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I. 1INTRODUCTION

Deviations from uni‘formity in the manufacturing process of
detonators can cause ~nough variation in the details of energy transfer
to affect initiation of explosive trains. If the energy transfer
processes are adequately krown, the ccnditions necessary for reliable
initiation can be determined. Unfortunately, a detonator's dynamic
output is very difficult to measure accurately because the quantity
of explosive involved is small, and it is consumned very rapidly.
3ackground discussions of presently used methods to determine deto-
nator and explosive component output and the need for improvements
are given in references 1, 2, and 3.*

Usually the output of a detonator or explosive train is checked
by means of a dent test. The output is taken to be indicated by the
depth of the dent produced in a metal like steel or aluminum. The
dent is an end result from which the variation of output with time
cannot be deduced. Wwhat is needed are accurate measurements of the
important parameters involved in the dynamic output of detonators.

The purpose of this work is to investigate various techniques
for determining the guantitative dynamic output of detonators. Our
approach is to use ooth smear and framing cameras to record the
motion of Adetonator-case fragments, air shocks, explosion gases,
shocks in water, and detonation in boosters. From the observations
various deductions concerning detonator output can be made. For
example, the velocities of shocks generated by detonators fired
under water can be converted to peak pressures, which as functions
of time or distance are relatable to the inherent output of the deto-
nator. Similarly, the velocity o7 the air shock as a function of
time is of value in comparing the relative levels of energy release
from detonators, even though air shock plays only a ininor role in
initiation by detonators. Other techniques are used to measure the
effective (usable) output in practical situations iavolving air gaps
and heavy partial confinement. For very small gaps, the explosion
gases play an important role in initiation. At some air-gap thick-
nesses, both locading by explosion gases and fragment impact are
important in initiating detonation. If initiation is desired over a
fairly wide air gap, fragment velocity is of particular importance.

It is desirable to include in the investigation experiments *“hat
show the effects on output and functioning characteristics of varying
the electrical input to detonators. The perforrance of a detonator,
primarily its fanctioning time, can be affected not only by the
amount of input energy but also by the rate at which the energy is
applied. Above a certain rate of application, the functioning time
and the firing energy become eusentially constant.

*Refereiices are on page 16.

1
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It should be emphasized that this study is exploratory and we
make no claim to finding an inexpensive, convenient. and precis:
~ay of measuring dynamic detonator output. From the results of
the work, though, we are able to evaluate several techniques, make
suggestions for improvements, and make recommendations for further
study.

IX. EXPERIMENTAL

A. £lectrical Characteristics

g Electrical Measurements

Several test firings were made to determine the electrical
response characteristics of the M84 detonator, Figure 1. Several
known input firing pulses, ranging from 2 to 50 volts, were applied
usina an electronic pulsing unit with a variable voltage-capacitor
discharge power supply. The unit was synchronized with our high-
speed smear and framing cameras, so that simultaneous electronic
and optical measurements of detonator response could be made.

Ficure 2 shows the silicon-controlled-rectifier-switch firing
circujtry which was used to provide the input pulses. The capacitance
value used was 2,15 aicrofarads.

Figures 3A and 3B, recorded in separate tests, are typiczl
voltage-time znd current-time oscillograms of the response of the M84
detonator to an input pulse of 5 volts, The »otential across the
de*tonator, Figure 3A, quickly reaches a 5-volt peak, gradually Jeccays
for ~23 microsec, then drops sharply, even appearing to become
negative. The current-time record shows a quick rise to ~1.6 amps,
then drops exponentially fcr ~23 microsec. At this pcint an abrupt
increase in current occurs. The improved conductive path is prebably
due to the intense ionization produced by reaction of the lead azide
in the detonator. Since the lead azide rcacts rapidly, we consider
that the interval from the beginning of the input pulse application
to the beginning of the second current surge represents the time
required for the initiation of the lead azide. Current flow peaks
again at T = 24.5 microsec, then the detonator case ruptures and the
conductive path is destroyed. The first 23 microsecords of the
traces are typicai of bridgewire heating. Initiation of the lead
azide is indicated by the abrupt voltage and current changes that
begin 23 microseconds after the voltage jis applied. The lead
styphnate spot ignited earlier but left no oscilloscope signature,
since its products are only weakly ionized.

For input pulses of ~17 volts (current ~3 amp) and greater the
oscillograms show a different response. In Figure 4A, e.g., the
region of gradually decreasing voltage described above becomes a ramn
after ~13 microsec. Up to this point the tungsten bridgewire,
although heated rapidly during the initial part of the pulse, has not
“kturned out" or ruptured. Bridgewire "burnout” is indicated by the
"open circuit" response of the current trace, Figure 4B (obtained in
a separate test), and by the start of the "ramping" region in the
voltage trace, The voltage ramp ends at T = ~20.5 microsec when the
lead azide reacts sufficiently to produce ionization and hence restores

2
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the ccnductive path and allows the capacitor discharge to continue.

The current trace shows conductivity restored at T = =17 microsec.
Voltage and current traces recorded from the same test would be
expected to show simultaneous occurrence of the ramp ending and the
second current surge. Ccnductivity increases until the detonator

case ruptures (T = 18.5 microsec) allowing conductive gases to escape.
Note that case rupture occurred about 1.5 microsec after the lead
azide initiation in both the 5-volt and the 17-veclt tests.

2, Functioning and Initiation Times

The above interpretation of the electrical response of tLhe
M84 detonator allows a measure of detonator function times and internal
initiation times versus the calibrated input pulses. In thesec measure-
ments we consider the functioning time of a detonator as ‘he interval
between the beginning of the firing pulse and the ruptu.e of the
detonator case (see Figure 3). The iniciation time .5 measured from
the beginning of the input oulse to the time at wi:ich the initiation
of the iead azide occurs.

Values of the initiation time, AT, 3aad functioaing time AT
that were determined from oscillograrm. Of several input nulses arg
listed in Table 1. Also listed »-- values of AT%, the functioning
time obtained from swi:ar camev- measurements o% the initial
detonator case expansion.*  Aeasurements of AT* will be described in
a later section of thi: sreport.) The data show that tne initiation
and functioning t? =s become larger as the input pulse decreases from
50 volts to 2 ¢ volts. At 2.6 volts the detonator failed to fire.

B. Detciiators Under wWater (Aquarium Technique)

To quantitatively describe the output characteristics of a
detonator, measurements may be made on the shock wave generated in a
surrounding inert medium such as water. The measurements require an
accurate knowledge of the equation..of-state of the inert material.
Water, whose transparency permits continuous obseivation of the shock
wave propagation by high-speed smear-camera photography, is most
convenient for these measurements. Its Hugoniot equation.of-state is
well known.

Figure 5 shows the aguarjum arrangement used for observations
of the motion of the underwater shock wave from an M84 detonator.
The shock wave motion is delineated by shadowgraph photography using
a field lens and the light from an exploding tungsten wire. The
0.025-mm diameter tungsten wire is confined in a 100-mm lengtih of
glass capillary tubing. Energy to the wire is supplied by the
sudden discharge of a 4-uf capacitor charged to 4 kv. In these
measurements an auxiliary lensing arrangement was used to obtain an
object-to-image ratio of 1:2, coveriny the first 13-17 mm of shock
propagation in the water.

* Accuracy of the AT#* values is in doubt. After th~ tests were run,
some intermittent mglfunction of the electronic delay equipment
was discovered, which possibly could have been present during the
test series.

3
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TABLE 1

INTERNAL INITIATION AND FUNCTIONING TIMES OFF WHE M84 DETONATOR

Input Pulse A ’I‘l 2 'r2 AT;
(volts) (microsec) (microsec) (microsec)

50 13.6 - 14
38 17.0 - 18
17 20.5 - =
17 20.5 = -
17 16.0 18.0 -
12 21.0 - 19
12 22 5 24.0 -

5 23.5 25.5 -

5 23.7 = -

5 31.3 - 31

4 32.0 = C
2.6 Failure - -

4
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1. Axial shock wWave Measurements

Smear-camera measurements of the transmitted shock wave 1

velocity in water along the extended axis of the detonator allow
one to ascertain, using the water shock Hugoniot, the shock pressure
transmitted by the detonator casing. From the knowledge of this
pressure an estimate can be made of the pressure in the detonation
l wave initiaced in the explosive column. This estimate requires

that the detonator tip be very thin. Also, the «ffect of the peak
} pressure {von Neumann spike) in the non-reactive shock ahead of the

detonation wave must be ignored. On the other hand, the experi-
mentally measured shock state in the water can be compared with thne
calculated shock state which is obtained from knowledge of the
detonation pressure of the explosive and the shock Hugoniots of the
detonator casing material and water. This prccedure was ~hosen and
the experimental measurements and the calculations cf the initial
shock state in the water are described below.

| Figure 6 shows a smear-camera shadowgraph of the motion of the
shock wave imparted to water by the base end of an M84 detonator.

Shock wave velocities were obtained by differentiation of the
distance-time data derived from micro-comparator readings of the trace.
Figure 7 gives details of the shock wave velocity decay for positions
in the water out to 17 mm from the detonator tip. (Sonic velocity*

in distilled water is 1481.63 m/sec at 20°C.) The extrapolated

initial shock velocity imparted to the water at the detonator tip

was 3820 m/sec. This velocity corresponds to a peak pressure in the

water of 46.7 kbar (see reference 5).

The calculated initial shock state is obtained using the
impedance matching conditions. The method requires knowing the
reflected shock adiabat of PETN explosion products. Assuming a gamma
* law expansion of the explosion products from the detonation statw,

the reflected pressure, Py and the particle velocity, u,, are
computed from f
uy -u =— | 1- [ : (1)
2 1 V- P1

(This relation is equation 18 of reference 6.) For the calculation
the density of PETN in the M84 detonator was assumed as 1.56 g/cm® {
Then in equation (1) the detonation pressure, is 240 kbars , the
particle velocity at the front, is 1960 m/slc, the sound veloc! ty,
is 5830 m/sec and the isentrobic exponent, v, is 2.97. The ‘

ihpedance—matching solution for the initial shoc'. state in the water
is shown in Fiqure 8. Here the reflected PETN udiabat intersects
the steel shock Hugoniot (references 7 and 8) to indicate a pressure
of 390 kbars transmitted into the stainless steel detonator cup.

The Hugoniot curve for steel reflected through this point intersects J
the water shock Hugonjiot to give a predicted initjial slock
pressure of approximatasly 70 kbars in the water. This value is

5
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~30n yreater than the experimental result. The difference is
~xpected, vrincipelly; because the assumed detonation state paraneters
for the PLTN in the detonator are for an infinite diameter charce,
ani the Jlameter effect was not counsidered.

. Literal shock wWaves

With the smear camera slit image aligned at 90 degrees with
respect to the detonator casing, rather than parallel (axially) as in
the end-shock measurements, one obta.na a record of the laterally
generated shoch waves on each side of the Jdetonator. Figure 9 is a
record obtained using this arrangement. The camera slit image was
aligned 2.3 mm from the end of the detonator, and a camera writing
speed of ~4 mm/microsec was used. The recor” shows that the shock
trace in water is more clearly delineated than in the record of the
shock wave from a detonator fired in air.* Note the large difference
in the initial decay of the shock wave traces from each side ouf the
detonator casing. The initial velocities measured from the early
and later traces are 2.20 mm/usec and 3.30 mm/usec respectively.
There is a surprising time difference, 0.57 usec, between the initial
points of these two traces. The M84 bridgewire is off-center (see
Figure 1), but the observed asymmetry is about twice as great ae
design geometry alone would imply for a position 2.3 mm from the
end of the detonator.

3. Detonator Product-Gas Bubble in wWater

Framing camera shadowgraphs made with the focal-plane
shutter framing camera® were ur:d to obtain photographic details of
the underwater initiation of the M84 detonztur. A sequence of frames
with 1.1 micrcsec between frames is shown in Figure 10. Asymmetry
in the shock wave and product gac expansion is again present, but
somewhat exaggerated here because time increases from top to bottom
in each of the frames shown (see reference 9). In the second frame
the shock wave is a well-defined expanding spherical wave, ~20 mm
in diameter. An early shock can be seen at the detonator plug end.
Its presence is not readily explained. At 3.3 microsec, frame 4,
the fragments both radially frc.: the casing sides and axially from
the detonator tip are visible in the region between the product
gas bubble and the &xpanding water shock wave. This region displays
very fine shock detail, e.g., schlieren effects which prokably occur
from interactions between the gas bubble and the case fragments.
The case fragments in the aguarium firings were generally recovered;
the M84 detonator cup bottom was recovered intact.

C. Detonators Initiated in Air

1. Framirug camera Oh.ervations

Figure 11 is a sequence of framing camera shadowgrang of
the shock exransion events resulting from the initiation of the M84
detonator in air. The time interval hetween frames is 2.7 microsec,
and the distance Yetween the two maunification tapes within each
frave is 12.7 ¢m. The frames sliow the exnlosion products expansion,
the propaqation of the air shock resulting from the initiation, and
the motion of the fragments from the detonatcr case.

*See page 27 of this rebart.

6
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In contrast to the underwater shots where the end-pieces of the
detonatcr case were recovered intact, the ends of the stainiess steel
case are broken up into a number of pieces when the M84 detonator is
fired in air. Careful inspection of Figure 113 shows tl.at the end
piece broke intc seven fragments. The mean velocities of the s. =ral
fragments in four detonator firings are listed in Table 2. Also
given is the range of velocity between the fastest and slowest
fragments. The velocity measurements were made over 120 mm. Fragment
patterns were obtained by locating cardbcird targets about 180 mm

{ away from the detcnators. The patterns c¢f holes in the cardboard
& show the fragments struck within circles of .i8-mm to 26-mm diameter.

TABLE 2

M84 DETONATOR CASE FRAGMENT VZLOCITIES 1IN AIR

Shot Number Mean Velocity of Velocity Range
Several Fragments
: (mm/microsec) (mm/microsec)
1 2.00 1.87 - 2.15
‘ 2 1.99 1.80 - ¢
3 2.02 1.85 - 2,20
4 2.0% 1.91 - 2.723
2. Smear Camera Observations
a. Axial Case Expansion

In several tests smear camera measurements of detonator
output were made simultaneously with determinaticons of the M84
detonator's electrical characteristics. Figure 12A is a view of the
smear camera alignment of the detonator assemblyv fcr these tests,
Figure 12PR is a typical smear camera shadowgraph trace of these
firings. The following events occur in Figure 12B:

(1) A timing pip trace made by synchronizing the
explosion of a tungsten bridgewire with the beginnino of the input
pulse is shown above.

(2) The detonator case <xpansion begins at this time. {

(3) The oroduct gases expand from the case.

(4) This time denotes the impact of the detonator 1
case fragments with the target plate noted in Figure 12aA.

Table 3 summarizes a series of MB84 detonator firings in air.

7
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The input pulses were between S5 volts and 50 volts from a 2.15micro-
farad capacitor. Table 2 lists: (a) the time between the beginning
of the pulse input and the start of detcnator case expansion (this
time is the detonator functioning time, A T*, describ~d previjously);
(b) the case velocity; (c) the gas-cloud vefocity; and (d) fragmwent
energy. The estimates ¢f fragment energy are based on the M84
detonator cup bottom velocity and weight.

TABLE 3

M84 DETONATOR SHOCK CHARACTERISTICS IN AIR

Detonator Functioning(a) Case Gas Fragment(b)
Input Time Velocity Velocity Energy
(volts) (usec) (am/usec) (mm/usec) (cal/cm”)

50 14 1.68 2.55 46.2
38 18 1.62 2.64 44.6
38 19 1.49 2.63 41.0
12 19 1.43 2.72 39.4
5 31 1.57 2.56 43.2

(a) Time from beginning of input pulse to initial motion of detonator
case.
(b) weight of cup bottom = .021 gram. Cup bottom area = ,153 cm2.

There is an incication in these data that a low case velocity
allows a higher gas velocity which may make the overall detonator
performance appear uniform, particularly if both the detonator case
fragments and gaseous explosion products contribute to the transfer
of detonation. For example, a slower expanding case may permit a
longer time for gas confinement, higher pressure build up, and
therefore, a higher gas velocity after the case ruptures.

b. Lateral Case Expansion

Figure 13 is a smear camera record showing lateral
expansion of the detonator casing and product gas break out.
Pigure 14 shows distance-time profiles taken from the lower trace of
Figure 13. Typically, the initial lateral case velocities from the
top and ovottom traces showed asymmetrical initiation. For example,
initially, the top trace of Figure 13 gave a velocity of 0.91 mm/
microsec, the bottom trace, 1 41 mm/microsec. Maximum velocities
of 2.11 mm/microsec and Z.05 mm/microsec respectively, occurred just
before product-gas breakout.

8
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D. Build up to Detonation in Booster Explosives

wWhen a high explosive is initiated by a shock, detonaticn most
often does not start immediately at the HE input surface. Instead,
a run distance to detonation may occur, typically one or twoe milli-
meters long for a strong shock initiating a fairly sensitive
explosive'“’!' . The run distance (or delay time) increases as the
initiating shock strength decreases, with the most marked increase
occurring when the critical shock strength for detonation is barely
exceeded. By measuring the run distance to detonation it is possible
to detect small differences in the effective strength of initiating
shocks, assuming adequate uniformity throughout the rest of the
explosive system. The sensitivi’ of such a detection method is
best when the shock strengti: is just slightly more than enough to
produce detonation.

1. Experimental Arrangements

Because explosive leads are confined and usually quite
small, special techniques are needed to observe the arrival of
detonation along the cylindrical surface of the booster. A set-up
for use in recording the detonation trace in a simple detonator/
booster system is shown in Figure 15A. The detonator, an Atlas
microdetonator, shown in detail in Figure 16, is confined in an
aluminum holder. The booster is a 4.3-mm diameter by 6.6-mm long
tetryl pellet (density = 1.54 g/cm®) laterally confined in a steel
holder. Both the top and bottom surfaces of the booster are barve.
The arrangement is the same a= used in making dent tests. Observation
is by smear camera.

In ordexr to directly observe the bare cylindrical surface of
the tetryl booster, a 0.2-mm wide slot is cut completely through the
wall on one side of the steel holder and parallel to the axis of the
system. (The effect on confinement caused by the presence of the
slot is considered to be negiigible.) About 1.5 am of the 6.6-mm
long slot at the top of the booster holder is filled in with epoxy
cement containing iron nowder. This prevents detonation light,
transmitted through th slot, from being obscured by air shock and
explosion gases. Also, considerable care is reguired in cementing
the “op periphery of the booster holder to the inside surface of the
detonator holder. A good seal here is necessary to prevent air shock
and explosion gasges from getting through prematurelv. To permit
observation over the entire unplugged (5-mm) portion of the slot, it
is necessary to cut a short slot through the wall at the base of the
aluminum detonator holder, Otherwise, the useful slot iength (s
only 3.8mm.

In making a shet,the slit of the sirea: camera is alioned with
the Liridgewire used to indicate when the detonator i< =nergived; the
slot in the booster holder; anc a l-mm diameter hole drilled throuct
the wall of the detonator holder to indicate when the detonator
fires (Figure 1%A). The camera slit is used only for aligneent and
is removed when the shot is fired. The detonators in some ¢f the
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shots are energized by fast-rising pulses of high energy; 4uf at

2 kv. In the remaining shots a relatively low energy is used; 2.2 uf
at 45 v. The exploding bridgewire is connected in series with the
detonator in the high-energy shots. 1In the low-energy shots the
bridgewire is energized simultaneously with the detonator by a
separate high-energy pulsing unit. 1Incidentally, a threaded hole,
originally made in the detonator holder for a set screw, is plugged
with metallized epoxy cement. Even with the screw in place, there
may be enougn air space left around the detonator to affect the
lateral confinement appreciably.

~

z. Run-Distance Results

In studying variations in detonator output by the run-
distance-to-detonation technique, it is necessary to establish
conditinns ‘'hich are close to critical for detonation in the booster.
The detonation trace shown in Figure 15B wzcs obtained under nearly
critical shock conditions in the booster. Detonation is shown
breaking out first on the cylindrical surface of the booster at =
distance, S, from the top of the booster. The distance, S, here is
assumed to be equal to the run to detonation down the axis of the
booster. Also shown is the time taken for the detonator to fire, 7,
and the time for detonation to reach the bottom of the booster, T4,
after the detonator fires.

The run-to-detonation results of eight snots with the Atlas
microdetonator are given in Table 4. Also included are the times,
T, and 7,. In Shots 1, 2, 3, and 7, where the air gaps were 6.64,
6.65, 2.99, and 3.61 mm, respectively, the booster failed to deti~nate.
(On the basis of results obtained by other workers, it appear d that
the Atlas microdetonator might initiate the tetryl booster over air
gaps of 3.82 mm or more,) Detonation occurred in shots 4, 5, 6, and
8, where air gaps were 0.84, 1.27, 2.54, and 3.66 mm, respectively.
Shots 4 and 5 were fired to establish the shape of the detonation
trace for a relatively high level of energy transfer from the
detonator. As expected,in the latter two shots the run distance to
detonation, s, was too short to be cbserved, sin~e the first break-
out of detonation occurred in the blind (plugged)section of the slot
cut in the booster holder. Accordingly, the run cistances for these
two shots are listed 235 less than 1.5 mm in the table.

In shot 7, note that the booster failcd to detonate using a
3.6l-mm air gap, but the booster in Shot 8 detonated using a slightly
larger gap. However, the tetryl booster in Shot 8 was resting on a
6-mm thick plate of aluminum. In all of the other shots the booster
was unconfined a% the bottom. The presence of the aluminum plate may
have had some effect on the initiation, but this doec not seem likely
from the appt arance of the detonation trace. Superposed sketches
of detonation t..-es from Shots 5, 6, and 8 are shown in Figure 17.
‘p Shot 6, with a 2.54-mm gap, the upper portion of the detonation
trace shows more curvature than in Shots 4 and 5. 1It is apparent from
the shtape that the run distance to detonation is longer in Shot 6
than it is in Shots 4 and 5. It is estimated to be close to the
length of the blind portion of the slot in the booster holder,

10
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i.e., 5 = 1.5 mm. In Shot 8, with a 3.66-mm air gap, the curvature
is even more pronounced. Tn all four shote showing detonation in
the booster the detonation velocity reached a phase volocity of
nearly 800 m/sec. (The true velocity should be close to 7000 m/sec.)

From the results, it appears that the critical air gap should
be close to 3.65 mm. However, a reasonable nurber of shots should
be made to establish the reproducibility at a fixed air gap distance.
Undoubtedly, a number of improvements could be made in the technique.
The slct system in the booster holder should be redesigned to reduce
the difficulty in making alignments and to improve the quality of
the detonation trace. If enough detonation light is made available,
the slit system of the camera should be used in order to obtain
more precise timing markers. The microdetonator may have been an
unfortunate choice in the exploratory series, since the end of the
detonator is concave. This causes a jet to form which could make
the initiation more complicated than if a flat-ended detonator,
such as the M84, were used.

The detonator firing times, T, in Table 4, were uniform for
high-energy input but varied from 2.4 Hsec to 32.4 usec when a
45-volt firing pulse vas used. Such variation may be tvpical for
this detonator under "low-energy" firing conditions. However, since
a separate pulsing unit was used ‘o explode the reference bridge-
wire in the "low-energy" firings, further tests are needed to firmly
establish this detonator's inherent functioning time variatioua.

TABLE 4

RUN-DISTANCE RLSULTS FOR TETRYL INITIATED BY THE ATLAS MIZRODETONATOR

Shot Air Gap Reaction In T T, s
Number {mm) Booster (usec) (usec) {mm)

4 0.84 Detonated 6.8 1.3 <1l.5

5 1.27 Detonated 2.4 1.0 <1.5

6 2.54 Detonated 12.4 1.3 ~].5

7 3.6l Failed 11.7 - -

8 3.66 Detonated* 32.4 2.1 2.5

3 3.99 Failed 1.7 - -

1 6.64 Failed - - -

2 6.65 fFailed 1.4 - -
*Tetryl booster rested on 2 6-mm thick Al plate.
Egte: Shots 1, 2, and 3 wer? made with high-energy input to detonatoy.

11
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ITI. DISCUSSION AND RECOMMENDATIONS

In Table 5, the detonator evaluation experiments are summarized
in terms of their primary advantages, disadvantages, and estimated
cost. The priority recommendations of Table 5 are based on likeli-
hood of substantial benefit at reasonable cost. Tt is difficult to
devise a means of accurately measuring the dynamic output of a
detonator. Any errors in making a measurement must be reasonably
small compared to actual variations in detonator output. The chief
difficulties arise from the small size of detonators and the
extremely high rate of chemical reaction of the explosives involved.
In addition, the available output of energy for a given application
will depend on how the detonator is oriented and confined. This
is true even if the total inherent energy release is the same from
detonator to detonator. Heavy confinement of part of the detonator
will cause energy to concentrate in recions of lesser confinement.
For example, if the detonator is heavily and confined radially, but
not at the end, more of the total e-erqgy is expended axially from
the =nd of the detonator. It follc /s, then, that variations in the
immediate environment of the detonator, such as in clearances and
alignment, can cause variations in effective output in a particular
application. Also, the very process of making output measurements
can contribute to observed variations in output.

A. Electrical Characteristics

Precise knowledge of the functioning time of a detonator helps
to determine the applicability of a device i10r a svecific function.
Here we have defined the functioning time of a detonator as the time
=2lapsing between the beginnirg of the input pulse and the initial
(free-surface) motion of the detonator case. Functioning times of
the MB4 detonator (and initiation times of its lead azide) were shown
to be related to the magnitude of the calibrated electrical input
pulse for the low energy inputs. The times were determined from an
interpretation of the oscillograph records of the electrical behavior
of the detonator and from smear camera measurements of detonator case
expansion.

Other methods recommended for determining detonator functioning
times include use of air gap ionization, sound output, light output
using photomultiplier circuitry, and triggering of pin probe switches
by case motion. Measurements using pressure transducers also are
recommended.

B. Underwater Measurements

The underwater shock wave measurements gave substanti-l
information directly relatable to accurate pressure calibration of
the detonator output. High speed photography revealed a very sharply
defined shock wave propagating througl the water. Detonator product
gas expansion and flight of case fragments were also recorded, and
the case fragments were readily recovered. The characteristics of

12
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' the shock wave formed in water by detonator initiation u--= different
k than for air, due to water's thousand-fold greater density. This 1
: allows high-speed photography to reveal details of detonator response

i not readily distinguishable during initiation in air.

In these output measurements the velocity of the underwater
shock wave was used to obtain an indirect measurement of pressure in
the water. However, the use of pressure transducers is readily
adaptable and is recommended here. Particularly adagtable are small
tourmaline (piezoelectric) gages'? and carbon gages'® which can be

) calibrated dynamically. A carbon resistor (~560 ohms), costing a
few cents has been used as a very cheap gage suitable for output
measurements in the transmitted pressure range.

t There is good justification for recommending adaptation of the
high-speed photographic measurements of lateral shock wave propagation

and case expansiocn to determine output, especially where there is a

! need to develop and fully evaluate explosive components. These

measurements are particularly significant when compared to similar

measurements of the propagation occurring axially beyond the end of

the detonator. For example, maximum lateral shock wave pressures

from the M84 detonator were ~60% lower than the axial values.

Similar pressure differences are expected in other det‘onators. Aalso,

} the asymmetric initiztion which occura in the M84 produced distinct

differences in lateral shock break-out times and in initial pressures

on opposite sides of the detonator. A complete knowledge of the
pressure and time variations around the detonator can aid the design

of side initiators, give insight into reliability of initiation, and
reveal variations in loading of the explosive elaments of the detonatc..

C. Case and Gas Expansion in air

The detonator fragment and gas-cloud velocity measurements are
recommended as reliable indicators of the variance in detonator A
output. Conuiarrent with the cours> of this study, additional proof
was obtained showing the value of these measurements in distinquishing
differences in performances of explosive systems. Detonators,* each
presumably loaded identically, were prepared by two different manu-
facturcrs. One manufacturer's detonators gave a large percentage of
charge initiation failures. Investigation of detcnator performance
using the plate-dent test failed to distinguish a difference between
th2 two lots of detonators. However, smear crlera measurements of {
gas-cloud velocities revealed an ~20% velocity difference between
detonators. The detonators with the lower velocities were the ones
that were unreliable.

D, Detonation Build-up in Booster Explosives

The run-tn-detonation data show that procress can be made in

devising a dyhami¢c method for relating the variance in detonator : "

*The base charge in this detonator is 100 mg of hexanitrostilbene
{HNS). The casing is stainless steel. )
14 1
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output with the performaznce of integral parts of an explosive system.
However, despite the promising records wrich show the feasibility of
the run-to-detonation technique, the technique does have some short-
comings. For one thing, the critical condition for failure is ap-
proached fairly abruptly. This makes the useful range for detecting
variations in effective detonator output very narrow. Wwhen the
detonation trace is used as the only indicator, it is not possible,
of course, to tell how close conditions were to causing detonation
when failure occurred.

It is recommerided that tests employing a "flying foil"
technique'*’!® be used to increase the useful information. One might
try placing a thin (but not too thin) layer of tough inert material
in flat contact with the end of the bhooster. If any appreriable
chemical reaction occurs in the booster, the layer of inert material
will fly off with a higher velocity than if no chemical reaction
occurs. Back-lighting would be used to shadowgraph the motion. The
system could be calibrated by obtaining the free-surface velocity

of the inert layer as a function of air gap thickness. By this method

it may be possible to tell in a comparatively few shots how close
conditions are to producing detonation in bonsters.

15
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FIG. 5 THE AQUARIUM ARRANGEMENT FOR MEASURING DETONATOR OUTPUT IN WATER
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SHOCK WAWVE
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| 5
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FIG. 9 SMEAR CAMERA RECORD OF LATERAL SHOCK WAVE EXPANSION FROM THE Kidd
DETONATOR FIRED UNDERWATER ‘
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FIG. 10 FRAMING CAMERA SHADOWGRAPHS OF SHOCK WAVF AND PRODUCT j
GAS EXPANSION FROM THE M84 DETONATOR FIRED UNDIRWAIER
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GAS BREAKOUT

CASE EXPANSION \
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TIME ——

FIG. 13 SMEAR CAMERA RECORD OF LATERAL CASE EXPANSION FROM THE M84
DETONATOR FIRED IN AIR
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FIG. 16 THE MICRODETONATOR
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FIG. 17 SUPERPCSED SKETCHES OF THE DETONATION TRACES FROM SHOTS 5, 6, AND 8

o




