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The explosive-research program carried out on this project has been
greatly facilitated by the use of electronic techniques. Methods have been de=-
vised for the measurement of the propagation velocity of detonation wave fronte,
researches on electric detonators, investigation of the properties of explosive
lenses and other applications. The field of application is by no means limited
as yet. The present report describes the principles involved in such methods and
discusses a form of electronic eguipment which has shown utility on this project,
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ELECTRONIC TIMING METHODS FOR USE IN HIGH-EXPLOSIVE RESEARCH

INTRODUCTION

Some of the problems arising in explosives research can be investigated
readily by means of electronic equipment. Perhaps the best=known use of this
equipnent is inm the measurement of the vélocity of propagation of the detonation
wave in the H.E., Other problems have been the investigations of the properties
of explosive lenses and»in particular, of the transit time off the detonation wave
from the apex of the lens to the surfacs. A further applicdtion has been to find
out whether detonation waves in H,E. which are auéposed to reach certaln poasitions
simultansously do, indeed, arrive togetherg if they do not, then a measursment of
the time scatter of the instants at which they do arrive is usually deaired; More
recently the method has been adapted to meassure the velocities obtained in Munroe
Jjets. |

The present report discusses the principles invelved in these methods
and deseribes some electronic equipment which has been deaignedqur such measurs-

ments.

PRINCIPLE

In order to obtain electriocal signals from a high explosive (@.g., prima-
cord) use is made of the fact thet in the detonation wave front the pressure and
tenperature are high and ths gases are ionlzed. Then, if a pair of electrodes are
inserted into the solid H.%E, and an electric flield is maintained between them, a
current flows at the instant when the wave passss between the electrodes. The

method has the advantage over the usg of m

.Qqﬂgcal switches in that, if slectron

[ ]
. : e
collection is used, extremelyslas$, pillsed
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_Eﬁhé in the order of 108 gecs can bs
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The older method of plecing a pan;il lead against the primacord and using
the breaking of a circult as an indication of the passage of the detonation cannot
be as consistent as the present method. This is because, among other things, the
ionization which mekes the present method possible provides & conducting bridge

aoroas the opening circuit and destroys the accuéacy.

ELECTRODE GEQOMETRY IN PRIMACORD

Practically any electrode geometry in primacord will function provided
that sufficient electric field for electron collecticn is maintained and provided
that the electrodss are located in the plane of the detonation wave front. This
lagt limitation is made beeause the iInteraction zone in the wave front is finite
and the digtribution of ionization therefore finite. To date the most satisfac-
tory electrode system consists of a pair of plns stuck through the primacord in a

planse perpendicular to ite axis (i.e., psrpendicular to the direction of propage-

tion of the wave). With L50 volts between electrodes, a pin separation of 1 to 2

mm is sufficient to insure electron collection. Higher fields than this may ine

volve the hazard of electrical initiation of the H.E,

ELECTRODE GEOMETIRY IN SOLID H.E,

For use in solid H,E. the same spaging is used but the pins are clamped
in lucite holders, The pin points may be insserted 1/16" into the H.E. or in some
instances mey be laid on the surface of the sxplosive,

Where these methods are not feasible the pins have been plaged with thelr
points in contact with the H.E. and the space between them has been filled with a

plastic H. R,
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PRECAUTIONS IN SETUP ‘

——

It has been demonstrated that the shock wave in air or other gas may pro-
vide sufficient lonizatlon to provide a asubstantial pulse. To avoid spurious re-
sults it is nocessary to arrange the setup geometry to be such that the detonation
wave through the H.E, arrives at the pins before any shock waves wherever these

originate in the system.

ELECTRONIC NETHOD

For general purpose work the electronic equipmnent usually comprises a
primacord pulse generator, a delayable fast-sweop cirecuit, 5" high-voltage CRO, =
timing-mark generator, end mixer circuits. The funotion of these circuits is
briefly described in the following paragraphs; a more complete discussion from the
glectronic standpoint is given later.

The primacord pulse generator produces a positive pulse from primacord
or other H.E, with which to trip the timing circults, e.g., sweep circuit, timing~
mnrk generator, etic. Moreover? it is intendsd to preveant mere than one tripping
signal's being produced because of accidental contacts of the wires leading to the
pins (or the pins themselves) after the detonation wave has passed and the wires
are struck by the H.E, blast. Without this precaution multiple traces may appear
on the CRO confusing the record. The pulse rises to 100 volts in less than 0.1
paec end decays exporentially with a 1/e value of about 5 psecs. It may be used
just as & convenient sweep-trip pulse but is more often used as a "timo zero”" or
datum with respect to which time measurements are made.

The delaynble sweep circuit provides linear sweeps of from 5 to IOO'LBBCS

duration, together with an inbedglffyink sdiar wave for the CRO. A linear, continu-
. L4 @ [ 4

-1 -] * o

ously variable delay circuit Y 'éi‘o:'c?idé;f e .en%tarted at
A R R =
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any chesen time up to 200 ptsees after the initieting signal, This provision mekes

1t possible to achieve measurements to an acecuracy of better then ¥ 0.1 psecs in
200 psecs by reagon of the expanded time scale at the point where the measurement
is made,

The push=pull sweep output from this unit is used to drive a SCP5 or 5CP11
cathode-ray tube operating with =2.5kv gun voltage and +Lkv post accelerator voltage.
The tube beam ie normelly biased completely off and the 70-volt intsnsifier signal
is arranged to turn the beam on for the duration of the forward sweep or observation
period only.

Under these conditions single-sweep photogrephy can be accomplishsd with
writing speeds in excess of 2,5 p.secs per inch. A 35-mm camera with aperture f 1.2
using Agfa Fluorapid Blue gives satisfaclory results. More recently a standard
form of camers has been designed by Group G-11.

The 2«ussc-marker generator is the "clack" of the syatem. It accepts a
positive pulse dsrived from the primacord pulse generator (PCPG) from the sweep
circult and proceeds thereafter to generate a series of timing pips spaced exactly
2 psecs apart for a period of 200 msecs. These pips are some TO volts high,
roughly triangular in shepe with width about 0.1 jusec at base, and are applied on
one of the signal plates of the CRO.

Signals from the mixer circuits, of which a variety are available, are
injected on the other signal plate. The interval between any pair oy ignals may
be obtained by interpolating between the timing marks. Or, as is more usually the
case, since the position of eamch of the pips with respect to the PCPG pulse as =0

is kanown, interpolation gives the time at vhich any other signal ocours with re-

L
spect to this pulse. .l 2 5:, .E. H g L
L4 anyg L] ses ¢ o ————— AW - S e . a———— ——
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The dlock dilagram and olrcult functlons given in Filge 1 makes
clear the operution of the system. In the block diagram the sweep cireuit
chessls 1s shown broken into the thres eomponent units: - trigger zenerator, delay
oireuit, and sweep cirsouit proper. In normal cperation the trigger pulse (A) from
the PCPG is fed to the trigger generator in the swsep chassis and is here shaped
(B) and fed at low impedance to the delay cirouit oand marker generator. The marker
generator then puts out timing pips (C) of known time relatlon to the PCPG pulse
(4) and the delay unit generates a trigger (D) at a preselected later time which
trips the sweep circuit, intensifles the spot on the CRO (waveform E) and preduces
the positive and negative saw teeth which comprise the pushepull sweep (F)o The
delay eiroult may alse be by-passed te provide sweeps whish start 0.% psees after
the initieting trigger {A)o Thus the present equipment makes it possible to observe
phenomens ocourring in any interval of 5 to 100 psees starting at any time from
0 te 200 usess efter the 4t = 0 pulse. Since the usable part of the sweep 1s only
L" long it follows that the best resolution is obtained with the fastest sweep and
for many applications a sweep Epeed corresponding to 1 pseec per-inoh is favored
which makes messurements to 0ol psée or better possible in the period 0 to 200
pescs after © =2 0o

DESCRIPTION COF MEASURLMENTS

{e) Velooity of Detomation Weve in Ho Eo

Where long %ime intervals (say 50 to 250 wsecs) have to be measured
with high accuracy, twe palrs of plns are Inserted in the HcEe 8 known distance
apart. The first palr of pine starts the delay oircults, eteo {through the PCPG)
end the second pin provides a signal (through a mixer circuit) which is presented on

the delayed scops trace: Interpol&tion between thedhhnvﬁurr?gggzxﬁﬁﬂ:$1315a the
o S . . S —[

ERT M
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time mt which this seconé pulse ococurs relative to the first (ses Figo 2a): Time
lebels may be attached to the timing pips appearing on the delayed sweep in elther
of two ways., The first conslsts in running the sweep delay out slowly from minimum
and acountling the pips which disappesr off the screen to the left. Thus, when the
10th pip moves off the scr;en the next pip-will be the (2 x 11) = 22 pses pipo Or
provision is made for presenting the delayed trigger (waveform) on a none-delayed
long sweep and running the delay out wntil the trigger takes up the position at
which the sweep 1s required to start. Thus, if the delaysd trigger is losated
before the L4Oth pip (80 useo) on the instantaneous or non-delayed sweep, then when
the sweep is switched te the "delay" position the first pip on the trace will be
the L4Oth or 80=pses pipo The sweep éﬁeed ocan then be adjusted te suit the require-
ment, Alternatively measurements over amall time intervels wlth high accuracy or
long intervals with reduced acourscy can be made by.starting the sweep from one
pair of pins (through PCPG) and locating the siguals from two further pairs of
pins on the CRO trace and measuring the time interval between these last two
signels (see éige 2b) o

It will be ssen that these two methods differ in that the first makes
use of the fact that the time scale is calibrated with respect to the primacord
pulse ag t = 0 whereas in the second the time relation of the plps with respeot
te ¢ = 0 is not requireds.

(b) Measurement of Transit Tims Through H.E> Lens

Measurement of the transit tlme through an explosive lenes 1z mccomplished
in a similar feshion. The swsep 1s usually nitlated by putting pins inte the

side of the booster with the detonator et the apex of the lens; the arrival of the

detonation wave at the face of the lens is recordeqChy—pinving:a-peir-efepins in
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contact with the surface of the HoE: (¥8E Figo 20) o

In plane HoEo lenses a problem arose requiring the measurement of
velocity as a funotion of position in the lenBo A system of eleotrodes (pins) was
positioned in the HoE. (Fig. 2d) with known geometry end the slgnals from eaoch set
of eleatrodes presented through a mixer circuit, on a single sweep. S8ince an
observation period of at least 100 psecs was required, a single sweep 4" long gave
poor resolution (25 useos per inah) with much reduced timing aceurasy. To obtsin
good time resclution under the conditions of this experiment;, a multiple sweep
was required. This wasz similar te a television rester giving 20 lines each of

5 pseas duration, 3.s., an abserving of 100 uysecs with a resolution ef

approximately 1" per usess

{c¢) Simulteneity Measurements on HoE.

A speclael set of problems arose a8 a result of the demand for electris
detonators, 32 or more of which were to be fired together simultaneously with an
accuracy a8 much better than + 1/2 p#sec as could he achieveds

As an example, conslder the use of a number of primecords of equal
length as in Figo %a which are to be detonated simultaneously by a system of
electric detonators. Suppese that at equal distances along each prima;ord fram
the detonator & pair of eleatrodes (pins) are inserted in the cord. Then, if the
detonatlon wave velooity is constant and the same for all primecorda and if the
electric detomators initiate all primacords simultenecusly, the waves on the
primacord will arrive at all eleotrodes simultaneously. By using short lengths of
primacord cut from the same reel, the first assumption (constant and equal

velocity from primacord to primacord) can be fulfilled and hence a study of the

time of arrival of the waves at such .a.2

e
L] L LL.]
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the simultanelty of initiation whic eved by electris detonators.

A varilety of mixer cireuits have been Zesigned but they fall inte
three general oclasses. The first is the step-wave type in which a smell veoltage
step is produced each time a detonation wave passes between a pair of electrodeso

Thus, Figo. 3b shows the type of patiern which results when signals arrive one afier

the other at equal intervala. Ideally, if the signals all arrive simultaneously
they would add te form a single large amplitude step wave (Figs 3e).

The circuit of Figo L approaches thie result but owing to the fact that
each voltage step must be 10 voelts or more te be readily visible, 32 simultaneous
signals requires 220 volts to be developed at the seocpe. As the mixer circuit
mast be located near the H.E. and at some distance from the recording equipment the
sigoals are usually fed over coaxlal cable of charasteristie impedanse lying between
50 to 200 chmes To preduce such a voltage across correctly terminated cables is
diffioults

If, however, the cable is not properly terminated them a large fast
voltage wave front applied at the sending end of the system resuits in shook
exoltation of the cable and oseillations appear on top of the step wave making i%
difficult to see any later signal whioch appears in this hash.

This limitation led to the seasond category of circuit in which the
cable is properly terminated and the low input resistance is used; in conjunetion
with a small capacity, to obtain a strongly differentiated signalo The oircuits
are usually arraaged to provide 2 15-volt pulse at the scope. The signal has the
shape shown in Figo 3d. The whole signal ean be made to be over in 0.2 miorosess.

50 that high resolution is possiblec. Faster sigoals than this are prohibited by the

difficulty of photographing the trage but cou with a CRO of higher

UNGLASSIMED
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writing speed. A number of simultaneous signala then add to produse a larger
signal (Figo %6) end "stepping™ of the wave front makes it possible to determine
lack of simulteneity (Fig. 3f).
However, with this cireult too, when a large number of signals occur
simultaneously and are followed by a single signal, it is often diffioult to
observe the late signal. This difficulty became apparent when the detonator develop-
ment reached the point where spresds of only (0.1 psec were observed in 32 detonators.
To overcome this trouble a third eircuit type - the “lus-Minus Mixer -
was developed. In this cirocuit 16 signals are mnde positive and 16 negative. If
the system ia completely simultaneous they cancel and no output reaults. If,
however, one signal is later than the majority it is plainly visible.
It is difficult from any of thoaé results te obtain the distribution
in time at whioch the detonators fire and for this information the rotating-prism.
camera method has the advantage. A more complete description of these cirouits
is appended later:

(d) Further &pnlications of the Teohnique

Many further applications besome apparent but the present asystem has
been used to examine the reliability of H.E. branching devices, transmission of
detonstion waves from one HoEc. to another via metal or air gap, Munro jets,
detonation wave patterns in H.E. len® systems, consistency of velocity in primecord,
etoo

It has been demonstrated, alseo, that the ionization in the highepressure
region of a shock wave front in a gas is sufficient to actuate the circults,

DESCRIPTION OF THE ELECTRONIC CIRCUITS

Primacord Pulse Genaraxog;.Figot5

The function of this n@roni”'is'tn~prgduee 8 steep positive voltage

. oo
a !;

APPROVED FOR'PUHI C RELEASE



APPROVED FOR PUBLI C RELEASE

N Ak

o e “

signal from primacerd with which to trip other circuits, e.go timing circuits, sweep
cirouits, etoc. Moreover, it 1s intended to prevent more than one tripping signal
being produced because of scoidental contacts of the wires leading te the primacord
when these are atrusk by the HoE. blast. Without this presaution multiple traces
appear on the CRO confusing the recorde. The ciroult functions as follows: A
0.0lemfd condenser is charged to LOO v through the 10k ohm resister in the plaﬁo

of the 2050 which is biassed off.

A loweresistenae charging circuit is required since the DC resistance
measured between the electrodes in the primacord may, on damp days, fall as low as
25k ohmo

By means of a double Amphenol cable connector, the high«voltage side
of the condenser is connected te one of the electrodes in the primscerd and the other
is sonneated te ground through Sk ohme The detonation wave passing through the
electrodes in the primacord under thece conditions produces a resistance between
them which instanteneously approaches zere. Thus, a voltage signal considerably
greater than 200 v is developed acroass the Sk ohm and drivee the two cathode
followers inte grid current. Cathode oonduction in the 6SN7 starte when the
2ignal wave front reaches an amplitude of 90 volts and the positivo‘cathoda signal
is fed back to fire the 2050 Thyratron.

After a slight initiation delay the Thyratron discharges the 0.0lemfd
asondenser through 500 chms and remains oconducting to prevent recharge of the cone
denser. Further short circuits of the pins or connecting wires due to acoidents in
the post explosion period cause no significant voltage pulaes across the 5k ohms
and hence, no further tripping pulses. The positive signal developed is put out at

low impedence through the GAGT cathode follower into cables leading to other

. ... . ... ... P

spparatus. The ocutput signal risat té xno V‘in a'tinth of & psec and decays exe
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A remote switch in the mnode clircuit of the 2050 allowe voltage to be
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ponentially with a 1/e value of sbout § pseoaso

agplied to the primacord electrodes after the operator has moved a safe distance
from the HoE: A remote C=toeol milliammeter connected te pin 1 of J3 allowa the
operator te check the voltage on the 0o0l.mfd condenserc In this way short oircuits
or low resistances across the primacord electrodes ocan be observed remotely. For
test purpcses & normally open misroswitch is provided which, when ciosed, short
cirouits the primacerd clectrodes to simulate the primacord pulsse. A normlly open
relay which may be operated through pins 2 and 3 of J3 enables a remots control
test of the system to be mades Owing to the heavy current drain through the
2050 after it has fired, it is necessary te open the anode oircuit after firing
to extlingulsh the discharge.

This pulse hes been used as a "time zers” or datum with respeot te
which time measurements are made.

MIXER CIRCUITS

The circuits of Figs. 6, 7, 8, 9, and 10 were designed for various
applications. Since the pulse ;ise times involved are of the order 1077 segs, or
less, vaguum=tube amplifiers have been avoided and the pulses have been generated at
& 1level large enough for convenjent viewing on a high.speed osoillograph. Fig. 6
shows a circult designed to mix together the signela into a common capacity C;0 Each

of the condensers 02, 03, «w=(. _ &re charged te 450 v through a high impedanse and

17
are conpected to the various paire of pins. Whenever a detonation wave passes be-

tween & pair of pins ite capacity spills charge inte the common capascity Clo The

magnitude of the voltsge signal thus obtained can be adjusted by choosing the

relative values of Ge°'°°17'€§d ?1§. T%e gplga?e signal is transmitted down coaxial
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cable which is terminated in 4%s characteristic impedance at the (RO te pravent
reflectione (in this case 200-ohm cable is employed). The small resistanco R1
is included to damp the circuit criticallycb A single pulss rises in less than
051 pace and has an exponential teil or.timﬁ constant depending upoh the value of Gl
and its shunting resistance. The outpud voltmpe scross C1 1s not a linear function
of the numbef of pins Pl-aaPlé firing tegether since the condensers staacl7 are
put in parallel with Gy after the pin gwitches PloeoPlé olose, but linearity can be
approached by making The condensers 02@»m017 a8 small compared with G1 a3 18 come
patible with pulse slzeo

Each of the condensers Co===Cy7 is charged through a high resistance, the
time oonstent being long enough thet further mechanical contects of pins or wiring
cannot produce significant pulses during the viewing period. Alternatively an
electron tube clamp circuit mey be used to prevent recharge of the condensers once
they have been discharpged,
Fig. 7. 1In this circuit, mixing is effected into a common resistance. This re-

@

sistance when the switch § is open, is the input impedance to the 50-ohm cable

which, when the cable ls correctly terminated at the soope, is resistive and equal
to 50 ohms. » iy

When S is closed, the common resistance is reduced since R17 is switched
in parallel with the 50-ohm ceble input resistance. With S open, the voltage de-
veloped at the scope, when the detonation wave passes between a pair of elecﬁrodes
Pl’ is 90 volts high, rises in less than 0.l psec, and has an exponential tail
determined by the time constant Cl(Rli'50) secs. This large pulse is used whenever

the circult ies employsd for velocity measurementz, With S closed, R17 is usually

chosen to give a 15-vOlt pulse at the scope 9Pd the circuit in this condition is

suitable for sjmultaneity mqasugemwﬁtsn ﬂ@@ln” the voltage developed aoross the

 —
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mixing resistor is not a linear function of the number of pins Py--=P;¢ switching
simultaneously since the current from amy condenser, say C; is determined by the
potential difference across Ry. Thus, the pulse size gets smaller the greater the
voltage across the mixing resistor.

Each of the condensers Cy===Cy¢ is charged through a high-enough resist-
ance to prevent pulses of significant size from being produced during the observation
period because of mechanical shorts of the pins in the post-explosion peried. An
electron tube clamp circult may be used to prevent recharge of the condensers onae
they have been disohargeda

Very fast pulses have been obtained by reducing the condensers Cy==-C16
to values as low as LOO mmfd. The circuit has alsu been used with as nany as &
signals mixed together. !

Fig. 8 shows a rearrangement of the above circuit for use where one pin of each

pair (or one electrode of a mechanical switch) is required to be at ground potential.
The function of the clrcuit is essentially the same.
2351_2‘ Because of the non-linearity of the above circuits a circuit was devised
to maintain the mean potential difference across the mixing resistance at zero.
This is achieved by charging one-half of the condensers, e.g., Cy» posi-
tively to L50 volts and the other half e.g., C», negatively to -450 volts. The
currents from these condensers flow into a common mixing resistor (50 ohms when the
output cadle is correctly terminated and S is open; 25 ohms when S is closed and
cable is correctly terminated). When detonation waves pass through the electrodes
Py===Pp the currents are then alternately positive and negative and sum is zero.
Thus, if all switches closed simultaneouely there would be no e.m.f.
acrosg the output, but in the genseral case the switches close one after another
and as many positive voltago'gtb:ﬁssreéiité:isg;l?gative steps and the mean potential

is thus ground. With S open‘th® “sitgle’si¥nal size is 90 volts; with S closed the

e ooe e oem o o [}
" 0 e -
- - &

signal size is L5 volts. - 2e é .
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since, for ideal operation, esech signal should be a step (or unit fune-
tion) wave, the time eonstants like ClRl are made long compared with the time
spreads to be measured. However, when shots were made with pins in primacord a
fast-rising pulse (rise less than 0.l psec with a flat top about 0.3 psec followed
by & tail of roughly exponential shape of total duration OojfLaec) was obtained ir=-
respective of the time constant CyRy {provided this was greater then 5'&5808).
This may be interpreted as due to the fact that the ionization between the elec-
trodes is finite and once all electrons have been sucked out of the volume the
current ceasss since the pesitive-ion space charge drifts too slowly to contribute
to the current before the system blows apart.

The cireuit has been used also where it has been necessary to identify
the signals associated with certain pairs of pins. This is done by making three
resistors like Ry in the positive side different so that three different-sized
positive pulses are obtained and three resistors like R, in the negative side dif—
ferent so that three different-sized negative pulses are obtained. In this fashion
six identifiable signals are obtained and time labels may be attached to the in-
stants at which the detonation waves passed between the various pairs of pins.

To prevent additional pulses due to mechanical contact of the plins or
their leads after the explosion the charging resistors for the condensers Cy, Cp
etc. are made large so that they cannot acquire sufficient charge to give signifi-
cant pulses during the period of observation. Electronic clamp oircuits to pre-
vent recherge of these condensers after the initial charge is removed may also be

used,
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The first stage VI is a trigger generator. By means of the ganged three-

DELAYABLE SWEEP CIRCUIT - Fig. 11

position switches S1 and S2 the circuit can perform any of three functions;
Pogition 1 - Operating Position: a positive pulse put in through either
of the sockets marked "primacord in" fires the 2050, A pulse of 100 volts' ampli-
tude rising in 0.1 psec is necsseary to fire the tube with a delay less than 0.1
psec. Slower pulses will lead to greater delays in starting, On firing, a steep
positive pulse is produced at the cathode and is cathode followed out through V,

to provide a trigger for other circuits.

After firing, Vl continuss to conduct through the 50kchm anode load un-
til the anode switch 86 is opened, Before firing, check that 56 has been closed
by observing the reading on the O-to=1 milliameter. After firing, the meter indi-
cation will fall almost to zero and 36 should bs opened immediately to extingulsh
the discharge.

Position 2 - &0-cycle Repetitive Test: in this position V; is triggered
from the 60-cycle AC supply te provide a recurrent trace on the CRO for visual
doterminatien of sweep durations, etc., The circuit may be tested using a synchro-
scope Meodel Pl by inserting the synchroscope trigger in the jack marked "Test
Pulse In" (black panel) aund switehing Sg to the appropriate position. After use,
switch S5 back or the 60-cycle repetition rate will not function.

Positien 3 = Test and Calibrate Position: 1n thise position the elrecuit
is triggered manually by means of the microswitch enabling a time calibreting

trace to be put on the scope and photographed on the same film as the signal. The

switching sequonce for Sg given gbove I

this position is used for toé@ Parpgdsed ciflytes the timing marks are photographed

sne 00O

g nsoessary in this position. Normally

pinultanocusly with the sigrfdl..”" gucscsmseracs
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The remainder of the e¢ircuit functions as follows: the second half of
Vo inverts the positive trigger from the first half and drives a gate univibrator
V3 whose gate width may be chosen to be 100 jusecs or 200}48008. A screwdriver
bias adjustment for the second half of V5 must be set to maintain this tube
nermally off or the system will "run free", It will also be found that the bias
value will affect the gate width and this provides a convenient fine adjustment.

The negative gate generated at P5 V; is used to cut off the triod clamp
tube (lo% half vs). The sawtooth wave form developed at Py V5 is made linear by
the "bootstrap" method of maintaining the charging current threugh the 250kohm
anode load essentially constant by the feed-back arrangement involving the 2nd
half V5 end the lat half of the dicds V), Because the cathode follower (2nd half
V5) does not have unity gain the sawtooth at ites grld is rather more linear than
et its cathode and this wave is fed inteo a diode (2nd half VL)'whoae cathode can
be hiased between 0 and 250 v.

Conduction through this diode does not start until the anode becomes
positive with respect to the cathode and the time at which a signal is developed
across the 25kohm eathode load of VhAwill depend upon the blas wvalue chosen on the
potentiometer marked "COARSE DELAY". A vernier delay adjustment is also included
to make adjustments within o 1}1860 rapge. The delay controls are linear and read
in microseconds with a reset accuracy of the order of f 0.5 psecs.

The positive pulse arising at the cathode of V), can thus be delayed at
will with respect to t=0 and is used to drive Vg into grid current from cutoff.
The negative signal developed at the anods of V7 is inverted through the pulse

transformer 1LSEWH whose secondary is connected as a "bootstrap” or inverted ampli-

fier. The dieds Vé is connegted acgnss the grtmarv of the pulse transformer to

aD9 S0 6O 68® &9
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prevent a positive overswing. The signal at the cathode of the bootstrap amplifier
rises in 1 psec to 250 volts but is not provided at low impedance as in a cathode
follower. It is, therefore, put out through the second half V9 driven as a cathode
follower to provide a delayed trigger pulse. This is the pulse which is thrown one
to a non-delayed sweep for the setting of an appropriate delay in operation and it
mey also be used for triggering other circuits in known time relation to t=0, The
same signal is fed to the grid of the 2nd half of Vg which is connected as a cath-
ode follower with one winding of a 1LSEW pulse transformer in its cathode circuit.
The positive pulse developed across this winding is used to drive a blocking os-
cillator (1st half V9) which developes a fast positive pulse ;cross its cathode
load, This pulse is used to start the sweep circuit when a delayed sweep is re-
quired,

A two-position selector switch 83 makes it possible to accept either the
delayed trigger or the instantaneous trigger from the cathode of V, (p3) to provide
sweeps with variable delay or zero delay. The lst half of Vyp 18 used to invert
the signal and provide a negative trigger to the univibrator 1’ Vla'

The gate width of this univibrator cen be varied by the foureposition
switch 35 which is ganged to Sh in the swesp generator. Intensifier gates and
corresponding sawtooths of duration 5, 10, 20 and 100 peecs are provided, The uni-
vibrator is sensitive to fluctuations of the +300 and =150 v power supplies singe
pentodes are used. For this reason the +300 and =150 volt DC supplies are elec-
tronically regulated. A sorewdriver bias adjustment is provided for correct bias-
ing of V), and the circuit is zensitive to this adjustment.,

The positive gate at the plata of yll is cathode followed out through

the second half of Vy, to provtde’an inﬁvnsiﬁying gete to the CRO. The negative
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square wave genorated at the anode of V;, is used to turn off the clamp tube vlh
and generate the sweep. A pentods rather than a triode is used in this position
to prevent a negative signal®s being transmitted via the anodeagrid capacity. The
rise ofvanode voltage at the anode of Vi, is made to be very nearly linear by a
feed=back action through the cathede follower lst half V15 and the diode V15. if
the eathode followsr had unity gain its cathode would rise at the same rate as the
anode of vlh’ and the 0,1 mfd condenser drives the cathode of V13 #bove its static
voltage of +300 at the same rate causing a cessation of current through it. In
this fashion the voltage amcross the anode load of vlh is mainteined nearly son-
stant and hence the rise of ancde voltage of vlh is constant, The rate of rise of
voltage, and therefore aweep speed, is controlled'by the coarse adjustment (selec-
tor switch S5) which varies the capaocity to be charged end a vernier control (vari-
able 250kohm pot. in plete c¢ircuit of Vlh) which varies ths charging current. The
first half of VIS provides a positive sawtooth to one deflector plate and the
second half is connected as an amplifier of unity gain which inverts the sawtooth
to provide pushe-pull deflection. For better linearity particularly with fast
sweeps (5/¢aecs or less) the output stages would better be pentodes but, as is

shown later, this is not the limitation in the present system.

CATHODE-RAY OSCILLOGRAPH: Fig. 12

For high-speed single-sweep photography the P5 or Pl} screws and 5" CRO
tubes type 5CF5, SCP1l, 5JP5, 5JP11 are preferred. The type J tubes have lower ln-
put capacities than the type C tubes, They both function satisfactorily in the
prosent circuit. Cenventiaenal power supplies provide =2.5 kv to the elsctron gun

and +4 kv te the post accelexaltdry ULdep thege conditions a deflector sensitivity
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of about 100 velts per inch results., The shift controls, vertiesl and horizontal,
are operated from the +300, =150 volt supply provided for the sweep circuit., A
signal=selector switch is provided to enable various signals to be presented with-
out ochenging cables.

In spite of the linsariiy of the sweep voltages provided by the sweep
circuit the photographic records aré not linear over their complete length., This
is dus to two effects, the first of which is the curvature of the face of the scope
tube and the pecond is due to nonuniform magnificationrovor the camera field.
These two effécts are most sericus at the edges of the scope screen and, for this
reason, signals to be timed should, as far as poaaible, be arranged to fall in the

center of the scope trace where the linearity of the overall system is best.

2-psec MARKER GENERATOR; Fig. 13

The circuit is designed to accept a poasitive input pulse of 25 volte or
more and proceed to generate thereafter a series of pips spaced at 2 usec apart for
8 period of 100 or 200 prsecs. If a standard input pulse is available the position
of each one of the timing pips with respect to it can bs measured and ths circuit
provides e time scale for caliﬁrating CRO traces.

In general, timing measurements have to be made with respect to an
electrical signal developed from a high explesive by means of the primacord pulse

generator (Fig. 15) B-124, and this signal is regarded as t=0.

CIRCUIT OPERATION .

The positive input trigger to the buffer tube VI~1 pulls current through

the 20k ohme anods load of the second half of VT-2 and therehby triggers the gate MV

L] L E-B BN ] .99 e &
L

(or univibrator circuit) compfisingsVI<2 gndiainegative aquare wave of voltage of
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amplitude about 150 volts is generated at pin 5 VI=2, The duration of this "gate"
is determined by the RC value of the capacity between pin 1 end pin 5 of VI-2 and
the resistance from pin 1 to BN and alse, to a lesser extent, by the static bias
voltage at pin L. If the bias is too small the univibrator may run free and multi-
vibrate. This may be corrected by the 100k ohms Serew Driver adjustment located
on the top of the chassis. The negative gate at p5 VI-2 is used to outoff the
clamp tube (20d half VI~1) and allow a Hartley Oscillator VI=3 to commence oscil-
lating. The amplitude of the oscillatlons ac¢ross the tank circuit in the cathode
of the clamé can be made constant fram the moment of unclamping as followss

In the static condition the clamp tube carried 15 ma and energy is stored
in the tank as 1/2 Li. On clamping this energy oscillates back and forth hetween
the gapacity and inductance ié the task. With no losses therefore, the pesk volt-
age acroes the condenser V can be computed from 1/20V2 =1/2 Lie.

If the Fartley were disconnected these oscillations would die ocut expo-

nentially at a rate determined by the @ of the ciroult. On the other hand, if the

Hartley has to start oscillation from zero tank energy the oscillations build up
exponentially depending upon the @ of the circuit aﬁd of amplitude determined by
the feedback ressistors (RE) in the cathode. Thus,by adjuating R 5o that the final
amplitude is the same ms the initial one the two exponentials cancel each other out

and a sine wave of constant amplitude results. To operate at 500 k¢ (pip spacing

of 2 pxecs) the Sickles coil 127894 has been reduced from 1.5 mh to 1 mh in order

that the tuning capacity can be kept large compared with interelectrode capacities

which are temperature dependent and therefore lead to freguency instability. For

the same reason, the screon is bootatrapped to the cathode in VI-3 so thal cathode-

screen potential is maintaaped ?oqatagt wnd=hpnce the input capacity of the tube
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mede a mimimum. Changing the tube VI-3 then does not upset the frequency calibra-
tion. The output from VT-3 is cathode followed through VI=lL. A phase inversion
is obtained by means of the transformer in the cathode circuit. The trigger tube
VT-5 is normelly biased off through the transformer secondary. As soon as the
gate opens and the oseillator starts up the first half ¢ycle (which is positive)
snd succeeding positive half cycles drive VI-5 into grid current through the lk
series grid resistor provided to prevent excessive loading. In this way, the tube
VT=5 is switched whenever the gine vave crosses the axia with dE/ht a maximum and
positive, VT-5 drives the blocking oseillator VI=6 by pulling current through the
anode load of V-5 and hence driving its grid positive producing regeneration.

The anode current plus grid current pulees {lowing through the cathode losd produce
8 voitage output of amplitude about 75 volts roughly triangular in shape and with
a width of O.] wsecs at the base.

Serewdriver controls for the grid time constant and grid bias of VI-6 are
located on top of the chaseis, If the grid time constant is too large the circuit
may become unstable or freguency divide; if the grid bias is too low the circuit
may start to oscillate freely at a frequency determined by the grid time constents.

Voltage regulated power supplies of {300 and =150 volt; are built on the
chassis and should be checked before R3 and RL a}e adjusted to obtain pips at the

driver frequenoy of 500 kec.

FREQUENCY STABILITY OF CIRCUIT

After a warmup period of 20 minutes the oscillator will have reached

steady state conditions and under normal ambient temperature conditions the day to

dey variations are lesa than 0'@% OvaT & paniod of months the stability is good

to 1/2%. The pip spacing fo% 268 TYrEY 48 Br two cycles mey not be exactly
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2,0’¢secs owing to transient effects but the shift is normally less than 0.1 usec.
In the same way the spacing of the last two or three pips is affected as the clamp

tube cames into operation and shorts the tuned circuit,

CALIBRATION OF PIPS

Where rslative time measurements only are required all that is necessary
is to tune the oscillator to 500 kc so that the pip spacing 1s exactly 2 usecs.
This may be done in a variety of ways one of which is to open the grid of (VI-l 2nd
half) and bias this tube to =150 volts. The Bartley oscillator then runs free and
a Lissajou figure can be formed with a frequency standard (e.g., crystal oscillator
at 500 kc) by taking the sine wave generated at the cathode of VI-4.

Where absolute time measu?ements are required relative to "zero time"
(pulse from primagord pulse generator) we have to attach a time label to each of
the pips. The calibretion is then a 1ittle more complicated and can best be ef-
fected by means of a circular sweep circuit,

For this purpose a crystal controlled Sickles Calibrator, Model 3, has
been modified to operate at 130 ke and provide a sweep traversing the circle in 10
Jsecs. & central deflecting electrode on the CRO enables a radial deflection of
the sweep to ne made and the 100 ke is divided down to provide a trigger signal at
500 cycles so that circuits may be triggered in synchronism vith the sweep. To
take up the small delay in the sweep circult trigger genserator the Sickles Calibra-
tor trigger ia fed through it to the Marker Genorator which then develops trains of
pips at 506 cycles,

then these pips are injected on the central deflector electrode and the
tank circuit of VI-3 is corzd¢tly ?uné@“@?@yiﬂgll into five sets of pips lying on

tap of each other on the cirealur %waéﬁ‘éﬁﬁ nence 2 psecs apart, In this fashion

.e (X X ] L] r,:-.u :‘ ?l a.a
s e e 3 233
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tuning can be very acourately accomplished. In order to attach time labels to the
pips the delay between the time zerc pulase (trigger from Sickles calibrgtor) to the
first, second, third, eto., pip has to be measured. This is achleved by employing
an intensifying gate on the circular sweep which brightens the trace for one (or
less) revolutions per cycle (i.e., for 10 psecs every 2000,&3003). Moreover this
gate may be delayed with respect to the trigger pulse up to 300 psecs by means of

e linear delay circuit. Thus, we can observe for 1C)Fsooa starting at any time
within 300 psecs of the trigger signal. In this way the posiﬁion in time of each
of the pips can be examined separately and read off on the calibrated ecale. The
absolute time label attached to the pipe by this measurement is good to & 0.05 jpses

and thé pip froquensy can be set to better than one part in a thousand.

POWER SUPPLY: Fig. 1k

This unit comprises conventional electronically regulated +300 v and

=150 v supplies with én unregulated 41,25 v being svailable.
| The positive supply is capable of a total cutput of 200 ma, i.e., the sum
of the currents {rom the 4,25 v and 200 v Bupplies must not exceed this figure.

The negative supply is rated at 70 ma maximum ocutput. The positive and
nogative voltage adjusiments are located on the front panel, together with test
points.

The help of Messrs. C.R. Linton, Gil Methis, Sgt. R. Lowry and Sgt. Val
Fiteh who tuilt and serviced many sets of the equipment described above, and help-
ful discussion with members of the Electronice Group and the many groups in the
H.E., Division who have used the oquipment in the field, are gratefully acknowledged.
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