
Storage tube with silicon target 
captures very fast transients 
High-performance read and write guns are combined with a highly sensitive 

silicon-diode-array target in a double-ended scan-converter tube that 

can acquire and store single-shot signals at frequencies up to 2 GHz 

by Raymond Hayes, Robert G. cuiter, and Kenneth W. Hawken, Tektronix Inc.. Beaverton, Ore. 

0 Before a fast transient can be studied in detail, it 
must be captured in an analyzable form, and the fastest 
of the breed will probably always stay just ahead of the 
advancing technology of this area. Still, a new type of 
double-ended scan-converter tube now makes it pos-
sible to store data at unprecedented speeds, partly be-
cause of a highly sensitive target—a silicon-diode ar-
ray—and partly because of the excellent wideband 
deflection and resolution performance of the tube's read 
and write guns. 
The new tube allows writing speeds as high as 2 x 

1012 trace widths per second—fast enough for the full-
screen display of a 2-gigahertz sine wave. Reliable digit-
ization of the tube's output signal, however, demands a 
signal-to-noise ratio of about 20:1, a level of perform-
ance that the new tube reaches at a writing rate of 5 x 
10 11 trace widths per second. At that speed, the device 

1. Double header. New scan-converter tube is double-ended in design. Target in center is an array of silicon diodes measuring % by 1/2 in. 

Note deflectron-type deflection system on read gun (left) and delay-line construction on extremely fast write gun ( right). 

can resolve 400 Tv lines per scan at a modulation level 
of 35%. 
The need to record and analyze electrical transients 

from brief, single events occurs in a variety of appli-
cations—for example, in work with pulsed lasers for fu-
sion studies, in infrared laser radar and meteorology, in 
nuclear and explosive testing, and in transient monitor-
ing on data communications and power lines. 
For recording transients in the microsecond to na-

nosecond range, the most common technique at present 
is high-speed photography of the face of a wideband os-
cilloscope. Commercially available scopes can produce 
useful records on fast film at writing speeds up to about 
3 centimeters per nanosecond for an 8-by- 10-cm dis-
play, or 5 cm/ns for an optimized 4-by-5-cm display. 
(This 5 cm /ns corresponds to an information writing 
rate approaching 1011 trace widths/second, and, while 
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2. The target. Thinned r--type silicon substrate shown in the en-

larged view is about 10 micrometers thick. Diffused into its back is a 
thin + layer that c'eates an internal field and repels carriers away 
f'orn the surface. Over the front is a semi-insulating layer that pre-

vents charging of the oxide web surrounding the diodes. 

cathode-ray tubes have been built that are capable of 
10 12 trace widths/second, such tubes have a very small 
vertical scan and are used only in specialized appli-
cations.) Prefogging of the film or back lighting of the 
photograph will further increase speed. Nonetheless, 
any film record, while useful for observing the general 
characteristics of transients, suffers definite limitations 
when it comes to making accurate measurements on the 
signals or using the data for computer analysis. 

For observing medium-speed transients, storage oscil-
loscopes are used, which today employ direct-view stor-
age tubes operating by secondary emission writing. 
While writing speed is usually limited to about 5 
cm/microsecond, recently developed tubes have 
achieved up to 400 cm/jus (on the order of 10'° trace 
widths per second) by the use of special techniques such 
as reduced scan or image transfer from a high-speed 
target to a slower, long-term-storage target. Such a 
speed handles 30-megahertz sine waves at 4-cm peak-
to-peak amplitude. Though in some cases an electrical 
readout can be obtained from direct-view storage tubes, 
this feature is difficult to implement and in general has 
not been available. 

If the target in a storage tube provides electronic 
gain, however, storage speed can be made greater than 
the speed of the photographic method—and a silicon-
diode-array target under electron bombardment can 
provide writing charge gains of over 2,000. 
The effect . is based on the principle of induced con-

ductivity. Though it has been used for some years, ear-
lier scan-converter tubes used targets made of zinc sul-
phide or a similar amorphous photoconductor material. 

Tube at work 

The scan-converter tube is the heart of the Tektronix 
R7912 transient digitizer. This instrument accepts fast 
single-shot or repetitive signals and converts them to 
much slower analog or digital signals. A TV and a dig-
ital operating mode are available. 

In the TV mode, the target is scanned with a stan-
dard 525- or 625-line TV raster. The resulting signal is 
processed into a TV-compatible format which can 
then be displayed on a conventional TV monitor. 

In the digital mode, the instrument functions as a 
fast analog-to-digital converter, converting an incom-
ing waveform into 512 samples which are available as 
a direct output, or else may be stored indefinitely 
within the instrument in an optional digital memory. 

After a transient signal has been recorded on the 
target, the target is scanned by the reading beam in a 
series of steps, 512 vertically and 512 horizontally. At 
each step a test determines if a signal is present. 
When one is present, its vertical position is given at an 
output connector as a 9-bit parallel word which is held 
until subsequent trace data is available. On comple-
tion of a vertical line, the scan moves one horizontal 
step to the right and is reset to the top of the next ver-
tical line. During the reset, the horizontal position is 
given at the output connector, also as a 9-bit word. A 
10th bit distinguishes between vertical and horizontal 
position data. The time needed for the complete scan 
is 65 milliseconds or less. 

Such targets exhibit not only lower gain than the sili-
con-diode array but also considerable lag in the induced 
conductivity. This degree of lag, though acceptable in 
some applications (radar display, for example) is un-
desirable for transient recording, since it limits the ef-
fective writing speed. 

The target and the tube 

In configuration, the new tube is a double-ended scan 
converter, with the read gun facing the diode array and 
the write gun on the opposite side of the target, pointing 
at the back of the array (Fig. 1). The input signal is ap-
plied to the vertical deflection plates of the writing gun 
as its beam sweeps across the target. The charge pattern 
this makes on the diode array is scanned by a low-veloc-
ity reading beam, modulating the read current to create 
the output signal. 
The target is an array of pn junctions formed on an n-

type silicon wafer by means of standard integrated-cir-
cuit techniques (Fig. 2). During fabrication the wafer is 
overlaid by a thermal oxide, in which an array of holes 
is etched by photolithography. Boron diffused through 
the holes forms the diodes. A density of 2,000 diodes 
per inch yields sufficient resolution for the 1/2-by-343-in. 
scan employed. A central area, 0.75 in. in diameter, is 
thinned to about 10 micrometers. 

Reverse-biased silicon diodes do, however, have a 
small leakage current that results in a target dark cur-
rent of about 15 nanoamperes at 30° C and doubles for 
every 10° C increase in target temperature. While some 
dark current is desirable to help bias the p region of the 
diode positive for reduced lag, high dark currents will 
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reduce the dynamic range of the target, limiting the 
maximum obtainable signal current. For the diode-ar-
ray scan converter, the read beam's current saturation is 
300 nA, so that dark currents much in excess of 100 nA 
cannot be tolerated. This limits the target's maximum 
temperature to about 60° C. 

Increasing the applied target voltage does not in-
crease the silicon array's gain—unlike in a photoconduc-
tive vidicon target—but it will reduce lag. On the other 
hand, dark current increases about 10% per volt in the 
range of 8 to 16 v, so a compromise must be obtained 
between dark current and lag. This translates into a 
compromise between maximum digitizable writing 
speed and maximum signal dynamic range, usually at-
tained by setting the target voltage to obtain the re-
quired dark current at standard temperature ( 15 nA at 
30° C). 

In operation, the reading section functions like a vidi-
con camera tube's. The target substrate potential is held 
a few volts positive with respect to the reading gun's 
cathode. On being scanned by the reading beam, the 
target is charged negatively to the cathode potential, in 
which condition the diodes are reverse-biased. 

During writing, 10-kilovolt electrons bombard the 
side of the target opposite the diodes and create many 

electron-hole pairs near the surface. The holes diffuse 
through the target and drift across the depletion region 
formed by the reverse-biased diodes, causing the diodes 
to conduct and discharge in the written area. When the 
reading beam next scans this area, the diodes are re-
charged and a signal current is obtained in the target 
lead. This provides the output signal, which can be am-
plified for further processing. 

Since the average energy required for the creation of 
an electron-hole pair in silicon is 3.6 electronvolts, 
roughly 2,780 electron-hole pairs are created by each in-
cident 10-kv electron. Certain losses occur from the re-
combination of charge carriers and from the back scat-
tering of some incident electrons, so that the effective 
charge gain in the target is about 2,000. This gain mech-
anism is responsible for the sensitivity of the target and 
the high-speed performance of the scan converter. 

Because the penetration of the 10-kv writing-beam 
electrons is small, about 1 p.m, and the carriers they gen-
erate must diffuse through the wafer, causing losses in 
collection efficiency and deterioration in resolution, tar-
get thickness should be kept to a minimum. This is the 
reason the target is thinned in the center working region 
to about 10 pm, a practical thickness. 
To further assist collection efficiency, a thin 
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( 
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3. Big and fast. Large photos at left, (a) and (c), are taken from a 20-by-25-cm TV monitor displaying data captured by the scan-converter 

tube. Upper photo (a) has a horizontal calibration factor of 500 ps/div; lower photo (c) is 2 ns/div. The corresponding oscilloscope photos at 

the right were taken from the screen of a Tektronix 7904 with ASA 10,000 film. A reduced scan was used to increase brightness. 
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n layer is diffused in this thinned region, to create an 
internal field and repel carriers away from the surface, 
where they could recombine. The design of diode-array 
targets has been described in the literature.' 

In the targets used for the scan converter, a semicon-
ducting layer is formed over the diode side of the target 
in order to prevent charging of the oxide web surround-
ing the diodes and consequent interference with the op-
eration of the reading beam. 
To achieve a large target gain, a high-energy writing 

( b ) 

_ —  — 

4. Limitations. At 100 MHz, top, both scan converlei (a) and oscil-

loscope (ID) g ve adequate performarce At 500 MHz, center, scan 

converter is still good (c), while scope has lost the fast-moving parts 

of the signal ( d). Finally, at 2.4 GHz, the scan converter is still work-

ing (e], while no picture at all can be obtained from the scope. In the 

commercial instrument tat uses the scan-converter tube, the dot-

pattern graticule shown here and in Fig. 3 is generated by a special 

circuit and is written on the target by the writing beam. 

beam is required, but for good deflection sensitivity the 
beam voltage at the deflector should be low. A post-
deflection acceleration scheme would do. except that it 
would require a high voltage at either the beam deflec-
tors or the reading section. Since the vertical deflector 
has a bandwidth of more than 2 it is important to 
keep the average potential near ground to facilitate con-
nection to the vertical amplifier or signal source. The 
reading section handles signals as low as a few nanoam-
peres, and maintaining good signal-to-noise character-
istics at an elevated voltage presents formidable prac-
tical problems. These considerations led to the adoption 
of a monoaccelerator writing gun, with both deflectors 
and reading section near ground potential. 

Design of the writing gun 

The writing gun was designed to achieve the best 
compromise between deflection sensitivity, resolution, 
accelerator voltage, and beam current. It was important 
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to design for high deflection sensitivity so that the tube 
could be used with available wideband amplifiers, 
which have only limited output voltage swing at fre-
quencies above a few hundred megahertz. (Alterna-

- tively, such a tube could be used with direct access of 
the signal to the deflection plates.) But only a modest 
beam current is necessary when a high-gain target pro-
vides writing speed; the advantage is that the triode sec-
tion of the gun can then be designed to maintain a 
small beam spot size at all grid drives, and tube resolu-
tion will not deteriorate at fast writing speeds. 

Tradeoffs between the four parameters were opti-
mized by means of a computer program. The best de-
sign consisted of a 10-kv mono-accelerator writing gun 
having a vertical deflection sensitivity of 24 y per scan, 
a beam spot size of .001 in., and a scan at the target of 3/8 
by 1/2 in. The maximum beam current is in the range 3 
to 10 microamperes. 
At high frequencies, the transit time of the electron 

beam through the deflection plates becomes compa-
rable to the period of the deflecting signal, and the de-
flection efficiency is decreased. To avoid this, the deflec-
tors of high-frequency scan converters and cathode-ray 
tubes are usually made in the form of delay lines. For 
optimum performance, the delay line should have min-
imum dispersion and the phase velocity of signals on 
the line should match the electron velocity in the beam. 
The vertical deflector used in the scan converter's 

writing gun consists of two helical delay lines assembled 
into a balanced deflection system. The deflecting field 
appears in the gap between the helices, which are con-
toured to provide the required sensitivity and scan. The 
final design has a deflection sensitivity of 24 v per scan 
and a bandwidth of 2.5 GHz as determined from risetime 
measurements. The delay line's impedance was set to 
864 ohms line to line, to match the wideband deflection 
amplifier available. 

Reading the data 

The reading section requires a low-velocity beam 
with minimum shading and good resolution. To accom-
modate variable scan rates, electrostatic deflection was 
preferred to the electromagnetic deflection common in 
vidicons. Generally, however, electron guns which use 
electrostatic fields also for focusing of the beam have 
poor shading characteristics. 

Shading is caused by off-normal landing of the beam 
or the target and results in a variation in the level of the 
readout signal's base line, it is particularly objectionable 
in a measuring instrument, especially when the readout 
signal is to be digitized by a Schmitt trigger circuit. 
With appreciable shading, the Schmitt trigger level 
must be set high to avoid triggering off the uneven base 
line, which means that small signals cannot be detected 
and high-speed performance suffers. 
To avoid this, a hybrid design was developed having 

an electrostatic deflection yoke immersed in an axial 
magnetic focusing field.2 The yoke consists of a cylin-
drical electrode pattern contining a 90° twist about the 
axis between each end. This deflection pattern is pho-
toetched on the interior all of the tube, the axial mag-
netic field being provided by an external solenoid. 
For high-speed oscilloscope instrumentation, the pa-

rameters of most interest in a scan converter are writing 
speed, bandwidth, and resolution. For measurement 
purposes, good linearity and minimal distortion are also 
important. 

How fast can it write? 

As the speed of the input signal increases, the writing 
beam spot must traverse the target at faster rates, thus 
depositing a decreased amount of charge. For a writing 
beam current I, the charge q, supplied to each resolu-
tion area of the target addressed by the writing beam, 
equals ¡G /s, where G is the effective target gain and s is 
the information writing speed in trace widths/second. 
The resulting change in the target surface potential y, as 
detected by the reading beam, is q/C, C being the ca-
pacitance of the resolution element. 
At high speeds, as y becomes small, the proportion of 

the reading beam current which lands on the target is 
reduced and the output signal is decreased.3 Because of 
capacitive lag, several scans of the reading beam are re-
quired to completely resupply the charge q to the target. 
This lag is larger at small values of v, causing the signal 
current to drop. The limiting speed occurs when the sig-
nal-to-noise ratio falls below some useful value. 

In a measurement instrument, the usual concern is 
with bistable operation—the presence or absence of a 
signal at each point on the target. If the signal is to be 
converted to digital form, reliable operation requires a 
peak signal-to-noise ratio of 20 or more. For direct 
viewing of the signal on a monitor, much lower ratios 
will still give acceptable displays. In situations where 
halftone signals are to be handled, a larger dynamic 
range is needed and the limiting speed is much lower. 

Noise considerations for the readout resemble those 
for standard vidicons. To the video preamplifier, the 
signal source appears as a current generator in parallel 
with the stray capacitance between the target and sur-
rounding components. Common input configurations 
are a load resistor across the signal source, followed by 
a voltage amplifier or a current amplifier in which a low 
input impedance is achieved by feedback. Sources for 
noise in the readout are shot noise from the target, leak-
age current, thermal noise in the load (or feedback) 
resistance, and noise contributed by the active devices 
in the amplifier. 
To minimize all this noise the bandwidth of the am-

plifier should be kept as small as possible yet consistent 
with the resolution requirements of the system. The in-
strument in which the scan converter is presently used 
has a video bandwidth of 4.3 MHZ, in which typical rms 
noise values are 0.13-nA target shot noise, 10-nA leak-
age current, and approximately 1-nA amplifier noise. 
Here, then, the preamplifier is the major source of noise 
and, to minimize it, the input capacitance was kept as 
small as possible by giving careful attention to the de-
sign of the target holder and output connection. 
Noise in the writing beam's current only becomes im-

portant at the very high writing speeds possible with 
target gains well in excess of 2,000, where the charge de-
posited on each resolution element of the target is small 
enough for the statistical effects associated with individ-
ual electrons to show up. 
The performance of the scan converter is probably 
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5. Resolution. Gaussian distribution of electron-beam intensity ulti-

mately limits resolution. As beams get closer together, their profiles 

overlap and the modulation in the charge pattern is decreased. If 

they intersect at the full width at half maximum (FWHM) points, the 

modulation is completely lost (a). Resolution of 150 line pairs written 

at a speed of 200 divisions per microsecond demonstrates tube's 

performance (b). Resolution is better at the center than at the edges, 

having a value of approximately 400 TV lines per picture width at the 

center, and 300 lines per picture width near the edges (c). 

easiest to appreciate when it is compared with that of a 
conventional high-speed CRT (Figs. 3 and 4). The lead-
ing edge of a single shot pulse recorded by the scan con-
verter and displayed on a Tektronix 630 TV monitor is 
shown in Fig. 3a and c, which are reductions from a 20-
by-25-cm monitor display. Similar pulses photographed 
with a 10,000 ASA speed film from the screen of a Tek-
tronix 7904 oscilloscope are shown in Fig. 3b and d; in 
them, the CRT approaches its limit in writing speed, 
even though a small scan (4 by 5 cm) increases bright-
ness. 

Figure 4 illustrates the effect observed as the limiting 
writing speed is approached. The photographs were 
taken from single shot sweeps at various signal fre-
quencies. With a 100-MHz signal, both devices have suf-
ficient brightness for adequate film recording. At 500 
MHz, the center portion of the sine wave is too fast to 
record on the CRT, and only the peaks of the waveform 
can be seen. The scan converter, however, gives a clear 
signal at 2.4 GHz, a figure that is at least five times bet-
ter than the photographic writing speed of the CRT. 

Determining resolution 

Good resolution is necessary for distinguishing 
closely spaced traces or small perturbations in a single 
trace. Electron beams in scan converters and CRTs nor-
mally have a Gaussian intensity distribution over the 
cross section (the size is generally specified as the full 
width at half maximum amplitude, or FwHm). As the 
distance between traces shortens and the beam profiles 
overlap, the modulation in the charge pattern deposited 
on the target decreases until it reaches zero and the 
traces cannot be distinguished (Fig. 5a). The fact that 
the modulation produced by adjacent traces is a func-
tion of the trace separation is the basis of the method 
used for measuring the scan converter resolution. 

Signals written by the writing beam are subject to 
some resolution degradation in the target, both from 
lateral spreading of the charge carriers as they diffuse 
through the target and from spreading of the charge be-
cause of the discrete nature of the diodes. Con-
sequently, resolution improves as the target is made 
thinner and the diode density is increased. A target 
thickness of about 10 p.m in the scanned area and a 
diode density of 2,000/in. give adequate resolution. 
The resolution of the scan converter is measured by 

writing a series of vertical lines over the target and ob-
serving the readout response as the spacing between 
lines decreases. Figure 51) shows a photograph of 150 
line pairs (black and white) or 300 Tv lines written at a 
speed of 200 divisions/its. A typical response curve is 
given in Fig. Sc. Resolution decreases at the edges of the 
scanned trea because of deflection defocusing of the 
electron beams. Normally, of course, the focus is ad-
justed for the best compromise between center and edge 
resolution. 
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