tube.

With such corrections, photometric mea

surements with the Carnegie tube should be only somewhat less accurate
than normal photographic photometry.

In addition to the photometric

uncertainties, the 25 percent increase in background will undoubtedly
affect the signal-to-noise ratio of faint objects.
Whenever a bright object happens to be in the field, the back
ground may seriously compromise the photometric capability of the tube.
Using the data of Fig. 14, the following calculation can be made re
garding iris photometry of star images:
error of more than 0.01 magnitude

In order to avoid a systematic

caused by the radial variation in

induced background from a bright star, the star must be no more than 12
magnitudes brighter than the faintest stars measured.

(It is assumed

in this calculation that the variation in background has not been cor
rected for by making individual "sky" measurements around each star.)
Thus, if photometry is to be made of twentieth magnitude stars, an
eighth magnitude star in the field must either be avoided or at least
masked from the photocathode.
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Limiting Detectable Signal
It is well known that an object must have sufficient contrast
with respect to its background if it is to be detected with a photo
graphic plate.

In addition, for a specific photographic emulsion,

there is an optimum density to which the background must be exposed in
order to record the limiting detectable signal.

Thus, two important

specifications of a given plate (or plate-image tube combination) are
the contrast of the limiting detectable signal and the optimum density
required for limiting detection.
To study the limiting detection capability of the image tube
and astronomical plates, the Baum microprojector was used to expose its
"astronomical test pattern" to the various plates of interest.
test pattern was illustrated earlier in Fig. 3.

This

The portion of interest

here is the lower left hand rectangle, which contains a sequence of
five simulated star images against a sky background.

Each of the stars

is 80 pm in diameter and the flux received from each is, respectively,
40, 25, 16, 10, and 6 percent above that received from the background.
These figures may be expressed also as equivalent to stars being 1,
1.5, 2, 2.5, and. 3 magnitudes fainter than the "sky" background.
For the various emulsions tested, the limiting magnitudes below
sky level and the sky densities for the optimum exposures are presented
in Table 6.
plates.

The densities listed here include the fog levels of the

Realizing that the optimum density values are significant

within only a few tenths, it is seen that they are essentially identi
cal for all the emulsions tested.

The limiting magnitudes reported in
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Table 6 for direct plates are about one magnitude fainter than those
reported by Baum (1962b), and the reason for this is not clear.

How

ever, the important figure here is the difference in limiting magnitude
between the direct and image tube plates, and only to a lesser degree
the actual values.

Table 6
Limiting Magnitude Capability, Optimum Density

Direct
plate

Magnitude
below sky

Optimum
sky density

Fog
density

IIa-0
103a-E
I-N

2.5
2.5
3.0

1.3
1.4
1.2

0.1
0.2
0.1

2.0
2.5

1.2
1.3

0.1
0.3

Image
tube
IIa-0
Illa-Jg

The important conclusions to be drawn from the data in Table 6
are that the image tube suffers about a half-magnitude loss in limiting
magnitude, compared to most direct plates, when a IIa-0 recording emul
sion is used, and this loss apparently is gained back by using a baked
Illa-J recording emulsion.
It should be pointed out that a particular shortcoming of using
the Baum microprojector in determining the limiting magnitude capability
of an image tube is that only a small portion of the field is illuminated,
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and the light-induced background is not as severe as it would be in an
actual full-field photography application.

The increase in effective

sky background due to this phenomenon should reduce the limiting magni
tude of the image tube aji additional 0.3 magnitude.

Additional Photographic Plate Tests
It has already been mentioned that the Illa-J emulsion offers
certain advantages over a IIa-0 emulsion as the recording plate for the
image tube.

These advantages include higher resolution, higher con

trast, lower granularity, and an increased storage capacity.

Unfortu

nately, the Illa-J is about 9 times slower than the IIa-0 when used
with the image tube.

Baking tests were thus initiated with several

different baking times and temperatures in an attempt to increase the
speed of the Illa-J emulsion.

The results of these baking tests for

the Illa-J, as well as the IIa-0, are given in Table 7.

The relative

speeds are given for a density above fog of 1.0, and all speeds are

Table 7
Baking Properties for Plates

Speed relative to IIa-0
Plate
IIla-J
IIla-J
Illa-J
IIla-J
IIa-0

Baking conditions
Unbaked
48 hr at
18 hr at
24 hr at
48 hr at

50°
65°
65°
50°

Image
tube

C

0.11
0.28

C
C
C

0.60
0.77
1.18

4200 A
direct

Fog

.06
.12
0.56

.17
.25
.16

normalized to that of an unbaked IIa-0 developed in D-76 at 68°F for
15 minutes.

The exposure time for all the plates was 30 minutes.

It should be pointed out that the image tube phosphor radiates
a significant amount of light at wavelengths beyond 5000 A, where the
sensitivity of the IIa-0 has been lost, yet where the sensitivity of
the Illa-J is peaking.

Therefore, the relative speed of the Illa-J

compared to the IIa-0 will generally be more favorable when both are
exposed in the image tube than when directly exposed to blue monochro
matic light.

This effect is confirmed in Table 7 by the one set of ex

posures made to 4200 A radiation.
In this study it was concluded that the optimum baking condi
tions for the Illa-J are to bake the plates for 24 hours at 65° C.

In

creasing the baking time or temperature much beyond this increases fog
drastically.

It is not really the fog itself that is the limiting fac

tor, however, but rather the uniformity of the fog.

In fact, the

baking procedure used produces rather unreliable photometric response
for the Ilia-J plates.

The variation in fog can affect the photometry

by as much as 9 percent according to microdensitometer measurements.
In addition to the fog nonuniformity, sensitometric measurements have
shown a variation in sensitivity of as much as 10 percent over a
2><2 inch plate.

Because the variations generally change smoothly,

they are seldom apparent when the plates are inspected visually.
In Table 7 note that baking the IIa-0 emulsion according to
past recommendations results in little speed gain.

This is in

agreement with the experience of other observers concerning recent
IIa-0 plates.

Comparison of D-76 and D-19 Developers
One other test of photographic plates that should be mentioned
is the comparison of the relative speeds of IIa-0 plates developed in
D-76 and D-19 developers.

Because of the longer development time of 15

minutes for D-76, as compared with 4 minutes for D-19, many investiga
tors prefer to use D-19 for IIa-0 plates.

The increase in speed by

using D-76 developer, however, more than merits the use of this devel
oper in applications where plate speed is important, according to the
present investigation.

The relative speed of a IIa-0 developed in D-19

and D-76, as well as a baked Illa-J (24 hr at 65° C) developed in D-19,
may be calculated from the set of characteristic curves which are
plotted in Fig. 15.

These curves apply to the respective plates ex

posed for 30 minutes in the image tube.

There is an obvious difference

between the contrast of the baked Ilia-J and IIa-0, as has been pre
viously discussed, and there is also a slight difference in the con
trast for the IIa-0 plates developed in the two developers.

The speed

gain obtained by developing a IIa-0 in D-76, compared to D-19, is 1.72
at a density of 0.3 and 1.56 at q. density of 1.0 above fog.

A similar

test of developers was made for the baked Illa-J plate with the result
that the speed was decreased about 20 percent when developed in D-76
and the background fog was increased in density by 0.23.

Clearly D-19

is the better of the two developers for the Illa-J emulsion.
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Fig. 15.

Characteristic Curve Comparisons for Recording Emulsions.

All three plates were exposed for 30 minutes in the image tube. The
increased contrast of the baked Illa-J over the IIa-0 is very appar
ent. The increased effective speed of the IIa-0, by developing in
D-76 instead of D-19, is also very clear. Depending on the research
requirement, either the higher-speed, more photometrically-reliable
IIa-0,or the higher-resolution, higher-storage capacity baked Illa-J
emulsion may be chosen.

CHAPTER III

QUALITY CRITERIA FOR IMAGE TUBES

The definition of appropriate quality criteria for radiation
detectors has been the subject of numerous papers over the past two
decades; a great deal of effort has been spent attempting to quantita
tively rank such detectors according to some specific merit function.
In this chapter we shall discuss the figures of merit which have been
most generally useful and by which image tubes can be compared.

We

shall see that the individual performance characteristics of a particu
lar tube (such as those presented in the last chapter) and the
particular requirements of a given application more often determine the
usefulness of a tube than any single figure of merit.

Detective Quantum Efficiency
A concept that was introduced by Rose (1946) and has since been
expanded by Jones (1959) is the "detective quantum efficiency" (DQE) of
a detector.

There are earlier papers by Jones, but the reference given

above summarizes well this earlier work and includes a survey of the
DQE for numerous radiation detectors.

The same concept, under the des

ignation "equivalent quantum efficiency", has been discussed by Fellgett (1958a,b).
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Definition of Detective Quantum Efficiency
The DQE of a detector may be defined as the'square of the out
put signal-to-noise ratio of the detector divided by the square of the
input signal-to-noise ratio of the incident radiation.

Symbolically,

(S/N) out
DQE = ,
— .
(S/N)?
v
'in

(!)

Note that there is a significant difference between the "detec
tive quantum efficiency" defined above and the commonly accepted con
cept of "quantum efficiency"--designated without the prefix "detective".
In the standard concept, quantum efficiency may be defined as the ratio
of the number of independent output events (or photoevents) to the num
ber of incident photons.

For a certain detector, the detective quantum

efficiency is numerically equal to the standard quantum efficiency only
if no noise is added by the detector.
is added to the final record.

In most real photodetectors noise

Thus, it is clear that the detective

quantum efficiency of a real detector will generally be lower than the
actual quantum efficiency of the photosensitive surface.

Detective Quantum Efficiency for a Photographic Emulsion
Jones (1959) has developed an expression for the DQE of a pho^—
tographic emulsion in terms of quantities measured in the laboratory.
The expression may be written as

e)2

DQE o2nAt

•

(2)
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Here, y is the slope of the density-log exposure curve and a is the rms
granularity of the photographic emulsion.

The rms granularity is ex

pressed in density units and is obtained by scanning the photographic
record with a microphotometer slit of area A.

The number of photons

per unit time per unit area received from the incident radiation is
represented by n and the exposure time is represented by t.

Detective Quantum Efficiency of Carnegie Tube Relative to Direct Plates
It is possible to compare the DQE of the Carnegie image tube
with the DQE's of the astronomical emulsions tested in the laboratory
by using the data presented in the previous chapter.

It should be

pointed out that in the laboratory no determination was made of the ab
solute intensity of the incident radiation used to expose the image
tube and unaided plates.
can be made.

Thus, no absolute determination of the DQE's

However, the relative DQE's of the Carnegie tube and the

unaided plates can be determined.
The expression used to calculate the relative DQE's is derived
from Eq. 2 as follows, where the subscripts IT and DP designate values
for the image tube and direct plate, respectively:

Kylog (e)2
[—o*t"
(DQE)IT
L
o t
j __
Relative DQE = (pQE^^ = 7
3:;
.

The ratio of exposure times,

in Eq. 3 has been presented in

Chapter II as the relative blackening rate.

The values of a/ylog e

have been presented in Chapter II in the section dealing with

(3)

granularity.

(It should be pointed out that o/ylog e is merely expres

sing a as a fractional variation in intensity rather than a variation
in density.)
Eq. 3.

Note that the terms A and n of Eq. 2 do not appear in

This is because these terms are the same for the image tube

and direct plate records and thus cancel in the relative DQE expres
sion.
Table 8 lists the DQE of the Carnegie tube relative to the var
ious direct plates tested in the laboratory.

The values apply to a

plate density above fog of 0.65--which is considered representative of
the plate densities encountered in practical applications.
relative DQE values are given for the image tube.

Two sets of

One set applies to

the image tube when a IIa-0 is used as the recording emulsion and the
other applies when a baked Illa-J is used.

In Table 8 the relative DQE

has been calculated near the wavelength of maximum sensitivity for the
direct plate being compared.

Thus, the relative DQE's listed in Table

8 tend to lavor the direct plate.
Table 8 indicates that a typical value of the relative DQE for
the image tube used with a IIa-0 recording emulsion is around 15.

No

table departures from this figure exist for the 6563 A spectral region
and the 8000 A spectral region.

These departures are basically caused

by the peaked sensitivity of the 103a-E emulsion at 6563 A and by the
general lack of sensitivity of the Carnegie tube at 8000 A.
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Table 8
DQE of Carnegie Tube Relative to Direct Plates
(for a Density Above Fog of 0.65)

Relative DQE of Carnegie tube
for two recording
emulsions
a

Direct
plate

A (A)

IIa-0

Illa-J

IIa-0
103a-D
103a-E
103a-F
I-N

4500
6150
6563
6700
8000

17
16
11
25
6

36
34
23
52
13

The relative DQE of the image tube is increased essentially by
a factor of 2 by going from the IIa-0 to the baked Illa-J recording
emulsion.

The reasons for the higher performance of the Illa-J are its

higher contrast and lower granularity, coupled with only a slightly re
duced sensitivity (when baked) relative to the IIa-0 .

Significance of Relative Detective Quantum Efficiency
To provide a clear understanding of the relative DQE a few
characteristics of this figure of merit should be mentioned.

In the

present discussion consideration is given only "to images for which the
finite resolution of the detector is not important--that is, images
that are sufficiently large in comparison to a resolution element.
effects of limited detector resolution will be discussed in a later
section.

The
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Consider three photographic plates taken of the same object
under the following conditions.

One plate is an unaided exposure made

at the prime focus of the telescope.

A second plate is a Carnegie tube

exposure and is also made at the prime focus.

The exposure time for

the Carnegie tube exposure is such that the plate density is equal to
that of the unaided photograph.

A third plate is also a Carnegie tube

exposure,but it is made at a longer focal length.

The exposure time is

equal to that of the unaided photograph and the plate density is equal
to that of the other two plates.

(The telescope focal length for this

last plate is clearly specified by the prescribed exposure time and
plate density.

Such a choice is merely a convenience for purposes of

the following discussion.)
The relative DQE presented in Table 8 may now be interpreted in
the following manner.

For the direct and image tube plates exposed at

the same focus, the input signal-to-noise

for the Carnegie tube expo

sure is considerably less than that for the direct plate.

(Note that

the input signal-to-noise ratio is proportional to the square root of
the exposure time.)

On the other hand, the output signal-to-noise ratio

of the image tube is only somewhat less than that of the direct plate.
The somewhat lower signal-to-noise ratio of the image tube record is
due to the mottle pattern and other noise sources in the Carnegie tube.
The relative output signal-to-noise ratio for the two records may be
calculated using the respective exposure times and the appropriate
relative DQE value.

For the image tube exposure made at the longer focal length,
the exposure time—and therefore the input signal-to-noise ratio--is the
same as that for the direct plate.

On the other hand, the output signal-

to-noise ratio of the image tube is better than that of the direct plate.
The factor by which the signal-to-noise ratio has been improved is the
square root of the relative DQE (from Eq. 1).
It should be kept in mind that increasing the focal length of a
telescope necessarily reduces the field covered by the image tube.
This fact will of course be important in certain applications.
The above two examples illustrate the basic significance of the
relative DQE as a figure of merit.

The "gain" of the image tube over

the unaided plate predicted by the relative DQE can be thought of as a
reduction in exposure time, an increase in final signal-to-noise ratio,
or a combination of both.

The manner in which the gain is utilized will

depend on the manner in which the image tube is applied to a specific
problem.
It is important to point out that the DQE of a photographic
emulsion appears to be strongly dependent on the plate density.

Ac

cording to Fellgett (1958a), Jones (1958), and others, the DQE gener
ally reaches a maximum at fairly low densities and then falls off at an
increasing rate as the density (or exposure) is increased.

Because of

the above characteristics, there is an optimum density to which a pho
tographic emulsion must be exposed in order to provide the maximum out
put signal-to-noise ratio. It is this density to which the sky background is
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exposed when the faintest stellar objects are recorded by direct pho
tography (cf.

Marchant and Millikan 1965).

In Chapter II evidence was presented that the shape of the
characteristic curve of a Carnegie tube photograph is essentially the
same as that obtained by exposing the recording emulsion directly to
the incident radiation.

Further, the optimum background density for

recording limiting detectable signals with the Carnegie tube was shown
to be essentially the same density as that for the unaided photographic
emulsion.

An argument may thus be made that for the Carnegie tube the

DQE versus density curve is very similar to that of the photographic
material being used as the recording emulsion.

This hypothesis gives

added reason for comparing the DQE's of the Carnegie tube and reference
emulsions at the same density.
Note that for other image tubes, particularly the type with
very high gain, there may be little correspondence between the DQEdensity curve of the final image tube record and that of the original
recording emulsion.

Evidence presented by Lynds (1968, private commu

nication) indicates that the DQE-density function of the IIa-0 emulsion
is entirely changed when it is used to record the output of the English
Electric Valve image tube.

Information Rate
Another figure of merit for image tubes has been proposed by
Baum and is called the "information rate" (Baum et al. 1963).

Baum's

information rate applies specifically to photographically recorded

information and thus has been used in the past to compare image tubes
and conventional photographic emulsions.

Definition of Information Rate
The rate at which information is recorded, according to this
concept, is expressed in terms of the resolution, R, in line pairs per
millimeter, the exposure time, t, required to obtain a prescribed den
sity above fog by exposure to a given intensity, and the rms granular
ity, a, of the photographic record.

These values are determined exper

imentally be exposing the detectors under test to the same optical
image.

The dependence of the information rate on these parameters is

given by Baum as
Information Rate «

R2

.

(4)

o2t
This figure of merit has generally been used only to compare the rela
tive performance of devices and thus no constants of proportionality
have been specified.

Granularity Term of Information Rate Formula
The argument given for the dependence of the information rate
on the inverse square of the granularity is based on two assumptions.
First, it is assumed that the density of the exposed plate is linearly
proportional to the number of exposed grains per unit area in the emul
sion.

Second, it is assumed that the granularity, a variation in den

sity, is proportional to the square root of the number of grains per
unit area.

These two assumptions lead to the result that, when dif

ferent emulsions are exposed to the same density, the relative number
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of grains per unit area is given by the inverse square of the relative
granularity.

In Baum's concept the information collected by a receiver

is directly proportional to the number of recorded photoevents (grains)
per unit area.
Unfortunately, there is considerable doubt about the validity of
the two original assumptions used in deriving the granularity depen
dence.

For example, if the assumptions were strictly true, then the

granularity of a given emulsion would vary as the square root of the
density.

In practice, such a relationship between granularity and den

sity is seldom observed (cf.
1958).

Jones 1958; Zweig, Higgins, and MacAdam

Every photographic emulsion appears to have a unique granular

ity-density relationship.

Thus, it seems unlikely that a measurement

of the relative granularities of two emulsions can accurately provide
the relative number of grains per unit area.
An additional argument can be made that the granularity term in
Baum's formula does not provide the correct grain number.

In certain

image tubes the output contains a fixed noise pattern due to nonuniformities.

(An example is the mottle pattern of the Carnegie tube.)

Clearly the measured granularity in a record from such a tube is caused
by more than just the statistical variation in the number of grains.

Resolution Term of Information Rate Formula
The following example has been presented to explain the depen
dence of information rate on the square of the resolution.
two image tubes differ in resolution by the factor R.

Assume that

In this case it

would be possible with the higher resolution tube to reduce the focal

length of the telescope until the original scene was recorded with the
same degree of resolution as was previously accomplished with the lower
resolution image tube.
tor 1/R.

The reduction in focal length would be the fac

Correspondingly, the exposure time required to obtain the

same density would be reduced by the factor 1/R2.

To properly take

resolution into account in detennining the information rate of a detec
tor, Baum thus argues ^hat the granularity and exposure time terms of
Eq. 4 must be multiplied Jjy the square of the resolution.

(Note that

in applications where there is no spatial information in one dimension,
such as in the case of a stellar slit spectrograph, Baum states that
the dependence of information rate on resolution is to only the first
power.)
However, the above argument does not consider an important
consequence of decreasing the exposure time and focal length for the
higher resolution detector.

In the final record of a given area of the

scene there will be 1/R2 fewer grains because of the reduced area of
the image.

This in turn suggests that the information recorded of a

given area in the scene has been decreased by 1/R2.
The amount that the information rate is decreased__according to
the above argument is exactly the amount that the information rate is
increased according to Baum's argument.

Clearly, when both arguments

are considered, the fate at which a detector gathers information is
essentially independent of its inherent resolution.

This important

point will be further explained in the following section.
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Detector Resolution
In discussing the limited resolution of an image tube one fun
damental point must be kept in mind.

If an image tube is operated so

that every photoelectron from the photocathode is recorded with equal
significance, then increasing the telescope focal length and exposing
for the same time will not change the number of recorded photons of a
given element in a scene.
so that the

smallest

Therefore the focal length may be chosen

element of interest is clearly resolved.

This

element may then be recorded with a signal-to-noise ratio that is un
affected by the limited resolution of the detector and that is deter
mined only by the number of photon events that can be recorded.
Note, however, that for the Carnegie tube, the assumption that
every photoelectron is recorded with equal significance may not be
strictly true.

That is, the effective quantum efficiency (or DQE)

appears to be a function of the plate density.

This effect may change

somewhat the signal-to-noise ratio (or information) of a previously
resolved spatial detail when the focal length of the telescope is in
creased and the exposure time is unchanged.
Poor detector resolution can, of course, impose important lim
itations in certain applications.

A practical example is where the

telescope focal length cannot be adjusted and where, at the same time,
spatial detail finer than the resolution limit of the image tube must
be distinguished.

In this case, a standard photographic emulsion may

prove to be superior because of its higher resolution.

On the other

hand, there are several applications involving photography with long

I
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focal length telescopes where the final resolution is generally limited
by atmospheric seeing.

Here the difference in resolution between an

image tube and direct plate is completely inconsequential.
There is one additional effect of limited resolution that has
not been explicitly discussed.

In comparing an image tube to photo

graphic emulsions, the low resolution and small format of the image
tube means that it has a relatively small total number of resolution
elements.

Thus, the image tube simply cannot compete with a photo

graphic emulsion in those applications where a very large number of re
solvable elements are to be recorded.

Examples of this type of appli

cation are large-field direct photography and coud6 spectroscopy.

Concluding Remarks
From the discussions presented in this chapter it may be con
cluded that one significant figure of merit for image tubes and photo
graphic emulsions is the detective quantum efficiency.

In many situa

tions the detective quantum efficiency permits predicting the relative
output signal-to-noise from two detectors.

However, it must be real

ized that there are several practical limitations to this figure of
merit.

For example, in the case of the Carnegie tube, the detective

quantum efficiency does not adequately take into account the manner in
which the discrete nonupiformities (patches, ripples, and mottle pat
tern) affect records of specific astronomical objects.

Also, the

light-induced background is not explicitly taken into account.

Clearly
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the effects of these phenomena will depend on the type of object ob
served , and the importance of the effects will depend on the require
ments of the research problem.
Another significant performance criterion of an image tube is
resolution.

This characteristic often restricts the types of problems

that can be solved with a specific tube.

It has been pointed out that

resolution should be considered separately from the detective quantum
efficiency (and information rate) of a detector.
Besides the specific quality criteria that have been discussed
in this chapter, there are many other characteristics of an image tube
that can be of importance in certain applications.

These phenomena,

which have been discussed for the Carnegie tube in Chapter II, include
light-induced background, geometrical distortion, sensitivity profile,
etc.

Each of these characteristics can be highly significant or en

tirely inconsequential in different applications.

Clearly, to predict

the success with which an image tube can be applied to a particular re
search problem, a considerable amount of information is required beyond
that which is supplied by any single figure of merit.

CHAPTER IV

OBSERVATIONS AT THE TELESCOPE

In this chapter the results of observations made at the Steward
Observatory 36-inch telescope are summarized.

Several different types

of observations were made in order to cover the wide variety of appli
cations actually encountered in long exposure astronomical photography.
The results serve to check the predictions that have been made from the
laboratory tests and, at the same time, serve to extend the laboratory
evaluation.

Observing Procedure
A photograph of the Carnegie image tube mounted and ready for
observing at the Newtonian port of the 36-inch reflector is shown in
Fig. 16.

The procedure used at the telescope in preparing and operating

the Carnegie tube may be described as follows.

The image tube and volt

age divider are mounted onto the double-slide plateholder with a
set of heavy-duty clamps.

The wires leading from the image tube are

checked to be securely fastened to the voltage divider terminals, and
the high voltage cable is connected to the power supply, which is placed
on the observing platform.

The cable is secured to the telescope tube

at appropriate points to prevent it from interfering with the moving
portions of the telescope and platform.

A resolution target projector

is installed at the photocathode end of the image tube.
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(Entrance to the

Fig. 16.

Carnegie Image Tube at the Telescope.

The image tube system is shown here mounted in the automatic
guider assembly at the Newtonian port of the Steward Observa
tory 36-inch telescope. The image tube extends left from the
plateholder, and its voltage div£cT8? is attached underneath.
The automatic guider photomultiplier housing extends to the
right, perpendicular to the image tube. On the observing
platform are the high voltage power supply for the image tube
(left) and the electronics rack for the automatic guider (right).
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photocathode end is provided by a door in the wall of the double-slide
plateholder.)
tube.

An eyepiece is installed at the relay lens output of the

The high voltage supply is turned on and the voltage is slowly

brought to 20 kV.

During this step the phosphor output is often checked

for any unusual flashes or luminance by viewing with the eyepiece.

Also,

the voltage cables are checked for anomalous electrical discharges.

Two

hours warmup time is allowed with the high voltage applied in order for
the system to stabilize.

Then, the resolution target projector is

turned on and the relay lens image is examined with the eyepiece. Opti
mum electronic focus of the tube is obtained by adjusting the high volt
age supply while visually inspecting the tube output.
voltage is normally around 21 kV.

The optimum

Finally, a focus plate of the reso

lution target may be made in order to check the focus of the relay lens.
The image tube system is then ready for use.
Before observation begins all lights in the dome are turned off,
the resolution target projector is removed from the image tube, and a
calibration wedge projector is inserted in its place.

The projector

images a step wedge on the photocathode and permits exposing separate
image tube plates for intensity calibration.

The calibration plates

are later developed together with the program plates.
Once the necessary calibration plates have been exposed, the
wedge projector is removed and the telescope field is imaged onto the
photocathode.

(Care is taken to see that no bright star is in the field.)

The appropriate filter is inserted in front of the image tube and the
field is focused critically on the photocathode by visual inspection of

the relay lens image.

A guide star is located for the automatic guider.

Springs are inserted in the appropriate positions of the double-slide
plateholder to counterbalance the weight of the image tube system.

(This

step, which must be done for each new field, is necessary only because
the present double-slide plateholder is not designed to support the
entire weight of the image tube system.)
plate is inserted in its place.
closing the plate darkslide.

The eyepiece is removed and a

The exposure is made by opening and

A cover is then inserted in front of the

image tube to protect the photocathode from stray illumination.

The

telescope is then moved to the next program field and the above procedure
is repeated.
One may note from the above description that, once the Carnegie
system is set up, the only practical difference between using it and an
ordinary photographic plate is the added precaution of covering the
photocathode when not on a program field and the precaution of avoiding
bright stars.
However, there are some strange side effects caused by the image
tube system on the Steward Observatory automatic guider that should be
mentioned.

When the guider is in the "stand-by" mode (no signal), the

guider oscilloscope display often oscillates at a high frequency.

TTiis

appears to be caused by radio frequencies in the image "tube power supply
being picked up by the guider display.

Also, when the guider is in the

"guide" or "find" mode, the oscilloscope display is rotated about 45°.
This is caused by the action of the image tube focusing magnet on the
scanning photomultiplier tube of the automatic guider.

Though the
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observer is initially surprised by these effects on the automatic guider,
they have no detrimental effect on its performance.

Iris Photometry of Stellar Images
To investigate the stellar photometry capabilities of the Carnegie
image tube, photographs were taken of a starfield for which well deter
mined photoelectric magnitudes are available.
exposed to the same starfield.

Direct plates were also

By appropriate selection of the exposure

time the threshold magnitude was made to be nearly the same for the
direct and image tube plates.

A comparison may thus be made between the

image tube and normal direct plates by carrying out iris photometry of
the two sets of plates and by comparing the respective mean errors in
the observed magnitudes of the standard stars.

The Observations
The starfield S.A. 57.

The starfield chosen for observation was

Selected Area 57, which has several favorable characteristics for the
present study.

First, good photoelectric magnitudes have been deter

mined by Stebbins, Whitford, and Johnson (1950) to Pg = 17.46 in the
International photographic system.

Second, the number of stars with

accurate magnitudes in this field is sufficient to yield significant
comparative mean errors for the unaided and image tube plates.

Third,

because the distribution of stars over the magnitude interval of 12.5
to 17.5 is rather uniform, a well defined calibration curve of iris
readings versus magnitude can be determined for each plate.

Finally,

the field covered by S.A. 57 is small enough (diameter about 15 minutes

of arc) that there should not be a large coma effect on the photographs
taken with the Steward Observatory 36-inch Newtonian.
A print of one of the image tube plates of S.A. 57 appears in
Fig. 17.

The stars that have been used in the present iris photometry

study are indentified by their Selected Area numbers.

(See Tables 9

and 10 for photoelectric magnitudes and other data.)
Spectral response of photographs.

The filters "for the image

tube and direct plate observations were selected so that the spectral
responses were as close as practicable to the International photographic
magnitude passband.

This passband is not accurately defined, but it

extends somewhat farther into the ultraviolet than the B passband of
the UBV system.

A comparison of the blue magitude spectral responses

for the image tube, direct plate, and standard B of UBV is made in
Fig. 18.

The filter used with the image tube was a sandwich of a 5 mm

thick Corning CS 5-61 blue filter and a 2 mm thick Corning CS 0-52
ultraviolet absorbing filter.

The filter-plate combination used for

the direct plate photographs was a 2 mm thick Schott GG13 filter plus
a IIa-0 emulsion.
The direct plates.

Four direct IIa-0 plates were exposed in

rapid succession at the Newtonian focus to S.A. 57.
for each was 5 minutes.

The exposure time

An examination of the processed plates re

vealed that they were slightly out of focus, which caused the images
to be somewhat elongated, or astigmatic, because of the warped primary
mirror of the 36-inch telescope.

The faintest stars recorded on the

plates were measured to have diameters of about 50 ym (actually

88

Fig. 17.

20s Exposure of Selected Area 57 with Image Tube.

The faintest stars are weakly recorded on the original plate and are
almost lost in this reproduction. The stars measured with an iris pho
tometer are identified by their Selected Area identification number.
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Ha—0 + Schott GG 13
Avq IT+Corning 5-61
a 0-52
B of UBV
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Fig. 18.

Comparison of Blue Magnitude Passbands.

Shown are the blue magnitude color responses for the direct plate,
image tube, and standard UBV system.
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40 by 60 ym ellipses), which corresponds to 2.3 seconds of arc. (This
image size represents unusually good seeing; in the author's experience,
threshold star images recorded with the Steward Observatory 36-inch
Newtonian during the past few years have generally been 5 seconds of
arc in diameter.)
is about 18.5.

The magnitude of the faintest stars on these plates

Thus, the plates are very suitably exposed for photom

etry of the desired magnitude sequence down to the faint end of magni
tude 17.5.
The image tube plates.

Several attempts were made to obtain

direct and image tube photographs on the same night that were suitable
for iris photometry.

However, because of poor weather conditions and

problems with the 36-inch telescope, this was not accomplished.

There

fore, the image tube plates used in the present iris photometry study
were not taken under the same observing conditions as the direct plates.
The importance of this fact will be made clear in later sections which
discuss the final iris photometry results.
Four image tube exposures, each of 20 seconds duration, were
taken of S.A. 57.
graphs.

A IIa-0 recording emulsion was used for these photo

Because of poor seeing conditions and gusty winds, the images

on the plates are rather spread out.

The diameters of the threshold

star images are about 140 ym, which corresponds to 6.5 seconds of arc.
The average value of the threshold magnitude on these plates is around
17.8, but there is some variation from one plate to the next because of
the varying image spread.

The net result is that the image tube plates

are effectively underexposed from 0.5 to 0.8 magnitude relative to the
direct plate.
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Iris Photometry Measurements
The calibration curves.

The four direct and the four image tube

plates were measured with the Cuffey iris photometer of Kitt Peak National
Observatory, built by Astro Mechanics.

Several precautions were taken

in order to avoid systematic errors in the measuring procedure, and tests
of repeatability indicated that the final iris measurements are repro
ducible to within ±0.005

magnitude.

Figs. 19 and 20 show typical cal

ibration curves obtained for a single direct and image tube plate, respec
tively.

In these figures the iris readings of individual stars are

plotted versus the Pg^nt magnitudes of Stebbins, Whitford, and Johnson
(1950).

(Note that the authors have used the designation "Pg " to

indicate that the magnitudes are photoelectrically determined.)
Check for color term and field radius term in errors'.

The error,

<Sm, in a single iris photometer measurement is the difference between
the known photoelectric magnitude and the magnitude predicted from the
iris reading and the calibration curve.

A check for a color term in the

observed errors is presented in Fig. 21 for all four direct plates.
Here, 6m is plotted versus the photoelectrically determined color, C^.
A similar plot for the image tube plates is shown in Fig. 22.

Within

experimental accuracy, no color term appears to be affecting the photom
etry in either the direct or image tube measurements.
In Figs. 23 and 24 a check is made for a field radius effect on
the observed magnitude errors.

In these figures <5m is plotted versus

the star's distance from the center of the field.
is observed for the image tube plates.

No systematic effect

For the direct plates, however,

4400

4200

4000 - •

oc 3800 -•
77

3600

3400 ••

12

Fig. 19.

14

16

Iris Photometry Calibration Curve,
Direct Plate.

When all four plates are considered, the best fit
to the data points is a straight line. Star 77
was found to be systematically deviant from the
mean curve. Stars 52 and 16 were not. See text
and Fig. 25 for details.

4000 • •

9800

? 3600

3400

52

77

3200

3000
12

Fig. 20.

16

18

Iris Photometry Calibration Curve,
Image Tube Plate.

When all four plates are considered,the best fit
to the data points is a straight line with curva
ture at both ends. The stars singled out in the
direct plate data of Fig. 19 are also indicated
here, although no systematic deviation was found
for the image tube plates.
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Fig. 21.

Fig. 22.
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6m vs. Cp for Direct Plates.

6m vs. Cp for Image Tube Plates.

It is seen that within the accuracy of the observations there is
no color dependence on the observed magnitude errors for either
the direct or image tube plates.
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R (mm)

Fig. 23.

6m vs. Radius for Direct Plates.

R (mm)

Fig. 24.

6m vs. Radius for Image Tube Plates.

The general increase (both plus and minus) in the errors for the
direct plate observations at the field edges is clearly demonstra
ted in the top figure. For the image tube plates, however, no
systematic error is indicated as a function of field radius.
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the size of the errors increases with field radius, although the sign
of the errors (positive or negative) continues to be random.

Because

of the latter characteristic, no systematic corrections can be made
for these errors.
The large errors for the off-axis stars on the direct plates
have been found to be caused by optical aberrations of the 36-inch tele
scope.

The reason that these errors are more significant on the direct

plates than on the image tube plates may be explained as follows.
direct plates were taken under unusually good seeing conditions.

The
The

images are crisp and well defined and, as a result, the aberrations of
the telescope are clearly recorded on the photographs.

The image tube

plates, on the other hand, were taken under poor seeing conditions.

The

star images are very spread out and, consequently, are hardly affected
by the aberrations.

On the image tube plates, the structure of the stel

lar images throughout the field is quite similar.

An example of the dif

ferences that exist in the images of the direct and image tube records is
given in Fig. 25, where individual star images from the respective plates
have been photographed through a microscope.

Comparison of Mean Errors of Direct and Image Tube Plates
The data used in calculating the mean errors of the present iris
photometry measurements are given in Tables 9 and 10.
these tables are as follows:
of the stars used in S.A~. 57;

The columns of

Column 1 gives the identification number
Column 2 gives the photoelectrically de

termined magnitudes of these stars, reduced to the standard International
photographic magnitude, as measured by Stebbins, Whitford, and Johnson

DIRECT

IMAGE

TUBE

STAR 16

STAR 77

STAR 52

Fig. 25.

Photomicrographs of Star Images.

This photograph reveals the cause for the large system
atic errors in the iris photometry of the direct plates.
In the direct plate images, stars 16 and 52 are slightly
lined due to astigmatism, but show good iris photometry
(Fig.19). Star 77 has been spread out, due to coma, per
pendicular to the astigmatism and therefore is anoma
lously large. This created an error of 0.57 magnitude
in the iris photometry. The image tube plate, having
large images due to poor seeing, shows good iris photom
etry for all images (Fig.20).

Table 9
Direct Plate Iris Photometry Data

Star
No.
57
29

11
52

8
77

16
54
59
58
7
40
72
82
25
36
15
63

61
74
17

R(mm)

Pgr

6m

=

Pgp - m0bs

6m

Four separate plates
9.04
12.44
13.33
13.48
13.60
13.90
14.38
14.52
14.72
14.78
15.21
15.26
15.30
15.42
15.69
15.87
16.24
16.58
16.59
17.05
17.46

+0.46
.75
.40
1.18
.47
.69
.90
.51
.55
.71
.44
.28
.28
.15
.65
.81
.49
.87
.77
.48
.36

0.0
9.4
11.0
4.4
10.6
11.6
9.0
4.8
10.8
4.1
11.1
7.4
4.9
10.5
8.5
4.7
8.8
7.8
8.7
5.9
9.2

—

—

-.02
-.26
-.01
-.07
.57
.07
.00
.31
.05
.21
.05
.07
.21
.11
-.03
-.01
-.09
-.01
-.11
-.04

-.05
-.28
-.05
-.14
.37
.15
-.08
.26
.11
.12
.01
-.01
.07
.14
.00
-.07
-.21
-.17
-.16
-.01

a*

=

±0?081

a

=

toTm

m
m

=

6m - 6m

Four separate plates

—

-.05 -.06
-.38 -.16
-.08 -.02
-.24 -.18
.56
.56
-.03
.04
-.04 -.05
.34
.27
.07
.08
.05
.14
.00
.06
.06
.03
(.42)a .19
.11
.05
-.09
.00
-.08 -.01
.03 -.11
.08 -.16
.02 -.08
-.08 -.10

Am

-.046
-.271
-.040
-.157
.514
.057
-.041
.295
.078
.130
.030
.038
.157
.102
-.030
-.042
-.095
-.062
-.082
-.058

__

_-

__

__

-.03
-.01
-.03
-.09
-.06
-.01
-.04
-.01
.03
-.08
-.02
-.03
-.05
-.01
.00
-.03
-.01
-.05
.03
-.02

.00
.11
.04
.08
-.05
.09
.00
-.04
.01
.08
.03
-.02

.01
-.11
-.02
.02
-.05
.02
.01
.03
.00
-.01
-.03
.01
-.03
.05
-.03
-.03
.01
.10
.00
.04

.00
.01
.01
-.02
.14
-.09
.04
.04
-.03
.01
.02
.05
.09
-.04
-.03
.03
.10
.11
.08
-.05

-.01
.06
.04
-.13
-.14
-.10
.02

6m

±0?061

<0

a.

Flaw on plate.

00

Table 10
Image Tube Iris Photometry Data

Pgp

Cp

R(mm)

No

57
29

11
52

8
77

16
54
59
58
7
40
72

82
25
36
15
63

61

9.04
12.44
13.33
13.48
13.60
13.90
14.38
14.52
14.72
14.78
15.21
15.26
15.30
15.42
15.69
15.87
16.24
16.58
16.59
17.05
17.46

+0.46
.75
.40
1.18
.47
.69
.90
.51
.55
.71
.44
.28
.28
.15
.65
.81
.49
.87
.77
.48
.36

0.0
9.4
11.0
4.4
10.6
11.6
9.0
4.8
10.8
4.1
11.1
7.4
4.9
10.5
8.5
4.7
8.8
7.8
8.7
5.9
9.2

6m

Pg
.
6p - mobs
Four separate plates

.04
.00
.07
.01
.12
.13
.08
.03
.01
.08
.02
.01
.00
.02
.10
.05
.02
.01

a_
m

=

.00
.03
-.04
.01
.04
.03
-.04
.04
.07
-.09
-.08
.00
.06
-.11
.09
-.08
.00
.11

=

.00
.05
-.09
.08
-.01
.01
-.11
-.07
.04
-.03
.04
.05
-.07
.05
.15
.00
.05
-.08

±0?063

-.12
-.03
-.07
.00
-.01
.02
.00
.05
.09
-.09
-.09
.03
.00
.00
.10
-.06
.12
-.08

6m

Am

=

6m - 6m

Four separate plates _

-.040
.012
-.068
.025
.035
-.018
-.018
.012
.048
-.075
-.038
.018
-.002
-.020
.110
-.048
.048
-.015

.00
.01
.00
.01
-.08
.11
-.10
-.02
.06
.00
-.02
.03
.00
.00
.01
.00
.03
-.01

-.04
-.02
-.03
.01
.00
-.05
.02
-.03
-.02
.01
.04
.02
-.06
.09
.02
.03
.05
-.09

a-j—
om

=

-.04
-.04
.02
-.06
.05
-.03
.09
.08
.01
-.05
-.08
-.03
.07
-.07
-.04
-.05
.00
.06

.08
.04
.00
.02
.05
-.04
-.02
-.04
-.04
.01
.05
-.01
.00
-.02
.01
.01
-.07
.06

±0?046
<o
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(1950).

Column 3 lists the photographic color index on the International

System determined photoelectrically by the same authors.

Column 4 gives

the distance, in millimeters, a star is from the central star as measured
on the Steward Observatory plates.

Column 5 lists the four values of

6m obtained from the four plates, where 6m is the difference between the
known magnitude and that predicted from the iris reading and calibration
curve.

Column 6 gives 6in,the average of the four individual measurements

of 6m.

Column 7 gives four values of Am, where Am is the difference

between 6m and 6m.
Note that the purpose of exposing four similar plates in the
present investigation is to provide a large number of measurements such
that a significant mean error is determined.

Thus, in calculating the

mean error values, the four plates have been considered as if they were
observations of four different magnitude sequences, and not as four
observations of the same sequence.
Mean error of a single magnitude observation.

The mean error

of a single magnitude observation, calculated from the 6m values, is
listed at the bottom of column 5 in Tables 9 and 10 for the direct and
image tube plates, respectively.
values appear.

In the case of the direct plates, two

For the larger value, all the observations were used.

For the smaller value, the observations of the six stars that occur at
a field radius of greater than 10 mm were removed from the calculations.
This was done in order to reduce the effects of the off-axis aberrations
on the mean error value.

For the image tube plates, the data for the

two faintest stars were removed from the calculations because the stars
were too weakly exposed.
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The value of the mean error calculated from all the direct plate
observations is seen to be unusually large (±0.181 magnitude).

Even

when the stars clearly affected by off-axis aberrations are removed from
the calculations, the mean error (±0.081 magnitude) is somewhat larger
than that of normal photographic iris photometry.

This rather poor ac

curacy of the direct plates, it has been concluded, is most likely caused
by the unusual aberrations that occur throughout the entire field of the
36-inch telescope.

Because the plates were taken under very good seeing

conditions, the effects of the aberrations are particularly severe.
The mean error of the image tube observations (±0.063 magnitude)
is a reasonably acceptable value for photographic iris photometry.

It

is understood, of course, that the telescope aberrations have not severely
affected the image tube photometry because the plates were taken under
poor seeing conditions.

The important conclusion, however, is that the

mean error is small enough to indicate that accurate iris photometry
may be carried out with the Carnegie tube.
Internal mean error.

An "internal mean error" may be calculated

for both the direct and image tube set of plates by using the values of
Am, instead of 6m, for the mean error calculation.

The numerical result

is, in effect, the mean error of a single determination of 6m and, thus,
it is designated in Tables 9 and 10 as a^-.

An important characteristic

of the internal mean error is that it is independent of the sources of
systematic error previously discussed.

Because of this property, the in

ternal mean error provides a useful check for the existence of systematic
effects on the iris photometry measurements.

(It is assumed, of course,
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that the obvious systematic errors discovered in the earlier sections
have already been removed from the measurements.)
If there were no systematic effects at all on the iris photom
etry magnitudes, the internal mean error,

would be the same as the

mean error of a single magnitude observation, am.

For both the direct

and image tube set of plates, however, o-^ is somewhat smaller than amThis indicates that there are some systematic errors in the photometry,
although they are fairly small.

The most likely sources for such errors

are: (1) errors in the standard magnitudes (note that the mean error of
the photoelectric magnitudes measured by Stebbins, Whitford, and Johnson
is ±0.018 magnitude),

(2) field and instrument errors that are not quite

revealed by the present number of observations, and (3) color term errors
that also are not revealed by the present data.

Effect of Carnegie Tube Mottle Pattern on Iris Photometry
The four plates listed in Table 10 were exposed so that they
form two specific pairs.

One pair was taken while the image tube was

in one particular position angle.

Then the image tube was rotated about

its axis to a new position angle and the second pair of plates was ex
posed.

In column 5 of Table 10, the plates that were taken at the same

position angle are the first and third entries for one pair and the
second and fourth entries for the other pair.

This "pairing" of the

image tube plates provides a method of determining the effects of the
mottled sensitivity pattern on iris photometry.
Note that, for any two plates represented in column 5, a mean
value of 5m and a deviation from the mean may be calculated for each
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observed star.

By using all the stars, a standard deviation in 6m may

be determined.

If only the "paired" plates (those taken at the same

position angle) are used in calculating the standard deviation, then
the resulting value represents mainly the intrinsic scatter in the pho
tographic process.

However, if only "nonpaired" plates (plates taken

at different position angles) are used in calculating the standard de
viation, then the standard deviation is additionally affected by the
errors produced by the mottle pattern of the image tube.
The two standard deviations described above have been calculated
from the "paired" and "nonpaired" Carnegie tube plates.
values, ±0.038 and

±0.039 magnitude,

The resulting

respectively, are found to be

the same within the accuracy of the experiment.

From this result it is

concluded that the systematic errors introduced by the Carnegie tube
mottle pattern are essentially lost in the presence of the appreciably
larger intrinsic scatter of the photographic iris photometry process.
This conclusion agrees well with the predictions made in Chapter II
based on the laboratory experiments.
It should be pointed out that, even if the mottle pattern did
produce a recognizable error in iris photometry measurements, the sig
nificance of the effect could be greatly reduced by rotating the image
tube between exposures of a given"starfield.

Iris Photometry of Stellar Images:

Concluding Remarks

It is concluded from the present study that the Carnegie image
tube is clearly useful for quantitative stellar iris photometry and that
stellar magnitudes can be determined with an accuracy similar to that of
normal direct plate methods.

It may thus be argued that the appropriate
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figure of gain for the image tube over an unaided plate, in this par
ticular application, is measured as the relative exposure time of the
direct and image tube records.

Note that the relative exposure time is

essentially equal to the relative detective quantum efficiency, which
has been given for various spectral regions in Table 8 of Chapter III.
One particular phenomenon of the Carnegie tube that has not
been evaluated in the present iris photometry study is the effect of
light-induced background on iris photometry.

Several plates taken at

the telescope, however, tend to confirm the laboratory prediction that
a detectable error will occur in the iris photometry of the faintest
stars if a bright star, more than 12 magnitudes brighter than the faint
est stars, is in the field.

It should be pointed out, of course, that

the detrimental effects of bright objects can often be avoided by masking
the objects from the photocathode.
Areas of research in which image tube photometry should find
particular application are studies involving relatively small fields,
such as star clusters and galaxies, where the limited field of the image
tube is not a disadvantage.

Variable star and blue object surveys are

examples of this type of program.

Another possibility that exists for

image tube photometry, but that is not generally available to direct
plate methods because of lack of sensitivity, is photometry of objects
through narrow passband filters.

Surveys for objects with peculiar

spectral features may be able to be made in this way.

For example,

Wolf-Rayet stars may perhaps be distinguished from surrounding stars by
taking paired exposures with filters centered on, and off, one of the
broad emission bands, such as the 4686 A He II feature.
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Sky-Limited Stellar Photography
In this section the performance of the Carnegie tube is compared
to that of unaided plates in the application of sky-limited photography
of stellar images.

Both direct and image tube plates have been exposed

in such a way that the photographic density of the sky background is at
its optimum value, which assures that the faintest stars possible to
detect have been recorded with the respective plates.

(See Table 6 of

Chapter II for optimum densities of the various emulsions.)

Globular Cluster M13
The observations.

Sky-limited photographs of the globular cluster

M13, taken at the 36-inch Newtonian focus, were made on the same night
with both the image tube and a IIa-0 direct plate.

Blue magnitude pass-

bands were provided for both systems by using the same filters as de
scribed in the iris photometry section.

By appropriate selection of

zenith distances, the difference in limiting magnitude for the several
exposures due to the difference in night-sky radiation was less than 0.2
magnitude •

The atmospheric conditions were very uniform throughout the

night and the seeing was average.
For the image tube plates the nucleus of the cluster was masked
off in order to avoid excessive light-induced background.

Exposures

were made with both IIa-0 and baked Illa-J recording emulsions.

In ad

dition to the optimum sky-limited exposures, two additional image tube
photographs were made with IIa-0 recording emulsions. One was exposed
about 40 percent longer than the optimum exposure time in order to dem
onstrate the effect of overexposure.

Another was exposed for the same
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duration as the optimally exposed plate, only with the cluster nucleus
unmasked.

This was done in order to determine the significance of the

light-induced background arising from the nucleus of the cluster.
Finally, an exposure of M13 was made with the image tube at the
Cassegrain focus of the 36-inch reflector.

(The Cassegrain focal length

of the Steward Observatory telescope is three times the Newtonian focal
length.)

The photograph was taken on a different night than that of

the direct and image tube plates described above, but the observing con
ditions were similar.
Comparison of the photographs.

Prints representative of the

plates taken in this study are shown in Figs. 26 through 29.

The tele

scope focus (Newtonian or Cassegrain) and the respective exposure
times are given in the captions of these figures.

A comparison of the

direct IIa-0 plate (Fig. 26) and the image tube IIa-0 plate (Fig. 27)
reveals that the image tube record is adversely affected by the ripples
and mottle pattern of the Carnegie tube.

The nonuniformities of the

image tube stand out even more vividly on the Illa-J exposure (Fig. 28),
although the star images are also brought out more clearly.

The sig

nificance of the mottle pattern is considerably reduced when the image
tube is used at a longer focal length, as is evidenced by the Cassegrain
photograph in Fig. 29.

In fact, the sky background in this image tube

record is the least noisy of all the M13 exposures.
To the eye, the resolution of the most tightly grouped stars is
slightly different on the four plates.

Considering only the Newtonian

photographs the resolution increases according to the following sequence:
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a-v

Fig. 26.

Sky-Limited Photograph of Region in M13; Direct IIa-0 Plate,
4h30m Exposure, Newtonian Focus.

A comparison of this photograph with the image tube photographs in
Figs. 27 and 28 shows that the image tube records are adversely
affected by the mottle pattern of the Carnegie tube. Fig. 29 shows
that the significance of the mottle pattern is considerably reduced
at the longer focal length of the Cassegrain focus. The limiting
magnitudes of these plates are given in Figs. 30 and 31.
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Fig. 27.

Sky-Limited Photograph of Region in M13; Image Tube IIa-0
Plate, 12m30s Exposure, Newtonian Focus.

Fig. 28.

Sky-Limited Photograph of Region in M13; Image Tube Baked
IIla-J Plate, 20m Exposure, Newtonian Focus.
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Fig. 29.

Sky-Limited Photograph of Region in M13; Image Tube IIa-0
Plate, 2^30m Exposure, Cassegrain Focus.

The bright fog in the center of the plate is due to light from the
cluster nucleus being scattered into the focal plane because of in
adequate sky baffling. The out-of-focus images around the bright
stars are caused by reflections from the photocathode and filter.

Ill
image tube lla-0 plate, direct IIa-0 plate, and image tube Illa-J plate.
The Cassegrain photograph, taken with the image tube and a IIa-0 record
ing emulsion, shows the highest resolution of all the plates.

This, of

course, is due mostly to the greater image scale of the Cassegrain focus.
Limiting magnitude of the photographs.

The magnitudes of the

threshold star images on the several M13 photographs have been determined
by comparing the present records with an identification chart and mag
nitude observations published by Baum, Hiltner, Johnson, and Sandage
(1959).

In order to make the limiting magnitude determination as accu

rate as possible, an average of 60 stars were checked for their presence
or absence on each plate.

Graphs were then made of the resulting data

from each plate by plotting the percentage of stars detected versus mag
nitude.

Fig. 30 gives a typical example of the data presented in this

manner.

The mean curve representing the data points is also indicated.

A comparison of the sky-limited magnitudes of the direct plate and the
various image tube plates is made in Fig. 31, where the mean curves of
all the plates are shown.

Fig. 31 also lists the exposure time of each

of the plates.
It is seen by studying the results given in this figure that,
when a direct IIa-0 plate and an image tube IIa-0 plate are exposed at
the same telescope focus, the limiting magnitude of the image tube rec
ord is about 0.9 magnitude less than that of the direct plate.

When

a baked Illa-J recording emulsion is used with the image tube, however,
about 0.5 magnitude of the loss may be gained back.

This 0.5 magnitude

gain of the Illa-J emulsion is in excellent agreement with that reported

Fig. 30.

Data Points and Mean Curve Showing Percent of
Known Stars Detected for Sky-Limited Image
Tube Cassegrain Plate.
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Fig. 31.

\#»

Comparison of Sky-Limited Magnitudes for Image Tube and Direct
Plates.

All of the above plates were exposed at the f/5 Newtonian focus, except
for one image tube plate which was exposed at the f/15 Cassegrain focus.
The loss of sky-limited capability is evident for the image tube plates
exposed at the same focus as the direct plate. The effects of overexpo
sure of an image tube (or direct plate) are demonstrated. For all but
one of the image tube exposures the nucleus of the globular cluster was
masked from the photocathode. The effect of the additional light-induced
background created by the cluster nucleus is demonstrated by the unmasked
plate.
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by Marchant and Millikan (1965) in their paper discussing the theoretical
basis for development of the new Illa-J emulsion.

The numerical results

for both the IIa-0 and baked Illa-J emulsions are also in good agreement
with the laboratory predictions of Chapter II.
The detrimental effect of the light-induced background caused by
the cluster nucleus is clearly evident in Fig. 31, where the unmasked
image tube record is shown to experience an additional 0.5 magnitude loss.
Microphotometer measurements of this plate indicate that the background
intensity was effectively increased 60 percent because of the lightinduced background from the cluster nucleus.
for the loss in limiting magnitude (cf.

This, in turn, accounts

Baum 1955).

The effect of increasing the exposure of a photographic emulsion
beyond the optimum value is also evident in Fig. 31, where a 0.2 magni
tude loss in limiting magnitude is shown for the overexposed image tube
plate.

A similar effect, of course, would occur for an unaided photograph.
Finally, it is noted that, when an image tube IIa-0 plate is ex

posed at the Cassegrain focus, the limiting magnitude is nearly the same
as that of a direct IIa-0 plate exposed at the Newtonian focus.

This is

accomplished with a reduced exposure time of almost a factor of 2 com
pared to the direct plate.

It should be pointed out that because the

Cassegrain focus of the Steward Observatory 36-inch is not fully sky baf
fled, scattered light from the globular cluster nucleus and direct radi
ation from the night sky were incident on the image tube photocathode
during the present exposure.

Considering this fact, it is concluded that

a Cassegrain image tube photograph would normally reach a fainter limiting
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magnitude than a Newtonian direct plate.

An argument can be made, in

fact, that the limiting magnitude should be at least 0.3 magnitude
fainter than that of the present record.

S.A. 47; Near-Infrared Photography
Two plates that were taken in order to evaluate the usefulness
of the Carnegie tube in application to near-infrared photography are
shown in Fig. 32.

The upper photograph

was taken through a blue filter

(as previously described) and the lower photograph was taken through a
Schott RG10 filter.

The wavelength sensitivity of the latter filter-image

tube combination is characterized by a peak near 7400 A and a halfwidth
of about 700 A.

A baked Illa-J recording emulsion was used for the two

exposures, and both plates were exposed to the sky limit.
The starfield recorded on these plates is Selected Area 47, a
region that is obscured by dark interstellar clouds.

The red and blue

prints of the National Geographic Society-Palomar Observatory Sky Atlas
show that the dustclouds in S.A. 47 are more transparent to red radiation
than they are to blue radiation, as evidenced by the increased number of
stars appearing on the red print.

The infrared plate shown in Fig. 32

was taken in order to determine if the Carnegie tube could provide detec
tion of reddened stars beyond those observed on the red Sky Survey photo
graph.

A positive result would suggest that the image tube could be used

to extend the infrared measurements of dark cloud obscuration.
A comparison of the plates in Fig. 32 with the Sky Survey photo
graphs, however, shows that the limiting magnitude of the red Sky Survey
photograph is*"about 0.2 magnitude

fainter than that of the irfrared image

1.16

Fig. 32.

Comparison of Sky-Limited llm Blue and lh30m Near-Infrared
Photographs of Selected Area 47.

The increased transparency in the near-infrared of the dark cloud in
this area is evidenced by the additional stars appearing on the infra
red (lower) plate.
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tube plate.

The limiting magnitude of the respective blue photographs,

on the other hand, is essentially the same.
It is concluded from the above results that the Carnegie tube
cannot significantly extend the application of direct photography into
the infrared.

(This conclusion, however, does not necessarily apply to

image tubes with an S-l, infrared sensitive

photocathode.)

Also, the

present photographs serve to point out that the Carnegie tube experiences
an additional loss in limiting magnitude, compared to that experienced
in the blue spectral region, when it is used in the near infrared.

This

small effect may be explained as a result of the color dependence of the
light-induced background of the Carnegie tube.

Sky-Limited Stellar Photography:

Concluding Remarks

One significant conclusion obtained from the present study is
that, in order to record the same sky-limited magnitude on a Carnegie
tube plate and a direct plate, the image tube record must be made with
a longer focal length telescope.

The reduction of exposure time per

mitted by the image tube under this condition is estimated to be about
2 or 3.

For certain areas of research this relative exposure time

may often be the significant comparative figure of merit of the image
tube and an unaided plate.

However, in applications where the greater

scale of the image tube photograph is important, the figure of merit of
the image tube may be better than that calculated from only the exposure
time ratio.

An example of such an application is the photometry of faint

stars in the crowded field of a globular cluster.
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When an image tube plate and a direct plate are exposed at the
same telescope focus, it has been demonstrated that the Carnegie tube
cannot reach as faint a limiting magnitude as the direct plate.
fact may be important in certain astronomical investigations.

This
However,

the Carnegie tube can still provide useful observations of relatively
faint stars and can do so in less exposure time than is required by a
direct plate.

To reach a specified faint threshold magnitude, the rela

tive exposure time may be estimated to be typically around 5, although
the exact figure will depend on how close to the sky limit the image
tube plate has been exposed.

—

It should be pointed out that the results of the present study
cannot be accurately predicted from the detective quantum efficiency
concept.

Additional characteristics of the image tube besides those con

sidered in the calculation of the detective quantum efficiency are impor
tant in sky-limited stellar photography.

Two particularly important

phenomena in the Carnegie tube are the light-induced background and the
mottle pattern.

The light-induced background arising from the night-sky

radiation alone has been calculated to produce a 0.3 magnitude reduction
in the limiting magnitude of a Carnegie tube record.

The mottle pattern,

as evidenced by the present starfield photographs, also reduces the lim
iting magnitude by a significant amount.

Although the detective quan

tum efficiency takes into account the rms noise produced by the mottle
pattern, the effect of the mottle pattern on the detectability of faint
star images appears to. be significantly larger than the rms value.
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Photography of Extended Objects
The performance of the Carnegie tube in recording extended ob
jects and a comparison to normal photographic techniques are reported in
this section.

The results will clearly point out that additional prob

lems besides those encountered in recording stellar images can often be
important in extended object photography.

Spiral Galaxy M51
For the present study, photographs of the spiral galaxy M51 were
taken at the Newtonian focus on a direct IIa-0 plate and an image tube
IIa-0 plate.

The exposures were selected so that the sky background

densities were as identical as possible.

The background densities were

also fairly high, though not at the sky-limited value.

In addition to

these plates, a baked Illa-J recording emulsion was used with the image
tube to make a sky-limited photograph.

Finally, an exposure was made

with the image tube at the Cassegrain focus so that the sky density
matched that of the direct and image tube Newtonian IIa-0 plates.
recording emulsion used here was again a IIa-0.
were used for all the exposures.

The

Blue passband filters

Prints of the four plates are presented

in Figs. 33 through 36 and the exposure times are given in the captions.
Comparison of the direct and image tube IIa-0 plates taken at
the Newtonian focus (Figs. 33 and 34, respectively) shows that the direct
plate is somewhat better in several respects.

The very tenuous luminos

ity surrounding the outer spiral arms and the satellite of M51 is rea
sonably well detected on the direct plate but is almost lost on the image
tube record.

Comparing the rendition of the spiral arms, the direct

120

Fig. 33.

Photograph of MSI; Direct IIa-0 Plate, lh30m Exposure,
Newtonian Focus.

This direct plate and the two image tube plates of Figs. 34 and 35
were exposed to the same sky density. Comparing the unaided and
image tube exposures obtained at the Newtonian focus,the noise pro
duced by the image tube mottle pattern is seen to lower the detec
tion of the low contrast features of extended objects. However, it
is seen in Fig.35 that an image tube photograph exposed at the Cassegrain focus is not severely affected by the mottle pattern and is
generally superior to an unaided photograph obtained at the Newto
nian focus. The sky-limited image tube photograph in Fig. 36 shows
the faintest luminosity of the object more clearly than any of the
other plates. The baked Illa-J record also reveals the sensitivity
ripples of the image tube.
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Fig. 34.

Photograph of M51; Image Tube IIa-0 Plate, 3m10s Exposure,
Newtonian Focus.
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Fig. 35.

Photograph of M51; Image Tube IIa-0 Plate, 45m Exposure,
Cassegrain Focus.
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Fig. 36.

Photograph of M51 (Sky-Limited); Image Tube Baked Illa-J
Plate, 13m Exposure, Newtonian Focus.
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plate more clearly delineates the boundaries of the bright knots of
stars and gas and the dark dust lanes.

It is interesting to note that,

although the fine detail within the galaxy is brought out more clearly
on the direct plate, the field-star images are quite similar in size.
(Slight differences in guiding and focus are apparent on the present
photographs.

These differences, however, are considered negligible in

comparison to the effects discussed here.)
From the study of the Newtonian photographs, it is evident that
the lowered definition of the image tube plate is primarily caused by the
mottle pattern of the Carnegie tube.

The noise produced by this phenom

enon essentially masks the small, low contrast features of the galaxy.
For the faintest regions of the object, it may be argued that the lightinduced background of the image tube is also reducing the detection.
A comparison of the image tube Cassegrain photograph (Fig. 35)
with the Newtonian direct exposure shows that the image tube record is,
in most respects, slightly better than the direct plate.

It should be

pointed out, however, that the present Cassegrain image tube plate does
not provide increased detection of the faintest luminosity of the galaxy.
The most likely explanation for this is that there was a reduction in
contrast between the sky background and the galaxy because of incomplete
sky baffling of the Cassegrain focus, as mentioned earlier in the descrip
tion of the M13 photographs.
Considering the sky-limited image tube Illa-J exposure, it is
seen that the very faintest regions of the galaxy are more clearly re
corded on this plate than on any of the non-sky-limited exposures.
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However, the nonuniformities of the image tube are very obvious on this
photograph.

A sky-limited direct plate would of course be superior to

this plate.

However, the exposure time for a sky-limited direct IIa-0

photograph would be 4H hours

instead of the 13 minutes required for this

image tube Illa-J plate.*

Spiral Galaxy M81
Photographs of another spiral galaxy, M81, serve to point out ad
ditional problems that can be encountered with the Carnegie tube.

A di

rect plate record is given in Fig. 37 and an image tube record is shown
in Fig. 38.

Comparison of these photographs shows that some of the bright

and dark rift structure visible on the image tube record is not real in
the galaxy

buc is caused by ripples in the image tube sensitivity pat

tern (examples are indicated by solid arrows ). Because the image tube
defects effectively mimic the structure of the galaxy, it is difficult to
separate the real features from those produced by the image tube.

(Note

that the two parallel dust lanes to the right of the nucleus that cross
down through the spiral arms are real.

They are revealed more clearly on

the image tube photograph because the Carnegie tube record is effectively
exposed to a fainter limit than the direct plate.)
Another fault visible on the image tube photograph is a faint
linelike extension of light that is associated with each of the three

1. Note that there is a variation of the exposure times re
ported for sky-limited baked Illa-J emulsions in the different dis
cussions of this chapter. The reason for this is that the response
of the plates to the somewhat excessive baking process is not always
the same. Therefore, exposure corrections for individual baked plates
have been made.
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•

Fig. 37.

•

IIa-0 Unaided Photograph of M81; l^lS™1 Exposure, Newtonian
Focus.

A comparison of this unaided photograph with the image tube photograph
of Fig. 38 shows that the mottle pattern of the image tube is suppress
ing the fine detail of the galaxy. In addition, certain image tube de
fects (indicated by. arrows in Fig. 38) are found to effectively mimic
the structure of the galaxy, making it difficult to separate real fea
tures of the galaxy from the defects.

Fig. 38.

IIa-0 Image Tube Photograph of M81; 6m Exposure, Newtonian
Focus.
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bright star images on the left side of the field (indicated by dashed
arrows).

This phenomenon creates the false impression in the present

photograph that one of the spiral arms of M81 (upper left) is unusually
extended.

The same phenomenon strongly gives the impression that a neb

ula is associated with the bright star in the blue photograph of S.A.
47, given in Fig. 32.

Planetary Nebula M57
It has been pointed out in

Figs. 29 and 35 that

an image

tube record exposed to a certain density at the Cassegrain focus is gen
erally superior to an unaided photograph exposed to the same density at
the Newtonian focus.

Two exposures that allow a quantitative test of

this property are reproduced in Fig. 39.
planetary nebula M57 (Ring Nebula).

The object shown here is the

Microphotometer traces of the re

spective plates are shown under the two prints.

The area of the micro-

photometer slit for the Cassegrain plate was 9 times that of the
Newtonian plate (to cover equal areas of the original object) and was
smaller than the size of a stellar image.
Visual inspection of the photographs shows that the image tube
record is less noisy and outlines detail more clearly than the unaided
plate.

By applying the relative detective quantum efficiency of Chapter

III, it may be predicted that the square of the signal-to-noise ratio of
the present image tube record is about 10 times that of the unaided pho
tograph.

This agrees rather well with the microphotometer traces.

The

reason that the detective quantum efficiency concept can be applied with
reasonable success to the present photographs is that there is not a
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Fig. 39.

Comparison of Unaided Newtonian and Image Tube Cassegrain Ha
Photographs of M57.

The left image was recorded at the Newtonian f/5 focus in 10m with an
unaided 103a-E emulsion. That to the right was recorded at the Casse
grain f/15 focus in 12m with the image tube, using a IIa-0 recording
emulsion. A..50 A halfwidth interference filter was used. The increased
photometric accuracy of the image tube photograph is obvious in both
the prints and in the microphotometer traces of the original plates.
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strong light-induced background (because the sky background and other
sources of light are very weak in comparison to the nebula) and that
the particularly strong, subjective effects of the image tube mottle
pattern have been reduced by virtue of the long focal length of the
telescope.

Photography of Extended Objects:

Concluding Remarks

Many of the results of this study are similar to those found in
the study of sky-limited stellar photography and need not be repeated.
The most significant additional conclusion is that the mottle pattern
and the discrete patches and ripples of the image tube take on increased
significance in extended object photography.

Fortunately, it has also

been demonstrated that these effects can be reduced by using sufficiently
long focal length telescopes.
The practical figure of gain for the image tube compared to un
aided photography has been shown to be, in certain applications, the
relative detective quantum efficiency.
therefore occasionally be achieved.

Gains as high as 10 to 30 may

However, in many cases of extended

object photography (as well as sky-limited stellar photography), the
adverse effects of the image tube serve to lower the relative gain.

In

these cases the gain may more typically be 2 to 5.

Interference Filter Photography
An application for which the Carnegie image tube has particular
promise is the photography of astronomical sources through narrowband
interference filters.

The results of some preliminary tests of this
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application are given in the following pages.

All photographs in this

section, with the exception of Fig. 40, were obtained with the Carnegie
image tube.

The Nebula Sharpless -224
A phenomenon that is characteristic of several supernova remnants
is the peculiar filamentary structure of the associated nebulosity.

Van

den Bergh (1960) has searched for nebulae that exhibit this type of struc
ture on the red prints of the Palomar Sky Survey and has identified sev
eral optical H II regions as possible supernova remnants.

One such region

is Sharpless 224 (Sharpless 1959), a print of which is given in Fig. 40.
This figure is an enlargement obtained from the red transparency of the
Palomar Sky Survey.
Fig. 41 shows a photograph of Sharpless 224 taken through an
interference filter with the Carnegie tube.

The filter has a halfwidth

of 50 A and its transmission is centered at 6563 A (wavelength ef Ha
emission line).

Comparison of the image tube photograph with that of

the Palomar Sky Survey shows that the entire nebula is brought out more
clearly on the image tube record.

Particularly significant is the degree

to which the delicate filamentary structure is revealed on the image
tube plate.

This tends to strengthen the suggestion made by van den Bergh

that Sharpless 224 is a supernova remnant.
It should be noted that the superiority of the image tube photo
graph is due to the narrow passband of the interference filter.

The star

images, formed by continuum radiation, are suppressed relative to the
nebular image, formed by emission line radiation.

In the same manner,
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Fig. 40.

Print from Red Sky Survey Plate of Sharpless 224; 40m Exposure,
Palomar 48-Inch f/2.4 Schmidt.

A comparison of this photograph with the image tube interference filter
photograph of Fig. 41 shows that the filamentary character of the nebula
is brought out more clearly on the image tube record. The photograph in
Fig. 42, which was exposed to continuum radiation near Ha, shows that
essentially no radiation from Sharpless 224 is reflected starlight.
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Gpifyw

Fig. 41.

6563 A (Ha Emission) Interference Filter Photograph of Sharpless 224; 2^30m Exposure, 36-Inch f/5 Newtonian.
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Fig. 42.

6490 A (Continuum) Interference Filter Photograph of Sharpless
224; 2*l30m Exposure, 36-Inch f/5 Newtonian.
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the background produced by the continuum radiation of the night sky is
also suppressed.

(The latter effect is not apparent on the prints shown

here because the illustrations have been printed to the same sky density
for comparison purposes.)
The existance of several bright red stars in the immediate vicin
ity of Sharpless 224 had suggested that a significant proportion of the
radiation from this nebula might be reflected starlight.

In order to test

for this possibility, a photograph was taken through an interference
filter that transmits only continuum radiation.

(The filter passband is

centered at 6490 A and the halfwidth is again 50 A.)

The photograph,

which is reproduced in Fig. 42, fails to show even a trace of the nebula.
Clearly, very little of the radiation from Sharpless 224 is reflected
starlight.

Observations of Planetary Nebulae
With the aid of very narrowband interference filters it is possible
to photograph planetary nebulae in the light of single emission lines.
An important characteristic of this method of studying planetary nebulae
is that certain spectral features can be directly correlated with the
morphological characteristics of the nebulae.

Such correlations are sig

nificant aids to the study of the ionization, temperature, and pressure
structure of these objects.
The manufacture of the filters required for this application is
extremely"difficult and, for this reason, the desired filters have not
presently been obtained.

Nevertheless, using filters that have broader

passbands than are ultimately required (and that therefore generally
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transmit spectral lines in addition to the one of interest), several
photographs have been taken that indicate the promise of this technique
in studying planetary nebulae.

The photographs are shown in Figs. 43,

44, and 45 and the captions point out some of the more interesting fea
tures of the planetaries observed. Unless otherwise specified,the photo
graphs were obtained at the 36-inch f/15 Cassegrain focus.

Diffuse Nebula Near BD +8° 933
Interference filters, in conjunction with the Carnegie tube,
have been used to a significant advantage in studying the properties of
a nebula that is associated with the star BD +8° 933. The filter-Carnegie
tube combinations have allowed photographs to be taken in four relatively
narrow regions of the visible spectrum.

This, in turn, has permitted

increased interpretation to be made of the nebular radiation.
photographs are presented in Fig. 46.

The four

The central wavelength and the

halfwidth of the respective filters are indicated in the four illustra
tions.
The unusual changes that occur in the four photographs of this
nebula may be interpreted as follows.

The light that is recorded on the

3700 A photograph, and also on the 4970 A photograph, is scattered con
tinuum radiation from the star.

This light outlines primarily the dis

tribution of dust within the nebula.

The light that is recorded on the

6563 A photograph is Ha emission, which outlines primarily the distribu
tion of gas in the nebula.
Further, noting that the nebular continuum radiation is entirely
absent on the 6490 A photograph (the faint light areas are image tube

X
Fig. 43.

3426 [NeTT]

X 6563

Ha

NGC 3242 in Light of [Ne V] and Ha.

Two prints from each plate are reproduced here in order to
show the structure of both the bright and faint portions of
the nebula. Two primary shells im'this planetary are seen.
The unusual knots of luminosity that occur in the Hot photo
graph are nearly absent in the [Ne V] photograph. The dis
tribution of Ne V in the inner shell is seen to be more cen
trally concentrated and more spherically symmetric than is
the distribution of H I.
In the outer shell H I appears
to be concentrated in a plane that is perpendicular to the
major axis of the inner shell. The distribution of Ne V in
the outer shell is more uniform. Exposure times were 2^30m
for [Ne V] and 3m for Ha.
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X 3426
Fig. 44.

[NeY]

X 5007lT0ni]

X

6563 Ha

NGC 2392 in Light of [Ne V], [0 III], and Ha.

There is seen to be a considerable amount of structure in even the outer
shell of this planetary. (The outer shell is underexposed in the [Ne V]
record.) The inner shell is clearly more spherical and less structured in
[Ne V] than in [0 III]or Ha. (Note that a short duration guiding failure
caused the streak shown in the [Ne V] photograph.) Exposure times were
lh45m for [Ne V], 10™ for [0 III], and 10m for Ha.

X 5007 [om]

Fig. 45.

X6563 Ha

M57 (Ring Nebula) in light of CO III] and Ha.

The difference in the distribution of 0 III and H I in the Ring
Nebula is clearly indicated in the lower two photographs. The
0 III shell is closer to the center of the nebula and is less
structured than the H I shell. An extremely faint outer shell,
shown in the light of Ha in the upper photograph, is observed
in [0 III] as well. The upper photograph was obtained in a l'1
exposure at the Newtonian focus. For the lower records,obtained
at the Cassegrain focus, the exposure times were 8m for [0 III]
and 12m for Ha.
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3700 A (HW = 600 A)

4970 A ( HW = 100 A)

6490 A (HW* 50 A)

Fig. 46.

Narrowband Photographs Showing Reflection-Emission Character
of Diffuse Nebula Near BD +8° 933.

The central wavelength and halfwidth of the respective filters are indi
cated below the four photographs. The reflection component of the nebula,
as recorded in the top two photographs, is shown to be unusually blue.
The bright star was masked from the photocathode for the upper exposures.
The bottom two photographs indicate that the red light from the nebula
is produced by emission line radiation. (The two concentric rings on the
lower photographs are properties of the interference filters.)
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defects) and noting that it is exceedingly weakly recorded on the 4970 A
photograph, the nebula is concluded to be unusually blue.

Additional

platesj taken in more passbands of this nebula, including plates for
brightness measurements of the star, should allow a quantitative analysis
to be made of the relative color distribution of the nebula and the star.
An analysis such as this can supply significant data for determining the
properties of the scattering particles within the nebula.

Ha Photography of Spiral Galaxy M81
Two photographs have been taken of the spiral galaxy M81, using
respectively a broad passband blue filter and an Ha interference filter.
The plates, which are shown in Fig. 47, demonstrate the capability of
studying H II regions and general spiral structure of external galaxies
with the Carnegie tube.

Some of the more interesting features of M81

that are revealed by the two exposures are pointed out in the caption.

Crab Nebula Observations
Photographs of the Crab Nebula have been taken that very effec
tively separate the bright amorphous structure of the nebula (comprised
of synchrotron continuum radiation) from the filamentary structure (com
prised of emission line radiation).
Fig. 48.

The photographs are reproduced in

The two illustrations that show only the continuum radiation

were taken through a polaroid filter, the position angle of which was
rotated through 90° between the two exposures.

A Wratten 90 filter was

used to isolate the continuum radiation from that of the emission lines.
The polarization of the amorphous mass of the Crab Nebula is
clearly indicated by the two polaroid photographs.

These photographs
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Fig. 47.

Blue Magnitude and Ha Photographs of M81.

The upper photograph is a 2m blue magnitude exposure;the lower is a 55m
Ha (exposure. The spiral arms of this galaxy are more clearly outlined
by the H II regions than by the blue stellar radiation. Note the sev
eral blue star associations that occur in the H II regions. The nucleus
appears particularly bright on the Ha photograph because of a predomi
nantly red continuum from the old generation stars.
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Fig. 48.

Polaroid Continuum and Hot Emission Photographs of Crab Nebula.

The direction of the polaroid E vector transmission is indicated for the
two polaroid photographs of the continuum component. The continuum radi
ation is seen to be effectively suppressed in the Ha interference filter
photograph.
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appear to be in good agreement with those taken by Baade (1956) with the
200-inch Palomar telescope.1

However, it should be pointed out that,be

cause the background on the present image tube photographs is roughly
25 percent scattered light and because the scattered component may be
polarized in a very complex fashion, several precautions would be re
quired in analyzing these records for polarization data.
The Ha interference filter photograph in Fig. 48 brings out the
filamentary structure of the Crab Nebula very well.

An application of

the Carnegie tube that looks particularly promising with regard to the
Crab Nebula is the determination of the relative intensities of several
emission lines throughout the filaments by interference filter photography.

Interference Filter Photography:

Concluding Remarks

Application of interference filter techniques to direct astro
nomical photography must be considered one of the most promising applica
tions of the Carnegie image tube. Increased astrophysical interpretation
of not only emission line objects, but contiuum radiation objects as well,
has been shown to be possible through the use of interference filter pho
tography.

These techniques, it should be pointed out, are seldom possible

with unaided photographic materials. For many objects, unaided emulsions
are simply not sensitive enough to produce an acceptable record within
practical exposure times.

1. The resolution and fine detail of Baade's plates are far
superior to the present image tube plates. The reason for this is
primarily the larger scale and the superior image characteristics of
the 200-inch compared to the 36-inch. Also, the contrasty baked Illa-J
plates used here tend to wash out the detail in the highly exposed cen
tral portions of the nebula.

CHAPTER V

CONCLUSIONS OF INVESTIGATION

The Carnegie image tube has been shown to provide a significant
gain over unaided photographic emulsions in applications to direct pho
tography of astronomical sources.

Based on the detective quantum effi

ciency, a figure of merit that is determinable from laboratory measure
ments, the gain over typical astronomical emulsions has been found to
be in the range 10 to 20.

This value applies to the Carnegie tube when

a IIa-0 emulsion is used to record the image tube output.

When a baked

Illa-J emulsion is used as the recording medium,the detective quantum
efficiency is increased but the baked Illa-J record tends to be unre
liable photometrically.
In seve~ral applications the relative detective quantum effi
ciency may be used to accurately predict the relative performance of an
image tube and an unaided photographic emulsion.

In many other appli

cations, however, certain characteristics of the image tube seriously
affect the quality of the final record.

These characteristics, primar

ily, are low resolution, nonuniformities in sensitivity, and lightinduced background.
The average resolution limit of a Carnegie tube record, about
25 lp/mm, is somewhat less than half that of common astronomical emul
sions.

Therefore, if the size of the seeing image produced by a given
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telescope is smaller than a resolution element of the image tube,then
an object that is recorded with the Carnegie tube will not be as well
resolved as it would be on an unaided photograph.

In many applications,

however, the seeing image produced by the telescope is enough larger
than a resolution element that the final resolution is determined
mostly by seeing effects.

Then the lower resolution limit of the image

tube is of little consequence.
One of the most important nonuniformities in sensitivity of the
Carnegie tube is produced by a general mottled, or granular, structure
of the dynode and output phosphors of the image tube.

Also, there are

a number of discrete variations, forming patches and ripples, that are
important in certain applications.

The mottle pattern is characterized

by alternate bright and dark elements that have a mean spatial period
of 350 pm and that produce an rms variation in sensitivity of ±1.3
percent.

The discrete patches and ripples are somewhat larger in size

and amplitude.
The adverse effects of these nonuniformities are particularly
strong when the Carnegie tube is used at a moderately short focal
length telescope (e.g., the 36-inch f/5 Newtonian telescope of Steward
Observatory) and when the night-sky radiation is strongly recorded.
Under these conditions the plate density representing the sky back
ground is clearly modulated by the mottle pattern,and the individual
mottle elements tend to mimic the small, faint star images that are
produced by the telescope.

This phenomenon serves to lower the detec

tion of the threshold star images.

The effects of the image tube
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nonuniformities are subjectively the most severe on photographs of ex
tended objects.

The noise produced by the mottle pattern reduces the

detection of small, low contrast features of galaxies and nebulae and
the patches, ripples, and mottle pattern of the image tube are some
times confused with the real details of the object being photographed.
By using a telescope with a moderately long focal length (e.g.,
the 36-inch f/15 Cassegrain telescope) the size of the seeing image is
then sufficiently large in comparison to the image tube defects that
they are no longer confused with real features.

Thus, the rather strong

subjective effects of the nonuniformities are significantly reduced.
The noise produced by the nonuniformities is then very similar to nor
mal photographic granularity.
The light-induced background of the Carnegie tube is primarily
due to the transmission of a portion of the incident radiation by the
semi-transparent photocathode.

The transmitted light is scattered

throughout the first stage of the image tube and some of it is conse
quently returned to the photocathode.

This gives rise to a general

background emission.
The detrimental effects of the light-induced background can
often be avoided by masking off the images of bright small-area objects,
such as field stars, in front of the photocathode.

In photographs .that

are exposed to near the sky limit, however, the night-sky radiation is
generally the dominant source of light and this radiation cannot be
masked from the photocathode.

The light-induced background in this

case contributes about 25 percent additional background to the final
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record, although the exact amount depends upon the color of the inci
dent radiation and upon the position within the field of the image
tube.

The additional noise produced by the light-induced background

significantly reduces the signal-to-noise ratio of weak images and, of
course, corrections for this background must be made to photometric
data obtained from Carnegie tube records.
Because the magnification of the image tube changes as a func
tion of radius,there is an apparent increase in sensitivity toward the
edge of the field.

At an 18 mm radius the sensitivity appears to be 30

percent greater than at the center.

This effect must also be accounted

for in making a photometric analysis of a Carnegie tube record.
It has been demonstrated that the iris photometry of Carnegie
tube plates is essentially as accurate as that of unaided plates.

The

reduction in exposure time provided by the image tube is numerically
equal to the relative detective quantum efficiency of the image tube
and the respective photographic plate.

These statements hold true as

long as the exposures are not near the sky limit and provided that the
images formed by the telescope are larger than the resolution limit of
the image tube.
When sky-limited exposures are obtained at the same focal
length telescope, the limiting magnitude on a Carnegie tube photograph
is about 1 magnitude brighter than that on an unaided photograph.
This loss in limiting magnitude is attributed primarily to the mottle
pattern and the light-induced background of the Carnegie tube.

In

order to reach the same limiting magnitude with the Carnegie tube as is
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possible to reach with an unaided plate the Carnegie tube must be used
at a longer focal length telescope.

The reduction in exposure time

provided by the image tube is then only about 2 or 3.

The effec

tive gain of the image tube is generally somewhat higher than this,
however, because of the higher scale of the image tube photograph.
Most of the star images (or the details of an extended object) in the
field have a higher signal-to-noise ratio on the image tube photograph.
Only the threshold images, which are particularly affected by the nonuniformities of the image tube, have about equal signal-to-noise ratios
on the two records.
The Carnegie image tube has been shown to be particularly ef
fective in application to the photography of astronomical sources
through narrowband interference filters.

Direct plates are generally

not sensitive enough to be in competition with the image tube in this
specialized application.

(A reducing camera can of course be used in

conjunction with a direct plate,but then the final record is seriously
affected because of the small image scale.)

It has been shown that the

detection of emission line objects can be significantly improved
through the use of interference filters and the Carnegie tube.

The

filters effectively suppress the night-sky radiation and the local
background of the source.

It has also been demonstrated that the in

terpretation of continuum radiation objects can be significantly aided
through the use of narrowband filter photographs.
On the basis of the present investigation a few general state
ments can be made in regard to using other image tubes for direct

ISO
astronomical photography.

Because the principal nonuniformities of the

Carnegie tube have been found to be caused by the phosphor screens, it
may be expected that similar nonuniformities exist in the several other
image tubes that use phosphor screens.

The electronographic image

tubes of course do not have phosphor screens and, therefore, they may
be expected to have superior small-scale uniformity.

The light-induced

background due to light that is transmitted by the photocathode has
been found to exist in other tubes.

Fortunately, both the phosphor

nonuniformities and the light-induced background can be somewhat con
trolled by specific manufacturing techniques.

However, the researcher

often requires more quantitative descriptions of these phenomena than
are currently provided by manufacturers.

.

—- -

Geometrical distortion and large-scale nonuniformities in sen
sitivity are problems that certain other image tubes clearly possess.
Again, more information than is presently available is needed to quan
titatively compare these characteristics among the available image
tubes.

Resolution of the various tubes is a rather uncertain specifi

cation and there appears to be substantial variation even among samples
of the same design from some manufacturers.

The electronographic tubes,

of course, have resolution superior to any other design of image intensifier presently available.
In direct photography of sources that have high contrast with
respect to their surroundings the high gain tubes, such as the English
Electric Valve and EMI tubes, may have considerable success.

These

tubes provide very high efficiencies in this specific application
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because only a relatively small number of photoevents need be recorded
in order to provide adequate recognition of a high contrast object.

A

useful application-of these tubes might be the photography, of emission
-• .^ . I
Of"
objects through very narrowband interference filters.
In the photography of low contrast sources (e.g., faint stars
against the sky background or low contrast details of galaxies) the
high gain tubes generally saturate the photographic emulsion before a
sufficient number of photoevents are recorded to permit discrimination
of the source and its background.

The electronographic tubes, on the

other hand, are capable of storing a very large number of photoevents
before saturation occurs and, therefore, these tubes can successfully
record objects of very low contrast.

Stars fainter than those possible

to observe with direct plates have, in fact, recently been recorded
with electronographic devices.
It is important to note that one particular image tube may
often be superior to other available image tubes in a specific applica
tion.

A substantial amount of evaluation is still required of these

devices in the area of astronomical photography.

In view of the prom

ise shown by the Carnegie image tube and other image tubes, continued
evaluation is of considerable interest to the astronomical community.

if! *>
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