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Ultraviolet Television

Color-Translating Microscope

V. K. Zworykin and Fred L. Hatke

Every advance in microscope tech-
nique has been followed by comparable
strides in biology and medicine. This has
been true of the introduction of the light
microscope, of the spectroscope, and of
the electron microscope. We can thus
hope that the ultraviolet television color-
translating microscope, which adapts
color vision to the viewing at high mag-
nification of living cells illuminated by
ultraviolet radiation, may also make a
material contribution to biological re-
search.

It is well know: that the chemical con-
stituents of unstained living cells, though
practically transparent to visible light,
exhibit strong characteristic absorptions
in the ultraviolet, particularly in the
range from 2200 to 3000 angstroms (1).
Thus, the recognition of structure in cells
and tissue specimens is greatly facilitated
by studying them under ultraviolet illu-
mination. In the past, ultraviolet micros-
copy has suffered from the drawback
that photographic exposure and devel-
opment was required to render the ultra-
violet image visible. This difficulty was
removed by the development of the
ultraviolet television microscope, which
permits the immediate and continuous
observation of the specimen under ultra-
violet illumination (2, 3).

The ultraviolet television microscope,
like the photographic ultraviolet micro-
scope, yields a simple monochromic rep-
resentation of the specimen, in which the
half tones correspond to the relative
over-all absorption of different portions
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of the specimen for the illuminating
radiation. Brumberg (4) recognized at
an earlier date that considerably more
useful information would be . conveyed
by a color representation of the object,
in which the relative intensity of the
three primary components—red, green,
and blue—would be proportional to the
transmission (or absorption) of the speci-
men at three selected ultraviolet wave-
lengths. If the wavelengths are chosen
to correspond to the characteristic ab-
sorptions of specimen constituents of
particular interest to theobserver, this
procedure makes optimum use of tri-
chromatic vision to discriminate between
the constituents.

Brumberg’s idea was rendered prac-
tical for photography through the devel-
opment of catadioptric microscope ob-
jectives (5-7) which were apochromatic
over the entire range of the ultraviolet
and visible spectrum (2200 to 8000
angstroms). With these objectives, Land
and his coworkers (8) were able to con-
struct a photographic color-translating
microscope which yielded excellent color
pictures of biological specimens under ul-
traviolet illumination. In Land’s system,
three film frames were exposed succes-
sively to the images of the object formed
by ultraviolet radiation of three different
wavelengths as delivered by a grating
monochromator. These frames were de-
veloped, fixed, and washed in a high-
speed developing system and then pro-
jected through the correlated red, green,
and blue filters in superposition on a com-
mon viewing screen. Both negative rep-
resentation, in which the intensity of a
given color corresponded to the absorp-
tion of radiation of the correlated wave-
length, and positive representation, in
which the intensity corresponded to the

-source,

transmission of the same radiation, were
studied. The most effective correlations
are shown in Table 1.

A color-translating ultraviolet micro-
scope which follows Land’s instrument
in its main outlines has been mar-
keted by the Scientific Specialties Cor-
poration (9). Negative representation. is
employed. Photographic processing. de-
mands only 25 seconds; -hence, the delay
between exposure and:examination of the
picture is minimized. The exposure time
for the three selected wavelengths is ad-
justed automatically to compensate for
differences between the light output of
the monochromator and that of the
a water-cooled, high-pressure
mercury arc.

As has already been indicated, some
very good results have been obtained with
the photographic method. Nevertheless,
this method has certain obvious short-
comings. The most important of these is
the impossibility of scanning large quan-
tities of material at high speed for the
detection, for example, of abnormalities
or features of special interest. Under
such circumstances, a delay of half a
minute between the viewing of adjoining

-microscopic fields would seem to be pro-

hibitively long. Furthermore, although
the obtaining of a permanent photo-
graphic record of interesting specimen
fields may be deemed an advantage, the
necessity of obtaining such a record for
every field examined is the opposite,
both from the point of view of economy
and from that of swamping the interest-
ing material with records of little value.

It is the aim of the ultraviolet tele-
vision color-translating microscope to
overcome these drawbacks by providing
an instantaneous color representation of
the specimen. With it, the examination
of specimens in the ultraviolet can be
carried out with the same speed and
simplicity as examination in the visual
range. Whenever a permanent record is
desired, it can be obtained by color
photography of the receiver screen (10).

Construction

The basic plan of the several types of
television color-translating microscopes
which we have constructed is shown in
Fig. 1. A microscope with reflective con-
denser and objective projects the image
on the photosensitive target (or targets)
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of a television camera, whose video sig-
nal is employed for the reproduction of
an image of the specimen on the screen
of a color receiver. Illumination is pro-
vided by a pulsed light source incor-
porating one or several monochromators
and so arranged that radiation of the
three selected ultraviolet wavelengths
falls on the specimen at successive pulses.
The pulse source also controls the verti-
cal deflection in the camera and receiver
in such fashion that the pulses of illumi-
nation occur during vertical fly-back
time, the picture signal stored by a radia-
tion pulse of a particular ultraviolet
wavelength being utilized for generating
a component picture of the correspond-
ing color in the succeeding frame period.

The feature of the sequential illumi-
nation of the specimen with ultraviolet
radiations of different wavelength is com-
mon to the several instruments described
in this article. Sequential illumination is
to be preferred to the alternative of illu-
minating the specimen with unseparated,
“white,” ultraviolet radiation and effect-
ing the separation subsequently by beam
splitters or filters, or both, since it re-
duces the total exposure of the specimen
to ultraviolet radiation and thus mini-
mizes the chemical and biological
changes effected by this exposure. Apart
from this, there is considerable choice in
the design of both the illuminating system
and the camera.

The camera tube may, in principle,
employ either a photoconductive or a
photoemissive target. The photosensitive
material must, of course, maintain high
response throughout the portion of the
ultraviolet spectrum utilized and must
be deposited on a base which is trans-
parent to ultraviolet radiation. The ex-
perimental ultraviolet-sensitive Vidicon,

Table 1. Most effective correlations be-
tween color and wavelength in negative
and positive representation.

Ultra- R .
violet epresentation
wave-

le(n E;h Negative Positive
2650 Green Blue
2850 Red Green
3150 Blue Red

Table 2. Values of n, %, and Ad at se-
lected wavelengths for a lens of focal
length of 4.5 inches.

A Ad

(A) " x (in.)

2537  1.5980 -0.210

3130  1.5737  69°4.5 0

4358 15540 0.170
806

employing a photoconductive layer of
amorphous selenium (I7), which has
been developed specifically for research
applications, is particularly attractive
since it combines a quantum yield of the
order of 1 in the ultraviolet with sim-
plicity of operation and compactness; it
is interchangeable with the standard
Vidicon employed in commercial indus-
trial television equipment. Its spectral
response is shown in Fig. 2.

The ultraviolet-sensitive Vidicon ex-
hibits a certain amount of lag—that is,
the charge pattern on the target excited
by exposure to radiation is not removed
completely in a single scan, but persists
for a fraction of a second, giving rise to
after-images of rapidly decreasing intens-
ity. Wherever this slight carry-over from
one frame to the next is harmful, it be-
comes advantageous to employ a camera
tube effectively free from lag, such as
the image orthicon. Experimental image
orthicons with ultraviolet-transmissive
front ends and photocathodes of high
sensitivity in the ultraviolet (Fig. 3) have
been built to order for the television
color-translating microscope. Their per-
formance has been very satisfactory. At
the same time, the higher cost and more
complex auxiliary equipment demanded
by these tubes makes it clearly desirable
to use them only when freedom from lag
and very high sensitivity are essential
requirements.

The illuminating system of the color-
translating microscope may employ
either a single light source or three light
sources. Similarly, the camera may oper-
ate on the field-sequential principle, em-
ploying a single camera tube, or on the
simultaneous principle, employing three
camera tubes in parallel. The first tele-
vision color-translating microscope, con-
structed at the RCA Laboratories in
Princeton, New Jersey (3), used a single
pulsed light source and single Vidicon
camera tube. A simple mechanical sys-
tem was employed to select in turn radia-
tion of three different wavelength ranges
for illumination of the specimen.

The method of wavelength selection
was based on the fact that the focal
points for a prism monochromator with
uncorrected collimator and telescope
lenses made of the same material as the
prism lie along a straight line which is
oblique to the direction of the refracted
pencils. If the entrance slit of the micro-
scope illuminator is placed on this
straight line, a plane mirror perpendicu-
lar to the line will project the focal
point for radiation of different wave-
lengths onto the slit as it is displaced in
a direction perpendicular to its surface.

Figure 4 shows the application of this
principle. A medium-pressure mercury
arc lamp illuminated the entrance pupil
of a 60-degree quartz prism monochro-
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Fig. 1. General block diagram of television
color-translating microscope.
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Fig. 2. Ultraviolet response of experi-
mental ultraviolet-sensitive Vidicon.
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Fig. 4. Optical system of single-source
television color-translating microscope.
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mator provided with quartz collimator
and telescope lenses, all cut perpendicu-
lar to the optic axis. The mirror M con-
sists of a rotating disk with three sectors,
recessed by different thickness differences
Ad. For a 60-degree prism, it may be
shown that the glancing angle % formed
at the mirror surface by the principal ray
of radiation for which the index of quartz
is n is given by

_V4-u
tanx——"jl g

Furthermore, the relative displacement
of the mirror surfaces is given by

v i

where F is the focal length of the col-
limator and telescope lenses for the
median wavelength. Thus, for a lens
focal length of 4.5 inches, we obtain the
values shown in Table 2 for a system em-
ploying 2537, 3130, and 4358 angstroms
as the selected wavelengths.

The monochromator tube, synchronous
drive motor, sector disk, and microscope
are shown in Fig. 5. The disk was ro-
tated at one-third the frame frequency
of the television system. Automatic phas-
ing of the television system could be
achieved by deriving a triggering signal
for the vertical deflection from the inter-
ruption of a light beam falling on a pho-
tocell by the rotating disk. The signal
levels for the three wavelength ranges
were balanced empirically by masking
the mirror sectors.

Although the principle of color trans-
lation could be teadily demonstrated
with this instrument, it had several short-
comings. Perhaps the most obvious of
these was the difficulty of changing the
wavelength selection. Every change in
wavelength demanded the insertion of a
new sector mirror or plane parallel shim
to adjust the height of the mirror sur-
face. 'Furthermore, the fact that the
angle of incidence of the illumination
varied slightly with the wavelength made
it very difficult to achieve color balance
over the entire field. Finally, the lag of
the experimental Vidicon employed in
the instrument prevented the attainment
of highly saturated colors.

These and other drawbacks were over-
come in a more elaborate television
color-translating microscope constructed
at the Rockefeller Institute for Medical
Research in New York. The illuminating
system of this instrument is shown in
Fig. 6. Three Farrand grating mono-
chromators with individual pulsed light
sources permit arbitrary adjustment of
the illuminating wavelengths by means
of the calibrated knobs on the front panel.
The cover for one of the sources, a
Hanovia 10B1 quartz mercury arc lamp,
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Fig. 5. Detail of single-source television color-translating microscope (RCA Laboratories).

is removed in the illustration. The use of
separate ‘light sources has the incidental
advantage that sources can be selected
for high emission in particular wave-
length ranges. Thus, for the shortest
wavelengths, a Hanovia 250-watt xenon-
mercury lamp is employed.

The optical arrangement of the illu-
minator is more clearly evident from the
diagram in Fig. 7. The source is imaged
by a quartz lens on the entrance slit of
the monochromator, and the exit slit is
imaged by a second lens onto the center
of a rotating 45-degree mirror which
directs the illuminating radiation into
the microscope substage, an {/3.5 aper-
ture ratio being maintained throughout.
The amplified vertical pulses from the
synchronizing generator of the television
system are applied through contact
brushes on slip rings attached to the mir-
ror stage to the three thyratron circuits
feeding the light sources in succession,
triggering a light flash at the instant
when the principal ray from the mono-
chromator and the normal to the rotat-
ing mirror surface lie in a common ver-
tical plane. Synchronism between the
mirror rotation and the synchronizing
generator is assured by deriving control
signals for the synchronizing generator

from the mirror stage commutator. Fine
adjustments of the monochromators
make it possible to make the mechanical
phase differences for the three illuminat-
ing units precisely 120 degrees.

The circuit arrangement for sequential
camera operation, with a single camera
tube, is shown in Fig. 8. The output sig-
nal of the camera is applied in parallel
to the red, green, and blue video am-
plifiers of the color receiver. However, a
set of three bistable multivibrators con-
nected in a ring are driven by vertical-

Fig. 6. Illuminating system of television
color-translating microscope with three
separate sources (Rockefeller Institute).
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deflection timing pulses in such fashion
that only one of the three gun cathodes
of the RCA 21AXP22-A color kinescope
has a negative bias applied to it in any
one ficld period (1/60 second), the other
two being driven to cut-off. Thus, the

video signal for successive fields modu-

lates the red, green, and blue scanning
beams in turn, in such fashion that a
component picture of a particular color
is generated in the field period following
the exposure of the camera tube target
to an image formed by ultraviolet radia-
tion of the correlated wavelength.
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Fig. 7. Iluminating system.
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Fig. 8. Block diagram of television color-translating microscope at Rockefeller Institute

for Medical Research.
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Timing control for the entire system
is provided by the commutator sector
mounted on the rotating stage for the
45-degree mirror. This sector is con-
nected both to a direct-current source
and to a pulse amplifier deriving sharp
timing pulses 1/60 second apart from the
synchronizing generator. Thus, a narrow
pulse riding on top of a broad square
pulse is applied, in 1/20-second inter-
vals, to each of the brushes. This signal
is divided three ways. For timing con-
trol, the signal is passed through low-
pass filters which remove the spike and
smooth the square pulses, after which
it is added to the similarly smoothed -
outputs of the other two brushes. A
band-pass filter selects the 60-cycle com-
ponent of the sum, which is phase-com-
pared with the vertical synchronizing
pulses delivered by the synchronizing
generator. The output of the phase com-
parator is then employed to lock the
synchronizing generator to the rotation
of the 45-degree mirror.

A second current path from the
brushes contains a clipper, which clips
off the narrow timing pulses and applies
them to the appropriate junction be-
tween a pair of the multivibrators, gat-
ing the beam currents in the color kine-
scope. :

The third path provides the triggering
pulses for the ultraviolet source circuit,
which is shown schematically in Fig. 9.
A 12-kilovolt pulse for starting the lamp
is obtained from a sawtooth generator
and an output tube feeding into an auto-
transformer. In addition, the synchroniz-
ing pulse is amplified and applied to a
thyratron grid to provide a low-imped-
ance path for a condenser discharge
through the lamp. Finally, a low-voltage
“keep-alive supply” maintains continu-
ous current through the arc lamp. Thus
the ionization within the arc lamp is
maintained above a certain minimum
level, thereby stabilizing the position of
the arc and eliminating random delays
between the discharge through the lamp
and the application. of the trigger pulse.

A view of the complete television
color-translating microscope is shown in
Fig. 10. The optical microscope, the
image orthicon camera, and the black-
and-white test monitor are mounted on a
desk, whose central drawer space con-
tains the illuminating system. Power sup-
plies are housed in the drawer space to
the left. The color monitor is a modified
RCA color receiver.

The objective and: the substage con-
denser of the microscope are identical
catadioptric objectives corrected for dif-
ferent thicknesses of quartz; all the re-
maining lenses of - the illuminating sys-
tem are simple quartz lenses maintaining
an f/3.5 aperture ratio. The slit image
in the plane of the 45-degree mirror is
imaged by a pair of these lenses into the

SCIENCE, VOL. 126



12 KV
TRIGGER PULSE
- |_GENERATOR
THYRATRON
GATE

¥

FROM
COMMUTATOR MERCURY
ARC LAMP

I 50V. I
“KEEP ALIVE"
SUPPLY

Fig. 9. Ultraviolet-source circuit.
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entrance pupil of the substage condenser,
which, in turn, images one of the lens
surfaces in the specimen plane. With this
arrangement, the illumination sweeps
across the image plane as the 45-degree
mirror is rotated. Thus the precise phas-
ing between the light flashes and the mir-
ror position afforded by the described
circuits is essential for realizing color
balance throughout the image field.
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Performance

Within the short period during which
the instrument has been in use, it has
been applied to the study of a number of
simple preparations, all of them un-
stained and unfixed. The possibility of
studying living materials at high mag-
nifications, without the introduction of
artifacts resulting from chemical inter-
ference, may be regarded as one of its
primary advantages. Protracted studies
of tissue specimens—for example, mouse
connective tissues—have revealed no vis-
ible structural changes resulting from the
ultraviolet irradiation employed; para-
mecia, tetrahymena, and amebas, simi-
larly, showed no change in behavior or
motility, whereas ameboid slime-mold
cells tended to be immobilized after

3/5 maun

Fig. 11. Red cell of frog blood and oscillograms representing transmission at three ultra-

violet wavelengths along selected scanning line.
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about 2 minutes of irradiation at 2650
angstroms, and rotifers exhibited a defi-
nite negative tropism.

Cell preparations frequently reveal
fine details, such as “chromatin” gran-
ules in protoplasm, which are not visible
with illumination by visible light. The
major absorptions are generally due to
nuclear or protein materials, so that, in
many preparations, only nuclei appear
strongly colored. In addition, pigments
such as hemoglobin or chlorophyll, pre-
sent in too small concentrations to im-
part appreciable coloration to a speci-
men, give rise to striking color contrasts
in the ultraviolet color-translating micro-
scope; thus the streaming of protoplasm
and cyclosis of chloroplasts become
readily visible.

Particular chemical compounds with
characteristic ultraviolet absorptions are
readily detected by correlating critical
ultraviolet wavelengths with the primary
colors. Knowing the absorption coeffi-
cients of the materials in question, we
can even obtain quantitative estimates
of their concentrations at any point of
the specimen. For this purpose we em-
ploy a line-selecter oscilloscope to select
a particular horizontal scanning line and
represent the variation of the video sig-
nal along it in the red, blue, and green
channels on separate cathode-ray tubes.
This is illustrated in Fig. 11, which shows
a nucleated red cell of frog blocd. In the
original picture, photographed from the
color monitor, the nucleus appears
orange, the hemoglobin, yellow, and the
white corpuscles, purple. A white line
through the center of the red blood cell
indicates the location of the selected line.
The three oscillograms show the variation
of the video signal for the three selected
ultraviolet wavelengths and thus give an
indication of the concentration of the
principal absorbing materials along the
selected line. Quantitative measurements
by this means would of course require
density step-wedge calibration.

The fact that, in the television color-
translating microscope, practically any
chemical differences can be translated
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Fig. 12. Simultaneous color camera for
television color-translating microscope.
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Fig. 13. Sector-disk illuminator for tele-
vision color-translating microscope.

into color differences can make it a valu-
able tool in the rapid diagnosis of any
disease whose onset is characterized by
intracellular chemical changes. The de-
tection of small quantities of a specific
absorbing material can be further facili-
tated by modulating the gun cathode bias
for the color channel correlated with the
absorbed wavelength at a low frequency
(of the order of 1 cycle per second),
since the eye is very sensitive to the re-
sulting flicker.

Modifications

An immediate improvement consid-
ered for the construction of the instru-
ment is the replacement of the quartz
lens in the illuminating system by quartz-
fluorite achromats. This should eliminate

the need for readjustment of the optical
system of the illuminator with changes

‘in ‘wavelength selection and should lead

to more nearly identical illumination at
the three wavelengths.

A second change under consideration
is the replacement of the single-image-
orthicon camera by a three-Vidicon cam-
era, as indicated schematically in Fig.
12. The beam of radiation from the mi-
croscope is directed successively to the
“red,” “green,” and ‘“blue” Vidicon—
all of them, of course, of the experimen-
tal ultraviolet-sensitive type—by a pair
of coupled sector disks synchronized with
the vertical deflection; in Fig. 12, the
shaded areas represent minor surfaces,
while the clear areas transmit incident
radiation unhindered. With such an ar-
rangement, the camera becomes a simul-
taneous camera, and a standard simul-
taneous color monitor can be employed
to view the picture. Vidicon lag no
longer has an adverse effect on color
purity (except in the viewing of objects
in rapid motion), but merely serves to
reduce flicker effects observed in the re-
produced picture.

A similar system of sector disks (even-
tually rigidly coupled to those in the
camera) may be employed in the illu-
minator to direct radiation from the
three monochromators into the substage
of the microscope (Fig. 13). This system
possesses the advantage of rendering the
timing of the pulsing of the light sources
relatively uncritical and of achieving ex-
act optical superposition of the three
illuminating sources (12).

The Maser

A Molecular Amplifier for Microwave Radiation

Electrical amplifiers in use today
usually employ the motions of charged
particles in electric or magnetic fields,
as in vacuum tubes and transistors, or
some nonlinear macroscopic property of
matter, as in the case of the magnetic
amplifier. An altogether different method
of amplifying electrical signals is by
stimulated emission of radiation. A de-
vice which uses this principle is called a
~-maser (rhymes with razor). The word
was coined by Townes and associates at
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Columbia University from the words
microwave amplification by stimulated
emission of radiation (1).

The maser principle was suggested by
Weber in 1953 (2) and again independ-
ently by Bassov and Prokhorov in 1954
(3). The idea was used in a microwave
spectrometer by Gordon, Zeiger, and
Townes in 1954 (4). Within about the
last year a large number of papers have
been published on the subject, analyzing
the theory and proposing new ways of
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incorporating the idea into practical de-
vices (5-17).

Although the concept of this method
of amplification is only a few years old,
and although its successful embodiment
into an instrument that can be used out-
side the laboratory awaits further devel-
opment, its promise for future applica-
tions has aroused great interest in many
technical fields. The main reason for this
is that masers can operate with very low
internal noise, much lower than the noise
of the microwave amplifiers presently
used. Thus, masers offer the possibility
of greater ultimate sensitivities in the
fields of radio astronomy, communica-
tions, and radar. Microwave spectromr
eters using the maser principle have al-
ready established their usefulness. Masers
can be designed to oscillate at a very
stable frequency, thus providing a basis
for very accurate time standards.

The development of the maser was
made possible by recent research in
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