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LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A, Makes any warranty or representation, expressed or implied, with respect to the accu~
racy, completeness, or usefulness of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission’’ includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any Information pursuant to his employment or contract
with the Commission, or his employment with such contractor,

This report expresses the opinions of the author or
authors and does not necessarily reflect the opinions
or views of the Los Alamos Scientific Laboratory.
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OPTICAL INSTRUMENTS FCR HIGH ALTITUDE NUCLEAR TESTS

THE JOWOG~13 OPTICAL INSTRUMENT SUBWOG
He Milton Peek
ABSTRACT

High speed cameras and spectrographs are useful diagnostic tools in
nuclear weapons tests. High altitude weapons test applications require
new, advanced, sophisticated designs not usually available from estab-
1ished commercial optical instrument firms. In 1964 an Optical Instru-
ment Subwog of JOWOG-13 was established to promote the development of new
instruments needed for weapons testing. Subwog work has resulted in de-
velopment of the following:

l. the Model 739 rotating-mirror camera, being developed at Lawrence
Radiation Laboratory. It will use an achromatic optical design de-
veloped by the United Kingdom Atomic Weapons Research Establishment
and Los Alamos Scientific ILaboratory;

2. the E 12 image~converter camera, a multiframe and streak camera capa-
ble of 10-nsec exposures, designed and developed at AWRE. A commer-
cial unit, the Imacon, is avellable from John Hedland (P. I.), Ltd.;

3. the E 14 image-converter cameras, very high spatial resolution cameras
under development at AWRE;

4, SPREFS, a space-resolving, fast framing spectrograph designed and
built by AWRE;

5. the M 9 spectrograph, an £/2, high resolution spectrograph, designed
and built by the Regulus Co., now a subsidiary of EG&G, IncCe

6. a scanning Fabry-Perot interferometer of 2-in. aperture, suitable for
use in Jet aircraft, developed by AWRE; and

7. an x-ray grating spectrograph which successfully diffracts x rays of
0.3~ to 50-}\ wavelength, developed by AWRE and the UK National FPhys-
ical Iaboratorye.

Other problems under study by the Subwog include (1) an all-sky camera
capable of framing rates up to 1000 fps, (2) a near-infrared spectrograph
using infrared image intensifiers, and (3) an f/l scanning monochromator
with 5-l/mm dispersion. Most of this work, including field testing and
evaluation by participating JOWOG laboratories, will probably be complete
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INTRODUCTION

During planning for the Los Alamos Scientific
ILeboratory (IASL) optical experiments for Operation
Dominiec (1962) it became clear that some important
phases of high altitude weapon physics could not be
investigated because of a lack of optical instru-
ments with adequate time, spectral, and spatial res-
olution. These shortcomings became more evident
during and after the operation when analysis of the
results was started. In particular, the lack of two
general types of information, namely (1) very early
time photographs with sufficient time resolution to
show the size of the fireball and the initial debris
distribution, and (2) spectroscopic data for vave-
lengths less than 3000 }, made correlation of exper-
imental and theoretical data difficult. Probably
the best examples of these problems are the analysis
of the Blueglll event by Zinn' and the comtinuing
analysis of the Checkmate event by Bethe® and Sappen-
field.2

During 1963, at about the time of the Multilat-
eral Nuclear Test Ban Treaty, LASL turned to develop-
ment of the more sophisticated optical instruments
that would be needed in future tests. The most im-
portant were (1) a camera achromatic over the 3000-
to 9000-} wavelength range and capeble of fractional
microsecond time resolution with spatial resolution
limited only by atmospheric seeing conditions, (2) a
spectrograph capable of 10-usec (or less) time reso-
lution with about 5-} spectral resolution, but also
capable of two-dimensional space resolution, and (3)
a continuous-writing, rotating-mirror camera achro-
matic over the 3000~ to 9000-} wavelength range and
capable of a 1l0-psec (or less) time resolutione A
further requirement was that these instruments be
safely operable in jet aircraft.

Requests for proposals to build these instru-
ments were sent to many suppliers of optical instru-
ments, including the British firms of Barr and
Stroud, Ltd. and John Hedlend (Pe I.), Ltde who, in
turn, referred the requests to the United Kingdom
Atomic Energy Authority’s Atomic Weapons Research
Establishment (AWRE), the principal British source of
optical instrument designs of these types. These re-
quests led AWRE to propose to ILASL the formation of
a working group under the sponsorship of JOWOG~13.
The group’s mission would be to formulate specifica-
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tions for optical instruments needed for nuclear
test applications, to determine whether such instru-
ments could be ocbtained from commercial sources,
and, 1f not, to recommend how such instruments could
be developed within the participating laboratories.
This group, the Optical Instrument Subwog of JOWOG-
13, had its first meeting at AWRE, Aldermaston, on
April 21 to 22, 1964, They have met six times
since, most recently at AWRE on October 8 to 10,
1968. (See Appendix A for a list of Subwog member-
ship and meetings.)

This report describes Subwog efforts to promote
the development of optical instruments for use in
nuclear testing and discusses applications of speci-
fic instruments, specifications and performance of
instruments that have been developed, the status of
instruments still being developed, and possible fu-
ture worke.

OPTICAL PHYSICS OF NUCLEAR EXPLOSIONS

Optical instruments and techniques have been
used for many years to obtain diagnostic information
from sea level nuclear tests; e.g., hydrodynemic
yield is obtained from the dimensicnal time history
of the fireball as recorded by cameras. Other diag-
nostic data have been determined from time resolving,
interference filtered photometers which record the
air fluorescence induced by the gamma-ray output of
the bomb. The extent to which optical techniques
have been used in disgnostics and weapon effects ex~
periments in high altitude tests is not well knownm,
perhaps because of the relatively few high altitude
tests conducted.

Knowledge of the various phenomena which can
occur in high altitude nuclear explosions is essen-
tial in planning the development of new instruments.
One classification of these phenomena can be made by
following the time history of the energy release
from the bomb and its coupling to the atmosphere.
Gamma, X-ray, and neutron emissions are essentially
complete in the first microsecond after detonation.
For a "nominal" bomb of the type described by Glas-
stone,* the prompt gamma- and neutron-radiation path
lengths correspond to the atmospheric column density
above about 30 lm, L.e., 2 to 3 x 102 cn/g. Con-
sequently, if the burst altitude is above 30 m,
there is a significant volume of the atmosphere in
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which fluorescence is induced by absorption of gam-
mas and neutrans, but this fluorescence i1s short-
lived. At lower burst altitudes, fluorescence is
confined to a much smaller volume, e.ge., at sea lev-
For a nomi-
nal bomb only & few percent of the total yileld is
radiated as gammas and neutrons.

el a sphere of about 300 meters radius.

However, some
three quarters of the total yileld is radiated as x
rays whose path lengths correspond to atmospheric
column density above about 100 km. Consequently, if
the burst occurs much above 100 km, a large volume
of air at altitudes near 100 km is strongly excited
and significant air fluorescence occurs. However,
1f the burst occurs much lower than 100 km, the x
rays are absorbed close to the burst point in a
nearly spherical region which is highly ilonized and
heated. This region of excited air is called the
x-ray fireball. The energy in the x-ray fireball
interacts with the still undisturbed air farther
from the burst point and results in radiative expen-
sion of the fireball and hydrodynamic motion of the
heated air in the fireball. All these phenomena are
observable by well-known techniques of high speed
photography and spectroscopye.

Following the prompt radiations there remains
the bomb debris which carries about a quarter of the
total bomb yield as kinetic energy. Several debris-
related phenomena can be studied by optical tech-
One is the very early motion of the debris,
eege, the disassembly of the weapon case during
which direction and velocity are important. Whether
such observations are successful depends not only on
the characteristics of the optical instruments, but
also on the burst altitude. In particular, the
burst altitude must be high enough that essentially
no x-ray fireball is formed, or at least that the
x-ray fireball be optically thin for those wave-
lengths used to observe the debris motion. Another
important phenomenon is the emission of ionizing ul-
traviolet radiation by both the debris and the mix-
ture of debris with swept-up air that is created in
the early motion. This is important in understand-
ing the energy partitioning of the total yield, but
perhaps more important because the ionizing radia-
tion may get far enough from the burst to cause wide-
spreed, long-lived blackout for HF and radar frequen-
The “ultraviolet fireball” of the Checkmate

niquese.

cles.
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test of Dominic is probably the best exsmple of this
phenomenon.

Two other closely related phenomena are the de-
bris motion as it mixes with or ”snowplows” into the
air and the subsequent formation and motion of the
shock generated by the debris-air mixture. Again,
depending on the burst altitude, the early motion
and mixing of the debris with the air may not be ob~-
served unless the x-ray fireball is absent or trans-
parent to (usually) visible wavelengths. If the
early motion is not observable, then the first sign
of these phenomena is the appearance of the debris-
generated shock just after it has caught up with the
shock generated by the heating from the x-ray depo-
sition. However, as burst altitude increases and
air density decreases, the debris/debris-air shock
Instead, only a piston or
At still higher al-
titudes, the snowplow is hard to detect by optical
means, and other techniques are required to study
the debris motione.

phenomenon may not occure
debris-air snowplow is evident.

Detailed observations of these phenomena are
important in understanding the interaction of the
bomb debris with the geomagnetic field. At suffi-
ciently high altitudes this gecmagnetic interaction
leads to still ancther phenomenon, nemely, the for-
mation of ionized regions, sometimes called “pan-
cakes,” at the northern and southern magnetic conju-
gate points along the geomagnetic field line through
the burst. That is, the fission betas and debris
ions travel along gecmagnetic field lines to the
north and south and are captured in the atmosphere
at different altitudes deperding on their energy.
The radiation resulting from beta or debris ion cap-
ture in the atmosphere is similar in wavelength dis-
tribution to the air fluorescence induced by x-ray
absorption. However, the “pancake” radiation lasts
for a while because of the spread in velocity of the
debris and concomitant betas: ee.g., for the Starfish
test the northern conjugate pancakeS was recorded by
cameras for several minutes after burst. These geo-
magnetic interaction phenomens are important in mis-
sile defense system problems because of their effects
on radar transmission.

The remaining important magnetic phenomenon is
the late time motion of the debris for altitudes at
which the debris kinetic energy is deposited in

UNCLASSIFIED
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regions close to burst point, i.e., within a few
tens of kilometers. For these altitudes there is a
significant debris or debris-hot air cloud which
cools as it rises. This cloud may have sufficient
ion and electron density to black out HF and radar
transmission, and, depending upon burst altitude,
may remain significantly ionized for many minutes as
it rises and spreads slowly along geamagnetic field
lines.

While there are other optically cobservable phe-
nomena which may be more or less important than
those mentioned here, this discussion should serve
as a background for the instrument design problems
considered by the Subwog. It will be obvious, sub-
sequently, that many of the instruments studied are
useful not only in high altitude nuclear testing
studies but also in low altitude, or even under-
ground, nuclear tests and in other experiments where
bright, rapldly changing socurces are studied.

OPTICAL INSTRUMENTS

The instrument needed for nuclear test applica-
tions to provide spectral- and time-resolved photo-
graphs of the bomb could be called a “spectrokine-
bombograph.”
length range and the required wavelength resolution,
and because of the large time spread and the required
time resolution, it is not possible to build a single
instrument that meets all requirements. Therefore,
the problem must be solved by devising some set of
instruments having different spectral, time, and
spatial resolution capabilities. This set will be
composed of cameras, spectrographs, and photometers
or radiometers. By a camera we mean a device that
mekes and records an image of a source, generally in
some broad range of wavelengths, on photographic
film or on some other detector that affords two-di-
mensionel space resolution. By a spectrograph we
mean a device that makes (usually) a nerrow band rec-
ord of the radiance distribution at the entrance
aperture of the device; il.e., an ordinary slit spec-
trograph is an instrument that makes wavelength-re-
solved pilctures of the entrance slit on photographic
film. Spectrographs usually have space resolution
only in the direction of the slit length, but if as-
tigmtism and other aberrations are large, even this
spatial resolution capability may be missing. By a

6 \\NQLASS\F\ED

However, because of the wide wave-

N

photometer, better called a radiometer, we mean a
device that measures the light flux falling on its
entrance aperture. A radiometer has spectral reso-
lution determined by the band pass of a filter in
its optical path, but it does not have spatial reso-
lution. Cameras and spectrographs usually achieve
time resolution by two methods: sweeping the image
across a stationary film, and moving the film past a
stationary image. In general, the former technique
is capable of much higher time resolution than the
latter. In radiometers the time resolution capabil-
ity comes from the time response capability or band-
width of the photoelectric transducer and electronie
signal conditioning equipment used to record the ra-
dicmeter signal.

Because it is difficult to get, simultaneously,
spatial, spectral, and time resolution, cameras are
most often used to take time-resolved photographs
from which the spatial distribution of source radi-
ance may be obtained. The radiance data usually
have little or no spectral resolution. Depending on
the time resolution and the field of view of the
camera, these photographs can provide information
about early debris motion, radiative expansion, hy-
drodynamics, intermediate to late time debris motion,
and magnetic effects. Slit or slitless spectrographs
(giving either one-dimensional or no spatial resolu-
tiaon) are used to give data on the source spectrum.
The extent to which the spectral data and the camera
data are comparable and camplementary depends on the
time resolution capabilities of the spectrographs,
their fields of view, and the temporal and spatial
rates of change of the source spectrum. Radiometers
are most useful when the spatial and spectral char-
acter of the source are essentially known and it is
required to measure the time history of the light
signal in the field of view of the instrument. Prob-
ably the best example of this kind of experiment is
the time history of the x ray or gamme induced air
fluorescence. Other examples are studies of late
debris motion and magnetic interactions which result
in widespread excitation of well known atmospheric
emission lines as well as the line spectrum of the
excited debris ions.

Table I describes a set of instruments which
can be used to study high altitude nuclear weapons

effects. Some are cammercially available; some are
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prototypes, and the others are still being designed.
Each tabulated instrument in which the Subwog has
been involved is described in detail below. Other
instruments, not usually called cameras or spsctro-
graphs, which are useful in high altitude weapons
effects experiments are also described.

Cameras

Model 739 Camera. The Model 739 camera is in-
tended to provide dimensionsl and radiometric data
on the fast, early time radiative expansion of the
x-ray fireball and the early debris motion. The
most important specifications are frame rates up to
about 3 x 10 fps with exposure durations as short
Another important characteristic is that
the camera optical system be achromatic over the
wavelength range from 3000 to 9000 l; thus, the cam-
era will be sensitive to wavelengths ranging from
the ozone atmospheric cutoff at about 3000 X to the
long wavelength limit of sensitivity for £ilm emul-
sions normally used in field experiments. The me-
chanical design must be such that the camera is safe
to operate in high altitude jet aircraft; i.e., if
the rotating mirror should rupture, the housing will
contain the resulting fragments so that they will
not puncture the aircraft skin.

as 1 usec.

Design of such a camera was started in 196L.
The initial work resulted in two proposals from the
Beckman-~Whitley Corp. The first was almost entirely
a reflecting optical system, the only refracting
component being a quartz wedge said to be an aberra-
This proposal was rejected by the
Subwog because (1) it was doubtful that the design
would meet specifications and (2) the Beckman-Whit-
ley Corp. was not able to demonstrate the required
compliance, even though it was said that a prototype
or breadboard model of the optical system hed been
bullt and tested to specifications. The second pro-
posal was essentially an all refracting system which
contained so much glass that the effective wavelength
range of sensitivity cut off at about 4000 }. This
proposal was also rejected.

tion corrector.

Subsequent work at AWRE led to the conclusion
that a nearly optimum design would be similar to the
IASL Model 6 or Model 7 cameras designed by Brixner.®
Further work by Bernard S. Brown at AWRE resulted in
the construction of a single frame breadboard model
(1.e., a straight through system without a rotating

VINULAIFED

mirror) that seemed to give good resolution. Since
then Lawrence Radiation Isboratory (IRL) has under-
taken adaptation of the preliminary AWRE achromatic
design to a complete prototype camera, using mechan-
ical designs and construction and testing techniques
developed at IRL in their work with Model 6 cameras.
Preliminary, probably overly optimistic, plans call
for construction of the prototype (but not full
testing) to be complete by summer of 1969.

Slow All-Sky Camera. Experience during the
high altitude events in the Dominic test series and
in several more recent field experiments showed that
the use of the so-called fisheye lenses on standard
35-mm cameras, e.g., the Flight Research "Multidata”
camera, gave almost useless photographs because of
small image size (only 6-mm diam), distortion, and
lack of resolution. Other undesirable features were
the small aperture (£/6) of the lenses available,
and the lack of film transport mechanisms capable of
a variety of interframe times.

At the request of LASL, work was started at
EC&G about 1965 to get a reliable, £/1, 70-mm all-
After lengthy negotiation with possible
manufacturers, it became clear that such a camera
was essentially a "state-of-the-art” problem which
In October
1968, EG&G let a contract with the Pacific Optical
Division of Chicego Aerial Industries, Inc. The re-
sultant camera, the Pax-~Tl, will provide a Slh-~mm
diam image on 7O-mm film, will have an aperture of
£/1, and will have interframe rates up to 4 fps.
The field of view of the lens is 165°. It 1s expec-
ted that the first camera will be delivered to EGEG
for testing by summer of 1969.

sky camera.

would require considerable development.

Fast All-Sky Camera. In addition to the rather
slow all-sky camera described above, it is highly
desirable to have a considerably faster framing rate
capability. The difficult optical design problem is
a wide field of view lens with a long back focal dis-
If this could be solved, a fast acting shut-
ter mechanism such as a rotating prism, perhaps with
a rotating disk, could be placed between the back
lens element and the focal surface.

tance.

Following discussion of this problem at the
sixth Subwog meeting in March 1968, Colin Reid of
AWRE made a prototype lens with a field of view of
about 150°, £/5 aperture, and about 50-mm back focal

o SR UNCLASSIFic
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Table I.

cioe

Optical Instruments for High Altitude Nuclear Weapons Effects Experiments

A. Photographic Cameras

Maximum Minimm Film Frame
Frame Rate Exposure Time Mascimum Size Size
Name (fps) (sec) Aperture (zmn ) (mm) Remarks

Model T39 Camera 3 x 10° 10° £/20 35 15 diam Rotating mirror type, ach-
romatic over 3000~ to
9000-& wavelength range.

Dynafax Model 317 2 x 10* 10 £/11 35 18 x 24 Rotating mirror type made
by Beckman-Whitley.

Photosonics 4B 3 x 10% 10-8 £/2 35 18 x 24 Rotating prism with disk
shutter, 1000-ft £ilm ca-
pacity, made by Photosonics
Corpe.

Photosonics 10B 360 10-3 £/ T0 5T x 5T Rotating prism with disk
shutter, -t £1lm ca-
pacitye.

Fast All-Sky Camera 1000 10~* £/5 70 50 diam ILens being developed in
Subwog, minimum field of
view 100°, requires "long”
back focal distance tc al-
low for shuttering and
£11m motione.

Mitchell, High Speed 100 10™4 f/2 35 18 x 24 Modified commercial model
of existing movie camera
made by Mitchell Camera Co.

Pulse Camera 10 2 x 10~2 /1 70 58 x 58 Camera does not exist; must
be reliable, trouble free
for field use; pulse timing
from 10 frames per sec to
much slower.

Slow All-Sky Camera N 4 x 102 £/1 70 54 dlam Field of view 165°; camera
being built by EG&G and
Pacific Optical Corp.

B. Image Converter Cameras
Mascimum Minimm Film
Frame Rate Exposure Time Maximm Size
Name (fps) {sec) Aperture (mm ) Remarks
E 12 6 x 107 10-8 t/1 35 Spatial resolution about 5 lp/mm;

can also be used to streak to give
time resolution of better than 101
868Ce

Els G (=) 10°7 £/20 70 Spatial resolution limited by atmos-

pheric seeing; intended for ground
based use.

6 E 14 (a) 107 £/20 T0 Aircraft mounted instrument; field

of view 3°; six frames.

E 16 single ungated £/1.2  sheet  Image intensifier camera for use with

frame film  STL/TRW Model 1 image converter cam-
era; exposure gain of 60; l-in.
aperture.

E 17 (a) (a) f/1.k  sheet  Continuous access circular streak

£1lm camera.
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C. Spectrographs

Optical Instruments for High Altitude Nuclear Weapons Effects Experiments (continued)

Table Ie
Wavelength
Dispersion Coverage
Name Aperture ' ) (})
SPREFS £/3.4 50 3000 - 9000
M9 £/2 2to09 2000 ~ 9000

(a) See detailed descriptions in text.

Resolution
(L) Remarks
5 Space resolving, framing spectro-
graph; maximum speed 105 fps.
0.01 - o.l

Optically fast, high dispersion;
one frame covers at least 1200-1
wavelength range in a 25-mm circu-
lar field on 35-mm film; can be
used framing to give exposures of
several usec with interframe times
of several msece.

distance. The lens was shown at the seventh meeting
in October 1968, but no test results were available
then. No definite plans for development of the cam-
era can be made until this prototype lens has been
evaluated.

Image Converter Cameras

E 12. The AWRE E 12 image converter camera was
not specifically intended for high altitude weapons
test applications; it was being developed at AWRE?»®
before the Subwog was started. The E 12 camera uses
an image converter tube originally designed by Wal-
ters and Chippendale® and subsequently produced by
several British tube companies. The tube is unique
in that it has shutter plates as well as deflection
plates. Both sets of plates are used in framing,
vhile only the deflection plates are used to record
streaks.

The E 12 camera system developed at AWRE1C,"
combines the fore-optical system (to image the
source on the image converter photocathode), the im-
age converter tube with driving and control elec-
tronic systems, and the camera optical system which
images the phosphorescent screen of the image con-
verter tube onto the film. Principal characteris-
tics of the system are: fore-optics aperture is
£/1.2, image tube cathode 1s 20 x 20 mm, image tube
internal magnification is a factor of two, phosphar
screen area 1s 4O x 80 mm, and camera optics aper-
ture is £/1 with a 2:1 reduction. Electronic driving

* See Appendix B for reprints of these references.

and control circuitry developed at AWRE provides
framing rates as high as 2 x 107 fps with an expo-
sure duration one fifth of the interframe time; i.e.,
2 x 107 fps implies 50 nsec between frames and an
In eddition, the num-
ber of frames can be adjusted to cover the entire
phosphor screen area. A typlcal arrangement would
be to give eight frames, each frame being 20 x 20 mm
on the screen. Typical resolution is about 5 lp/mm
at the shartest exposure times, and about 10 lp/mm
for exposure times of the order of 1 usec. The cam-
era has also been used in streak mode, in which case
the fore-optics is changed to include the streaking
slit and an additionel lens to re-image the slit on-
to the photocathode. The streaking electronics
equipment allows streak rates of up to about

1.5 mm/nsec on the phosphor screen. Thus, if the
light source being photographed has sufficient radi-
ance, the time resolution achieved in streak mode
can be as short as 1/15 nsec, i.e., better than
1010 gee.

exposure duration of 10 nsec.

Three E 12 cemeras with streak electronics were
used by IASL in a plasma diegnostics experiment in
June 1967. For this experiment, the camera part of
the optics was changed so that the photograph of the
phosphor screen was reduced 5:1 from the screen size.
Two of the cameras were used to photograph the focal
plane of an £/l spectrograph, thus serving as streak
spectrographs. In all parts of this experiment,
quantitative calibrations were made to allow radio-
metric analysis of the experimental results.

Jmesauy  UNCLASSFED
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Detailed descriptions of these tests, along with re-
productions of the image converter camera films,
have been given by Zavattaro et al.l®

Further development work in England at John
Hedland (P.I.), Ltd. has produced the Imacon, a com-
mercial version of the AWRE E 12 camera. There are
few essential differences between the E 12 and the
Imacan, the most useful being that the electronic
circuitry that changes the frame rate is inter-
changeable in the Imacon. In addition, the quality
control of the image converter tubes used in the
camera has been significantly improved. The Imacon
uses the type P 856 tube made commercially by Eng-
1lish Electric Valve, Itd.

E 14, The E 14 camera 1s intended for very
high spatial resolution photography, e.g., determin-
ation of the initial motion of the weapon case and
bomb debris in the first few microseconds after det-
onation. The principal limitation in such photog-
raphy 1s atmospheric "seeing,” usually given as, at
best, 2 sec of are or sbout 1 part in 10%; i.e., for
a8 bomb at 100 km altitude, atmospheric seeing would
probably limit spatial resolution to sbout 1 meter.
Since very prompt bomb debris may have velocities
approaching 10° cm/sec, the desired time resolution
capability of the E 14 camera is 107 sec.

Experience with aircraft-based instruments in
high altitude weapom testing has led to the rule of
thumb that a well-trained crew can accurately posi-
tion the aircraft at the desired time so that opti-
cal instruments with fields of view of at least 3°
have a good chance of getting the desired data.
Fields of view of less than 3° require tracking or
automatic positioning devices. The field of view
for ground-based instruments without tracking aids
should be about 1°; with tracking aids readily adap-
table to nuclear test instrumentation the useful
field of view can probably be decreased to 1/2°. 0n
the basis of these ideas, it was decided to design
two different typee of B 14 cameras. One, the
6 E 14, will have a 3° f£ield of view with an en-

trance apsrture not larger than 10 in. This instru-
ment is intended for aircraft mountings. The other,
the E 14 G, will have a 1/2° field of view and will
require considerably more space than the 6 E 1k4;
therefore, it is intended for ground-based use.

Schardin'? and others:®s*4 have shown that dif-
fraction effects limit the resolution that can be
realized in a rotating mirror camera. The magnitude
of the effect depends on the size and rotational
speed of the mirror. A simple expression given by
Davis®® shows that the total number of resolved line
pairs in the frame is equal to 1600 t, where t is
the exposure duration for the frame in microseconds.
For the E 14 cameras this gives 150 line pairs, or,
roughly, 320 lines. But the required resolution in
the B 14 G is also given by the total field of view
divided by the required angular resolution; i.e.,
1/2° (or 1/120th of a radian) divided by 1/105 (or
10-%) radians per line, vhich gives a value of sbout
102 lines required in the frame. Thus, a rotating
mirror camera cannot be made to give the resolution
required for the E 14 G camera. (The principal lim-
itation is the strength of the rotating mirror mate-
rial.) Because the desired field of view for the
6 E 14 1s about six times as large as that for the
E 14 G, these limitations would not apply and it
might be feasible to design a rotating mirror camera
for aircraft-based worke.

Realizing these limitations, AWRE in 1964
started to design and build an image converter tube
that would provide the required resolution. The
initial design goal was & tube with about 4O-mm
anode diameter in which the total number of resolved
lines would be about 1200, with little or no varia-
tion of resclution across the total field. This
work led to the dsvelopment of the AWRE type FE 11
image converter tube,l® an optical design for the
E 14 G, and both mechanical and optical designs for
the 6 E 14 camera.lS,*

Each optical system consists of a telescope to
image the source onto the caonvex photocathode of the
FE 11 image tube and a camera lens with field flat-
tener which re-images the convex anode phosphor
screen of the tube onto the £ilm. For the E 14 G,
the telescope is a Gregorian design working at about
£/20; for the 6 E 14, the telescope is a folded, re-
flecting, off-axis, Schmidt design working at £/20,
Neither design has moving image devices nor moving
£11m; a single pictwre is obtained from each sepa-
rate image tube. The ssquence and gating electronic

*See Appendix B for reprints of these references.
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circuitry is straightforward and provides a wide
range of exposures and times between pictures.

The mechanical design of the B 14 G has been
deferred until completion of the much more alffi-
cult 6 E 1. The 6 E 14 consists of six separate
optical channels, each with its Schmidt telescope,
with the entrance pupils arranged so that the enve-
lope of the pupils fits inside a 10-in. diam circle.
The instrument structure also contains an XDT-S4
type photoelectric detector (designed and built by
EG&G) which triggers the start of the first frame,
The detector makes a very fast-rising pulse of about
10 V amplitude within 10 nsec of the time that the
irrediance on the multiplier photocathode reaches a
specified threshold value. This threshold can be
varied by means of an adjustable aperture and lens
stop in the optical system in front of the photomul-
tiplier. The rest of the 6 E 14 includes a camera
lens with 70-mm film transport for each image tube.

AWRE has built a prototype 6 E 14 camera which
includes the Schmidt optical system for only one
frame. Completion of this prototype requires solu-
tion of resolution problems which have arisen in the
development of the FE 11 image tube. Tests show
that the tube has the required resolution only for
exposure durations longer than about 1 usece If the
exposure duration is made to be, say, 1/4 psec, the
resolution decreases by about a factor of four.
Further efforts will be made to solve these problems,
but the outcome 18 uncertain. One conclusion would
be to forego the 0.l usec requirement and settle for
an exposure duration of about 1.0 usec. Then the
best solution might be a rotating mirror camera be-
cause, according to Davis’!3 analysis, an optimally
designed rotating mirror camera can give 1600 lines
resolution across the frame in the time direction
for a le.O-usec exposure.

E 16. The E 16, ancther camera designed and
built by AWRE, is a single frame imsge intensifier
camera designed for use with the STL/TRW Model 1 im-
age converter camera. The image tube is the RCA
type 6914 which has an aperture of about 1 in. diam.
The relay lens vhich re-images the image tube phos~
phor screen onto the 4 x 5 in. f£ilm has an £/1.2
Two instruments were made by AWRE and
lent to AEC laboratories where tests show that the
camera provides an exposure increase of a factor of

aperture.
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60, But this exposure gain is at the expense of
resolution, which at best is about 5 lp/mm.

E 17. The E 17 camera, a modification of the
E 12, provides a continuous circuler sweep of the 2x
magnified imege of the image converter cathode. The
sweep does not rotate the image about the center of
the anode, rather, spatial relationships in the
cathode image are preserved as the image moves along
the circular path on the anode. The desired times
for one revolution are 1, 10, and 100 usec. One
prototype E 17 camera with a 10-usec, nearly circu-
lar sweep has been made by AWRE and lent to IRL for
testing. The tests led to some design improvements
vhich were incorporated into a secand prototype cam~
era now being tested at AWRE. The first camera will
be returned to AWRE for modification. Future cam-
eras of this type should probably be made in the USA
using the image converter tubes now commercially
avallable in the UK (English Electric Valve, Ltd.
type P 856 Shuttering Image Tube).

ctrographs

SFREFS. The SPREFS is a space-resolving, fram-
ing spectrograph intended for fast time resolution
spectroscopy of high eltitude bursts or any other
source of comparable radiance in which spatial reso-
lution is important. SPREFS is an f£/3 spectrograph
with 50-Um dispersion, wavelength coverage from
3000 to 9000 } on 5-in.-wide £ilm, maximum frame
rate of 10° fps (no dead time between frames), and
about 950 frames maximum (before rewrite). Spatial
resolution is obtained using a fiber optics image
transformer and optical system which transforms a
circular field of view into a rectangular pattern at
the entrance slit of the spectrograph. The design
was invented at the AWRE.S»™

The Mk I version of SPREFS was built by AWRE to
prove the optical and mechanical design conceptse.
This instrument was made available to IRL for tests
in January 1967, and was moved to LASL for further
testing in July 1967. The tests showed that the de-
sign meets specifications, and led to some improve-
ments in the Mk II version now being built at the
AWRE., The Mk II instrument will include an automa-
tic sequencing control system to enable remote oper-
ation from a central control area where many similar

*See Appendix B for a reprint of this reference.
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timing and control operations would occur. Yet to
be completed is a demonstration that the housing is
strong enough to contain all the fragments should
the high speed drum or rotating mirror disintegrate
during & run. AWRE expects to complete and test the
Mk II prototype by mid-1969; it will then be made
available to USA participants for further evalua-
tion.

Figure 1 is an AWRE cutaway drawing of the
principal parts of the Mk I version (the Mk II is
similar); Fig. 2 is an AWRE drawing that shows the
correspondence between image transformer fibers and
the film plane; and Fige. 3 is an AWRE schematic of
the optical components of the spectrograph. Detailed
descriptions of this instrument have been given by
Waller!® and Allison.?

M9. The M9 spectrograph is a high spectral
resolution, optically fast spectrograph that uses
crossed dispersion gratings to give 1200 X or more
wavelength coverage in a single exposure covering a
25-mm-diam cirele on 35~-mm film. The spatial resol-
ution in the image 18 better than 4 ,1; the disper-
sion depends on wavelength, being about 2 Umm at
2000 } and about 8 }/mm at 8000 X. Thus, the spec-
tral resolution varies from about 0.008 X at 2000 }
to about 0.03 A at 8000 }. The geametrical aperture
of the spectrograph is £/2, but the vertically dis-
persing grating and the convex mirror of the camera
cause a 40% central cbscuration so that the effec-
tive aperture is about £/3. Figure 4 is a plan view
optical schematic of the instrument, and Fig. 5 is
an enlargement of a typical spectrograme The M9
spectrograph can be made into a framing spectrograph
by using a rotating slotted disk just in front of
the entrance slit along with a transport mechanism
that moves film through the film plane. To avoid
overlapping orders in the spectrogram, the ratio of
time between frames to exposure duration of a single
frame must be greater than about 300. Equipment of
this type has been mede which allows exposure dura-
tions as short as about 5 pusec.

The M9 spectrograph was designed and built by
Ce J. Silvernail at the Regulus Co. in San Diego,
Calif. Two instruments were built (one is at IASL

and the other 1s DASA property consigned to EGAG, Inc.,

Bedford, Mass.) before the Regulus Co. was purchased
by E. H. Plesset Co., an EGG subsidiary. Future

» sy

availability of the M9 is uncertain.

Other Instruments

In addition to cameras and spectrographs the
Subwog has been involved in the development of other
optical instruments, namely, an airborne scanning
Fabry-Perot interferometer, a grazing incidence
grating spectrograph for x rays in the 0.3~ to 50-i
wavelength range, a near-infrared spectrograph, and
an optically-fast scanning maonochromatore.

Airborne Scanning Fabry-Perot Interferometer.
Optical diagnostic studies of the late-time debris
in high altitude nuclear explosions require an in-
strument with high spectral resolution (typically
about 0.01 1), high sensitivity, and a wavelength
scanning mechanism. These requirements can be sat-
isfied best by interferometers, but it is very dif-
ficult to make a scanning interferometer sufficient-
1y rugged and rigid to operate in the vibrating en-
vironment of a jet aircraft. Considerable work has
been done at AWRE in developing a vibration-resist-
ant, scanning Fabry-Perot interferometer of l-in.
aperture that can be scanned at rates from about
10 msec to as slow as 100 sec for one order. Two

different scanning mechanisms were used, plezoelec-
tric and magnetostrictive. Tests of prototypes of
both designs showed that the vibration problems
could be solved; the interferometer retains its high
resolution when subjected to the vibration in a jJet
aireraft flying at 30,000 to 40,000 ft. However,
the magnetostrictive design was unsatisfactory in
that the center wavelength drifted if the instrument
was operated for more than a few minutes. This
drift is almost certainly due to thermal expansion
of the spacers. The pilezoelectric design had an un-
desirable torsional resonance. Although the initial
designs failed to meet specifications for airborne
operation, the instruments are still of interest be-
cause they are considerably more stable than other
scanning Fabry-Perot interferometer designs.

A second design now being bullt at AWRE incor-
porates the best features of both earlier designs in
This one will be
plezoelectric scanning in a very rigid mount similar

a 2-in.-aperture instrument.

to that used on the first magnetostrictive design.
This new design will be tested by AWRE in March 1969
in an experiment intended to measure the shape of
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Fig. 1. SPREFS Mk I (AWRE drawing).

SPECTRUM AT
FIBRE END IMAGE

WAVELENGTH

OBJECTIVE
LEWS

SPECTROSCOPIC
OPTICAL SYSTEM

SPATIAL RESOLVING
IMAGE TRANSFORMER

Fig. 2. SPREFS image transformer.
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resonance lines of Ba+ produced in a high altitude
chemical release. If this design proves successful,
further work will be done to develop scanning inter-
ferometers of 3- to 5-~in. aperture.

X-Ray Grating Spectrograph. The AWRE, in co-
operation with the UK National Physical laboratory
(NPL) and the UK AERE at Harwell, have designed and
built a photographically recording, grazing inci-
dence, concave grating spectrograph for use in the
0.3~ to 50-& wavelength range. The unique charac-
teristic of the gratings, made by & special process
at NPL, is that they successfully diffract photons
of such short wavelength. This 18 in contrast to
any similar gratings made by others, which do little
but scatter wavelengths less than about 5 L. Other
characteristics of the spectrograph are: concave
grating radius of curvature, 5.0 m; Rowland circle
radius of instrument, 2.5 m; angle of incidence ei-
ther 10, 20, or 40 min of arc from grazing; and
grating ruling frequency, 300 lines/mm. Because of
the optical properties of concave gratings, the size
of the instrument is considerably less than one
might suppose from the grating radius: the finished
instrument is sbout 4 x 6 x 18 in., exclusive of the
vacuum pumping system. Early results obtained with
such gratings have been discussed by Franks and
Lindsey.1® Additional work by Speer'® shows that
the resclution at 5 } varies from about 0.05 to
about O.1 A depending on the thickness of £ilm emul-
slon used. The effective aperture of the instrument
is about £/1000. The measured grating efficiency is
about 10%, and agrees well with expectation based on
scalar diffraction theaory.

AWRE 1is now building four such instruments, two
of which will be lent to LASL and IRL early in 1969.
Both instruments will have photographic f£ilm detec-
tors, but this limitation is expected to be removed
when an AWRE-designed photoelectric detector mount
becomes available. This detector mount will allow
placement of up to 12 separate solid state chips
along the Rowland focal surface.

Because the NPL gratings are very scarce, one
candition imposed on use of the instruments lent by
AWRE is that the spectrographs must be used so as to
preclude damage to the grating. This restriction
will 1imit weapons test applications, but there are
many alternative uses of such a unique instrument,

such as laboratory calibrations of x-ray detectors
and fluors. A larger supply of gratings may become
available as a result of a contract between the Im-
perial College, London, and Hilger and Watts. This
cantract, made in October 1968, calls for the manu-
facture of 30 gratings during the subsequent year.
If the 30 gratings are made, it may be possible to
develop rocket-borne x-ray grating spectrometers
that would be valuable in high altitude weapons
testing.

Near-Infrared Spectrograph. Many important as-
pects of late time, high altitude debris motion are
best studied by measurements of the infrared emis-
sion from the debris and excited air. Spectrographs
suitable for field use are restricted to wavelengths
shorter than about 8000 } by the lack of sensitivity
of photographic films. Films are availlable that
have some sensitivity to light of wavelengths as
long as about 1 u, but they are very special emul-
sions that require so much special handling as to
make them essentially unusable in field worke. There-
fore, the Subwog has investigated the possibility of
designing an optically fast spectrograph which would
use red/infrared-sensitive image intensifier tubes
to overcome the sensitivity problems. Initial spec-
1fications developed by DASA are:

Wavelength range, 7500 to 11,000 b3

Free spectral range, 1500 i (L.e., the wave-
length range covered in a single exposure)

Spectral resolution, 1 } or better
Geometrical aperture, £/10

Effective aperture, including exposure gain
from intensifier, £/2

Slit height, 10 mm in a stigmatic design such
that spatial resolution in the source is
achieved along the slit

Film width, 70 mm

Time resolution (time to cover the wavelength

range of 1500 1), variable from 1/50 to 1.0 sec

Considerable design work at EG& (under DASA
contract) and at AWRE led to the conclusion that
these specifications could not be satisfied by any
image intensifier tubes for which accurate perform-
ance data could be found. This conclusion has to be
vegue because much of the work on red/infrared image
tubes 1s highly classified, sensitive, military

17
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defense work, and we have not been able to obtain
accurate data on the performance of some tubes being
developed for military purposes. Consequently,
other designs are being studied which, although they
may not meet all of the DASA specifications, may
lead to an instrument that is very close to meeting
most of them. Ome such design was presented by AWRE
at the seventh Subwog meeting in October 1968. The
resulting discussion led to questions about the as-
sumed sensitivities of film and photodetectors which
must be resolved before work cen proceed.

Scanning Monochromator. Relatively few detailed
spectroscopic data are available on the time depend-
ence of emlssion from late time debris and debris-
air mixtures resulting from high altitude nuclear
testse. An instrument is required which can cover
relatively large wavelength ranges with good spec-
tral resolution, and which has good sensitivity.
Interferometers are not always suitable because the
wavelengths of many lines of interest are not known,
a priori, to lie within the free spectral range of
the instrument. Spectrographs can have the wave-
length coverage, but the photographic film severely
limits the sensitivity. Accordingly, an optically
fast, scanning monochromator with high dispersion is
required. Original specifications of such an instru-
ment, discussed at the fourth Subwog meeting are:

Aperture, £/1 or better
Dispersion, 5 I\/m

Wavelength range, 2000 to 9000 l, selectable by
grating change to attain maximum light flux ef-
ficiency

Scan speed, 1 A/msec to 1 A/min
S1lit height, 2 in. minimm

Detectors, S-1, S-19, and S-20 photomiltipliers

in interchangeable mounts
The consensus of the Subwog 1s that all of these
specifications cannot be met with existing technolo-
&+ The best available design, discussed by W. Wal-
ler of AWRE at the seventh Subwog mesting, is based
on a design by Hulthen and Lind?® in which a plans
mirror is used with a plane grating so as to return
the once-diffracted light to the grating, thus doub-
ling the dispersion. Scanning is also arranged to
maintain use of the grating at blaze by coupling the
rotations of the mirror and grating. The AWRE design

18

would use & grating of 8 x 10 in. ruled area with a
camera optical system of 8-in. focal length, giving
£/1 aperture; but, with the gratings available, the
dispersion attained is only 18 }/mn. The design al-
lows for simple interchange of camersa mirrors so
that the dispersion is changed to 5 A/mm by changing
the aperture to f£/3. This design is being studied
further at AWRE and will be discussed later this
yeare.
Summary

A brief summary of the status (in January 1969)

of the instrument dsvelopments discussed is as fol-
lows.

l. Model 739 Camera: continuous writing, rotating
mirror framing camera, achromatic over 3000- to
9000-} wavelength range, frame rates up to
about 3 x 10% fps with a few microsecond expo-
sure duration; preliminary design is a modifi-
cation of Brixner’s® Model 7 camers; achromatic
optical design being done at AWRE and at LASL;
mechanical design under way at IRL where proto-
type instrument will be built; present schedule
calls for prototype to be finished late in 1969.

2, Slow All1-Sky Camera: £/l aperture, 7O-mm film,
165° field of view; camera (Model PAX-T1l) 1is
being built by Pacific Optical Co. under con-
tract to BG4G, Inc., Bedford; delivery expected
by July 1969.

5. Fast All-Sky Camera: must give frams rates up
to about 1000 fps on TO-mm film; AWRE is test-
ing a possible lens design with large encugh
back focal distance to allow for fast imaging
and a film transport mechanism.

4, E 12 Image Converter Camera: very fast, fram-
ing or streak, framing capability is 8 to 10
frames with exposure as short as 10 nsec,
streak capability is 4 x 8 cm pilcture at streak
rate as fast as 1.5 mm/nsec, image resolution
at £ilm is 5 line pairs/mm; cameras are avail-
sble commercially (trade name Imacon) from John
Hedland (P.I.), Ltd, Bovingdon, Herts, England.

5. E 1l Image Converter Camera: very high spatial
resolution, exposure duratiocn as short as
0.l ussc; ground-based version has resolution
limited only by atmospheric seeing; airborne
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version has resolution about 1/6th of ground
version; AWRE has built single frame prototype
of airborne version called 6 E 14; ground ver-
sion 1s designed; AWRE-designed FE 1l image
converter tube does not give required resolu-
tion for exposure times less than 0.5 usec;
considerable doubt about final success in at-
tailning O.l-jusec exposures.

E 16 Image Intensifier Camera: £/1.2, uses
RCA 6914 image tube, l.0-in.-diam cathode,
0.86-in. anode, gives exposure gain of about
60; AWRE has built two cameras which are on
long term loan to LRL and Sandia Corpe.

E 17 Imege Converter Camera: continuous writ-
ing, circular-streak camera with sweep times of
1 to 40 psec per revolution; AWRE has built two
prototype cameras, one on loan to IRL; IRL and
AWRE are making testsj; E 17 uses the same image
converter tube as the E 12/Imacon} future sup-
ply of E 17 cameras will be made by user; P 856
image tube 18 sold by English Electric Valve,
Ltd.

SPREFS: space resolving, fast framing spectro-
graph, £/3, 50 A/mm, 3000 to 9000 X coverage on
S5-ine £11m, maximum frame rate is 105 fps with
no dead time between frames, total number of
frames 1s 950, space resolution achieved by
means of fiber optics image transformer with
100 elements: AWRE designed and built Mk I
version to test mechanical and optical design
concepts; Mk II final version with automatic
sequence control system will be finished in the
first half of 1969, and will be lent by AWRE to
USA Subwog participantse.

M9 Spectrograph: £/2, 2 to 8 }/mm, 0.01- to
0.1-3 resolution, wavelength coverage at least
1200 } at any wavelength in the range 2000 to
9000 1}, image 1s 25 mm diam on 35-mm film,
framing accessory available to give few micro-
second exposures with a few milliseconds be-
tween frames; two M3s built by Regulus Co., one
1s at LASL, the other 1s DASA property consigned
to EG&G.

Scanning Fabry-Perot Interferoameter: rigid
mount needed for use in jet aircraft, scanning
rates from 0.0l to 100 sec per order, different

UNULADOIN LY

AWRE
has designed, built, and tested two prototypes,

sizes needed-~from l- to 5-in. aperture:

one using piezoelectric scanning and the other
magnetostrictive; test results led to design of
2-in.-aperture piezoelectric instrument which
will be tested in March 1969 during high alti-
tude Ba release experiments.

1ll. X-Ray Grating Spectrograph: succeeds in dif-
fracting x rays of wavelengths as short as

0.3 }, usable range is 0.3 to 50 }, effective
aperture is £/1000, photographic f£ilm is used
as detector; AWRE is building four instruments;
ane will be lent to IASL and one to IRL during
spring of 1969; gratings are very scarce; fu-
ture supply depends on success of Hilger and
Watts in learning manufacturing process from

the UK National Physical Iaboratorye.

Near-Infrared Spectrograph: f£/10 geometric ap-
erture with image intensification to give ef-
fective £/2 aperture, resolution to be 1 X or
better, wavelength range 7500 to 11,000 K; AWRE
has tentative design, but lack of accurate in-
formatiaon about suitable infrared image inten-
sifiers makes success doubtfule.

13. Scanning Monochromator: £/1, 5 }/mm, wavelength
range 2000 to 9000 X, scan speeds 1 A/msee to
1 }/min; best design 1s being studied at AWKE;
not all specifications can be met, e.g. can get

£/1 at 18 }/mm or 5 J/mm at £/3.

FUTURE SUBWOG WORK

The instrument development work already des-
cribed is a sizable program which will take another
year or two to complete. However, there are other
high altitude test objectives for which little or no
instrument development work is being done. For ex-
ample, there seems to be no work under way to develop
field instrumentation for soft x ray measurements,
and there remain many rocket instrument and technol-
ogy problems in developing ultraviolet and vacuum
ultraviolet capability. It 1s doubtful that the
Subwog will participate in any of this rocket work
because of the added difficulties in coordinating
among many laboratories what is really vacuum ultra-
violet optical physics research. Furthermore, the

interface problems of mating instrument payloads to
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rocket assemblies require so much coordination of
experimenters with rocket engineers as to preclude
involvement of more than one or two laboratoriese.

In addition to the design and construction as-
pects of instrument development work there has been,
and will continue to be, considerable effort in-
volved in adequate testing of the finished instru-
ments. It seems clear from a scientific point of
view that the testing should be incorporated into
some experiments that will provide not only an as-
sessment of the instrument performance but, more im-
portant, will also produce results which are needed
to increase our understanding of the many difficult
physics problems of high altitude weapons effects.
Many such experiments are difficult and complex and
may require a cooperative effort from several of the
laboratories; such efforts may well become the prin-
cipal function of the Subwog within a few years.
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APPENDIX B

REFRINIS OF PUBLICATIONS ON AWRE CAMERA DEVELOPMENT

B-1

A. E. Huston, "Some New High Speed Cameras,” reprinted, by
permission, from J. Photoge Sel. 14, 251 (1966);
describes work by AWRE in developing the E 12 and
E 1k cameras.
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Some New High-Speed Cameras

A. E. HUSTON
A.W.R.E., Aldermaston, Berks.*

ABSTRACT. By exploiting the possibilities of image converter tubes, som® new high spesd cameras have been

developed having advanced performance. These include a simple single frame camera with an exposure time

of 20 nS, a single-frame camera of high resolution and wide spectral range, a streak camera capable of writing

speeds up to 4000mm/us., and a framing camera which can operate at speeds from 10! frames/sec. t0 6 107

framesjsec. The basic electrical circuits used in these cameras are described, together with details of their
performance.

INTRODUCTION
IN many branches of scientific investigation, photo-
graphy can be a powerful measuring tool. It is
possible to contain a very large amount of information
in a single photographic record, and, furthermore,
this information can usually be obtained with little
or no disturbance to the experiment under investiga-
tion. The need to examine very rapid processes has
led to the establishment of a specialised technology
viz. high-speed photography, and a large proportion
of the effort in this field has been devoted to the
development of a wide range of high-speed cameras.
Most high-speed cameras are entirely mechanical-
optical in their method of operation. Such cameras
employ film transport mechanisms giving either
intermittent or continuous motion, or have a stationary
film with a rotating mirror. Most applications
requiring the use of high-speed cameras are adequately
dealt with by mechanical-optical types, but there are
some fields in which apparatus of this description
exhibits serious shortcomings; these are:—
1. Where single exposures of very short duration are
required.
2. For framing speeds above about 107 per second,
where aperture and resolution of mechanical

®Present address: John Hadland, (P.I.) Ltd..
Newhouse Laboralories, Bovingdon. Herls.

MS. received 28 December 1965.

cameras have to be sacrificed to obtaln high time

resolution.

3. For framing speeds in the region of 10® per second,
which are unattainable by continuous-motion film
cameras, and require rotating mirror cameras
which, in this speed range, are either inefficient
or unduly large and expensive.

4. Low-light-level applications, where high effective
aperture is essential.

5. Applications wherea triggered camera, rather than a
continuously-running one is required e.g., in pro-
jectile photography.

The author has, for some years, been engaged on
the development of the electronic image tube as the
active component in high-speed cameras, and this
device enables cameras which meet the above require-
ments to be designed. A major advantage of the
image tube in this application is its versatility, since
the electron beam may be:—

1. Switched on and off rapidly to act as a shutter.

2. Switched repetitively, and deflected in discrete
steps, forming a framing camera.

3. Deflected continuously across the screen to form
a streak camera.

The efforts made, in the author's laboratory, to
exploit these features, have resulted in the develop-
ment of a number of single-frame, framing and streak
cameras, and this article describes the present state
of these developments.
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THE IMAGE TUBE AS A SHUTTER

The requirement is simply that the electron beam in
the tube be allowed to proceed from photocathode to
screen only for the duration of the exposure desired.
Some tubes designed for shutter operation include

special electrodes intended to act as gating points. -

in fact making the tube into a triode. With such
tubes it is possible to gate the electron beam with a
pulse of amplitude, say, 250 volts, but there is con-
siderable disadvantage in that a pulse of almost ideal
shape is essential (i.e., the rise and fall times of the
pulse must be very small compared with the total
duration and the top of the pulse must be flat to a high
degree of accuracy). This necessity arises because, for
a given anode voltage, the tube is in correct focus for
one value only of the gating electrode voltage. A
similar problem arises in the gating of magnetically-
focussed tubes, where, for a given strength of magnetic
field, a specific E.H.T. voltage is required to give
correct focus.

The problem of producing idealized pulse shapes
becomes increasingly difficult as pulse durations
become shorter, and at A.W.R.E., an alternative
technique has been adopted viz. to apply the whole
tube potential in the form of a pulse. The tube in this
case operates as a diode. It is necessary of course to
generate a pulse of some 15-20kV, but pulse shape is
relatively unimportant since diode tubes may be
designed to maintain focus over a wide range of
applied voltage!.

It is extremely important, in focussed image tubes
used under pulse conditions, that the photocathode is
of high electrical conductivity. In order to obtain

EM.T.

IMAGE TUBE

WM

Fig. 1. Scheme of single-frame camera.

sufficient light output from the tube to give a record-
able image on the film, it is necessary to bombard the
screen with a sufficient number of electrons, this num-
ber being substantially constant regardless of exposure
time. The shorter the exposure, however, the greater
is the current associated with this number of electrons
and for exposures in the region of 10 nanoseconds
might be as high as 100 milliamps. If the conducti-
vity of the photocathode is inadequate, a current of
this magnitude causes local variations of cathode
surface potential which leads to distortion of
the electron optics of the tube, in turn leading to
poor resolution and geometrical distortion of the
image on the screen. Experience has shown that a
transparent conducting substrate, with a resistivity
of less than 50 ohms, measured from centre to edge
of the photoczathcde, is highly desirable.

THE SINGLE-FRAME CAMERA

Fig. 1 shows the scheme of a single-frame camera
using a diode image tube. The technique for generat-
ing the high-voltage pulse is very simple, consisting
of a co-axial cable and a triggered spark gap. The
pulse is of amplitude equal to the E.H.T. supply
line, and its duration is determined by the cable
length. The resistor R is made equal to twice the
characteristic impedance of the cable. The switch is a
corona-triggered spark gap® and has proved to be
very reliable in practice. In the form shown in fig. 1
a trigger pulsz of 200 volts, of either polarity, fires
the switch with the 5/1 step-up pusle transformer
shown. In a more sophisticated design, a 1/1 pulse
transformer is used with a 2-stage amplifier, per-
mitting the switch to be fired from a 10 volt pulse,
the total triggering delay being 65nS and the jitter
time 4 2nS.

A number of cameras of this type have been built
using the 6929 image tube*. This tube has a spherical
photocathode surface and a plane screen. Towards
ths edge of the field the resolution deteriorates
seriously, and a considerable degree of pin-cushion
distortion is evident. These effects are aggravated
if a standard photographic lens is used for the objec-
tive. The simplest solution is to restrict the area of
photocathode actually used to about 10 mm diameter.
Under these circumstances there is very little pin-

cushion distortion, and loss of resolution at the edge

of the field is slight. It is also possible to employ
standard objective lenses as the spherical image

-surface can be accommodated over this small area.

The resolution per frame width, under pulse cor.-
ditions, is the order of 200-250 line pairs. Fig. 2
shows records of resolution charts (a) the static

*Manufaciured by R.C.A. and Mullard Lid.
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Fig. 2. Static and 30nS exposures taken with single-frame
camera.

resolution about 35 line pairs/mm, (b) the resolution
when pulsed for 30ns duration, about 22 line pairs/
mm, (c) an image, obtained with ruby laser illumina-
tion, at 30ns exposure time. In this camera the
image was relayed from the tube screen to the filim
by a pair of Canon 50 mm f/1-2 lenses, mounted
face to face. The objective lens used was an Isco
Westagon 50 mm f71.9.

The 6929 tube is normally manufactured with an
S.1 photocathode and this was in fact the type used
to obtain record 2(c), as the S.1 cathode has gocd
sensitivity at the ruby laser wavelength. The S.11
photocathode is more generally useful, and Mullard
Ltd. have supplied samples of the 6929 tube with
S.11 photocathodes deposited on highly conducting
substrates.

In the image tube there is an effective light amplifi-
cation, in terms of photons emitted from the screen
compared with photons arriving at the photocathode,
of about 50 times. A large portion of this is lost due
to the relay optics, and in the case of the camera just
described, the photon gain from cathode to film is
about 5 times. The overall effective aperture of the
camera, using the f/1-9 objective lens, is therefore
about f/0-85.

A HIGH-RESOLUTION SINGLE-FRAME
CAMERA

For some purposes a much higher order of spatial
resolution is required than is possible with the design
of camera just described. One application requires a
resolution of 1,200 line pairs per frame width with
spectral sensitivity down to 3,000A. This specification
has been met in the E.14 camera, which is shown in
fig. 3 in diagrammatic form. In order to meet the
resolution requirement, the image tube, type FE.11,
has spherical cathode and screen surfaces. This has
necessitated special optical systems to match these
curvatures, and their design has been discussed by
Reid®. The objective system is entirely reflecting, as it
is required to be achromatic down to 3,000A. It
consists of two Schmidt systems in series, on the
common axis indicated, and forms an image on the
end window of the image tube, which has a radius of
curvature of 44mm. The field diameter at the cathode
is 30mm. The tube magnification is unity and the
screen radius of curvature is 39mm. The copying
system consists of a Dallmeyer Rareac fj2 unity
magnification lens, the image field curvature being
corrected by a fibre optic plate as shown. Initial
samples of the FE.ll tube have an S.11 photo-
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Fig. 3. Scheme of E./4 camera.

cathode, on a tin oxide conducting substrate, and the
tube is now being manufactured with a cathode
window of Corning 9741 glass, and a metallic con-
ducting substrate, replacing the tin oxide, in order to
extend the spectral range down to 3,000A.

In the E.14 the effective photon gain from photo-
cathode to film is about unity, so that the overall
camera aperture is equal to that of the objective
system. This is given by the relationship:—

fINo.=#x Focal length in cms.

The particular model at present under development
has an objective of 80cm focal length and its aperture
is therefore f/20. ’

MULTI-CHANNEL CAMERAS

A series of single-frame cameras as described above
may be operated in sequence to form, in effect, a
kine camera. An advantage of this technique is that
each exposure, and the interval between exposures,
may be independently adjusted, but, on the other hand,
the separate channels have different lines of sight to
the event being photographed. (This may be avoided,
if necessary, by the use of a beam-splitting objective
system). The multi-channel camera is particularly
advantageous if images of high resolution are required,
as each channel may be designed efficiently without,
for example, the necessity for packing several images
on the screen of one tube, with consequent limitation
of the available resolution.

Six E.l4 single-frame camera units, for example
are being built into a single system, entitled the 6E14
camera. All the electronic pulse circuitry is housed
within the camera body, and arrangements have been
made for the exposure duration to be adjustable in
steps from 50nS to 300nS, on each channel indepen-
dently. A separate programming unit supplies
adjustable trigger pulses to enable the individual
channels to be triggered as required.

A SINGLE-TUBE FRAMING CAMERA
In order to operate a single image tube as a framing

camera, it is necessary to:—

1. Switch the electron beam in the tube on and off
repetitively at the appropriate times to give the
required shutter action.

2. Deflect the electron beam, suitably synchronized
to the shutter action, to a sequence of stationary
positions on the screen.

A special image tube has been developed for this
purpose?, and a recent development, known as the
FE9A, is now commercially available.* A new method
of operating the tube as a framing camera has been
devised®¢, and the principle is shown diagram-
matically in Fig. 4.

The image tube has three pairs of deflector plates
in the electron drift space between anode and screen.

*From 201th Cer-ury Electronics Ltd.
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Fig. 4. Principle of operation of image-tube framing camera.
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Table
Stze of images Resolution
No. Frames)/sec. Exposure time No. of images (mms) ep./frame
1 6-107 3nS 6 6Xx6 30x30
12 6x3 30x15
2 2-107 10nS 8 15%15 60 % 60
16 15x 7% 60x30
3 10¢ 0-2uS - 10 14x 14 200 x 200
4 2-108 1-0u8 8 16x16 200 x 200
10% 2-0uS 16 16< 8 200 100
5-10¢ 4-0uS 24 16x 6 200x 80

These have been designated shutter plates, com-
pensating plates, and shift plates reading from anode
to screen, the titles indicating their function. A
sinusoidal oscillation is applied to the shutter plates
and this sweeps the electron beam over an aperture
in a fixed plate, giving the desired effect of repetitive
shuttering. Exposures are obtained when the sinusoid
passes through its zero point, i.e., there are two ex-
posures per cycle. During the “‘open’* period of the
shutter, the image appearing on the screen is moving,
and, to correct for this, the compensating plates are
employed. A second sinusoid, of the same frequency
and amplitude but of different phase, is applied to the
compensating plates. The effect is to cancel out the
motion imparted to the electron beam by the shutter
plates, but, by correct choice of the phase difference,
alternate exposures are immobilized by different parts
of the compensating plates waveform, and appear at
different poritions on the screen of the tube. In Fig.
4, the exposure given by a b is compensated for by
a’b’, and the exposure cd by ¢’d’. The mean potentials
of a’b’ and c’d’ are equal but of opposite polarity, so
that images appear on the screen alternately one above
the other. The immobilization of the images is not
perfect, since the shapes of the sections of waveform
a’b’ and c¢’d’ are not exact replicas of the sections ab
and cd, but it is found to be sufficiently accurate
provided the exposure duration does not exceed one
fifth of the interval between frames.

The oscillations necessary for the shutter operation
are generated by a valve oscillator, which is allowed
to run continuously, so that if nothing further were
done, there would appear on the screen two images,
each of which consists of a continuous train of
superimposed exposures. In order to separate them
into a single sequence of discrete images, it is necessary

to deflect the electron beam in a direction perpen-
dicular to that caused by the shutter deflections,

The third pair of deflector plates, the shift plates,
enables this separation to be carried out. A staircase
waveform is applied, synchronized so that the “steps”
of the staircase occur between exposures, and the
“plateaux’’ are of sufficient duration to allow two
exposures to be completed before the next step.
A shift bias maintains sufficient deflection to keep the
electron beam just off the edge of the tube screen,
until a trigger pulse from the event arrives, when the
staircase waveform generator starts to operate. The
staircase is driven directly from the shutter oscilla-
tion, a technique which ensures the correct phase
relationship.

When the sequence of images is completed, the
E.H.T. supply to the image tube (20,000 volts) is
rapidly removed by triggering a spark gap switch
which effectively short-circuits the high voltage line.
This ensures that, if the event under investigation
is still highly luminous after the last frame has been
recorded, there will be no further excitation of the
image tube phosphor.

There is no difficult problem in coupling optical
systems to the FE9A tube, since both photocathode
and screen have plane surfaces. Standard photo-
graphic objectives may be used to form the primary
image on the 15mm dia. photocathode, and the images
on the screen, which cover an area roughly 80mm by
40mm, are relayed to the final film plane by means of
a Dallmeyer Octac f/1-5 80mm focal length copying
lens. The latter is used at unity magnification, so that
its effective aperture is f/3. The effective photon
gain from photocathode to film is about unity,
so that the overall camera aperture can be stated as
that of the objective lens used.

APPROVED FOR PUBLI C RELEASE

B-7



B-8

APPROVED FOR PULBI C RELEASE

Huston: New High-Speed Cameras

Fig. 5. The E.I2 camera.

Four cameras working on this principle have been
built, and the perfomances are summarized in Table
1. The cameras have been given the type number E.12
and are being made commercially available.*

Camera No. 2 operates at the highest speed at
which it is possible to obtain full size images (i.e., at
least 15mm square) and at the same time cover the
full usable width of the tube screen (about 80 mm).
In camera No. | a high framing rate of 6-107 per
second has been provided, withi an exposure time
of 3nS, by reducing the image size to 6mm square on
the screen, and building a special image tube with the
photocathode area deliberately restricted to give this

*From John Hadland (P.1.) Lid., and Telford Products Lid.

size of image. In this way it is possible to obtain
higher effective conductivity to the photocathode
area, and it is possible with this tube to obtain
satisfactory exposures as short as 2nS.

Camera No. 4, which is intended for projectile
photography, has 3 speeds of operation, switch
control being provided.

The general appearance of the E.12 camera is as
shown in the photograph Fig. 5. The only difference
between cameras No. 2, 3 and 4 lies in the electronic
unit at the top right hand part of the control! panel.
This is a plug-in chassis, so that changes from one
speed of operation to another, may be made simply.
For camera No. 1, the fastest version, a special body
has had to be built, and this is not readily inter-
changeable.
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(a) (b)

Fig. 6. Exploding copper wire. 10nS Exposures at 2.107 frames
per second.

*ENT

—ENT

Fig. 7. Scheme of streak camera. Fig. 8. Streak record, 35nS duration.
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Typical E.12 Camera Records

Fig. 6 (a) is a photograph showing the early stages
of the explosion of a copper wire -025mm in diameter,
taken with camera No. 2 i.e., the exposure duration
per frame is 10nS and the interval between frames is
50nS. Frame No. 1 is at the top left-hand corner and
is blank, since the camera started to record before the
wire became luminous. Frame No. 2 is immediately
below No. 1. No. 3 and No. 4 are, respectively the
upper and lower images to the right of Nos. 1 and 2,
the sequence then continuing in like manner. Note
that by arranging for the exploding wire to be slightly
out of the vertical, it is possible to make more effi-
cient use of the screen space available.

In order to determine something of the structure
of the bright bands present in Fig. 6(a), the experi-
ment was repeated with the wire mounted obliquely,
as shown in Fig. 6(b). The synchronization of the
camera was also adjusted to a slightly later time in
the phenomenon. Resolution is of course, adversely
affected, due to optical reasons, and the ends of the
wire are quite out of focus, but in one of the bright
bands an interesting ‘‘bracelet’’ effect can be observed.

A STREAK CAMERA

Image tubes fitted with deflector plate systems may
te used very effectively in streak cameras, and an
cfficient and simple system is shown in Fig. 7. The
type FE9A image tube is used. Push-pull triangular
waveforms are generated in a circuit using a spark
gap switch and provide the means of triggered linear
deflection of the electron beam. Capacitors C1 and C2
are of equal capacity. Cl is initially discharged, and
C2 is fully charged. On receipt of a trigger pulse, the
spark gap fires and discharges C2 into C|, accurate
symmetry being maintained by keeping the point Aata
constant potential by means of capacitor C3. L and R
form a linearizing network. The optical arrangements
are conventional, consisting of an objective lens, prim-
ary slit plane, and relay lens to the tube photocathode.
A pair of Canon 50mm f/1-2 lenses, mounted face to

face, is used for the relay lens, and the Dallmeyer
Octac 80mm f1-5 lens is used, as in the E.12 camera,
to relay the screen image to the film. As in the E.12,
the overall effective aperture of the camera is that of
the objective lens used.

It is possible to obtain very high writing speeds
with this camera. The scan time, across the tube
face, can be as low as 20nS representing a writing
speed of about 4,000mm/usec. Fig. 8 is a streak
record of 35nS duration. The illumination was a
fine spot of light from a spark, and a 250 mc/s
calibration deflection was applied to one of the pairs
of deflector plates in the plane perpendicular to the
sweeping deflection. This is an example of a writing
speed of 2,500 mm/uS.
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A. E. Huston, "A Multi-Frame Image Tube Camera,” reprinted
from Kurzzeitphotographie (Proceedings of the Seventh
International Congress on High Speed Photography),
ppe 93-96, Verlag O. Helwich, Darmstadt, 1967, by
permission of the publisher; describes AWRE work on
the E 12 cameras.
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A MULTI-FRAME IMAGE TUBE CAMERA

A, E, Huston

United Kingdom Atomic Energy Authority,
Atomic Weapons Research Establishment (A. W. R. E.), Aldermaston, Berkshire, U. K.

Introduction

The high-speed framing camera is now a well estab-
lished tool for many scientific investigations. A very
wide range of framing speeds is covered by various
optical-mechanical design viz. intermittent-motion
film, continuous-motion film with optical compensa-
tion, stationary film with rotating mirror, and the
great majority of framing camera applications can be
successfully handled by these varieties of equipment.
There are, however, some fields where mechanical-
optical framing cameras exhibit serious shortcomings.
These are:

1. Framing speeds above 107 per second, where aper-
ture and resolution of rotating mirror cameras have
to be sacrificed to an unacceptable degree in order
to obtain time resolution.

2. Framing speeds in the region of 105 per second
which are unattainable by continuous-motion film
cameras, and for which an efficient rotating-mirror
camera would be unduly large and expensive.

3. Low-light-level applications, where very high aper-
ture is essential.

4. Applications where a triggered camera rather than
a continuously-running one is required e. g. in pro-
jectile photography.

An image tube framing camera known as the E. 12

has been designed which meets most of these special

requirements.

Principle of the New Camera

An image tube may be used as a framing camera in
the following way:

1. An image of the phenomenon under investigation
is formed on the photo-cathode of the tube by a
suitable optical system.

2. The electron beam within the tube is switched on
and off repetitively at the appropriate times to give
the required shutter action.

3. The electron beam is deflected, suitably synchronised
to the shutter action, to a sequence of stationary
positions on the screen of the tube.

4. The pattern of images thus produced on the screen
is recorded by a stationary camera.

In 1962, at the 6th Congress, an image tube was
described [1] which was being developed by A.E.I.
(Woolwich) Ltd., under A.W.R.E. sponsorship. A
new method of operating this type of tube has been
devised [2] which enables the functions 2 and 3 above
to be carried out over a wide range of operating speeds
without introducing the distortions and severe losses
of resolution so common with image tube cameras.

The principle of the camera is shown in Fig. 1. An
image of the event under investigation is formed by
the objective lens on the photo-cathode of the image
tube. The oxidised antimony-caesium photo-cathode
is 15 mms. in diameter and is deposited on a conduct-
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Fig. 1 - Principle of operation of camera.

ing transparent tin oxide layer. The electron beam
is accelerated and 'focused to the fluorescent screen
with a linear magnification of 2 times. In the electron
drift space between anode and screen are fitted three
pairs of deflector plates and the complete action of
switching and deflecting the beam is carried out there-
with.

The switching action is obtained by deflecting the
electron beam across a fixed aperture, using the first
pair of deflector plates, the exposure duration being
fixed by the time taken to do this. During the open
period, of course, the lateral motion of the beam causes
the image appearing on the screen to be smeared in the
direction of the deflection, and the second pair of
deflector plates is used to compensate for this effect
by applying to them the same change in potential but
in opposite polarity. This method of using the first
and second pairs of deflector plates, henceforth desig-
nated “shutter” and “compensating” plates respective-
ly, can give an accurately immobilised image on the
screen.

To. obtain repetitive shuttering, a sinusoidal oscilla-
tion is applied to the shutter plates, exposures being
obtained when the sinusoid passes through its zero
point, i. e. there are two exposures per cycle. A second
sinusoid, of the same frequency and amplitude but of
differing phase, is applied to the compensating plates.
The phase difference is such that alternate exposures
are immobilised by different parts of the compensat-
ing plates waveform, and appear on the screen of the
tube, alternately one above the other. The immobilisa-
tion of the images is not quite perfect, since the shapes
of the sections of waveform used for compensation,

are not exact replicas of the shutter waveforms, but
it is found to be sufficiently accurate provided the
exposure duration does not exceed one-fifth of the
interval between frames.

The third pair of deflector plates, designated the
"shift” plates, deflects the beam in the plane at right
angles to the shutter and compensating plates. A stair-
case waveform is applied, synchronised so that the
“steps” of the staircase occur between exposures, and
the "plateaus” are of sufficient duration to allow two
exposures to be completed before the next step. A shift
bias maintains sufficient deflection to keep the elec-
tron beam just off the edge of the tube screen, until
a trigger pulse from the event arrives, when the stair-
case generator starts to operate.

The Electronic Circuits

The circuits necessary for geuerating the two phased
sinusoids and staircase waveform are extremely simple,
and are shown in skeleton form in Fig. 2. An oscillator
valve V1 generates a pushpull output of about 1200
volts R. M. S. amplitude, at a frequency correspond-
ing to one-half of the number of frames per second
required. This output feeds the shutter plates directly.
Another resonant circuit, coupled to the oscillator
tank circuit, supplies the phased output required for
the compensating plates. The correct phase is obtained
by adjustment of tuning and coupling and is remark-
ably stable in operation. A further coupling coil feeds
a signal at the oscillator frequency, in series with a
positivegoing triangular waveform, to the grid of the
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Fig. 2 — Electronic circuits of camera.

integrator valve V2, which is normally biased to cut-
off. V2 has equivalent anode and cathode loads and
delivers a push-pull staircase waveform to the shift
plates. The sequence of images is initiated by trigger-
ing the triangular waveform generator, the positive-
going output of which overcomes the cut-off bias on
va.

When the sequence of images is completed, the
E.H.T. supply to the image tube (20,000 volts) is
rapidly removed by triggering a spark gap switch
effectively short-circuits the high voltage line. This
ensures that, if the event under investigation is still
highly luminous after the sequence of images has been
completed, there will be no further excitation of the
image tube phosphor.

The Camera Performance

Four cameras have been built, all working on this
principle, but with different frame rates, numbers of
frames, etc. The performances are summarised in

Table 1.

TABLE I

No,| Frames/ | Exposure| No. of Size of Resolution

1 sec. Time Images | Images (mms) Ipyirame
I 6.107 3nS 6 6X 6 30 X 30
12 6X 3 30X 15
21 210" | 10nS 8 15 X 15 60 X 60
16 15X 743 60X 30
3 | 108 0.2 us 10 14 X 14 200 X 200
108 1us 8 16 X 16 200 X 200
16 16 X 8 200 X 100
24 16 X 6 200 X 80

Camera No. 2 operates at the highest speed at which

" it is possible to obtain full size images (i. e. at least

15 mms. square), and at the same time cover the full
usable width of the tube screen (about 75 mms.). The
limitation lies in the inability of the tube photo-
cathode to supply, in less than 10 nanoseconds, suffi-
cient electrons to give a fully recordable image,
without local variations in the photo-cathode surface
potential appearing. Such variations give rise to dis-
tortions in the electron optics of the tube, with atten-
dant distortions of the images on the screen. This
problem is, of course, of negligible proportions in
cameras Nos. 3 and 4, with their relatively long
exposure time per frame.

In camera No. 1, an exposure time of 3 ns, at a
framing rate of 6.107 per sec., has been provided, in
spite of this limitation, by reducing the image size to
6 mms. square, and building a special image tube in
which the active area of photo-cathode is only 4 mms.
square. Thus higher effective conductivity to the
photo-cathode surface is obtained.

A Typical Record

Fig. 3 is a photograph showing the early stages of
the explosion of a copper wire 0.25 mms. in diameter,
taken with camera No. 2, i. e. the exposure duration
per frame is 10 ns and the interval between frames
is 50 ns. Frame No. 1 is at the top left hand corner
and is blank, since the camera started to record before
the wire became luminous. Frame No. 2 is immediately
below No. 1. No. 3 and No. 4 are respectively, the
upper and lower images to the right of Nos. 1 and 2,
and the sequence continues in the same manner. Note
that by arranging for the exploding wire to be slightl -
out of the vertical, it is possible to make more efficien
use of the screen space available.

Fig. 3 - Exploding copper wire 10 ns exposures
at 2.107 frames per second.
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Summary

A new image tube camera has been developed in
which the interruption of the electron beam, which

controls shutter action, is achieved by deflection of

the beam, in a sinusoidal manner, over an aperture in
the tube. Another sinusoidal deflection, in the same

plane, permits two immobilised images to be obtained
on the screen. A third deflection, of staircase form,
triggered from the event under investigation, enables
a sequence of images to be recorded.

Four cameras of this design have been built.

Résumé

On a développé une nouvelle caméra 4 transfor-
mateur d’image od linterruption du faisceau électro-
nique, qui assure lobturation, est réalisée par dé-
flexion du faisceau, de maniére sinusoidale, sur une
ouverture dans le tube. Une autre déflexion sinu-

soidale, dans le méme plan, permet d'immobiliser deux
images sur ’écran. Une troisi¢me déflexion, en forme
d’escalier, synchronisée avec le phénoméne étudié, per-
met d’enregistrer une série d’images.

Quatre caméras de ce type ont été construites.

Zusammenfassung

Eine neue Bildwandlerkamera wurde entwickelt, bei
der die Unterbrechung des Elektronenstrahls und da-
mit die Steuerung des Verschlusses durch sinusférmige
Ablenkung tiber eine Blendensffnung in der Réhre hin
erzielt wird. Durch eine weitere sinusfdrmige Ablen-
kung in derselben Ebene ergeben sich zwei ruhende

Bilder auf dem Schirm. Eine dritte, stufenférmige Ab-
lenkung, die durch das zu untersuchende Ereignis aus-
geldst wird, macht es mdglich, eine Folge von Bildern
aufzuzeichnen.

Vier Kameras dieser Art wurden gebaut.
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Introduction

A number of workers have published, in recent
years, details of equipments which exploit the possi-
bilities of the single-stage image tube as an active
component in a high-speed camera. Image tubes have
considerable versatility, in that the electron beam may

be: -

1. Switched on and off rapidly to act as a shutter
giving a single exposure.

2. Deflected continuously across the screen to form a
streak camera.

3.Switched repetitively, and deflected in discrete
steps, forming a ciné camera.

A recent development in category 3 is described by
the author in another paper presented at this Con-
gress [1], and it is the purpose of the present paper to
outline some developments in the application of elec-
trostatically focused tubes in cameras of types 1 and 2.

The Image Tube as a Shutter

The requirement is simply that the electron beam in
the tube be allowed to proceed from photo-cathode to
screen only for the duration of the exposure desired.
Some tubes designed for shutter operation include
special electrodes intended to act as gating points, in
fact making the tube into a triode. With such tubes it

is possible to gate the electron beam with a pulse of
amplitude, say, 250 volts, but there is a considerable
disadvantage in that a pulse of almost ideal shape is
cssential (i. e. the rise and fall times of the pulse must
be very small compared with the total duration, and
the top of the pulse must be flat to a high degree of
accuracy). This necessity arises because, for a given
anode voltage, the tube is in correct focus for one
value only of the gating electrode voltage.

A more direct method of pulsing is to apply the
whole tube potential in the form of a pulse. The tubc
in this case operates as a diode. The disadvantage of
course is that it is necessary to generate a pulse of
some 15=20 Kv., but, on the other hand, pulse shape
is unimportant, since diode tubes may be designed to
maintain their focus over a wide range of applied
voltage [2]. This method of operation is found to be
preferable when exposures in the 100 nS region or less
are required.

1t is extremely important, in focused image tubes,
that the photo-cathode is of high electrical conduc-
tivity. In order to obtain sufficient light output from
the tube to give a recordable image on the film, it is
nccessary to bombard the screen with a sufficient
number of electrons, this number being substantially
constant regardless of exposure time. The shorter the
cxposure, however, the greater is the current associated
with this number of electrons, and for exposures in
the region of 10 nanoseconds might be as high as
100 milliamps. If the conductivity of the photo-
cathode is inadequate, a current of this magnitude
causes local variations of cathode surface potential
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which leads to distortion of the electron optics of the
tube, in turn leading to poor resolution and geomet-
rical distortion of the image on the screen. Experience
has shown that resistivities at least as low as 100 ohms
per square are highly desirable, and transparent con-
ducting substrates to the photo-cathodes must be
provided.

The Single-frame Camera

Fig. 1 shows the scheme of a single-frame camera
using a diode image tube. The technique for generating
the high-voltage pulse is very simple, consisting of a
co-axial cable and a triggered spark gap. The pulse is
of amplitude equal to the E. H. T. supply line, and its
duration is determined by the cable length. The resis-
tor R matches the characteristic impedance of the
cable. The switch is a corona-triggered spark gap [3]
and has proved to be very reliable in practice. A trig-
ger pulse of 200 volts, of either polarity, is sufficient
to trigger the switch with the 5/1 step-up pulse trans-
former shown. The triggering delay is 65 nS, with a
jitter of + 2nS.

IMAGE TUBE

Fig. I - Scheme of single-frame camera.

A number of cameras of this type have been built
using the 6929 image tube. This tube has a spherical
photo-cathode surface and a plane screen. Towards
the edge of the field the resolution deteriorates seri-
ously, and a considerable degree of pin-cushion dis-
tortion is evident. These effects are aggravated if a
standard photographic lens is used for the objective.
The simplest solution is to restrict the area of photo-
cathode actually used to about 10 mms diameter.
Under these circumstances, there is very little pin-
cushion distortion, and loss of resolution at the edge
of the field is slight. It is also possible to employ
standard objective lenses as the spherical image surface
can be accommodated over this small area. The resolu-
tion per frame width, under pulse conditions, is of the
order of 250 line pairs. Fig. 2 shows records of resolu-
tion charts (a) the static resolution, about 35 line
pairss/mm (b) the resolution when pulsed for 30nS
duration, about 22 line pairs/mm (c¢) an image, ob-
tained with ruby laser illumination, at 30 nS exposure
time.

The 6929 tube is normally manufactured with an
S. 1 photo-cathode, and this was in fact the type used
to obtain record 2(c), as the S.1 cathode has good
sensitivity at the ruby laser wavelength. The camera
has been used by CurisTiE [4] in his photographic
radar experiments with lasers. For other purposes the
S. 11 photo-cathode is more useful, and Mullard Ltd.
have supplied samples of the 6929 tube with S.11
photo-cathodes deposited on highly conducting trans-
parcnt substrates.

Multi-channel Cameras

A series of single-frame cameras, as described above,
may be operated in sequence to give, in effect, a ciné
camera. The advantage of this technique over the
multiple-frame camera described in ref. [1] is that
cach exposure, and the interval between exposures,
may be independently adjusted. A disadvantage is that

Fig. 2 - Records taken with single-frame camera.
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the separate channels have different lines of sight to
the event being photographed, though this may be
overcome, if necessary, by the use of a beamsplitting
system at the objective.

The multi-channel camera is particularly advanta-
geous if images of high resolution are required, as each
channel may be designed efficiently without, for ex-
ample, the loss of resolution due to deflection of the
electron beam which occurs in the multiple-frame type
of image tube camera. An advanced multi-channel
design is the A. W.R.E. 6 E. 14 camera which is at
present under development. The image tube, type
F.E. 11 has been specially designed to give 1250 line
pairs per frame width, and this has necessitated spher-
ical cathode and screen surfaces. This in turn has
necessitated special optical systems to match these
curvatures, and their design is discussed in the paper
by Rewp [5] presented at this Congress. The F.E. 11
tube operates at 20 KV, and uses a development of the
circuit arrangement shown in Fig. 1. The exposure
duration may be varied in steps from 50nS to 300nS,
but is normally used at 150nS. Initial samples of the
F.E. 11 tube have an S. 11 photo-cathode, with a tin
oxide transparent conducting substrate, and the next
stage of development is to incorporate a cathode win-
dow material having transmission down to 3000 A.
Finally an S. 20 photo-cathode, having a metallic con-
ducting substrate, is to be used, to extend the spectral
range to 7500 A.

The 6 E. 14 camera has six complete channels, each
with its own objective, image tube, pulse circuitry,
relay optics, and film holder, and a separate pro-
gramming unit supplies adjustable trigger pulses to
cnable the individual channels to be triggered as
required.

Streak Photography

Image tubes fitted with deflector plate systems may
be used very effectively in streak cameras, and an
efficient and simple system is shown in Fig.3. The
image tube, Type F. E. 9A ist fitted with three sets of
deflector plates and may also be used in the multiple-
frame camera (Ref. [1]). The push-pull triangular
waveforms required for linear deflection of the beam
are generated in a circuit which is a combination of
the spark gap switch [3], and a capacitor network, as
used by Demipov et al [6] in an image-tube streak
camera. Capacitors C 1 and C 2 are of equal capacity.
C 1 is initially discharged, and C2 is fully charged.
On rcceipt of a trigger pulse, the spark gap fires and
discharges C2 into C1, accurate symmetry being
maintained by keeping the point A at constant poten-
tial by means of the capacitor C3. L and R form a
linearizing network. The optical arrangements are
conventional, consisting of an objective lens, primary
slit plane, and relay lens to the tube photo-cathode.
A Dallmeyer Octac 80 mm f/1.5 lens is used to relay

+ENT

—ENT

Fig. 3 — Scheme of streak camera.

Fig. 4 — Calibration wave (250 mc/s.).

the screen image to the film plane. This lens operates
at unity magnification so that the effective aperture
at this point is /3.

Fig. 4 is a streak record of 35nS duration. The illu-
mination was a fine spot of light from a spark source,
and a 250 mc/s calibration deflection was applied to
a pair of deflector plates in the plane perpendicular
to the sweeping deflection. This represents a writing
speed of 1200 mm/ps, and there has been no difficulty
in obtaining speeds up to about 2500 mm/ps with the
system.

Ulira-violet Image Tube Camera

A special version of the F. E. 9A image tube, known
as the F. E. 14, has been developed for use as a streak
or framing camera in the wavelength range 1800 A to
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Flg.5 — Assembly of cathode end, and objective
lens, of FE. 14 ultra-violet image tube.

3000 A, and the relevant parts of the tube structure
are shown in Fig.5. Electron-optically, the tube is
identical with the F.E. 9A as depicted in Fig. 3, but,
for this wavelength range, it is essential to dispense
with the glass end window of the F. E. 9A tube. Ac-

cordingly, a silica component is used to carry the
photosensitive surface, and is made part of the ob-
jective lens as described in the paper by Brown [7]
presented at this Congress. The silica is matched to
the glass envelope of the tube by means of a graded
seal in the position shown. The photo-cathode is
caesium-tellurium, formed on a transparent conduct-
ing substrate of nickel. The quantum efficiency is
about 5%.
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Summary

The single-stage, electrostatically-focussed image
tube may be successfully employed as a short-duration
shutter provided the photocathode is capable of sup-
plying adequate current density. Such a device has
been developed into a single-frame camera of high
resolution by designing the image tube with spherical
cathode and screen surfaces and evolving special sys-
tems which match these curvatures. The electronic
circuitry is simple. Six of these units have been
mounted together in one assembly, forming a multi-
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channel camera. The exposure time is normally set at
150 nS, and the resolution per frame width is 1250
line-pairs.

A fast streak camera has been designed, based on the
FE9A image tube, giving, with a simple electronic
circuit, writing spceds greater than 1500 mm/pS. A
special ultra-violet version of the tube carries a cac-
sium-tellurium photocathode and an integral optical
system.

PUBLI C RELEASE



APPROVED FOR PULBI C RELEASE

B-5 Huston: Streak and Multi-Channel Photography Using Image Tubes B-5

Résumé

Le transformateur d’image 3 focalisation électro-
statique, 4 un seul étage, peut &tre utilisé avec succes
comme obturateur de courte durée, pourvu que la
photocathode puisse fournir une densité de courant
suffisante.

On a développé un tel dispositif en caméra de haute
résolution 4 image unique en calculant le tube & image
avec des surfaces de cathode et d’écran sphérique et en
concevant des systémes optiques spéciaux qui compen-
scnt ces courbures. Le circuit électronique est simple.

On a assemblé six de ces unités pour obtenir une
caméra 4 cannaux multiples. Le temps d'exposition est
normalement fixé & 150 ns et la résolution par largeur
d’image est 1250 paires de lignes.

On a calculé une caméra i fente, i partir du tube 4
image F. E. 9A, qui donne, avec un circuit électronique
simple, des vitesses de balayage plus grandes que
1500 mm/us. Une version spéciale du tube pour l'ultra-
violet porte une photocathode césium-tellure et un
systéme optique intégré.

Zusammenfassung

Die einstufige, elektrostatisch fokussierte Bildrohre
kann erfolgreich als Kurzzeitverschluf} verwendet wer-
den, falls die Photokathode eine geniigend hohe
Stromdichte zu liefern vermag. Eine solche Anord-
nung wurde zu ciner Einzelbildkamera hohen Auf-
16sungsvermdgens entwickelt, indem die Bildréhre sphi-
rische Kathoden- und Leuchtschirmoberflichen erhielt
und spezielle, an deren Kriimmung angepafite optische
Systeme entwickelt wurden. Die elektronische Schal-
tung ist cinfach. Sechs dieser Einheiten wurden in ciner
Anordnung zusammengefafit und bilden so eine Viel-

kanalkamera. Die Belichtungszeit ist gewdhnlich auf
150 nsec ecingestellt, und die Auflésung je Bild betrigt
1250 Linienpaare.

Auf der Grundlage der Bildrghre FE 9A wurde eine
schnelle Streakkamera entwickelt, die mit ciner ecin-
fachen elcktronischen Anordnung Schreibgeschwindig-
keiten von mehr als 1500 mm/psec erreicht. Eine be-
sondere Ultraviolett-Ausfithrung dieser Réhre ist mit
ciner CS-Te-Photokathode und fest cingefiigtem opti-
schem System versehen.
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Tubes Having Curved End Windows,” reprinted from
Kurzzeitphotographie, ppe 431-436, by permission of the
publisher; describes AWRE work on the optical design of
the E 14 cameras.
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TUBES HAVING CURVED END WINDOWS
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Some high-definition image converter tubes recently
developed have strongly-curved cathode and phosphor
end windows. The shapes of the tube ends are dic-
tated by electron-optical requirements; the windows
are spherical and nearly concentric, so that they are
convex outwards. Fig.1 shows a typical design of
tube: its end windows are 44 mm radius of curvature
for the cathode and 39 mm radius for the phosphor.

Tube ends of these shapes present interesting prob-
lems in the design of suitable camera objective and
copying systems. Fig.2 shows the required optical
layout. Conventional objectives are apt to produce
field curvatures of the opposite sense, i.e. concave
towards the objective, and this can be corrected only
by putting a lens of the necessary negative power close
to the cathode. Such an arrangement may well suffer
considerable astigmatism. If the objective is required
to be achromatic over a considerable wavelength range
the difficulties may be too great for conventional
designs to be applicable.

The problems of matching optics to the cathode and

phosphor ends of the image tube possess some similar Fig. 1 — High Definition lmage Converter Tube.
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Fig.2 ~ Scheme of Optics Needed to Work with High Definition Tube.

features, but do not necessarily lead to the same solu-
tions. This may best be illustrated by stating the
specifications laid down for the camera type 6E.14
described by Huston [1] in another paper given at
this Conference. These specifications are:

(a) Camera objective. To cover a field 3° in diameter,
to work within the wavelength range 3,000 to
9,000 A, to present its final image on a cathode
4.0 cm diameter and 4.4 cm radius of curvature,
and to yield at least 1200 picture line pairs over
that diameter, finally to work at a relative aper-
ture of £/20.

(b) Copying system. To transfer the image from a
phosphor screen 4.0 cm diameter and 3.9 cmradius
of curvature on to a flat film, the relative aper-
ture of the system to be not less than f/2. The
wavelength range required is restricted by the
phosphor response (Fig. 3).

l /f\\
5 \
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g
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Fig. 3 — Spectral Characteristics of Phosphor.

The Camera Objective

After some preliminary studies had shown that con-
ventional optical systems could not be made to meet
the specification, several alternative designs were in-
vestigated, and one variation made.

The basic design argument for the objective is
simple. Concave mirrors produce image fields which
are curved in the right sense, therefore the imaging
should be achieved by what is essentially a reflecting
system. However, an image field 3° in extent and
40cm actual diameter implies an equivalent focal
length of about 80 cm, hence to obtain both this focal
length and the image field curvature two concaves
will be necessary.

The preliminary form for the design is therefore that
of a Gregoryan telescope, except that the simple
design is not itself sufficiently well corrected to give
an adequate performance over the whole field. At
fields up to about 0.7° diameter a straight-forward
Gregoryan, 1. e. paraboloid primary and ellipsoid
secondary, should be acceptable at these apertures,
but the larger field requires an improved arrange-
ment.

If both the primary and secondary mirrors in the
Gregoryan arrangement are replaced by appropriate
Schmidt camera units, the difficulties of obtaining
adequate resolution, field coverage and field curvature
disappear. The primary and secondary sections of the
objective can be made quite highly corrected, the
major outstanding monochromatic aberration being
astigmatism which for 1!/s° semi-field is too small to
be troublesome.

Fig. 4 shows the first double-Schmidt concept, using
refracting corrector plates. The Schmidt sections face
each other and are co-axial: to allow light to pass each
unit is in fact an off-axis part of a complete camera.
Were it not for the extreme range in wavelengths, this
form of objective should perform moderately well.
However, there appears to be no easy way of achro-
matising a corrector plate sufficiently well to achieve
an adequate performance between 3,000 and 9,000 A.
The best that seemed possible did not appear likely
to give more than about 7 line pairs per mm at the
extremes of the wavelength range. Not the least of the
difficulties lay in finding an adequate flint-type
medium transparent at 3,000 A.

Complete achromatism is achieved by using reflect-
ing instead of refracting corrector plates, as shown in
Fig. 5. These plates have to be tilted with respect to
the common axis of the two Schmidt camera sections,
but each may be designed independently of the other.
A version of this design has been made and is shown
in Fig. 6. The primary plate is tilted at 7° to the axis,
whilst the secondary is tilted at 10.25°. These angles
were chosen to bring the entering and imaging beams
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Fig.4 — Arrangement of Double Schmidt Objective with Refracting
Corrector Plates.
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Fig. 5 — Arrangement of Double Schmidt Objective with Reflecting
Corrector Plates.

Fig. 7 shows the image quality achieved with the
first objective made to this design.
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Fig. 6
The Double Schmidt Reflecting Objective.

of light as close as possible to parallel with the axis
without being intercepted by the concave mirrors.

The main difficulty with this form of objective lies
in the manufacture of the corrector plates. However,
these may be made initially as surfaces of revolution,
with some local retouching to remove the astigmatism
caused by tilting. For the particular design made, four
of the first section corrector plates may be ob:ained
from the starting blank, and three of the second sec~
tion, hence the problems of making a series of ob- Fig. 7 — Test Chart Photographed with Double
jectives are reduced somewhat in severity. Schmidt Reflecting Objective.
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Fig. 8 — Layout of Cruciform Objective.

Several other varieties of reflecting objective have
been proposed. The general form may be modified as
suggcsted by C. G. WynNE [2] by settmg a small New-
tonian flat mirror at 45° to the axis of the primary
system. The resulting layout is thus cruciform (Fig. 8),
and in DrR. WynNe's proposal consists of a folded
Gregoryan with an aspheric corrector plate set near
the primary image. ln direct form, with the smallest
components for a given aperture, this scheme does
not produce such a compact camera as the double
Schmidt, but, of course, it may be folded. Alterna-
tively, the relative proportions of the optics may be
changed.

A cruciform double Schmidt is also feasible; if
designed with correct tilts on the reflecting corrector
plates, the plates may be surfaces of revolution with
compensation for astigmatism.

It is clear, therefore, that a number of designs of
curved field objectives are available for applications
with image tubes. The choice depends on the conditions
of use, e.g., the degree of achromatisation needed, on
the geometrical layout the camera must conform to,
and also on the difficulty of manufacture. The best
solution for one camera need not be the best for
another.

The Copying System

The best solution of the copying problem is to use
a fibreoptic faceplate as the phosphor-carrying tube
end, the interior surface being curved to suit the
electron optics, whilst the outer face is flattened to

e

PIERCED LANE PRIMARY

MIRROR
/4
CORRECTOR
PLATE
/4
SECONDARY; “—PIERCED PLANE
MIRROR

FINAL _— l

\/IMAGE

Fig.9 — Double Schmidt Copying System.

carry the photographic film. No doubt this will be the
method used to fulfil the copying function when tubes
with vacuum tight faceplates become readily avail-
able. Until then, however, rather less elegant methods
are necessary.

Two basic methods are available: one in which the
field curvature is reduced to zero by a fibre-optic
plate, and the second in which it is reduced optically.

A possible optical method is to use a double Schmidt
system, as shown in Fig. 9. A pair of similar Schmidt

PHOTOGRAPHIC
FILM

- M GE—* |
TusB El

RAREAC
COPYING LENSE

FIELD SHAPING
FIBRE OPTIC

Fig. 10 — Copying System with Fibre Optic Field Flattener.
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cameras are arranged face to face, 45° plane mirrors
being required to make both the phosphor surface and
the final image plane accessible. If the radii of cur-
vature of the Schmidt’s focal surfaces are each twice
that of the tube end, the final image is plane. This
system may be used if the tube end is small enough
to keep the obstruction ratio within tolerable limits
(say, 30% of area). 1t cannot be claimed that the
overall effect is elegant, however.

In the model built for the 6E.14 camera, the copy-
ing was achieved using a Dallmeyer Rareac system,
working at /2, focussing an image of the tube end
on to a Sunbury Glasswork’s solid fibre-optic field
flattener (Fig. 10). The photographic film was pressed
up against the flat rear surface of the fibre-optic. This
system yielded a resolution of some 80 line pairs per
mm, and is thus more than adequate for this applica-
tion.

Conclusions

Low aperture objectives fundamentally similar to
the Gregoryan telescope can be designed to yield the
strong negative curvature of image field needed to
cover the cathodes of the high-resolution, curved-end
image converter tubes. Comparatively high-aperture
copying systems may be feasible with a double-Schmidt
system, or with commercially available copying lenses
used in conjunction with fibre-optic field-flatteners.

REFERENCES

[1] HusTon, A. E.: (1965) Streak and Multi-Channel
Photography Using Image Tubes. (This Congress,
Paper No. B=5.)

[2] WynNE, C. G.: (1965) Private Communication.

Summary

Recent designs of high-resolution image converter
tubes have cathode and phosphor tube ends formed as
strongly curved convex menisci. The radii of curvature
of these ends are comparable with the diameters of
the tube ends.

This field curvature is too strong for conventional
optics to match, and the requirements may be made
more stringent by the need to cover a considerable
range of wavelengths. A recent example is intended to
work between 3000 and 9000 A.

Neither the camera objective nor the copying sys-

tems therefore can use conventional systems.

Some interesting new designs have been proposed.
Reflecting objective systems can be designed to pro-
duce negative field curvature of appropriate strength
coupled with considerable freedom in choice of focal
length and, of course, complete achromatism. Copying
systems can also be built as reflectors, although there
may be considerable obstruction by some designs of
image tube, or fibre optics can be used to obtain the
matching between image curvature and photographic
film plane.

Résumé

Les récentes réalisations de tubes convertisseurs
d’image & haute résolution possédent des extrémités
cathode et phosphore qui se présentent sous forme de
ménisques convexes A forte courbure.

Cette courbure de champ est trop importante pour
étre compensée avec les systémes optiques conven-
tionnels et on peut rendre plus sévéres les exigences
en s’astreignant 4 couvrir un domaine considérable de
longueurs d'onde.

On se propose de travailler sur un exemple entre
3000 et 9000 A. Clest pourquoi, ni l'objectif de la
caméra ni le systéme de reproduction ne peuvent faire
appel aux procédés conventionnels.

On a proposé plusieurs nouvelles réalisations inté-
ressantes. On peut concevoir des systémes objectifs
réfléchissants de fagon 3 produire une courbure de
champ négative adaptée quantitativement et doué
d’une grande liberté en ce qui concerne la distance
focale, et, bien sfr, un achromatisme complet. Les
systémes réproducteurs peuvent aussi se construire en
réflecteurs, bien que cela présente des difficultés con-
sidérables du fait de certaines conceptions du tube i
image; ou encore on a la possibilit¢ d’utiliser des
fibres optiques en vue d’obtenir la correction entre la
courbure d’image et la planéité du film photogra-
phique.

Zusammenfassung

Bei den neu entwickelten Bildwandlerrshren hoher
Auflgsung sind Kathode und Abbildungsschirm in der
Form konvexer Menisken ausgebildet, deren Kriim-
mungsradien den Rohrendurchmessern vergleichbar
sind.

Diese Bildfeldwdlbung ist zu grof}, als dafl sie durch
tibliche optische Systeme ausgeglichen werden kénnte.
Diese Bedingungen kénnen noch weiter, durch den be-
ndtigten weiten spektralen Ubertragungsbereich, er-
schwert werden. Man beabsichtigt neuerdings den Be-
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reich zwischen 3000 und 9000 A in einem Beispiel aus-
zunutzen.

Daher kénnen weder fiir das Kameraobjektiv noch
fir die Schirmabbildung iibliche Systeme verwendet
werden.

Einige interessante neue Methoden haben sich er-
geben. Zur Erzielung einer ausreichend starken, nega-
tiven Bildfeldwdlbung fiir das Aufnahmeobjektiv

kdnnen Spiegelsysteme verwendet werden, die einen
betrichtlichen Spielraum in der Wahl der Brennweite
zulassen und véllig achromatisch sind. Fiir die Schirm-
abbildung kdnnen ebenfalls Spiegelsysteme verwendet
werden, wenn sich dabei auch betrichtliche Einschriin-
kungen wegen einiger Konstruktionseigenschaften der
Wandler ergeben. Schliefflich kann man die Bildwél-
bung gegeniiber der Filmebene noch durch die Ver-
wendung einer Fiberoptik ausgleichen.

D1ISCUSSION

W. MULLER: Welches ist die wirksame Offnung der
Objektive?

C.D.REwp: 1:20.
W. MULLER: In Deutschland wurden um 1942 bei
Zeiss in Jena Objektive fiir die bei der AEG entwickel-

ten Bildwandlerréhrer gebaut, deren Bildfeldkriim-
mung der Kriimmung der Kathode des Bildwandlers

angepaflt war. Die Offnung diirfte bei 1:3 gelegen
haben. Das Aufldésungsvermdgen war besser, als es die
damals benutzten Phosphor-Schirme verlangten. Die
Objektive waren fiir den sichtbaren Spektralbereich
bestimmt. Eines der Objektive ist im Deutsch-Franzo-
sischen Institut in St. Louis noch vorhanden. Ich werde
versuchen, im ISL nihere Angaben zu erhalten und
gegebenenfalls diese Bemerkung erginzen.
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We A. Waller, "A Framing Drum Spectrograph,” reprinted
from Kurzzeitphotographie, ppe 102-104, by permission
of the publisher; describes the AWRE work on SPREFS.
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A FRAMING DRUM SPECTROGRAPH

W. A, WALLER

United Kingdom Atomic Encrgy Authority,
Atamic Weapons Rescarch Establishment (A. W. R. E.), Aldermaston, Berkshire, U. K.

For the photography and spectroscopic measure-
ment of rapidly moving events and expanding light
sources, fast time and high spectral resolution can be
achieved simultaneously, by combining a dispersing
optical system with a high speed camera. In this man-
ner, a time versus wavelength record, or time-resolved
spectrum of the event can be obtained. If however, in
addition to time and wavelength, spatial resolution
and a continuous access facility are required, that is,
non-synchronisation of the event and camera, the
problem of satisfying all these parameters simultane-
ously becomes increasingly difficult.

A continuous access framing spectrograph is de-
scribed which is capable of photographically recording
spectra, at a frequency of 100,000 frames per second,

SPECTRUM AT

in the wavelength range 3000 to 9000 A. The instru-
ment uses an F/3 reflecting optical system, with a 600
lines per millimetre plane grating as the dispersing
element, giving a dispersion of 50 A per millimetre.
A resolution of 5 A is obtained over the whole spectral
range being recorded.

To achieve spatial resolution, a multi-channelled
image transformer, reduces the field of view of the
objective lens to a slit at the entrance to the spectro-
graph.

The Framing Drum Spectrograph consists essentially
of an objective lens and a spectroscopic optical system
recording frames of spectra on a 15 inch diameter
drum rotating at 7,000 r. p.m. in a low pressure. The
combined optical system, in conjunction with an image

FIBRE END IMAGE

OBJECTIVE LENS

WAVELENGTH

SPECTROSCOPIC
OPTICAL SYSTEM

SPATIAL RESOLVING
IMAGE TRANSFORMER

Fig. 1

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PULBI C RELEASE

B-6 WALLER: A Framing Drum Spectrography B-6

movement synchronisation system, produces 900 dis-
crete frames of spectra formed from the spatially
resolved image of an event under investigation. The
frames are recorded on a length of 5 inch wide photo-
graphic film, with a frame interval and exposure time
of 10 microseconds, and a total recording time of
9 milliseconds. The film is held in a darkroom loaded
cassette which is rigidly mounted on the inside diam-
eter of the rotating drum.

An objective lens, of which a range is available,
images the requisite field of view of the event on the
cntrance aperture of an optical image transformer.
The transformer is located between the objective lens
and the spectroscopic optical system, and consists of
one hundred coated quartz fibres, each 200 microns
in diameter. The fibres are layered and orientated
such that the fibre ends form a 2 millimetre square

POLYGON G

QB:ECT LENS
=

IMAGE i
TRANSFORMER

M5
FIELD PLATENER

M4

Fig.2 — Optical system of framing spectrograph

APPARENT MOVEMENT
OF SLIT

IMAGE

TRANSFORMER

light receptive area at the entrance end, and a light
emitting slit, 20 millimetres long and one fibre diam-
eter in width, at the exit end of the transformer. It has
been designed to give maximum displacement along
the length of the exit slit of adjacent fibres at the
entrance end. Figure 1 shows the arrangement of the
image- transformer with the square light receptive
area and light emitting slit at the ends.

Figure 2 illustrates the optical system of the spectro-
graph. The multi-channelled slit of the image trans-
former acts as the entrance slit of the spectroscopic
optical system, and is followed by a plane folding
mirror (M 2) and an off-axis, parabolic collimating
mirror (M 3). A Bausch & Lomb plane grating (G) dis-
perses the collimated light from each of the fibre ends
forming the slit, and a second spherical concave mirror
(M 6), with the grating at its centre of curvature,
produces via the plane mirrors (M 4) and (M 5) a
spectrum at the image of each individual fibre end
along the length of the slit image. A corrector lens is
introduced in the vicinity of the image plane to pro-
duce a flat field on the film. The entrance slit is
rotated slightly about the optical axis of the system to
prevent overlap of the images of the spectra.

Constant optical performance and resolution is ob-
tained over the whole spectral range being recorded.

Discrete frames of the spectra are recorded by in-
troduting an equal and opposite movement of the slit,
as, séeh by the collimating mirror, which compensates
for the image movement of the photographic film
caused by the drum rotation during recording. The slit
movement is virtual, and is achieved by directing the
emergent light from the multi-channelled slit to the
collimator via a number of reflecting facets as shown
in Fig.3. Ninety of these optically worked surfaces
are equally disposed around the circumference of an
optical polygon. The incident light from the slit is
directed and reflected from each of these polished sur-
faces ag the polygon rotates about its vertical axis. The
polygo{: is driven in synchronism with the recording
drum through a 10: 1 gear ratio.

MIRROR M1

Fig.3 — Synchronisation mechanism
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Since the polygon has to rotate continuously at
70,000 r.p.m. it is limited in size to 2.8 inches external
diameter. This means that the width of each facet approx-
imately 2.5 millimetres, which is necessary to maintain
an F/3 aperture at the film. To retain maximum aper-
ture of the light beams being reflected from the facets
of the polygon, and to avoid excessive overlap in time
of the frames being recorded at the film, a geometry
of near normal incidence and reflection at the facets
is cssential. This however, has resulted in an additional
reflection at the surface (M 1) of the slit end of the

image transformer to redirect the light beam from the
slit and polygon towards the collimating mirror. The
Framing Drum Spectrograph described has been desig-
ned, and is being produced at Aldermaston.

I would like to thank Mr. 1. Mappock for his en-
couragement and Mr. R. ArLison for his able assist-
ance during the design and development of the instru-
ment. Acknowledgement is also made to the Director
of the Atomic Weapons Research Establishment for
his permission to publish this paper.

Summary

A continuous access, framing spectrograph capable
of photographically recording spectra of spatially re-
solved images of rapidly moving events and light
sources. —-

The instrument has a F/3 reflecting optical system
and uses a 600 lines/mm plane grating as the dispersing
clement.

A resolution of 5 A and a dispersion of 50 A/mm is
expected over the spectral range of 3,000 A to0 9,000 A
which is recorded on a continuous length of 5” wide
photographic film. The film is held in a darkroom

loaded cassette which is rigidly attached to the inside
diameter of a 16” diameter rotating drum.
The drum rotating at approximately 7,000 RPM is

- synchronised with an optical image movement com-

pensator, and a recording frequency of 110,000 frames
per second is achieved. A frame is composed of the
spectra of the image of the spatially resolved event.
Spatial resolution is accomplished by means of a fibre
optic image transformer, the field of view covered by
the objective lens being reduced to a multi-element
array which becomes the entrance slit of the framing
spectrograph.

Résumé

Spectrographe 3 vues cinématographique, & entrée
continue, capable d’enregistrer par photographie les
spectres des images séparées, spatialement, d’objets et
de sources lumineuses en mouvement rapide.

L'instrument posséde un systéme optique par ré-
flexion & F/3 et utilise un réscau plan de 600 traits/
mm comme élément dispersif.

On peut espérer une résolution de 5 A et une dis-
persion de 50 A/mm dans le domaine spectral 3000 A
A 9000A enregistré sur un film de S pouces de large.
Le film se trouve dans une cassette, chargée dans une
chambre noire, et il est attaché rigidement i la paroi

interne d'un tambour tournant de 16 pouces de dia-
métre.

Le tambour qui tourne 3 environ 700 t/min est
synchronisé avec un compensateur optique du mouve-
ment de l'image, et on arrive 3 enregistrer 110000
vues par seconde. Une vue est entiérement constituée
par le spectre de l'image de ’objet résolu spatiale-
ment. La résolution spatiale est obtenue au moyen
d'un transformateur d'images 2 fibres optiques, le
champ couvert par ’objectif étant réduit & un disposi-
tif comprenant plusieurs éléments. Ce champ constitue
ainsi la fente d’entrée du spectrographe & vues ciné-
matographiques.

Zusammenfassung

Es wird ein ununterbrochen aufnahmebereiter Bild-
reihenspektrograph beschrieben, in dem zuerst eine
riumlich zerlegte Abbildung der untersuchten sich
schnell bewegenden Vorginge oder Lichtquellen her-
gestellt wird und dann die Spektren der einzelnen Bild-
clemente photographisch registriert werden.

Das Gerit besitzt eine f/3-Spiegeloptik und ver-
wendet ein cbenes Strichgitter mit 600 Linien/mm als
dispergierendes Element. Ein Auflésungsvermdgen von
5 A und eine Dispersion von 50 A/mm wird tiber den
Spektralbereich von 3000-9000 A erwartet. Dieser Be-
reich wird zusammenhingend auf einem 12,5 cm brei-
ten Film registriert. Der Film liegt in einer im Dunkel-
raum geladenen Kassette, die fest an den inneren Um-

UNCLASSIFIED

B-~32

fang einer Drehtrommel mit 40 cm Durchmesser ange-
bracht wird.

Die mit 7000 Umdrehungen/min rotierende Trom-
mel ist synchronisiert mit einem die Bildbewegung op-
tisch ausgleichenden Element. Als Aufnahmefrequen-
zen werden 110000 Bilder/sec erreicht. Jedes Bild
sctzt sich zusammen aus den Spektren der Bildelemente
der riumlich aufgeldsten Abbildung des untersuchten
Vorgangs. Die riumliche Auflésung wird in einem
Faseroptik-Bildtransformator erreicht, durch den das
vom Objektiv erfaflte Gesichtsfeld in eine Vielzahl
einzelner Elemente zerlegt wird, die dann in lincarer
Anordnung den Eingangsspalt des Bildreihenspektro-
graphen bilden.
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