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-reflection at the sync take-off point, and has less than 5 X 10
- - timing change per percent change in input amplitude (for amplitgdea in exceas of
" 30 trace widths).
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- ABSTRACT

Equipment for use with signal rise times slower than a millimicrosecond

- is readily available commercially, Recent advances in high-energy physics have
" directed attention toward research in the fractional-mpsec region. The funda-.
) 'tbéntaljtoolo for such research are pulse generators and oscilloscopes. Suitable
“pulse generat‘ora‘ are commercially available, but suitable oscilloscope systems

are not. There are tyéo impcriant factors that account for the lack of such
oscilloscopes. One is that contemporary amplifiers are useless in the fractional-

- mpsec region. The second is that output timing in commonly used trigger circuits
* is too sensitive to changes in input amplitude.

This paper describes an internally synchronized oscilloscope lystem

utilizing commercially avajlable components, which provides less than 2% signal

-12 second of sweep-



C e

-3 UCRL-3778 Rev

.\

A FRACTIONAL-MILLIMICROSECOND OSCILLOSCOPE SYSTEM
UTILIZING COMMERCIALLY AVAILABLE COMPONENTS

C. Norman Winningstad

Radiation Laboratory .
- ‘ University of California
no A Berkeley, California

February 1958

INTRODUCTION

_ With the advent of commercially available traveling -wave-type (TW)
cathode-ray tubee (CRT) that psssess reasonable deflection sensibilities and

' writing rates, it has become feasible to have fractional-millimicrosecond
,(m“c) oscilloscopes. ‘Because there are no commercially available amplifiers
" for such fast rise times, and because reasonably priced laboratory fractional-
r -~ tORSEC émplifiers are still in the distant future, the built-in sensibility and
. deflection factor of the TW CRT limit the vertical signal deflection.
" Shortcominﬁs of Conventional Circuits

. The major need that can be met now is in the sweep and unblanking
c{rcuﬁa. The principal disadvantages of ordinary aweop and unblanking schemes
are: o

(a) the lack of an internal synchronization system that abstracts only a small
amount of energy from the signal to be obéerved. thus causing small distortion
to the signal, and yet has a trigger sensitivity useful with a signal having an
amplitude of a few tens of trace -widths;

(b) a slow atartlng time, which requires long trigger pulses or high-amplitude
impulses;

(c) sensitivity of starting time to input amplitude changea.

{d) the lack of a reasonably linear sweep speed fast enough to make use of
the rise-time capabilities of the TW structure;

{e) an éxcesaively long over-all time delay in starting the sweep and unblanking

' that forces the use of btﬂ;y low-loas transmission lines to delay the vertical

signal, 2

1Dumcmt:'. K1421P+; Rauland's version of the TW1l; and Edgerton-

Germeshauvsen-Grier's 2236,

2'I'he degradation of a pulse increases with the square of the cable length,
See Wigington and Nahman, '"Transient Analysis of Coaxial Cables Considering

- Skin Effect, " Proc. LR.E., 45 No. 2, 166-174 (1957).

R L,
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The first three shortcomings mentioned a.beve are strongly interdependent,
and are influenced mainly by the design of the input stagea of the sweep-and-un-
blank unit,’ The fourth is mainly dependent upon the design of the output stage, and
the fifth is a characteristic of the whole sweep-and-unblank unit and also involves

Tl;; aystem to be described can be applied to any of the available TW CRTs,
with suitable modifications to the input and output portiens. The author applied the
‘Sycter’n' to a relatively inexpensive but also relatively insensitive TW CRT, the

. the time of flight of electrons from the CRT cathode to the deflection structure.

_' K1421P11M. The unit has been used for more than a year now as a developmental

tool in photomultiplier and circuit-development work. The Kl1421 unit ie used as
an example in the paper. The system can be readily applied to the similar TW 11,
If greater sensitivity is needed, the more expensive 2236 TW CRT can be used. A

push-pull output horizontal stage is then needed, and can be realized by a;teration

of the output stage. The problem of retaining the fast starting time obtained with

the K1421 unit, when operated at the relatively low input amplitudes useful with
the 2236, is discussed at the end of the paper.

MEETING DESICN NEEDS _
Table I lists the maximum performance capabilities of the system de-

... scribed here when used as shown in the block diagram, Fig. 1, as well as

pertinent data on the TW CRT, In comparing thia system with others, it is im-
portant to bear in mind that all the items in Table I are influenced by the particular
TW CRT used, and by the compromise chosen between slgnal delay and trigger
sensitivity.
The Sync Take-Off System

The method used for abstracting energy from the gignal for internal

synchronizing purposes is a refinement of that used in ordinary osgcilloscopes,
A resistor is utilized to provide isolation from, and to limit the loading of, the
signal channel. The resistor is connected by a lead about 1/8 inch long to the
center conductor of the signal coaxial lead by inserting the resistor through a
hole in the outer conductor. The ohmic size of the resistor is determined by the
permissible per-unit loading of the signal cable.

The resistor is chosen for low end-to-end capacity and ie arranged
to have a reasonably small radial capacity to ground. One effect of an un-
compensated capacity associated with the resistor would be a serious reflection
on the signal cable, owing to what amounts to an excessive capacity per unit"
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Characteriatica of osciuoscope assembly using a KI4ZIP1 IM CR'I'

10.

11,

12.

13,

14,

15,

Fa’s_tent' observed riae time with negligible overshoot:
Total vertical signal-delay cable:

Nominal vertical aignal reflection due to the
internal synchronization take-off system:

Vertical sensitivity:
Vertical senstbility:

Sweep linearity at the screen

{variation in spot velocity averaged over any one
em in six, compared with the average of the six):

Trigger amplitude aensitivity of sweep starting time
~{for a 1% change in an input-step amplitude of 30 or
. more spots, or about 25 v) v

~Maximum sweep speed:
'Writing ability

. {time per spot width to allow photographing a
single tra.naient):

Spot size:

.Useful CRT field:

Horizontal sensitivity:

. Control-grid extinction voltage:

Maximurn repetition rate
(limited by dissipation in the sweep output stage)

Impedance of the TW structure:

'0.37 mpsec
22 musec

2%

32 v/em
0.8 V/‘pot
5%

5 X10-12gec/Taig

2/3 mus/cm

'Z.XIO'lvzaec/spot

0.025 c¢m

3/4in, VX 34in H
100 v/cm

100 v

10 kilocyclee/sec
50 ohms



-6~ UCRL-3778 Rev

length, over a short length of the cable. This effect can be compensated:" by
increasing the inductance or decreasing the capacity, per unmit length, over a
short distance, in the region of the resistor's contact to the center conductor.
Within the rise-time limitations of presently existing TW CRT's, appropriate
compensation may be readily obtained for the capacity effects of ordinary

§-w composition resistore. One convenient method of obtaining compensation
15 to use the constant-size inner conductor of a standard signal cable, but to

use a foil-section outer conductor. Figure 2 shows drawings of the take -off
system. By observing the reflection from the sync take~off section due to a
lérge {1000-v) fast-rising "step' function, one can adjust the outer -conductor
geometry to reduce the reflection to the order of a percent. It is not practical
to go much beyond this point, because there is a resistive discontinuity due to
the ahuntix:g effect of the sync take-off resistor. Although it i{s true that suitable
series resistance could also be used to compensate for the shunt effect, the series
resistors would introduce extra attenuation (possibly a problem when passing the
signal through many TW CRT units in series) and greatly complicate the
construction of the unit, It is not unreasonable to keep the shunt-resistance
reflection down to the order of 1%, and hence this problem is usually not serious
enough to warrant compensation.

In a system as described above, the shunt resistance is on the order of
thousands of ohms. The impedance level of suitably fast circuitry is on the order
of a few hundred ohms at most. Thus the take-off resistor can be considered
_conveniently as a Norton equivalent-current source, as far as the cweef: and un-
blanking input circuitry is concerned. The resulting current level is on the order
of tens of milliamperes, with an input of a few tens of spot widtha. The sweep
and unblank outputs required by the TW CRT are each on the order of amperes.

The s}stem then must provide a large gain, saturation in a prescribed
manner at the required output level, and an input amplitude and rate threshold.
The firet two factors are required in order to provide outputs that are subsetantially
fndependent of the manner in which the input exceeds the threchold, and the
threshold is necessary to allow the system to have a high gain and yet tolerate
a reasonable noise level. Although high-gain overloading amplifiers could be
used, contemporary trigger circuits pro{ride a system with a shorter total delay

31. A, D, Lewis and F. H. Wells, Millimicrosecond Pulse Techniques
{(McGraw-Hill, New York, 1954), p. 31.
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normal input trigger aignal is aesociated with the appearance of the 10%-to-90%
portion of the initial rise of the output signal, This time is in excess of the
simple transit time through the vacuum tube(s) invoived. The time delay may
be from 3 to 30 or more times the transit time (typically 1 musec); however,
with & constant input amplitude the jitter is reasonably small. The difficulty
arises from’tke~fact that the input capacity of the trigger atage is charged at

a rate dépendent upon the input-signal amplitude. With a representative input
step function, the charging process continues during the regenerative period of
the triggér device. The time delay associated with the regenerative process
depends strongly upon the input charge-time program during the regenerative
build-up. Thus a chinge in input-signal amplitude changes the time of firing of
the trigger. In addition, if the input signal rises slowly, the firing time is later
than with a step input. The specifications adhered to for the present design were:

 {a) for pulses of the same shape, and tens of spot widths high, a change in

amplitude of one spot width should not change the timing more than a spot width;
{b) for input signals with rise times up to 10 times the TW CRT's rise time, but

. rising at least a few tens of spot widths, the signal should appear after the be-

ginning o£ the useful portion of the trace. (The idea is that for slower signals,

“one would not mind putting an additional delay in the vertical signal path, or using
- a slower éscilloscop_e. as a signal that slow does not require the ultimate capabilities

of the fractional-mpsec TW CRT).

Input Stage

. Figure 3 shows the input-stage system used, in simplified form. The
rise-time requirements of the current amplification stage are not too restrictive,

since the available trigger stage has a time delay and 'outp‘utrrise time of a few
musec. The current-gain stage utilizes a transformer-driven grounded-grid

amplifier. The use of an input transformer has the advantage of allowing con-
venient trigger polarity change, as well as providing a current gain from the
uync'take-off resistor to the grounded-grid ampliﬁer. The input resistance of -
the grounded-grid stage is nominally 20 ohms. It was found that best results
were obtained with a 2:1 turne ratio, which reflects nominally 80 ochms from the
sync take -off resistor to ground. With higher or lower turns ratios, the balance
between capacity and leakage reactance was not so favorable for the given core,
grounded-grid amplifier, and trigger stage. A tapered-line impedance-trans-
forming aystem was considered, and a simple version constructed. As was
expected, the impulse response of the trigger stage iz so slow that in order to
preserve senasitivity, the input tapered line would be prohibitively long, both
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in physical size and in time delay. Because the grounded.grid stage does not
have to handle large signals, it is operated at zero bias, achieving the maximum
transconductance allowed under the limitations imposed by dissipation. There
is another transformer between the plate of the grounded-grid stage and the |
'triggar stage. This second transformer is an inphase 2:]1 step-down unit, pro-
viding further current gain. Both ferrite-core transformer units provide con-
. siderably less than 2-miisec rige times to step-function inputs,
Trigger Stage :
The trigger stage (ahown in Fig. 4)is a modified Moody circuit.* The

shunt diode shorts out the dynode-to-grid feedback path, T}mo the regenerative
| path is di’sableq until the signal supplies enough positive signal through the series

diode to shut off the shunt diode. This arrangement has proven quite stable. The . ~~ ¢

adjustment is checked once & month just to be certain the trigger hae not drifted
aw&y from the most sensitive point. It has never drifted to a free-running condition,
and the drift away from the most sensitive point has never been enocugh to fail to
trigger with a 2-v input step applied to the sync take-off system. The minimum-
step trigger for the system is typically 0.5 v. The time-delay characteristics of
the complete system are shown in Figa. 5 and 6. The "light pulser"s referred to
T in the figures furnieshes an ‘electrical output of perhaps less than 10~ 10 sec duration,
The advantage of the modified Moody design lies in increased sensitivity, but the
price paid for this is a smaller output current and slower starting time. The
' original Moody circuit required a 6-v step signal at the trigger input, and the
output was just under 1 amp, with a delay and rise time of about 2 mpusec, The
modified version requires about a 100-mv step at the trigger input, and the out-
put is somewhat less than 1/3 amp, with a delay of about 2 musec and a rise time
of & mpsec (at a nominal 500 -ohm output-impedance level), The trigger-stage
output transformer delivers about +4 amp at a nominal 125 -ohm impedance level,
Driver Stage
' The tube types uaed in the driver stage {shown in Fig, 7) were selectéd
on the basis of their ability to provide output currents of 2 amp each, with a
relatively small grid base. The grid input system is a 125-ohm conetant-K
transmission line. The line may be terminated in either a 125 -0ohm resistor
or a 125-chm tranemission line, allowing convenient monitoring of the trigger-

) 4Moody.. Mclusky, and Deighton, Millimicrosecond Pulse Techniques,
Electronic Engineering 24, 214-9 (1952).

sQuentin A. Kerns, A Generator of Fast-Rising Light Pulaes, to be published.
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ltige output, The grid-line output is about 70 v with no filament power applied
to-the distributed amplifier, and 40 v when grid current loads down the line in
'hnorma'.loperation. The grid-line delay is about 1.3 musec, Figure 8 shows
the wave forms involved up to this point. The anode line delivers the current
i output of both tubes to the load; i.e., there is no reverse anode-line termination.
This is permisaible because with the load impedance arranged down the line as
'a harmonic progression, there are nominally no reflections. 6 The section of
the line between the tubee is nominally 66 ohms, and is made up of two gections
._in ordefr to provide the same time delay ag is built into the grid ine. The load
.- '£6r the driver unit is the unblank tube and a 50-ohm coaxial line to the sweep
’ Pouﬁput stage, resulting in 2 net 33 ochms when the load is driven through the
B ¥ 1 polarity-inverting transformer. The adjustment of the distributed -amplifier
lines is noncritical, as a result of the highly nonlinear operation of the unit. . P
‘T'fxe driver has 'an output rise time of about 2 mpsec, and a duration of up to
80 mu.sec, ‘Shorter durations may be obtained by putting a clipping. line in place
of the 125 -ohm t_erintnation on the driver-stage grid line,
- Unblank Unit
' The unblank stage (shown in Fig. 9) consists of a single grounded-

cathode pentode. The output current is about 1 amp into a 125 ohm coaxial line.
| The sweep and unblank chassis is located physically close to the TW CRT's
’ 'cgtgode, and grid connections, in order to keep the length of the unblank transmission
" 'llﬁe short, thus minimizing the unblank time delay, Because the TW CRT's
' fcath‘-bfd'e -grid potent‘.iai leve!l is usually high (-10 kv), a special transmigsion-line
. 'e‘oup'ling capta,oz:itor7 was developed to allow the unblank stage to be at ground
. -potential. A similar arrangement allows the unblank pulse to return to ground,
! '. 80 _‘that the pulse can be terminated: () in a resistor for normal operation;
(Mb)in a ohér’ted stub for special cases where unblank times shorter than the
driver gate width are desired; or (c) in a 125-ohm cable, allowing monitoring
of the unblank signal. The time required for the TW CRT to unblank (the time
~required to go from just perceptible trace to full bright trace) is about 1 musec.
. The 50-ohm coaxial line from the driver to the sweep output stage is
used to provide a delay time to account nominally for the time of flight of the
. electrons through the TW CRT electron gun to the deflection structure. The

6Ginzton. Hewlett, Jasberg, and Noe, Distributed Amplification, Proc. IRE
36, 956-67 (1948).

) Q. A. Kerns and F. A. Kirsten, A Transmission-Line Coupling Capacitor for
7. . Millimicrosecond Use, to be published.
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exact timing may be worked out on the basis that the unblanked portion of the'

" trace should appear somewhat after the sweep start, so that the nonlinear

start of the sweep will not be visible. There are cases, however, when it is

desirable to délib.erately unblank before the sweep starts, and continue to hold
- the unit unblanked at the nonlinear end of the sweep. Such a case can occur when
~ external synchronization is employed and if the signal-path time delay is not well
. known (such as the time of flight of electrons through a photomultiplier). under
" these conditions the signal might not appear on the usual portion of the trace, and
. one would like to know if the signal is early or late.

Outgut Stage.
The sweep output stage employs two pentodes in parallel in a grounded

cathode circuit as shown in Fig. 10. The tubes are mounted on a special sub~
assembly which plugs into the coaxial connector, built into the CRT neck, for
gonnectibh' to the left-hand horizontal deflection plate. The right-hand deflection’

' plate should be returned to the deflection-structure shield through a suitable
“damping resistor or coaxial cable. The use of a ‘coaiial cable allows convenient
o monttorihg of the charging current to the horizontal-deflection plates. As a
first approximation, this current should be constant, and hence one should view
a nominally flat -topped pulse coming from the right-hand terminating cable, The
- sweep output tubes are operated near the emission-limited region. If all voltage

sources (including the filaments) are regulated, then the aweep output stage

supphes a quite stable constant-current pulse to the sweep deflection system.

The horizontal-deflection plates (not a TW structure; conventional plates are
usually employed) have about 2 pf (10~ 12 farad) mutual capacity and 3 pf each
shunt-to-ground capacity. The total capacity load as seen by the saweep output

o stage is about 8 pf, including 3 pf of stray capacity from the couplmg capacitor

to ground The output capacity of each pentode (allowing 1 pf each for parasitic
capacities) is about 4 pf. Thus, of the tot_al emission current, about half goes

-to charge up tube capacities, and half to the deflection system. Of the half

delivered to the deflection saystem, about 2/5 is actually used to produce a
sweep (current delivered to the deflection-plates mutual capacity). With each
pentode deliverixig about 1.5 amp of plate current, about 0.6 amp is delivered
to the deflection mutual éa.pacity. resulting in a sweep speed of 1/3 musec per
cm, or 6.7 psec per apot width. This represents the maximum speed of the
present circuit, and the sweep nonlinearity is about 30%. This sweep rate is
fortunately faster than is consistent with the TW CRT's rise time. Consider
20 spot widths rising in 1/3 myusec; the rise should be displayed at 45° for



-11- ' UCRL-3778 Rev

convenient viewing. This i8 a speed of 16.7 psec per spot width or about
1 musec per cm. Because this is considerably slower than the maximum rate,
‘additional trimmer capacity could be added. This capacity can be used as a
‘vernier sweep-speed adjustment and to assure that a given speed may be
attained, even though the sweep output tubes are aged or replaced with slightly
inferior units. The fastest normal rate now used is 2/3 musec per cm, which
has 5% rate nonlinearity. Figure 11 shows the wave forms associated with the
output stages. The limitations on linearity of the sweep output stage, when
operated at its fastest rate, are the rise time of the "constant"-current output pulse,
the "boftoming" of the pentodes at the end of the sweep, and the tendency of the
cifcuit to "ring. "' The rise time appears to be about 1 musec, and the bottoming
becomes serious when the plate voltage falls about 1400 v. The plate supply  * 7 ¥
(1.8 kv) is about maximum for the receiving-type pentode used. This is safely
short of the eparking point. No failures have occurred in the unblank or sweep
output stages in 6 months' operation. The screen voltage (900 v) is the compromise
that allows maximum current output consistent with acceptable bottoming. The
stability of the fastest sweep speed is a few percent change in 8 hr, and less than
o 10% in 2 months. The insertion of the usual damping resistors reduced the
| ringing tendency to a suitably small value. Slower sweep speeds are presently
" obtained by inserting suitably equalized attenuators in series with the coaxial
cable from the driver. These consist of series and ashunt resistors in a coaxial
" housing, arranged to give the desired attenuations and a nominal 50 ohms
impedance in and out., The shunt resistors have capacitors in series on the
ground side for two reasons. The first is to prevent shorting out the bias on the
ow'eép-output gtidé. and the second to provide a suitable time constant to
effectively decrease the attenuation of the unit with time. This compensates to

[

a good extent for the fact that the gate signal from the driver stage is not perfectly
flat-topped, but tends to sag with time. This sag is unimportant on fast sweeps
_ (the sag is relatively small over the short duration of a fast aweep, and the sweep
output tube is heavily overdriven), but becomes significant with sweeps as slow
as 40 psec per spotwidth, or about 2 mpsec/cm. Figure 12 shows the sweep-
~stage wave forms.
The single-ended sweep-deflection system used works out quite
satiefactorily with the K1421 CRT. Because the acceleration potential of the
CRT is 10 kv, and the useful horizontal sweep voltage s about £ 300 v, the
astigmatic effect is quite small.
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CONSTRUCTION AND ADJUSTMENT
The construction techniques utilized in order to realize the performance
quoted here require that tube sockets be dispensed with. By clamping the
envelope of the tube for firm support, one can make convenient connection to
the .leads of the tube by means of the usual tube -socket pins, previcusly removed
from the socket. Judicious ai'rangemeot of parts will allow removing and re-

- placing the tubes without damaging the circuitry,

The ;nost critical adjustments involved setting the shunt regulators for
the trigger -stage potentials. The best anode and screen voltages are near the
maximum available; however, the dynode and suppressor potentiala must be

_.adjuated for high output consistent with good rise time and shut-off. There is
. some tendency for the trigger stage to oscillate near 300 Mc when certain
' ‘potentials are applied. Although the oscillations occur after the normal sweep

and stop, after a few hundred musec, they are undesirable as they result intoo ., .
long an effective gate signal, which increases the duty cycle, thus unnecessarily

limiting the repetition rate. The present unit works well up to a 10-kc repetition

rate. The limitation ia imposed by the screen d{saipation rating of the sweep-

" output tubes.

The photograph (Fig. 13) represents a typical use to which the

.oscilloscope system.may be put to study randomly occurring high-speed
phenomena. The particular transients used in the example do not tix the maximum

writing rate, rise time, or sensitivity of the system; this demonstrates that
he low-priced K1421 can be used satisfactorily in conjunction with the very

FURTHER CONSIDERATIONS
o This particular circuit is certainly not the ultimate that is possible
conaistent with the limitations of the available TW CRTs. For example, transistor
researchers would probably prefer a factor-of-10 increase in trigger senaitivity,
This can conveniently be obtained by inserting a distributed amplifier between the
current -amplifier stage and the trigger stage. Such an amplifier is easily within
the atate of the art, 8 since it need only have a rise time of about 2 musec or less
in order to retain most of the present impulse-response speed. The price paid
for the. factor-of -10 increase in trigger sensitivity would be that the signal delay
would have to be approximately doubled, making the delay cable 8 times as bulky,

8For example: amplifier type 2002, Fleming Radio Ltd., Caxton Way,

Stevenage-Herte, England,

Co P i
: 7
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Higher repetition rates and & more refined sweep-speed adjustment can be
obtained, if desired, by modification of the output portion of the system.
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Legends

1. Block diagram of the sweep and unblank unit.
2, Internal ny;nc take-off. a. Approximate equivalent circuit applicable
to the flat top of step responee. b. Physical arrangement.
3, Input-current amplifier ltage. For increased aemitivity when reflections
are tmimporta.nt (such ae external aync), short "x" to *'y". For negative
sync, interchange "y' and "g". The 20 pf capacitor from '"z'" to ground is
to prevent the sync take ~-off from distributing the dc condition of the signal
eable.
4. . Schematic diagram of trigger stage.
8. Triggering delay ag a function of signal voltage for input-pulse lengths.
6. Triggering delay as a function of nignal charge for various input-pulse
lengths,
7.  Schematic diagram of driver stage,
8. - . Time and amplitude relations for the input stages.
9. Schematic dlagram of unblank stage.
10. Schematic diagram of sweep-output atage.
11, Time and amplitude relations for the output stages.
12. Drive and sweep relations.
13. Output of multiplier phototube under weak light conditions: the raster
of single-transient sweeps was photographed on ordinary 60-second-
developing Land-Polaroid film. The shape for most of the pulses is
essentially the impulse responae of the mulitiplier and of the output leads
to a single photoelectron. Most variations in amplitude are due to fluctuations
in the multiplication ratio of the early dynodes. : The time position is partly
dependent ’upon' transit-time dispersion in the multiplier phototube, and
partly due to the pu‘isedv light source, which has a full width at half maximum
of less than 1 mueec. The pulsed light source provides an electrical time
reference which appears approximately 2 musec after the sweep start. The

~ vertical lines of the graticule mark off approximately 10-musec intervals.

" The probability that one of the pulses is due to nolse instead of the pulsed

light source is approximately one in a thousand. The multiplier phototube
wags continuously energized at 2800 volts over-all, and was at room
temperature.
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