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A 256-LINE, 2.8-ms FIELD DURATION TV CAMERA

by
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warranty, express or implied, or assumes any legal
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or usefulness of any information, apparatus, product or
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infringe privately owned rights.

ABSTRACT

A prototype 256-line, 2.8-ms field duration television camera was
designed, built, and successfully field tested by the Los Alamos Scientific
Laboratory (LASL). It used an EPS vidicon tube to maintain good resolution
while achieving the short field time. Additional features included 9.5 »s ac-
tive line time out of 10 /zs total, 10-V peak-to-peak video output into 50 fi, a
dynamic range between 64 and 128, and remotely resettable sweeps.

This report includes details of design philosophy regarding the selection of
the EPS vidicon, the parameters that affect the choice of the target material,
the electronic design, and the calibration procedures.

I. INTRODUCTION

For several years we have used a modified
extended-dynamic-range (EDR) version of an MTI
(Maryland Telecommunications, Inc.) VC-20
magnetically deflected and focused vidicon TV
cameral for the data acquisition in downhole
neutron Pinex experiments. The demands imposed
by a new close-in Pinex schemel require <3-ms field
readout times, in contrast to the 8.33 ms of the EDR
camera, and constrain the minimum acceptable
resolution to >200 scan lines with limiting horizon-
tal resolution >100 line pairs per scan line.

Electrostatically deflected vidicon cameras were
ruled out for our application. Such cameras, normal-
ly electrostatically focused, inherently produce
resolution inferior to that achieved by magnetically
focused systems.

An evaluation of existing electromagnetic-
deflection cameras showed that the modifications
needed to achieve high scan rates with conventional
rastering are impractical because of excessive cur-
rent, voltage, and power levels. This evaluation is
summarized in Appendix A. Note that such un-
conventional electromagnetic camera designs as

those utilizing zig-zag scanning and/or smaller than
nominal raster sizes are not necessarily ruled out.

Given the inferior resolution of electrostatic-
deflection cameras, and given the difficult design
problems inherent in using -electromagnetic-
deflection cameras in an ultrafast-scan mode, we
chose to approach the problem by designing a new
camera using a tube without those limitations. A
prototype version of this camera was fielded succes-
sfully in a recent underground test.

I1. DESIGNING THE CAMERA
A. Choosing the Vidicon

Because both good resolution and fast deflection
are essential, we chose a General Electric (GE)
hybrid mixed-field vidicon that uses electrostatic
deflection and electromagnetic focus. Focus
projection and scanning (FPS) are accomplished
simultaneously because both fields are superim-
posed in the same volume. FPS vidicons use an ex-
ternal solenoidal focus coil, an internal cylindrical or
conical electrostatic-deflection assembly (called a
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deflection), and demagnifying electron optics to
produce a small electron-beam spot size with high
electron density in the beam. From the electron-
optical standpoint, the system behaves like a scann-
ing lens that moves in a plane parallel to the target,
while projecting onto the target an image of either
the beam-defining aperture or the actual beam
crossover, depending on the FPS design. A com-
prehensive analysis of the electron-optic principles
of FPS vidicons is contained in the literature.3'
Of several designs developed by GE, all achieve
varying degrees of demagnification of the electron
beam. Figure | illustrates the basic features of two of
the FPS tube designs. In the design at the top, the
electron beam leaves the cathode (K) through the
object aperture (A) and traverses an object drift
space (a) before entering the FPS cavity (D). The
cavity is surrounded by a cylindrical deflection (E)
and is terminated by the target mesh (M). The
deflection is surrounded by an external focus coil
(F). When appropriate electromagnetic fields are ap-
plied, the cavity will focus an image of (A) on the
target (P) within the image distance (b). System
magnification} is dependent upon the relationship
between the object space (a) and the image distance
(b). Magnification is unity for a = b, but fora > b
the system achieves demagnification. The design at
the bottom incorporates a feature called "internal-
focus projection."4 In this design, which minimizes
shading due to beam-landing error, the electron

Fig. 1
Cross-sections of two types of FPS vidicon.3 !

beam leaves the cathode (1) through the object aper-
ture (2) and enters the electrostatic prefocus lens (3)
at diverging angle 2a. The lens focuses (reconverges)
the beam inside the FPS cavity (4) at angle 2/3
(23 > 2a) such that a real image of the aperture (Fd
(Fi < object aperture) is formed. In this figure, (5) is
the conical deflection, (6) is the terminating mesh,
and (8) is the external focus coil. Again, when ap-
propriate electromagnetic fields are applied, the
FPS cavity refocuses F, at unity magnification of Fi
into the actual scanning spot (F2) at the target (7).
For system demagnification, the prefocus
electrostatic lens projects a real image Fi of the
beam aperture (2) into the FPS cavity (4) such that
Fi is smaller in diameter than the aperture.

The importance of demagnification is twofold.
First, if the read beam can be concentrated in a
smaller area, the electron-optic resolution is
improved because more beam diameters can be
resolved or "fitted" along a given segment of the
vidicon target. Vidicon spatial frequency response is
proportional to beam diameter because more closely
spaced adjacent black-and-white line pairs can be
better resolved with decreasing beam diameters. Se-
cond, if all the electrons in the read beam can be
concentrated in a smaller area, the electron density
will increase. Therefore, the number of electrons
available to neutralize stored charges at a given
target site will be increased by the reciprocal of the
square of the ratio of new and old diameters.

The two demagnification effects are summarized
in the formula for the relative beam densities, J]
= Ji/M2, where J! is the magnified beam current
density, Ji is the unity magnification (non-FPS)
density, and M is the magnification (ratio of beam
diameters). Because a typical beam-magnification
value in an FPS tube approaches 0.6, an electron-
beam density approaching three times that of con-
ventional vidicons can be expected. This high-
density beam provides the designer with a powerful
tool. Theoretically, the beam scan speed (a function
of horizontal scan rate) can be increased to approx-
imately three times conventional rates and can still
produce essentially the same signal current from a
given charge site on the target. Furthermore, at con-
ventional scan rates, assuming reciprocity and also
adequate charge storage on the target, signal cur-
rents from a given site could approach three times
the magnitude achieved with conventional vidicons.

A recent GE design known as the "printed on wall"
(POW) deflection FPS is described in Ref. 5. In this
type of FPS, the deflection assembly is evaporated



onto the glass wall of the tube, a feature reported to
minimize microphonic noise and increase tube rug-
gedness. The new design also reportedly has 60-70%
fewer internal tube parts than do conventional
magnetic tubes.

Table [ gives experimental data, and atten-
dant approximations of read-beam currents,
diameters, and resultant resolution, for two different
FPS vidicons and for two conventional
electromagnetic vidicons.3'"l)

B. Target Selection

The second design step (after FPS vidicon selec-
tion) involved selecting a suitable target. The choice
was between SblS3 photoconductive and silicon-
diode matrix targets. We favored a silicon vidicon
because its absolute spectral responsivity is greater
than that of Sb2S3 vidicons over the visible
spectrum.ll,]2 Figure 2 shows the comparison. Silicon
manufacturing technology has resulted in high-
quality materials with few trapping centers. The
relative absence of traps increases silicon's quantum
efficiency (number of carriers generated per incident
photon) to nearly unity throughout the visible range.
The response falls off in the ultraviolet because of
absorption in the glass faceplate and in the near in-
frared because of the rapidly decreasing absorption
coefficient near the band edge at 1.1 jum.

SILICON TIRE X
PHOTOCONDUCTOR

Sb2 S3TYPE n
PHOTOCONDUCTOR

WAVELENGTH (nm)

Fig. 2.
Absolute responsivities of RCA 85734 Sb1S}
photoconductor and RCA 45324 silicon-diode
matrix vidicons over entire visible spectrum.
Curves redrawn from RCA data sheets.

TABLE I

COMPARATIVE RESOLUTION CHARACTERISTICS OF TWO
TYPICAL CONVENTIONAL VIDICONS (FOCUSED AND DEFLECTED
ELECTROMAGNETICALLY) AND OF TWO DIFFERENT FPS VIDICONS

Limiting Spatial Beam Current

Apparent Beam Resolution at Available at Amplitude Response
Diameter the Target the Target at400 TV Lines

Vidicon Type (pm) (Ip/mm) (PA) (% ofdc Response)
GE 8573A 10-12 (6) 15-25 (3,8) 0.5-0.75 (5,8) 40-50 (3,8)
RCA 8507 15-25 (7) 0.2-0.6 (7) 30-40 (7)
Original FPS
GE Z7873S 7-10(3,4) 33-50 (3,4) 0.5-1 (3,9) 78-85 (3,9)
POW FPS
GE 77801 6-7 (5,6) 80-90 (5,10) 1-2 (5) 85-90 (5,10)

Note: The numbers in parentheses refer to text references.



Data taken earlierl using an EDR camera and
vidicons of several different target materials were
compared with the manufacturer's curves. The data
were taken in two steps: (1) with a broad-spectral-
range light source (pulsed General Radio Type 1538-
A Strobotac), and (2) with the same source, but us-
ing a blue transmission filter that restricted the light
range to between about 375 nm and 475 nm. The
transmission characteristics of the blue filter, a
Corning CS5-61, are shown in Fig. 3.

Both vidicons were exposed to the same input
radiant flux. The critical vidicon parameters were
adjusted for optimum tube performance in each
case. Figure 4 shows the observed responses. The
waveforms are of a single EDR-camera horizontal
scan line measured at the preamplifier output. The
source pattern was a circular spot of diffused light
with a wide vertical black bar through the middle.

A Kodak Wratten N.D. 0.6 neutral-density (ND)
filter was placed over the right-hand half of the
source pattern so that the transmitted light intensity
had two calibrated peaks (maximums). The inten-
sity of the light transmitted through the unfiltered
part of the pattern is about twice that transmitted
through the filtered part. This calibration was per-

NE 102 EMITTANCE

CORNING BLUE FILTER
CS 3-61 TRANS-
MITTANCE

= 40

WAVELENGTH (nm)

Fig. 3.
Transmittance characteristics of Corning CS5-
61 blue glass transmission filter, and emittance
characteristics of NE-102 radiation-to-light
converter.

1 1 1
2 fi% /div.
SB2S3RCA 8573A
(WITH BLUE FILTER)

2/1.8 /div.
SILICON RCA 4532A
(WITH BLUE FILTER)

2 /«.s/div.
SILICON RCA 4532A
(NO BLUE FILTER)

2 /i*/div.
SB2S3RCA 8573A
(NO BLUE FILTER)

Fig. 4.
Observed comparative responsivities of 86283
and silicon vidicons as redrawn from oscil-
loscope photographs.

formed so that we could recognize when the vidicons
were operating on the linear portion of their respec-
tive transfer curves. The smaller amplitude signals,
from the filtered portion of the scene, are approx-
imately halfas large as their unfiltered counterparts,
indicating that the camera indeed was operating
linearly.

The response in this spectral range (375-475 nm) is
important because of the spectral output in the blue
of the NE-102 radiation-to-light converterlj used in
Pinex experiments (Fig. 3). The observed responses
in the blue only, and over the entire spectrum of the
light source, are about 40% higher for the silicon
vidicon than for the Sb2S3 vidicon (Fig. 4).

The lower dark current of silicon was also attrac-
tive. Silicon dark currents are typically 7 nA,
whereas Sb2S3 dark currents of 200 nA are common
with large target voltages. The lower dark current
improves pickup tube dynamic range because beam
current is not wasted in discharging the dark cur-
rent. Tube shading also is minimized at lower dark
currents.

Finally, and most important, the predicted
response time of siliconl4 ("soak" time, or the time re-
quired for image buildup after input radiant flux is
applied) is shorter than the observed response time
for Sb2S3.I The typical Sb2S) soak time requirement
of about | ms would use too much of the limited
readout time available in close-in Pinex experi-
ments.

Figure 5 shows experimental SblS] soak data as a
function of target voltage. Figure 6 shows the effect
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Fig. 5.
Observed soak characteristics of 85734 Sb1S
vidicons as a function of increasing target
voltage.

of varying the physical location of the incident light
pulse on the vidicon target. Because beam arrival at
the site is a function of the sweep, varying the image
location effectively varies the time period from il-
lumination to beam interrogation of the resultant
stored charge. The observed soak status (degree of
completion of light-to-charge transfer) of 8573A
Sb2S3 vidicons is a function of the time period
between application of the incident flux and the
beginning of interrogation by the read beam. We

Pl

«- TEST IMAGE POSITIONED 800 as INTO THE
TV FIELD.

«*TEST IMAGE POSITIONED 200 «s INTO THE
TV FIELD.

A* TEST IMAGE POSITIONED AT START OF THE
TV FIELD.

ILLUMINATION

END OF TV FIELD VERTICAL BLANKING INTERVAL
PREAMP NOISE-—--

04 OB 12 1.6 2.0 24 28 32 3.6 40
TIME AFTER ILLUMINATION IS APPLIED (ms)

Fig. 6.
Observed soak status of 85734 Sb1S3 vidicons
as a function of varying image location on the
target.

varied the physical position of the light source (a
uniformly illuminated low-spatial-frequency con-
tent pattern of equally spaced black-and-white ver-
tical bars, an ND filter, appropriate diffusers, and
an EG&G Model No. | pulsed optoliner). This was
done so that the location of the formed image on the
vidicon target would be so positioned that different
numbers of horizontal scan lines had to be swept out
before the optical data were encountered. A
theoretical analysis of the soak time is included in
Appendix B.

C. Electronics

To meet field test schedules, the prototype FPS
camera was to be based as much as possible on the
existing EDR camera head and camera control unit
(CCU) chassis. Preliminary evaluation showed that
virtually none of the existing circuitry could be used.
Synchronization (sync) and timing circuits were un-
usable because the new camera required different
scan formats; existing sweep circuits designed for
magnetic rather than electrostatic deflection were
not usable; and FPS vidicon operating voltages and
current requirements are so different from normal
vidicon values that most existing power supplies
provided either incorrect voltages or inadequate cur-
rents. In addition, although the video amplifier
bandwidths were inadequate, they were retained in
the prototype both because of time limitations and
because it is relatively easy to account for their
bandwidth-limiting effects in postdesign perfor-
mance analysis.

The EDR chassis was reduced in width by one-
third, and the unusable existing circuit modules
were replaced with new designs. The VC-20 head re-
quired complete redesign to accommodate extensive
shielding needed to protect the sensitive components
(vidicon and preamp) from device-generated radia-
tion in the close-in experiment. Figure 7 is a drawing
of the camera head with the cover removed to show
the locations of the various components. Figures 8§
and 9 are photographs of the head, and of the head
and modified CCU, respectively. The CCU door in
Fig. 9 is open, showing the modular layout and a
redesigned module (on the extender board) that con-
tains the sweep and cathode-blanking circuits. The
motor-driven potentiometers used to control various
camera parameters remotely are also shown.

Because this camera was to be located approx-
imately half as far from the device in the experiment
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Fig

7

Component layout of the Model-1 FPS camera head.

as EDR cameras are usually located, the anticipated
EMP would be of greater intensity than that en-
countered in the standard TV experiment box.
EMP-induced disturbances have been observed in
the EDR cameras as cable pickup of 2-3 V in
amplitude and of >500 ns in duration. Because stan-
dard Pinex video signals are 3 V peak-to-peak into 50
Q for maximum vidicon output, the cable pickup can
be as large as the video.

To minimize EMP effects on the video envelope,
the new camera output driver stage was designed to
amplify normal composite video signals to 14 V

Fig. &
Model-1 FPS camera head assembly and
778738 FPS vidicon.

peak-to-peak into 50 12. The amplified signals were
attenuated after they were out of hostile environ-
ments and before they were recorded. Figures 10 and
11 show the actual EDR and FPS responses to EMP
radiation during an underground experiment. The
EDR camera of Fig. 10 was synchronized with the
radiation, and a video gate in the amplifier chain
(EMP gate) disabled the EDR video for about the
first 400 /us after irradiation (period of maximum dis-
turbance). The EDR camera was also located twice
as far from the source as was the FPS camera. The
FPS camera was not synchronized with the radiation

Fig. 9.
Model-1 FPS camera control unit (CCU) and
head.



Fig. 10.
Observed EDR camera response to EMP-
induced radiation during a standard Pinex ex-
periment.

for this event (Fig. 11), nor was the FPS video dis-
abled at any time during the period of maximum
disturbance. The observed FPS perturbations con-
firm our predictions that the new output amplifier
must be capable of more drive than that provided by
the earlier EDR output amplifier. Some of the
specifications of the completed camera are listed in
Table II.

Fig. 11.
Observed Model-1 FPS camera response to
EMP-induced radiation during close-in Pinex
part of the same event described in Fig. 0.

The Model-1 FPS system block diagram is shown
in Fig. 12. The electronic circuits were packaged in
two chassis, the CCU and the head. The two chassis
were connected with a multiconductor cable and
several coaxial cables.

The sweep-generator block diagram is shown in
Fig. 13. The linear voltage ramps were generated by
integrating a constant current. The integration in-
terval was determined by the vertical or horizontal
drive frequency. The drive signals were used to dis-
charge the integration capacitor through a field-ef-
fect transistor switch, thus terminating the integra-
tion period and initiating the next cycle.

The integration time constant (r) was not con-
tinuously variable but rather could be selected in
discrete combinations of R and C. This mode of
selection was used to provide repeatability in the
choice of r for camera performance evaluations at
various sweep rates.

The deflection-system electronics are shown in
block-diagram form in Fig. 14. The push-pull output
amplifiers were designed to amplify the input sweep
voltage by a maximum factor of 10 (Av = 2 to 10).
The magnitude of the amplified voltage ramps was
in the range of 25 to 125 V peak-to-peak. The vertical
and horizontal amplifiers were identical. The
amplifiers were designed to have a low output
impedance because the FPS deflection inputs are
basically capacitive loads.

During the short horizontal retrace intervals (0.5
gs), the amplifiers must drive the deflection inputs
between the maximum and minimum ramp voltages
(AV = 125 V, worst case). Therefore, the amplifier
slew rate was designed to be at least 250 W/gs.

The horizontal and vertical position controls were
referenced to about +300 V so that the deflection as-
sembly resided at the proper voltage to conserve the
internal FPS electrostatic fields that were required
for the electron-beam optics. The ramps were then
ac-coupled to the deflectron.

The cathode-blanking circuit is shown in Fig. 15.
This circuit combines two blanking functions.

First, in order to prevent the FPS target from be-
ing damaged by a stationary (at least along one axis)
read beam, a sweep-sampling circuit was designed to
provide information on the sweep status. These
signals, a +5-V bias if sweeps are active or a 0-V bias
if sweeps are inoperative, were mixed with the nor-
mal dynamic blanking to provide static blanking if
either sweep failed.

In the event of sweep failure, NOR gate G, (via Al
and the first input of NAND gate G2) drives Qi out of

7



TABLE 11

SOME SPECIFICATIONS OF THE COMPLETED PROTOTYPE
(MODEL-1) FPS VIDICON CAMERA

Vidicon

Deflection

Focus

Focus coil

Vertical period
Horizontal period
System video bandwidth
Video output

Dynamic range

Sweeps

Dimensions, HxWxL
Camera head
CCU

FPS, silicon-diode matrix target, 1-in.-diam,
G.E. No. Z7873S

Electrostatic

Electromagnetic

Celco VFA2041

2.8 ms total, 2.56 ms active, 256 lines
10 ns total, 9.5 jrs active

«5 MHz

10 V peak-to-peak into 50 (I plus 4 V sync

Between 64 and 128 (ratio of peak
video to peak-to-peak noise)

Remotely resettable
(cm) (in.)
30x6.3x6.3 12x2.5x2.5
12.5x27.5x35 S5x 11 x 14

saturation, thus biasing the FPS cathode to +47 V
and disabling the read beam.

Second, the normal composite blanking signal is
used to bias the FPS read beam to cutoff during the
camera's retrace intervals. This is accomplished by
driving Qi (via Ai and the second input of G2) with
the composite blanking signal. This, of course, re-
quires that the first input of Gl be enabled. If both
sweeps are operational this input is biased positive,
permitting the blanking pulses to get through the
gate.

III. CALIBRATIONS

A transfer curve (output video signal vs input
radiant flux) was generated. The transfer curve (Fig.
16) is given with the spatial frequency in the scene
imaged on the FPS target as a parameter. The ab-
scissa f-numbers correspond to lens-aperture set-
tings for the measurement.

8

Spatial frequency determination is best discussed
in the more general context of horizontal resolution.
Adjacent black-and-white bars of various widths
were used as a test pattern to determine the horizon-
tal resolution. Figure 17 is a diagram of the ex-
perimental setup. The test pattern is formed by
strips of black printed-circuit-card layout tape on a
piece of clear plastic 1.6-mm (1/16-in.) thick. The os-
cilloscope displays one line of video through the
center of the test target. Relative video-signal
amplitudes resulting from the various bar spacings
are read directly off the oscilloscope. The resulting
contrast-transfer-function (CTF) curve and the
calculated modulation-transfer-function (MTF)
curve are shown in Fig. 18. Some important observa-

tions are as follows.
l. The 1.6-mm (1/16-in.) bars in a 152-mm- (6-

in.) wide field of view (FOV) were resolved with ap-
proximately 30% amplitude modulation. The 1.6-
mm bars correspond to 0.32 Ip/mm (8 Ip/in.) resolu-
tion at the radiation-to-light converter, for a total of
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block diagram of Model-1 FPS
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Fig. 13
Variable-rate analog sweep generator. Horizon-
tal and vertical generators are identical except
for component values. SI and S2 are dip-
compatible 8PST passive switches.

32 line pairs (Ip) across the 102-mm- (4-in.) diam
converter.

2. The 0.8-mm (1/32-in.) bars, corresponding to
64 Ip/mm (16 lp/in.), were not resolved. The es-
timated limiting (5% modulation) resolution was
0.48 Ip/mm (12 Ip/in.), so that the estimated limiting
horizontal resolution across the converter was 48 Ip.

3. The camera optical system magnification was
approximately 1/25. This scales the 0.32 Ip/mm (8
lp/in.) and the 152-mm (6-in.) FOV at the converter
to 8 Ip/mm (203 Ip/in.) and 6.1 mm (0.24 in.) respec-
tively, at the vidicon target.

The relative spatial frequency, f8, at the vidicon
target can be calculated by

j. _ resolution x FOV width
s horizontal line length

from which f§ = 49 Ip/line. The total horizontal line
duration is 10 gs, of which the active sweep time, t8,
is 9.5 gs. Thus the limiting video frequency is fv
= fjtu ~ 5.2 MHz. This limiting video frequency is
not the upper -3 db frequency, but rather is the fre-
quency at which unity signal-to-noise ratio occurs.
The result is consistent with the experimental data,
because the highest observed frequency (the 1.6-mm
bars) in the video, at about 30% modulation, was
almost 5 MHz. The observed bandwidth is assumed

10

to be limited by the video amplifiers, which were
retained from the EDR camera.

Because the downhole experiment used beam-
splitting optics, two images of the converter were
formed on the FPS target. The experimental ar-
rangement is diagrammed in Fig. 19. The setup
represents a typical optical-system configuration for
an event. The light pattern from the test fixture falls
on the incident mirror, located at 45° to the test-
fixture longitudinal axis. The two beam-splitting
mirrors are located so that the camera can view an
image on each, and so that the junction of the two
beam-splitting mirrors is at the vertical centerline of
the camera's field of view. These two mirrors are
positioned slightly over and slightly under 45° from
the camera's longitudinal axis. The optical path
length from the test fixture to the camera lens is
about 61 cm. An ND filter placed over half of the
vidicon target increases the tube's dynamic range by
making one image dimmer than the other. For the
event, the test fixture is removed and is replaced by
the NE-102 radiation-to-light converter.

There were approximately 120 scan lines per
image. The vertical resolution is given byl

0.7 x number of lines/image

vert, resolution = - . .
number of lines/line pair

or 42 Ip/image (two lines per line pair) with the pre-
sent system.

We generated a transfer curve for the event (out-
put video signal vs input radiant flux calibrated in
per cent of expected light intensity) (Fig. 20). The
curve was obtained using a calibrated General Radio
Type 1539-A Stroboslave as the light source, with
appropriate ND filters, diffusers, beam-splitting
mirrors, and the blue transmission filter between the
light source and the FPS camera. The light-source
intensity and spectral characteristics were
calibrated, as above, to approximate the expected
light pulse from the NE-102 converter. The imaged
optical scene from one of the mirrors was attenuated
by placing an ND filter over that area of the FPS
target. The camera lens aperture (f-stops) was then
varied so that the camera was subjected to incident
light in the range 3.12-400% of that expected. Figure
21 shows portions of two different video scan lines
obtained during the calibration.

Figures 22 and 23 show TV fields with different in-
put light levels. The two fields of Fig. 22 represent
the first TV frame after the calibration light source
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Fig. 4.
Model-1 FPS deflection scheme.

was strobed. The light source, again the Stroboslave,
was pulsed during the vertical sync interval just
preceding the first field shown. Each field contains
optical information from the two different mirrors
that comprise the beam-splitting optics used in the

SWt rr-fMILURE
PROTECT IQN

SAMPLE
(+5V IF SWEEP PRCr.ENT) ATV

HORIZONTAL
SWEEP-FAILURE
PROTECI ION

5 SAMPLE
(+5V IF SWEEP PRESENT) . TO
CATHODE

COMPOSITE
BLANKING

Fig. I5.
Cathode-blanking circuit, shown with
waveforms present during dynamic blanking
and with implied static inputs from the sweep-
failure circuitry.

experiment. One image was covered with an ND
filter. The smaller amplitude signals in the early
part of the field are from the filtered image, and the
two larger signals are from the unfiltered image. The
unfiltered image is just below the saturation level.
The camera lens aperture was set at /4. The perti-
nent data for Fig. 23 are the same as for Fig. 22, with
the exception that the camera lens aperture was set
at f/2.8. Now the filtered video signals are of larger
amplitude. The unfiltered video signals, however,
are of smaller amplitude, and the peaks are inverted.
The saturation effect in the unfiltered image is
shown in these photographs and also on the event
transfer curve. This effect has been discussed
elsewherelf and is mentioned briefly in Appendix B.

The overall system dynamic range (with beam-
splitting mirrors) is the composite range of the two
curves and is between 128 and 256. The lens aperture
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Fig. 16.
FPS camera output video signal as a function
of input radiant flux and as a function of
spatial frequency in the scene.

was set so that the camera's dynamic range centered
on the 100% point of Fig. 20 for the event.

IV. CONCLUSIONS

The prototype ultrafast-scan camera using an
FPS vidicon tube showed good promise in its
successful field test.lt The camera operated in its
close-in position with adequate resolution and
dynamic range, acquiring data comparable to that
obtained from an EDR camera located much farther
from the device. The good results were obtained in
spite of the 2.8-ms data field readout time, the
presumably more severe EMP environment, and
the relatively crude camera circuit designs, in-
cluding the inadequate-bandwidth amplifiers. Ac-
tual camera performance was, of course, inferior to
the theoretical maximum and to some design expec-
tations. Insufficient time prior to the downhole ex-
periment and inexperience in certain areas of TV
camera design prevented full utilization of the FPS
vidicon potential. A Model-2 camera is presently
being designed as a totally new unit. It will offer
performance that is improved significantly over
that of the prototype.
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Fig. 19.

Artist's conception of simplified version of
calibration setup on the close-in TV package
(not to scale). Reversed Ls used only to show
optical paths of light rays in the split-mirror
system. A suitable test pattern was used in the
actual calibration. Direction of view is approx-
imately from the source location.
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Fig. 20.
The event transfer curve.
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Fig. 21
FPS video signals of two different horizontal
scan lines that represent two different spatial
frequencies in the scene.

Fig. 22.
Two consecutive FPS TV fields. Lens aperture
at f/4.
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Fig. 23.
Two consecutive FPS TV fields. Lens aperture
at /2.8
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APPENDIX A

LIMITATIONS OF ELECTROMAGNETIC-DEFLECTION SYSTEMS

In conventional magnetic-deflection systems, the
beam deflection is produced by a sawtooth magnetic
field from a deflection coil. The deflecting field is
generated by a current ramp that varies approx-
imately linearly with time.

The deflection current required is a function of the
vidicon tube dimensions, the deflection angles re-
quired to produce a given raster format and size, the
tube electrode voltages, the electron optics con-
figuration of the particular tube, and the deflection
coil characteristics. Calculation of the maximum
energy stored in an ideal deflection coilll takes these
factors into account in the equation

1.4 x 10522 sin amVC

W_ ) =12 LD

in mks units, where
V¢ = vidicon anode voltage,
inner radius of deflection coil,

a =

to = effective length of deflection coil, including
the effects of the fringing magnetic field,

14

am = maximum deflection angle (measured from
the tube longitudinal axis),

L = deflection coil inductance,
and

Ip = current required for maximum deflection
angle.

The peak current in the horizontal deflection coil
is

ool 1

(ts/2)
Vdefl dt + /o

In this definition,

t the active horizontal sweep interval,

to the time during t) when the deflection cur-

rent is zero,

10 = 0, the current at t0, and

Vden = the constant deflection voltage.



Since the peak current occurs at z72, the expres-
sion reduces to

defl ts

L 5 (A-2)

The deflection voltage is proportional to the coil
inductance multiplied by the time rate of change of
current in the coil. The deflection voltage and peak
current, determined once the coil inductance and
scan rate have been chosen, determine in turn the
energy stored in the coil. Clearly, the horizontal scan
parameters place more stringent demands on the
electronics than do the much slower vertical rates. In
the design of a practical deflection system, the
flyback (retrace) time, tr, and the active horizontal
sweep interval, t9, are both fixed by the application.

Two major problems arise when the scan rate is in-
creased if the same raster size is desired (am remains
constant). One concerns generating the same
magnitude current ramp in a shorter time. Ac-
cording to Eq. (A-2), if the horizontal sweep time is
reduced by about a factor of three (from 29.3 s for
the EDR camera to 9.5  for the FPS camera) then
either the deflection voltage must be increased or the
inductance must be decreased by that factor. But
according to Eq. (A-l), for a given deflection the in-
ductance cannot be decreased without increasing Ip,
an increase that is undesirable because of conse-
quent increased power dissipation in the coil as well
as in the driving-circuit transistors. Moreover, when
modifying an existing camera system is the design
goal, the coil inductance is fixed by the existing coil
configuration. Therefore the driving voltage, Vden, is
the only parameter that can be increased. This also
causes transistor power dissipation, but not coil dis-
sipation, to increase.

A second problem encountered when t8 is reduced
is that tr must (or should) also be reduced propor-
tionately, so that the ratio of active sweep time to
retrace time remains constant. Otherwise, too much
of the total sweep time is taken by retrace, resulting
in inefficient use of the small total sweep time that is
available. The total field time TX, exclusive of ver-
tical flyback and vertical interval, is N(ta + tr),
where N is the number of lines. The horizontal
flyback time is some constant fraction, p, of t9. Thus

Tt = N(® + pt)) = Nts (I + p) (A-3)

The portion of TF which can contain useful informa-
tion is Nt9. Solving Eq. (A-3) for Nt9, we have

T
Ny, A(-P)TF

where the approximation holds for small p. It is clear
that if p is held constant for shorter field time, the
total information content decreases linearly with TF
for a given bandwidth. This linear decrease is the
cheapest price paid for reducing the field time. Now
consider instead a constant tr. Then
Nts = TX - Nir
In this case the information content decreases not
only with TF but also with the number of lines,
which is self-defeating.

The flyback voltage pulse, Vib, that is generated
during retrace time is

which is linear in reciprocal tr. It is evident that if tr
changes to tr/3 (from 3 “s for the EDR to | jus for the
FPS camera*), if t) » tr, and ifIp and L are held con-
stant, then Vfb increases by nearly a factor of three.
This pulse is impressed across the deflection tran-
sistor. The transistor must be capable of
withstanding this increased voltage. A typical
flyback voltage pulse (for an EDR camera with Y
= 3 /us) is shown in Fig. A-1 as Vmax. The figure also
shows the current waveform. A simplified output
stage of a transistor deflection amplifier and its
deflection coil appear in the inset of the figure. Vmn
is the voltage across the drive transistor during the
active portion of the sweep cycle. Vmarx is the flyback
voltage which is generated in the retrace portion of
the sweep cycle: v = L( |IP|+|-IP )/tr. During tr
the deflection current undergoes a maximum change
in a minimum time, decreasing rapidly from +IP to
—Ip. These currents, typically centered on zero, are
the peak values of the deflection current.

Another consequence of the faster scan rates is
that the parameters must be adjusted in the face of
increased high-frequency-content requirements.

*4s finally designed, the FPS camera actually had a
0.5-u.s horizontal flyback time.
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Fig. A-L
Typical idealized voltage and current
waveforms in electromagnetic-deflection
systems. Indicated values are for EDR-camera

overscanned format discussed in connection
with Table A-I.

This fact is made clear by considering the Fourier-
series representation of the sawtooth deflection
waveform. The number of harmonics needed to ap-
proximate the waveform is unchanged as long as the
ratio ts/tr remains constant, but the harmonics are
all of higher frequency for the faster sweep times.
Thus higher frequency response is required from the
amplifiers, while at the same time the voltages and
power levels are increased.

The EDR vidicon camera was investigated for pos-
sible use at the proposed higher scan rates. Two scan
formats, both of potential value in our program, were
evaluated: (1) the industry standard of 9.6 mm (3/8
in.) in the horizontal direction and 12.5 mm (1/2 in.)
in the vertical direction for an aspect ratio of 3 to 4;
and (2) the overscanned format where a square
raster 25 mm (1 in.) by 25 mm (1 in.) is used to as-
sure that the raster overlays the entire photosen-
sitive area of the target. Table A-I compares ex-
perimentally observed flyback voltages with those
calculated from Eq. (A-4).

If tr is reduced in order to maintain the same ratio
of tr to t§ as before (say, from 3 *s to 1 jus), Eq. (A-4)
shows that Vfb will increase in absolute value from
58.3 Vto 175 V for the 3 by 4 format and from 129 V
to 387 V for the overscanned format.

The problems outlined above make magnetic-
deflection systems particularly unattractive at the
higher scan rates. Indeed, these problems may be
severe enough that their solution is impractical at
the present component state-of-the-art, even with
totally new magnetic-deflection circuit designs.
Their solution in terms of modifications of an ex-
isting design is out of the question. The other alter-
natives (electrostatic deflection and focus, and FPS)
were examined for this reason.

TABLE A-I

OBSERVED ELECTROMAGNETIC DEFLECTION CURRENTS AND VOLTAGES AS
FUNCTIONS OF RASTER FORMAT, RASTER SIZE, AND RETRACE INTERVALS

Horizontal Vertical Horizontal Vertical
9.6 mm 12.8 mm 25.4 mm 25.4 mm
Parameters (3/8 in.) (1/2 in.) (1 in.) (lin.)
Deflection Voltage +6.0 V +6.0V +12.0 V +16.0 V
Peak Deflection
Current +100x IQ3 A +36x10'3A +200x10'3A +96x10'3A
Predicted Vm -583V 207V -128.6 V -552V
Observed Vib -62V 20V -130V -54V
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APPENDIX B

SOAK TIME

If a nonsaturating unit-step function of light
floods a vidicon target, the output signal caused by
the scanning beam is observed to rise with time, t,
roughly as (1—e-t/T), where the response time 1 is
commonly known as the "soak" time. Soak time is
not often mentioned in the literature because it is
relatively unimportant in many continuous-field*
applications when compared with the total image
lag (which occurs with scan-off after light is
removed). However, in single-field experiments, if
the beam scans over a part of the field that contains
written data before the transient data has finished
soaking, the data will be in error. Soak times as short
as possible are therefore desirable. We will review
the processes involved in determining the soak time
in a simplified qualitative way in order to show why
the soak time is usually shorter with silicon-diode
matrix targets than it is with Slt"Sa targets. Details
elaborating on most of the following discussion can
be found in the literature.!§')

Put briefly, the reason for the different soak times
in the two types of targets lies in the fact that Sb2S3
targets operate by photoconduction while silicon
targets operate as p-n junction devices.

Photoconductive processes have been studied in
detail.22'6 Many different processes and their
characteristics have been identified. Some of the
characteristics of the Sb2S} photoconductive
materials used as targets in vidicons can be ap-
preciated easily by recalling how the targets operate.

Consider the simplified diagram, Fig. B-1,)7 of the
target region of a SblS} target vidicon. Assume the
tube has been operated in the dark long enough that
the carrier concentrations have reached thermal
equilibrium. The scanning beam has deposited a
sufficient number of electrons on the scanned sur-
face of the photoconductor to charge it to the
cathode potential («0 V). Because of the potential
difference between this surface and the front surface,
there is a large electric field across the slab. Assume
for simplicity that one carrier type, say holes,
dominates. In the dark, the target is an insulator,
with the number of free holes/cm3, p, of the order 106
The current flow in this condition is due only to the

*4s opposed to single-field, as in TV Pinex experi-
ments.

GLASS ENVELOPE

KOVAR GLASS-TO-METAL SEAL AND SIGNAL
LEAD CONNECTION

PHOTOCONDUCTIVE GLASS FACE PLATE

TARGET

ILLUMINATION
SCANNING :
BEAM

0 .TRANSPARENT METALLIC COATING
FOR CONDUCTIVE SIGNAL PLATE
——= SIGNAL OUTPUT

+VE(TARGET BIAS)

Fig. B-I.
Simplified schematic cross-section of a

photoconductive-target vidicon target (after
Ref. 27).

carriers that can be injected by either contact.* In
insulators with "good" (e.g., ohmic) contacts, this
current density is space-charge-limited and is
therefore given byl

Jd = (89) (fW/L3)VEL |
where

6 = material permittivity,
= carrier mobility,
L = target thickness,

and
VT = target voltage.

The dark current is thus sublinear with voltage
(Jd oc VT2).

Now consider applying to the target a step func-
tion of light of the proper wavelength. By "proper"
wavelength we mean one that excites hole-electron
pairs with good quantum efficiency. If the optical
absorption coefficient of the target is very high, the
carriers will all be generated near the surface, and
the photocurrent will also be space-charge-limited to

*The beam obviously acts through a contact, albeit
not a metallurgical one.
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negligible values so that low sensitivity results. Get-
ting the highest sensitivity thus requires that the ab-
sorption coefficient be small enough that the target
is essentially volume-excited (that is, uniformly il-
luminated through the entire thickness) but large
enough that nearly all of the light is absorbed in the
target so that the quantum efficiency approaches
unity.

Figure B-2 contains idealized diagrams of the
energy band structure in a photoconductor with an
applied field. The diagrams assume perfect contacts,
which never exist in practice.} In the trap-free
material, diagram (A), the only energy levels in the
forbidden gap belong to recombination centers of
energy ER. Since the material is volume-excited,
carrier transport is only by drift in the electric field.
Carriers that are generated drift as shown. Positive
charge accumulates on the scanned surface (and the
bands bend accordingly, though this is not shown)
until electrons are injected by the beam, at which
time recombination can occur through the levels at
Er. The response time therefore depends only on the

CONDUCTION BAND

BEAM
SIDE ILLUMINATED SIDE

VALENCE BAND

Fig. B-2
Idealized diagrams of energy band structure in
photoconductor for (a) trap-free and (b) single-
level-trap cases. Both trap-free and single-level
trap models simplified compared with realistic
models.
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average time required for holes to reach the beam-
side contact. This time depends on the hole velocity,
which is, in turn, dependent on the hole mobility for
a given applied electric field. In the trap-free
material, the mobility is high. But it is characteristic
of vidicon targets that the trap concentration is high
(greater than about 10'Vem3), possibly owing to the
microcrystalline nature of the as-grown material. In
the single-level trap model, diagram (B), there are
deep traps at the level ET in addition to the recom-
bination centers. Holes that are generated by the il-
lumination have a very high probability of being
trapped after traveling only a short distance. Once
trapped, the carriers are not easily thermalized
because the traps are deep, and once the carriers are
released, they are easily trapped again. Consequent-
ly, their mobility is several orders of magnitude
lower than in trap-free material. This leads to a long
response time, and the response time clearly deter-
mines the soak time.

The silicon-diode matrix vidicon target is shown
in schematic cross section in Fig. B-3. In this simple
version, diodes are formed in the n-type substrate by
diffusing p-type dopants through the thermally
grown Si0] by using photoresist techniques, thereby
forming junctions by a standard planar process. The
Si0] layer surrounding the diodes shields the n-type
material from the scanning beam. In the dark, the
scanning beam sets all the p-type surfaces to « 0

Fig. B-3.
Schematic cross-section of early version of

silicon-diode matrix vidicon target (after Ref.
29).



volts and the diodes are consequently reverse-
biased. The dark current density in this case is ap-
proximately the sum of the contribution, JBat (the
reverse-bias leakage current) from each diode owing
to thermally generated carriers. The dark current
can therefore be very low, on the order of a few
nanoamperes, in contrast to the relatively high dark
current in photoconductive targets.

An approximate hole concentration sketch is
shown in Fig. B-4. The point x = 0 is at the il-
luminated surface of the target. The total hole den-
sity, pn, is plotted qualitatively vs distance into the
material using time as a parameter. Curves A and B
are plotted at times t = ti and t = tk, respectively,
just before and just after the unit-step function of
light is applied. Att = tk, hole density is the thermal
equilibrium value, pno, everywhere in the bulk
material except near the reverse-biased junction
depletion region. Because there is no electric field in
the n-type bulk material, space-charge-limiting does
not occur. Assume that the surface recombination
has been minimized, and that the hole diffusion
length, Lp, is long relative to the material thickness.
Then even though the holes are generated only near
the surface in silicon, nearly all will reach the junc-
tion. Typical target thicknesses in the diode region
are 5-50 “m)) and typical room-temperature hole dif-
fusion lengths in n-type silicon are in the range 10-
1000 fim, so it is easy to design targets such that L is
the required factor of three or so less than Lp.

That most of the light is absorbed near the surface
is evident by considering that the absorption coef-
ficient for silicon at 1.9 eV (near the peak response)
is about 3 x 103 cnrl.3

Curve B in Fig. B-4 shows the situation at t = tk,
just after the unit-step function of light is applied.
Here Ap(0) is the excess hole density generated by

"DARK" DEPLETION REGION

'FULLY CHARGED"
DEPLETION REGION

n- TYPE REGION

CURVE

Fig. B-4.
Qualitative diagram of hole concentration vs
distance in silicon-diode matrix target with
time as a parameter.

the light. Very few holes diffuse toward the junction
(because of the nonequilibrium conditions) instan-
taneously because of the nonzero time required for
the hole concentration to return to thermal
equilibrium. Those that do reach the junction are
swept across the approximately S-jum-wide depletion
region in very short transit times (several picose-
conds). The transit time across the junction
therefore contributes negligibly to the soak time,
and the major contribution to the transit time is
caused by carrier diffusion and dielectric relaxation.

As soon as the carrier concentration has been dis-
turbed sufficiently throughout the bulk region
(curves C and D), the soak period is essentially over.
This occurs quickly, probably of the same order as
the minority-carrier lifetime (a few microseconds),
but perhaps approaching the dielectric relaxation
time (of the order of 1 ns). It follows that the soak
time in silicon-diode-matrix vidicons is negligible in
many applications, at least when compared with the
soak time in SblS3-target tubes.

Full charge storage occurs (curves E and F) after
the soak time is over and the junction width starts to
decrease as the p-type bulk region becomes positive-
ly charged.

If the light is sufficiently intense, the p-side of the
diodes can become so positively charged in a frame
that the electric field owing to the positive charge
turns back the beam. In effect, this makes the nor-
mally electron-injecting contact at the surface
become a blocking contact. In this saturated state,
the beam cannot neutralize the charge, and the
signal current has the opposite polarity from that
occurring below saturation. Experimental observa-
tion of this effect appears in the bottom right-hand
reproduction in Fig. 4, where the effect of the bar
shows a polarity reversal.
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