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ABSTRACT

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 fronts,
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 slectronic eguipment which has shown utility on this project.
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ELECTRONIC TIMING METHODS FOR USE IN EIGH-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 thie
equipnent is in 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 detonatlion wave
frem the apex of the lons to the surface. A further applicdtion has been to find
out whether detonation weves in H.F. which are auéposed to reach certain positions
sinultansously do, indeed, arrive togetherg if they do not, then a meesursment of
the time scatioer of the instants at which they do arrive is usually deaired; More
recently the method has been adapted to measure the velocitlies obtained in Munroe
Jots. |

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

ments.

PRINCIPLE

In order to obtain electrioal signals from a high explosive (@.g., prime-
cord) use is made of the fact that in the detonation wave front the pressure and
tomperature are high and the gases are ionized. Then, if a pair of electrodes are
inserted into the solid H.E, and an electric field is mailntained between them, a
current flows at the instant when the wave passss between the electrodes. The
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The older method of plecing a penéil 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, smong other things, the
ionization which mekes the present method possible provides & conducting bridge

aporoas the opening circuit and destroys the accuéacy.

ELECTRODE GEOMETRY IN PRIMACORD

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

plane perpendicular to ite axis (i.e., perpendicular 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 in-

volve the hazard of electrical lnitiation of the H.E.

ELECTRODE GEOMETRY 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 inssrted 1/16" intc the H.E. or in some
instances may be laid on the surface of the explosgive,

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

plastic H.E,
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PRECAUTIONS IN SETUP !l :

——

It has been demonstrated that the shock wave in air or other gas may pro-
vide sufficient lonizatlon to provide a asubstantial pulse. To aveid 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 METHOD

For gensral purpose work the slectronic equipment usually comprises a
primacord pulse generator, a delayable fast-sweop circuit, 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
electronic standpoint is given later.

The primacord pulse gensrator produces a positive pulse from primacord
or other H.E., with which to trip the timing circults, e.g., sweep circuit, timing~
mnrk generator, eic. Moreover? it is intended to prevent more than one tripping
signal's being produced because of accidental contacts of the vires 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
peec and decays exponentially 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 mesasurements are made.

The delayable sweep circuit provides linear sweeps of from 5 to IOO'LBBGS

duration, together with an in%eﬁéiﬁ&in"'iﬁadﬁawave for the CRO. A linear, continu-

ously variable delay circuit ia'éi'owfld%'d A1 en%tarted at
Ledd 0 Qod [
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any chesen time up to 200 ptsees after the initieting signal, This provision mekes
it possible to achieve measursments to an accuracy of bettsr than ¥ 0.1 psecs in
200 psecs by reason 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 5CP5 or 5CP11
cathode-ray tube operating with =2.5kv gun voltage and +Lkv post accelerator voltage.
The tube beam ig normelly biased completely off and the 70~volt intensifier 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 psecs per inch. A 35-mm camera with aperture f 1.2
using Agfa Fluorapld Blue gives satisfaclory results. More recently a standard
form of camere has been designed by Group G-11l.

The 2-ussc-marker generator is the "cleck" of the system. 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 sxactly
2 psecs apart for a period of 200 msecs. These pips are some 7O volts high,
roughly triangular ia 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 varlety are awilable, are
injected on the other signal plate. The interval between any pair o ignals may
be obtained by interpolating between the timing marks. Or, as is more usually the
case, since the position of each of the pips with respect to the PCPG pulse as t=0

is kmown, interpolation gives the time at vhich any other signal ocours with re-
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The dlock diagram and clrcult functlons given in Figes 1 makes
clear the operution of the systeme. In the block diapgram the sweep cireuit
chassls 1s shown broken into the thres eomponent units: - trigger zenerator, delay
oireuit, and sweep cirsoult proper. In normal cperation the trigger pulse (A) from
the PCPG is fed to the trizger generator in the sweep chassis and is here shaped
(B) and fed at low impedance to the delay cirouit and marker genmerator. The marker
generator then puts out timing pips (C) of known time relatlon to the PCPG pulse
(A) and the delay unit generates a trigger (D) at a preselected later time which
trips the sweep oircuit, 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 whisgh start 0.% psess after
the initieting trigger {A)o Thus the present equipment m:kes it possible to observe
phenomens oceurricg in any interval of 5§ to 100 psees starting at any time from
0 teo 200 usess after the 4 = 0 pulse. Since the usable part of the sweep is only
L" long it follows that the best resolution is obtained with the fastest sweep and
for many applications a Bwoep Epeed corresponding to 1 pseec per-inoh is favored
which makes messurements to 0.1 psée or better possible in the period 0 to 200
psecs after t = 0o

DESCRIPTION CF MEASURLMENTS

(a) Velocity of Detonation Weve in He Eo

Where long time intervals (say 50 to 250 usecs) have to be measured
with high eccuracy, twe palrs of plns are Inssrted in the HcEe 8 known distance
apart. The first pair of pins starts the delay olrocuits, etes (through the PCPG)

and the second pin provides & signal (%hrough a mixer circuit) which is presented on

the delayed scops trace: Interpolation between thedhhnvﬁu!gggggzxnﬁn:$;ﬁzﬂa the
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time at which this second pulse ococurs relative to the first (ses Fige 2a): Time
lebeles may be attached to the timing pipe appearing onm the delayed sweep in elther
of tww ways, The first conslsts in running the sweep delay out slowly from minimum
and countlng the pips which diseppear off the screem to the leftc Thus, when the
10th pilp moves off the scr;en the next pip-will be the (2 x 11) = 22 pses pipo Or
provision is mde for presenting the delayed trigger (waveform) on a non-delayed
long sweep and running the delay out wntil the trigger takes up the position at
which the sweep is required to startc Thus, if the delaysed trigger is losated
before the L4Oth pip (B0 psec) on the instantaneous or none-delayed sweep, then when
the sweep is switched te the "delay" position the first pip on the trace will be
the 4Oth or 80=pses pipo The sweep éﬁeed can then be adjusted te suit the require-
ment, Alternatively measurements over amall time intervaels with high accuracy or
long intervals with reduced acouracy 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
sigoale (see éige 2b) »

It will be soen that these twe methods differ in that the first makes
use of the fact that the time scale iz calibrated with respect to the primacord
pulse ag t = O whereas in the second the time relation of the plps with respeot
teo ¢t = 0 i& not required.

(b) Messurement of Transit Time Through HoE> Lens

Measurement of the transit time through an explosive lene iz accomplished
in a similar fashion. The sweep 1s usually inltiated by putting pins inte theo

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

detonatlion wave at the faca of the lens is recordeqChy—pincing:a-peir-efepins in
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contaot with the surface of the HoEc (¥E® Fige €9) o

In plane HoEo lenses a problem arose requiring the measurement of
velooity as a funotion of position in the lenBo A system of eleotrodes (pins) was
positioned in the HoE. (Fig. 2d) with known geometry and the signals from each set
of eleatrodes presented through a mixer circuit, on a single sweep. Singe an
observation period of at least 100 psecs was reguired, a single sweep L" long gave
poor resolution (25 useos per ineh) with much reduced timing assurasy. To obtain
good time resclution under the conditions of this experiment, a multiple sweep
was required. This waz similar te a television raster giving 20 lines each of

5 psecs duration, i.s., an aobserving of 100 psecs with a resolution of

approximately 1" per pseao

{c¢) Simultensity Measurements on HoE.

A speciel set of problems arose as a result of the demand for electris
detonators, 32 or more of which were to be fired together simultaneously with an
accuracy &8 mich better than :,1/2 psea a8 could be achieveds

As an example, conslder the use of a aumber of primacerds of equal
length as in Figo 3a which are to be detonated simultaneously by a system of
electric detonators. Suppese that at equal distences along each primn;ord fram
the detonater & pair of eleotrodes (pins) are inserted in the cordc Then, if the
detonation wave velooity is constant and the same for all primmcords and if the
electric detonators initiate all primacords simulteneously, the waves on the
primecord will arrive at all elestrodes simultaneously. By using short lengths of
primacord cut from the same reel, the first assumption (constant and equal

veloclity from primacord to primacord) cen be fulfilled and hence a study of the

APPROVED FOR PUBLI C RELE
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the simultaneity of initiation whiec eved by electris detonators.
A variety of mixer cireuits have been Zeslgned but they fall inte
three general oclasses. The first 1s the step-wave type in which a smell veltage

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 after

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

The circuit of Fig. L appreoaches thie result but owing to the fact that
each voltage step must be 10 volts or more te be readily visible, 32 simultaneous
signals requires 320 volta to be developed at the seope: As the mixer circuit
must be located near the HoE, and at some distance from the recording equipment the
sigoala are usually fed over coaxlal cable of charasteristie impedanse lying between
50 to 20C chmgs To produce such a veltage across correctly terminated cables is
diffioult,

If, however, the cable i8 not properly terminated them a large fast

voltage wave front applied at the sending end of the system results in shook
exoitation of the cable and oscillations appear on top of the step wave making 1%
difficult to see any later signal whioch appears in this hash.

This limitation led to the seaond 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 signal. The oirouits
are usually arraaged to provide a 15-volt pulse at the scope. The signal has the
shape shown in Figo 3d. The whole signal can be made to be over in 0.2 microsess.

s0 that high resolution is possiblec: Faster signals than this are prohibited by the

difficulty of photographing the trase 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 nossible to determine
lack of simulteneity (Fig. 3f).
However, with this cireuit too, when a large number of signals occur
simultanecusly and are followed by a single sigoal, it is oftem diffioult to
observe the late signal. This difficulty became apparent when the detonator develop-
ment reached the point where spresds of only Q.1 psec were observed in 32 detonators,
To overcome thls trouble a third eircuit type - the “lus-Minus Mixer -
was developed. In this circult 16 signals are made positive gnd 16 negative. If
the system is completely simultaneous they cancel and no output reaults. If,
however, one signal is later than the majority it is plainly visible.
Tt is difficult from any of these results te obtain the distribution
in time at whioh the detonators fire end for this information the rotatiog-prieme
samera method has the advantage. A more complete description of these circuits
is appended later:

(d) Further &pnlications of the Teohnique

Many further applications besome apparent but the presont system has
been used to examine the reliability of HoE. branching devices, transmission of
detonstion waves from one HoEc. to another via metal or air gap, Munro Jets,
detonation wave patterns in H.E. lens systems, consistenoy of velooity in primecord,
etoo

It has been demonatrated, also, that the ionization in the high<pressure
region of a shock wave front in a ges 1s sufficient to actuate the cirecuits.

DESCRIPTION OF THE ELZCTRONIC CIRCUITS

Primacord Pulse Genaraxog;.Figot5

The function of this n@rcni”'ia‘tn-prgduee s steep positive voltage

. oo
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signal from primaecord with which to trip other circuits, e.go timing circuits, sweep

cirouits, etoc. Moreover, it i1s 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 record. The circuit functions as follows: A
0o0lemfd condenser is charged to LOO v through the 10k ohm resister in the plafo
of the 2050 which is biznsgsed off,.

A low-resistenae charging circuit is required since the DC resistance
measured between the electrodes in the primacord my, on damp days, fall as low as
26k ohmo

By means of a double Amphenol cable connector, the high«voltage side
of the condenser is comnected te one of the electrodes in the primacord and the other
is sonnegted te ground through Sk ohm: The detonation wave passing through the
electrodes in the primascord under thece conditione produces a resistance between
them whioh instantaneously approaches zere. Thus, a voltage signal considerably
greater than 200 v is developed across the Sk ohm and drivee the two cathode
followers inte grid ocurrent. Cathode oonduction in the 6SN7 starts when the
signal wave front reaches an amplitude of 90 volts and the positivo‘oathoda signal
is fed back to fire the 2050 Thyratron.

After a slight initiation delay the Thyratron discharges the Oo.0l.mfd
asondenser through 500 chms and remains oonducting to prevent recharge of the cone
denser. Further short clrcuits of the pins or connecting wires due teo acolden*s in
the post explosion period cause no significant voltage pulses acrose the 5k ohms
and hence, no further tripping pulses. The positive signal developed is put out at

low impedence through the &AGT cathode follower into cables leading to other

spperatus. The ocutput signal riued’tg IQO v-in uﬂtinth of a psec and decays ex.
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A remote switch in the mnode clrcuit of the 2050 allows voltage to be

ponentially with a 1/e value of about 5 peeoso

aonlied to the primacord electrodes after the operator has moved a safe distance
from the HoE: A remote O=tgsel milliammeter connected teo pin 1 of J3 sllowa the
operator to check the voitage on the 0o0l-mfd condensero In this way short ocirocuits
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 clectrodss to simulate the primacord pulse. A normlly open
relay which may be operated through pins 2 and 3 of J3 enables & remots oontrol
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 oircult after fliring
to extinguish the dlscharge.

This pulse has been used as a "time zers" or datum with respect te
which time measurements are made.

MIXER CIRCUITS

The circuits of Figs. 6, 7, 8, 9, and 10 were designed for various
appllcations. Since the pulse ;ise times involved are of the order 10°/ secs, or
less, vaguum-tube smplifiers have been avoided and the pulses have been generated at
& level large enough for convenient viewing on a high.speed osoillograph. Fig. 6
shows a oircuit designed to mix together the signala into a common capacity C;0 BEach
of the condenaers C N ---C

3 17

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

are sharged te 450 v through a high impedanse and

tween & pair of pins ite capacity spllls charge inte the common cupasity clo

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

The

relative values of Gac-uC 7.qqd §1¢ Tbe &olfa;e signal is transmitted down coaxial
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cable which is terminated in 4%s characteristio impedance at the (RO te prevent
reflectione (in this case 200-ohm cable is employed). The smell resistanco R1
is included to damp the circuit criticallyob A single pulss rises in less than
051 pace and has an exponential teil of.tims constant depending upoﬁ the value of Gl
and its shunting resistance. The output voltmpe coross Gy 1s not a linear function
of the numbef of pins Pl-eaPl6 firing tegether eince the condensers steacl7 are
put in parallel with Cq after the pin §witches PlooePls close, but linearity can be
approached by making the condensers Cabum017 a8 small compared with C1 a3 is come
patible with pulse sizeo

Each of the condensers 02-~-017 is charged through a high resistance, the
time oonstant being long enough that further mechanical contacts of pins or wiring
cannot produce significant pulses during the viewing period. Alternatively an
electron tube clamp circuit may be used to prevent recharge of the condensers once
they have been discharged,
Fig. 7. 1In this circuit, mixing is effected into a common resistance. This re-

(o]

sistance when the switch 5 is open, is the input impedance to the 50-ohm cable

which, when the cable ls correctly termineated at the soope, is resistive and equal
to 50 ohms. , i’

When 8 is closed, the common resistance is reduced since R17 is switched
in parallel with the 50-ohm ceble input resistance. With § open, the voltage de-
veloped at the scope, when the detonation wave pesses 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 01(311'50) gecs. This large pulse is used whenever

the circuit ies employsd for velocity measurementa., With S closed, R17 is usually

chosen to give a 15-vOlt pulse at the scope and the eircuit in this condition is

suitable for simultaneity mqasukemwﬁtsn ﬂ@ginu the voltage developed aoross the

 —
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mixing resistor is not a linear function of the number of pins Py--=Py¢ switching

simultaneously since the current from any condenser, say Cy is determined by the
potential difference across Rl. Thus, the pulse size gets smaller the greater the
voltage across the mixing resistor.

Each of the condensers C1===Cy4 is charged through a high-enough resist-
ance to prevent pulses of significant size from being produced during the observation
perioed because of mechanical shorts of the pins in the post-sxplosion period. An
electron tube clamp circult may be used to prevent recharge of the condensers once
they have been d}sohargeda

Very fast pulses have been obteined by reducing the condensers Cy==-Cy1s
to values as low as OO mmfd. The circuit has alsu been usged with as nany as &

L]

signals mixed together,

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

pair (or one electrods of a mechanical switch) is required to be at ground potential.
The function of the clrcuit is essentially the same.
Eiél_g' Because of the non=linearity of the above circuits a circuit was devised
to maintain the mean potential difference across the mixing resistance at rero.
This is achieved by charging one-half of the condensers, e.g., Cy» posi-
tively to L50 volts and the other half e.g., Cp, negatively to -450 volts. The
currents from thece condensers flow into a common mixing resistor (50 ohms when the
output cable 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
Pl---P2 the currents are then alternately positive and negative and sum is zero.
Thus, if all switches closed simultanecuely there would be no e.m.f.
acrosg the output, but in the gensral case the switches close one after another
and as many positive voltago'sfﬁﬁs'reéhlb-ns'quativa steps and the mean potential

is thus ground. With S open'the singIe éignal glze 18 90 volts; with S closed the

o8 o0 ® ... e ®
» O & L] ® o & °
-

signal size is L5 volts. T % oo
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Since, for ideal operation, each signal should be a step (or unit fune-
tion) wave, the time eonstants like clRl are made leng compared with the time
spreads to be measured. However, when shots were made with pins in primacord a
fegt-rising pulge (rise less than 0.l psee with a flat top about Ooi)Aaoc followed
by & tail of roughly expenential shape of total duration 0.3 psec) was obtained ir-
rogpective of the time constant CIRI {provided this was greater than 5'LSBQS).
This may be interpreted as due to the fact that the ionization between the elec-
trodes is finite and once all electrens heve been suocked out of the volume the
curresnt coasss since the positive-ion space charge drifts too slowly to contribute
to the current before the system blows mpart.

The cireuit has been used also where it has been necessary to identify
the signals associated with certain peirs of pins. This is done by making three
resistors like R, in the positive side different so that three different-sized
positive pulses are obteined and three resistors liks R, in the negative side dif-
ferent so that three different-sized negative pulses are obtained. In this fashion
gix 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 pins or
their leads after the explosion the charging resistors for the condensers Cy, Cp
etc. are made large so that they cennot acquire sufficient charge to give signifi-
cant pulses during the period of observation. Electronic clmmp oircuits to pre-

vent recharge of these condensers after the initial charge is remcved may also be

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

DELAYABLF SWEEP CIRCUIT - Fig. 11

position switches S1 and S2 the circuit can perform any of three functions;

?ocitioh 1 - Operating Position: a positive pulse put in through either
of the sockets marked "primnco}d in" fires the 2050. A pulse of 100 volts® ampli-
tude rising in 0.1 psec is necessary 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 & trigger for other circuiltis.

After firing, Vl continuss to conduct through the 50kohm anode load un-
til the ancde switch S6 is opened. Before firing, check that S6 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 be opened immediately to extinguieh
the discharge.

Position 2 = 60-cycle Repetitive Test; in this position V, 1s triggerod
from the 60-cycle AC supply te provide a recurrent trace on the CRO for visual
dotermination of sweep durations, etc., The circuit may be tested using a synchro-
scope Medel Pl by inserting the synchroscape trigger in the jack marked "Test
Pulse In" (black panel) and switehing 85 to the appropriate position. After use,
switoh S5 back or the 60-cycle repetition rate will not function.

Positien 3 = Test and Calibrate Position: 1n this position the eircuit
is triggered manually by means of the microswitch enabling a time calibrating
trace to be put on the scope and photographed on the same film as the signal. The

switching sequence for Sg given pbove is nscossary in this position. Normally

this position is used for toéé Pargdseé only as the timing marks are photographed

simultanecusly with the aigddl.C
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The remainder of the circuit 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 2001450cs. A screwdriver
bias adjustment for the second half of V3 mist be set to maintain this tube
normally 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 convenlent fine adjustment.

The negative gate generated at P5 V; is used to cut off the triod clamp
tube (1lu% half VE)' The sawtooth wave form developed at Py V5 is pade linear by
the "bootstrap" method of maintaining the charging current through the 250kohm
anode load essentially constant by the feed-back arrangement involving the 2nd
half V5 end the lat half of the diode V). Because the cathode follower (2nd half
V5) does not have unity gain the sawtooth at ite grlid is rather more linear than
at its cathode and this vave is fed inte a diode (2nd half V)) whose cathode can
be biased between ¢ and 250 v,

Conduction through this diode does not start until the anode beocomes
positive with respect to the cathode and the time at which a signal is developed
across the 25kohm eathode load of Vh will depend upon the blas wvalue chosen on the
potentiometer marked "COARSE DELAY". A vernier delay adjustment is also included
to make adjustments within a 1}1860 range., 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 Vh can thus be delayed at
will with respect to t-0 and is used to drive Vg lnto grid current from outoff.
The negative signal developed at the anode of V7 is inverted through the pulse

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

fier. The dieds V6 is connsgted aq;oss the prtmary of the pulse transformer to

D5 ®0¢ 900 680 S
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prevent a positive overswing. The signal at the cathode of the bootstrap amplifier
rises in 1 psec Yo 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
may elso be used for triggering other circuits in known time relation to t =0, The
pame 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 pulss ;crosa its cathode
load, This pulse is used to start the sweep circuit when a delayed sweep is re=
quired,

A two-position selector switch S3 makes it possible to accept either the
delaysd trigger or the instantareous trigger from the cathode of Vs (p3) to provide
sweeps with variable delay or zero delay. The lst half of Vip is used to invert
the signal and provide a negative trigger to the univibrator vll’ V12'

The gate width of this univibrator can be varied by the four-position
switch S5 which is ganged to Sh in the aweep generator. Intensifier gates and
corresponding sawtooths of duration 5, 10, 20 and 100 jpeecs 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 vll is cathode followed out through

the second helf of V10 to provtde'an gnﬁwnsiﬂying gate to the CRO., The negative
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square wave generated at the anode of Vio is used to turn off the clamp tube vlh
and generate the sweep. A pentods rether than a triode is used in this position
to prevent a negative signalis being transmitted via the anodeagrid capacity. The
rise ofvanode voltage at the anode of V), is made to be very nearly linear by a
feed=back action through the cathede follower lst half V15 and the diode V15. It
the eathede follower had unif{y gain its cathode would rise at the same rate as the
anogde of vlh’ and the 0,1 mfd condenser drives the cathode of V13 ﬁbove 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 con-
stant and hence the rise of ancde voltage of vlh is congtant, The rate of rise of
voltage, and therefore sweep speed; is controlled'by the coarse adjustment (selec-
tor switch S5) whigh varies the capacity to be charged end a vernier control (vari-
able 250kohm pot. in plete cirocuit of Vlh) which varles the charging current. The
first half of V15 provides a positive sewtooth to one deflsctor plate and the
second half is connected as an amplifier of unity gain which inverts the sawtooth
to provide push-pull deflection. For better linearity particularly with fast
sWesps (5/45ccs 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-spsed single=-sweep photography the P5 or Pl} screws and 5" CRO
tubes type 5CF5, SCP1l, 5JP5, 5JP1l are preferred. The type J tubes have lower la-
put cepacities than the type C tubes. They both function satisfactorily in the
prosent circuit. Coenventienal power supplies provide =2.5 kv to the elsctron gun

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

In spite of the linsarity of the sweep voltages provided by the sweep
circuit the phetographic 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 magnificationrovar the camera field.

These two effécts are most sericus at the edges of the scope acreen and, for this
reason, signals to be timed should, as far as posaible, 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 acgept a positive input pulse of 25 volte or
more and proceed to generate thereafter a series of pips spaced at 2 useo apart for
2 period of 100 or 200 psecs. If a standard input pulse is available the position
of each one of the timing pips with respect to it can bs measured and the 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 explosive 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 ohms anods load of the second half of VT-2 and therehy triggers the gate MV

L] *=8 8 .99 B &
L

(or univibrator circuit) compfisingeVT<2 sndiainegative aquare wave of voltage of
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amplitude about 150 volts is genorated at pin 5 V=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 BY and also, to a lesser extent, by the static bias
voltage at pin 4. 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
clemp tube (2ad half VI~1l) and allow a Hartley Oscillator VI-3 to commence oscil-
lating. The amplitude of the oscillations a¢ross the tank circuit in the cathode
of the clamﬁ can be made constant from 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 between
the gapacity and inductance i& the task. With no losses therefore, the pesk volt-
age acroes the condenser V can be computed from 1/2cv2 =1/2 1%,

If the Fartley were disconnected these oscillations would die ocut expo-
nentially at a rate determipad by the Q of the cirecuit. 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 (Ra) in the cathode. Thus, by adjusting R so that the final
emplitude is the same as 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 pﬁeos) 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 thereofore lead to freguency instability. For

the same remson, the screon is bootatrapped to the ecathode in VI=3% so that cathode-

screen potential is mmintaaped 3.,oqateuﬁt ynd’hpnce the input capacity of the tube
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mede a mimimum. Changing the tube VT-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 biesed off through the transformer secondary. As soon as the
gate opens and the cseillator starts up the first half ¢ycle (which is positive)
end succeoeding 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 sine wave crosses the axis with dE/dt a maximum and
positive, VT-5 drives the blocking oseillator VI=6 by pulling current through the
anode load of VT-5 and hence driving its grid positive producing regeneration.

The anode current plus grid current pulees {lowing through the cathode load produce
& voltage 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 clircuit
may become unstable or fregquency divide; if the grid bias is too low the circuit
may start to oscillate freely at a frequency determined by the grid time constants.

Voltage regulated power supplies of {300 and =150 voltg are built on the

chassis and should be checked before R3 and R are adjusted to obtain pips at the

driver frequency of 500 ke,

FREQUENCY STABILITY OF CIRCUIT

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

steady state conditions and under normal ambient temperature conditiens the day %o

dey variations are lesa than 0'3% 0¥3T ¥°prriod of months the stabllity is good

to 1/2%. The pip spacing fc% fhé TTrEY o8 Br two cycles mey not be exactly
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2,0,&8608 owing to transient effects but the shift is normally less than 0.1 psec.
In the same way the spacing of the last two or three pips is affected as the clamp

tube comes into operation and shorts the tuned circuit.

CALIBRATION OF PIPS

Where relative time measurements only are required all that is neceasary
is to tune the oscillator to 500 kc so that the pip spacing is 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 Hartley oscillator then runs free and
a Lissajou figure can be formed with a frequency standard (e.g., crystal oscillator
et 500 kc) by taking the sine wave generated at the cathode of VI-4.

Where ebsolute 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, Tho 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 cperate at 130 k¢ and provide a sweep traversing the circle in 10
psecs. & centrel 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 thet circuits may be triggered in synchronism vith the sweep, To
take up the small delay in the swesp circult trigger generator the Sickles Celibra-
tor trigger is fed through it to the Marker Generator which then develops trains of
pips at 50b cycles,

Then these pips are injected on the central deflecter electrode and the
tank ¢ircuit of VI-3 is corndgtﬁﬁ ?uné@’@?éy:ﬂgll into five sets of pips lying on

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

.e (X X ] L] f%"‘.l :' ?l aoa
toe e N 2%
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tuning can be very acourately accomplished. In order to attach time labels to the
pipe the delay betweaen the time zerc pulse (trigger from Sickles calibrgtor) to the
first, eocond, third, eto., pip has to bes measured. This is achieved by employing
an intensifying gate on the ciroular sweep which brightens the trace for one (or
less) revolutions per cycle (i.e., for 10 psecs every Eoootxaece). Moreover this
gate may be delayed with respect to the trigger pulse up to 300 peecs by means of

e linear delay circuit. Thus, we can observe for 1C)F£oca 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 oxamined separately and read off on the calibrated ecale. The
absolute time label attached to the pipe by this measurement is good to 4 0.05 psec

and thé pip froquency can be set to bstter 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 4,25 v being evailable.
| The positive supply is capable of a total ocutput 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 voltsge adjusiments are located on the front panel, together with test
points.

The help of Messrs. C.R. Lintoan, Gil Methis, Sgt. R. Lewry end Sgt. Val
Fiteh who btuilt 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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