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Abstract 
A two-stage approach to achieving detonation in a secondary explosive was 
developed in previous studies in which ignition resulted from low-energy hot wires 
or from laser diodes. In the current study, this approach was examined in some 
detail for the case of ignition by a pulsed, solid-state (rod) laser. An initial series 
of experiments used Ndglass, Nd/YAG, and Tihapphire lasers to investigate the 
ignition of graphite-doped HMX in highly confined optical fixtures that 
incorporated a fast piezoelectric pressure transducer. Experimental parameters 
included the laser power history and the explosive column length. The results of 
these experiments guided a second series of experiments in which the ignition 
column explosive was terminated by a thin rupture disc in contact with a transition 
column of low-density HMX or some other material. The transition. column was 
terminated with a piezoelectric time-of-arrival detector for determining overall 
function times. Parameters investigated included different laser sources, rupture 
disc thiclmesses, and the transition column explosive characteristics. Overall 
function times less than 50 microseconds were obtained, and trends established by 
the various parameter studies indicate that further reductions in function time can 
be achieved. 
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Introduction 

Research into the response of explosives to laser irradiation spans a period of nearly 
thirty years, with investigators utilizing a variety of laser types and a broad range of high 
explosives and pyrotechnics. A practical motivation for these studies has been the 
development of explosive devices that are immune to accidental firing by unintended 
electrical signals. A convenient means for delivering laser outputs to such devices was 
provided when optical fibers having very low losses became available. A number of the 
past studies examined the generation of detonation waves in secondary explosives1. Very 
prompt laser initiation (Le., excess transit times less than a microsecond) was achieved in 
several secondary explosives by generating shock waves using Q-switched, solid-state 
(rod) lasers293. However, practical implementation of these results has been hindered by 
the relative complexity of the laser systems and the tendency of optical fibers to damage 
when transmitting the very high power densities necessd .  

A two-stage approach for achieving detonation after laser ignition at much lower power 
densities has been pursued recently by several investigators5~6. This approach involves 
segmenting the explosive device into separate ignition and transition stages, and is based 
on earlier development of deflagration-to-detonation devices that utilized hot-wire 
ignition798. The basic elements of an optical two-stage device are shown in Fig. 1. The 

HIGH-STRENGTH BODY SEALED WINDOW 

USER 

IGNITION STAGE TRANSITION STAGE 
DOPED, HIGH DENSITY, HIGH 

SPECIFIC SURFACE AREA HMX 
LOW DENSITY, LOW SPECIFIC 

SURFACE AREA HMX 

Fig. I .  The huo-stage approach for achieving detonation in a secondary explosive. 

ignition stage is confined on one end by a sealed window, and on the other end by a 
rupture disc. Laser absorption in the ignition stage explosive results in confined burning 
up to a pressure dictated by the rupture disc. Subsequent rupturing of this disc results in 
rapid compression in the transition stage, where shock formation and transition to 
detonation occur. The explosive properties in the two stages are tailored to facilitate their 
different roles. The ignition stage explosive can be doped with a few percent of carbon 
black or graphite to improve its optical absorption at the laser wavelengthg. Most of the 
reported work has used HMX in both stages and ignition by laser diodes, although HMX 
ignition by solid-state lasers has also been mentioned. Reported function times for devices 
ignited by laser diodes have been as short as 0.4 milliseconds5. In the current study this 
two-stage approach to achieving detonation in a secondary explosive using solid-state 
laser ignition has been examined in some detail. 



The basic objective of the present work was to examine the extent to which overall 
function times could be reduced in a secondary-only, two-stage optical device that did not 
require firing by a Q-switched laser. This goal was pursued through experimental studies 
of variables that influence time scales for ignition, growth of reaction, shock formation, 
and transition to detonation. An initial series of experiments utilized fixtures that 
consisted only of an ignition stage terminated by a fast-response piezoelectric pressure 
transducer. Using pulsed (non Q-switched) Nd/Glass, Nd/YAG, and Tihapphire lasers to 
vary the incident optical power history, the growth of pressure in graphite-doped HMX 
ignition stages of various lengths was recorded in time. Results were used to guide a 
second series of experiments utilizing fixtures in which the pressure transducer was 
replaced with a titanium-alloy rupture disc having variable thickness followed by a 
transition column of HIVE or some other material. Shock or detonation wave breakout 
was recorded using a piezoelectric element at the end of the transition column. Transition 
fixtures were subsequently sectioned to observe the change in transition column diameter 
with length. Overall function times less than 50 microseconds were achieved, and the 
trends established by the various parameter studies indicate that further reductions in 
function time can be realized. The next section provides details on the different laser 
sources used in the current study. The following section describes the ignition stage 
experiments, and summarizes their results. Complete transition experiments and their 
results are then described. The final section discusses the results and summarizes the 
established trends. 

Laser Sources 

The effects of laser power history on ignition and subsequent reaction growth were of 
particular interest in the current study. A number of laser types were used to vary this 
power history over a broad range. All lasers were flashlamp-pumped, solid-state (rod) 
lasers operating at their fundamental wavelength in a free-running (non Q-switched) 
pulsed mode. A custom Nd/Glass laser from Laser Photonics with adjustable parameters 
in its flashlamp firing circuit was used to provide two types of input conditions. A Laser 
Photonics Model YNL-102 Nd/YAG laser was used with full or attenuated output to 
provide other input conditions. The output of both of these lasers consisted primarily of 
an extended sequence of relaxation oscillation "spikes," with little output power between 
the spikes. A prototype Tihapphire laser that not only used flashlamp pumping but also 
solid-state pump conversion (rather than conversion by liquid dyes) was provided by 
Cynosure, and resulted in more energy deposition earlier in time than could be obtained 
with the other lasers. In addition to having a much shorter overall pulse duration, the 
Ti/sapph& laser output consisted of smaller high-frequency spikes superimposed on a 
broader high-amplitude profde. Figs. 2a-2d show the output power histones of these 
lasers during the first twenty microseconds of their pulses. The incident power values 
correspond to conditions arriving at the HMX/window interface in the ignition stage after 
transmission through an optical fiber. Also shown in these figures are "delivered" energies 
as a function of time. The energy curves are simply the time integrals of the incident 
power curves, and do not account for reflected and scattered light that is not ultimately 
absorbed by the doped explosive. The Nd/Glass laser (Figs. 2a and 2b) has relaxation 
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Fig. 2d. Nominal operating characteristics of a prototype Tilsapphire laser from Cynosure. 

oscillations occurring every 2-4 ps over a total pulse duration of hundreds of 
microseconds. The Nd/YAG laser has oscillations occurring every 1-2 ps during a total 
pulse duration of less than 100 ps. The amplitudes of the individual oscillations from both 
of these lasers varied considerably during successive pulses, even though the total pulse 
energies would vary by only a few percent. The details of the Tihapphire laser output 
power history (Fig. 2d) were considerably more repeatable than those of the other lasers, 
with profiles from successive pulses essentially overlaying each other. Table 1 gives 
additional information on nominal delivered energies at different times during each laser's 
output, as well as some characteristic pulsewidths. 

TABLE 1. Laser Pulse Characteristics 

t1  =TIME AT WHICH E(t) = 0.5 X E-final 
t 2  = TIME AT WHICH E(t) = 0.95 X E-fid 

Ignition Stage Experiments 

The experimental assembly used to examine ignition stage characteristics is shown in 
Fig. 3. A laser pulse was delivered to the ignition stage explosive through a step-index, 
fused silica fiber terminated with a standard SMA 906 connector. Most experiments were 
conducted using fikrs having a core diameter of 0.40 mm, but diameters of 0.20 and 1.0 
mm were also used to examine the effects of laser spot size. The fiber end face contacted 
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Fig. 3. Assembly for ignition stage experiments. 

the 2.5-mm thick sapphire window within the assembly. The ignition explosive used in all 
experiments was based on the work of Ewick5sg. HMX powder with a specific surface 
area of 7460 cm2/g was blended with 3% by weight graphite, then pressed to a density of 
1.65 g/cm3. The ignition column had a diameter of 2.5 mm, and a length of 2.7 mm, 5.2 
mm, or 8.0 111111. A commercial piezoelectric transducer (PCB Piezotronics Model 
105A43) was mounted on the opposite side of the ignition stage explosive. This model 
transducer has a specified linear range of 30,000 psi and a rise.time of 2 ps. To provide 
the necessary pressure confinement for the laser-ignited HMX, static copper seals on both 
the window and pressure transducer were compressed to a stress beyond their elastic yield 
strength. No assembly parts were used for more than a single experiment. 

In each experiment, a calibrated fraction of the laser output was directed to both a fast 
phototube and an energy meter. The phototube signal was recorded simultaneously with 
the pressure transducer output on a digitizing oscilloscope (Tektronix Model 602 DSA). 
The phototube signal was proportional to instantaneous laser power, and the 
proportionality constant was determined from the energy measurement and by subsequent 
signal integration. The actual pressure values were found €torn recorded transducer 
outputs using the manufacturer's calibration for each unit. A typical pressure history is 
shown in Fig. 4. Zero time in this figure and in subsequent figures corresponds to the start 
of measurable laser output. Several distinct segments are identified in the figure. The 
initial period labeled "induction time" corresponds to the time for which there is no 
observable rise in pressure. This time is actually a combination of the time from the start 
of laser output to the start of pressure generation due to reaction in the initial volume of 
laser-heated HMX (adjacent to the window), a transit time for wave motion to reach the 
piezoelectric transducer, and the-transducer response time. This period is followed by a 
fairly rapid pressure rise up to a level of a few thousand psi. The next segment is an 
extended period of slow pressure growth, followed by a rapid rise to levels beyond the 
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Fig. 4. Characteristic ignition stage pressure history. 

linear range of the transducer. Although most pressure histories showed all of the features 
identified in Fig. 4, the details of these features varied widely. The experimental 
parameters that were altered in different experiments (laser source, explosive column 
length, and spot size at the window/HMX interface) all had significant effects. In addition, 
there was substantial variability between experiments in which the parameters were not 
changed. The causes for this variability wil l  be discussed in a subsequent section. 

Figure 5 shows the initial pressure rise observed in a few experiments in which the laser 
sourceandexplosive column length were varied. An arbitrary measure of the initial 
"induction time" can be identified as the time required to reach a pressure of 300 psi (a 
value above the level of initial oscillations that could be due to wave motion in the 
assembly structure). Using this measure, Fig. 6 shows a broader range of experimental 
results. For each column length, the TVsapphire laser consistently gave the fastest times, 
and the Naglass laser cases gave the slowest. Times increased with increasing fiber 
diameter (corresponding to decreasing power/energy density). The line shown in this 
figure approximates the fastest results (Tihapphire laser), and has a slope corresponding 
to a wave speed of 1 km/s. This line extrapolates back to the origin, indicating that the 
time from the start of laser output to the start of pressure generation in the initial volume 
of HMX heated by the laser is very short. Efforts to correlate this measure of "induction 
time" with details of the laser power histories (for a fixed column length) were largely 
unsuccessful. Even though the energy content and timing of the initial relaxation 
oscillation "spikes" from the YAG and glass lasers (Figs. 2a-2c) varied considerably, the 
power P(t) and deposited energy E(t) histories were determined for every experiment. 
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Correlations based on deposited energy after some number of spikes, or peak power of the 
first one or two spikes, always resulted in inconsistencies. The most consistent correlation 
obtained is shown in Fig. 7, in which "induction time" is plotted versus the delivered 
energy at a time of 0.5 ps. This figure shows the data obtained for all laser sources using 
a column length of 8.0 mm, including results obtained by attenuating the Nd/YAG laser 
output by factors of 3 and 10. 

50 

40 
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I 
0 10 
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U e 
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W 
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8.0 mm COLUMN LENGTH 

0.40-mm DrAMETER FIBER 

\ 

0.3 0.5 1 2 3 5 

DELIVERED ENERGY AT 0.5 MICROSECONDS - mJ 

Fig. 7. Correlation between "inducrion rimes" and (he delivered energy afier 0 5  p. 

Figure 8 shows a few complete pressure histories recorded up to the limit of the 
transducer's linear range. Results obtained for the shortest column length have a very fast 
initial pressure rise and essentially no period of slow pressure growth. Results for the 
longest column length have the longest period of slow pressure growth. As shown in one 
of these curves, the final pressure rise was not always smoothly accelerating. One 
measure of the ignition stage "function time" that can be drawn from these measurements 
is the time required for the pressure to reach 30 kpsi. For a complete transition device 
having a rupture disc intended to fail at a pressure near 30 kpsi, this measure indicates the 
time required from the onset of laser output until disc rupture. Figure 9 displays a 
summary of this ignition stage "function time" data for a broad range of experimental 
conditions. As in the initial pressure rise data shown in Fig. 6, considerable variability 
exists even for cases where experimental parameters were held fixed. A trend for 
increasing times with increasing column length is apparent, but trends based on laser 
source or spot size are not evident. 
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Transition Experiments 

The two-stage assembly used to investigate transition to detonation is shown in Fig. 10. 
A titanium alloy (Ti-6A1-4V) rupture disc having variable thickness is located at the end of 
the ignition stage explosive column. The ignition stage explosive was the same as in 
previous experiments. The 2.5-mm diameter transition column was typically loaded with 
low-density HMX powder having either a fine or coarse grain size. A number of initial 
experiments used an inert material (NaCl) in the transition column in order to observe 
rupture disc failure times, and a few experiments were conducted with low-density PETN 
as the transition explosive. The transition column was 16.5 mm long and sealed with a 
piezoelectric time-of-arrival detector for determining overall function times. The end of 
the threaded transition column holder had two shallow holes to permit assembly using a 
spanner wrench. The ignition stage column length was fixed at 8.0 mm in all transition 
experiments. Although this length resulted in longer times to achieve maxirnum pressures 
(Fig. 9), the larger mass of ignition explosive was considered more likely to drive the 
sheared rupture disc into the transition explosive effectively. In addition, only the 
NWAG and the Tihapphire lasers were used. As in the ignition stage experiments, a 
calibrated portion of the laser output was directed into both an energy meter and a 
phototube detector. The digitizing oscilloscope was used to record both the phototube 
signal and the output from the piezoelectric element at the end of the transition column. 
SMA 906 FIBER OPTICS CONNECTOR' 

FIBER DIAMETER: 0.40 mm 
\ Ti-6AI-4V RUPTURE DISC 

THICKNESSES: 0.22, 0.38.0.50,0.66 mm \ \ I TRANSITION COLUMN 
SAPPHIRE WINDOW 

- -  

PIEZOELECTRIC 
SHOCK WAVE 

COPPER SEAL DETECTOR 

COLUMN LENGTH: 8.0 mm 
TRANSITION COLUMN HMX 
COLUMN LENGTH 16.5 mm 

VASCOMAX 300 VM MARAGING STEEL 

Fig. 10. Assembly for complete transition experiments. 

An initial series of experiments using the assembly in Fig. 10 had only a 6-mm length of 
powdered NaCl loaded to a density of approximately 1.0 dcm3 within the transition 
column. The piezoelectric time-of-anival detector was inserted into the transition column 
holder for these tests. Different thickness rupture discs were used, and the resulting 
detector signals provided the corresponding times when compressive waves driven by the 
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rupture disc motion reached the end of the NaCl powder. A value for the sound speed in 
this materiallo was then used to estimate the time for the onset of disc motion. Figure 11 
shows the results of these experiments, along with additional estimates obtained in 
subsequent experiments that used an explosive in the transition column. The ranges 
shown in this figure correspond to three to five estimates for each value of rupture disc 
thickness. The fastest values for disc failure times indicate the expected increase with 
increasing disc thickness, although the typical scatter in values for each thickness is quite 
large. 

70 

60 

30 

0.2 0.3 0.4 0.5 0.6 0.7 
RUPTURE DISC THICKNESS - mm 

Fig. 11. Estimates of rupture disc failure time. 

Two types of HMX powders were used in complete transition experiments. The first 
was a fine powder for which Microtrac particle size measurernentsll gave a mean 
diameter of 12 microns and an overall range of diameters from 2 to 40 microns. Fixtures 
having this material loaded to a density of 1.24 g/cm3 and rupture disc thicknesses of 0.22, 
0.50, and 0.66 mm failed to detonate when fired using the NWAG laser. All of the 
explosive apparently burned, but the transition column holders' showed no evidence of 
growth towards detonation (discussed below). As a very fine powder pressed to this 
density was expected to be difficult to detonate', no further experiments with this material 
were performed. The second HMX powder was much coarser, having an average particle 
size of 150-200 microns and a diameter range h m  50 to 350 micronsl2. Transition 
column holders were loaded with this material to a density of 1.16 g/cm3. With one 
exception, every transition experiment conducted with this material produced significant 
expansion in the transition column holder, which was viewed as evidence that transition to 
detonation had occurred. A summary of these experiments is presented in Table 2. 



TABLE 2. Summary of Transition Experiments 

T8 0.66 HMX 110.4 I I I I 
'LASER MISFIRE (LOW OUTPUT ENERGY) 

Table 2 includes the results of two experiments in which the transition column holder 
was loaded with PETN powder to a density of 1.00 g/cm3. A BET measurement of the 
specific surface area of this powder gave a value of 4000 an2& The experiment labeled 
"T4" involved a misfire of the TVsapphire laser, in which a fraction of the normal laser 
output was delivered to the ignition stage. Figure 12 shows the energy delivery histories 
for this experiment and for successful experiments using the two lasers. The misfire case 
delivered more energy than a successful case (Tl) up to a time of 25 ps, yet this was 
insufficient to achieve detonation. 
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Fig. 12. Delivered energy histories for three transition experiments. 
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After the transition experiments were completed, all fixtures were bisected along a 
symmetry axis using a low-speed diamond wheel saw. The exposed interiors showed an 
expansion in the diameter of the transition cplumn holder, as sketched in Fig. 13. Each 
part was photographed, and diameter measurements as a function of distance were made 
from the photographs. Figure 14 shows these measurements up to the position where the 
spanner wrench holes begin. The thin wall beyond this position that divided the final 
portion of the transition column and the spanner wrench holes was missing in all fixtures 
that detonated (as indicated in Fig. 13). The case involving a laser misfire showed no 
transition column expansion except for a slight buckling of the thin walls adjacent to the 
spanner wrench holes. The fixtures containing the very fine-grained HMX showed no wall 
deformation whatsoever. 

SPANNER WRENCH HOLES (2) _I 

Fig. 13. Post-test examination of transition column holders. 

Discussion . 

A previously developed, two-stage approach to achieving detonation in a secondary 
explosive was examined in some detail in the current study for the case of ignition by 
a pulsed, solid-state (rod) laser. A basic objective of this study was to gain insights into 
the factors that governed time scales for ignition, reaction growth, shock formation, and 
transition to detonation. Ignition behavior was measured in terms of an "induction time" 
defined by the time from the start of laser output to the initial rise of pressure to some 
particular value. Reaction growth was examined by recording the complete pressure 
history in the ignition stage up to the linear-output limit of the pressure transducer used 
for these measurements. Shock formation in the transition column was driven by motion 
of the sheared rupture disc, and experiments using inert transition materials were 
conducted to estimate disc shearing times. Growth-to-detonation in the transition column 
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Fig. 14. Post-test diameter measurements of transition column holders. 

was examined by function time measurements and by post-test measurement of the 
progressive diameter expansion of the transition column holder. 

The "induction time" measurements summarized in Figs. 5-7 clearly showed certain 
trends. The shortest times were obtained with the Ti/sapphire laser, which has the highest 
rate of energy deposition during the initial few microseconds (but not necessarily the 
highest peak power). These times increased linearly with ignition column length. 
Experiments performed with different fiber diameters indicated that times would increase 
with decreasing energy/power density at the HMX/window interface. With column length 
and fiber size fixed, a correlation with initial energy deposition was suggested (Fig. 7), 
although the scatter in the results (Figs. 6 and 7) is quite large. Variations in these 
measurements under nominally constant experimental conditions could be due to 
differences in the absorption of the optical power by the heterogeneous HIvWgraphite 
pressings. Laser absorption occurs directly at the window interface and also at some 
depth due to material porosity and optical scattering. Graphite particles absorb much 
more effectively than HMX at the laser wavelength, and heat transferred from the graphite 
to adjacent HMX grains can substantially increase the net HMX heating. Several factors 
suggest that this process may not have been consistent during the ignition stage 
experiments. Low-power measurements of the hemispherical reflectance and 
transmittance of similarly pressed samples of the same m g r a p h i t e  powder 
demonstrated sample-to-sample differences of more than 20% in the effective absorption 
coefficientl3. In addition, pre-test visual examination of ignition stage pressings through 
the sapphire window using a microscope showed apparent differences between pressings 
in the areal percent of graphite and in the characteristic sizes of the graphite particles. 
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However, even though the role of absorbing dopants was shown to be very important 
under conditions of laser diode ignition (at power densities several orders of magnitude 
lower than the current experimentsg, it was found to be relatively unimportant under 
conditions of Q-switched laser initiation (at power densities several orders of magnitude 
higher)2. The relative role of optical dopants at the laser powers used in the current 
experiments, and the possibility of better control of the particle size and blending of 
dopants, would be useful topics for further studies. 

The growth of reaction throughout the ignition stage explosive was reflected in the total 
pressure histories (Fig. 8). These histories showed distinct behavior regions, although 
larger variability was observed in the details of these regions than in just the "induction 
time" data. The time required to reach the upper limit of the transducer's linear range (30 
kpsi) was taken to be a measure of ignition stage "function time" (Fig. 9). The spread in 
these times under relatively fixed experimental conditions was 30-35 ps, making trend 
identification difficult. An expected reduction in times with shorter column lengths was 
indicated, but trends based on laser characteristics were not evident. A possible reason for 
the variability in the total pressure histories is inconsistent sealing of the ignition charge at 
the window and transducer. Complete pressure confinement during reaction growth is 
essential for minimizing time scales. The copper seals used on these fixture elements were 
intended to be stressed beyond their elastic yield strength ( A 5  kpsi) by requiring certain 
torques to be applied during fixture assembly. However, a constant relationship between 
applied torque and seal stress is difficult to achieve in practice, and a lack of consistency in 
the actual sealing stresses could have resulted in premature venting of the ignition stage 
during the spread of reaction. Although pressures achieved by complete constant-volume 
reaction would ultimately cause properly stressed seals to fail, post-test examination of the 
fixtures showed no consistency in apparent failure mode. On most tests either the window 
or transducer seals would show evidence of venting, or the transducer itself would show 
evidence of internal failure. On many tests the window was destroyed. The results most 
representative of sustained constant-volume reaction are probablyhose characterized by 
the shortest times, and even for these experiments a clear advantage for a particular laser 
source is not apparent. Further work on ignition stage sealing would definitely be a useful 
aspect of future studies. 

Shock wave generation in the transition column explosive depends on the dynamic 
shearing of the rupture disc and its subsequent acceleration. Consequently, the 
composition and thickness of the rupture disc are important experimental parameters. A 
thicker disc should rupture at a higher pressure, sustaining the progressive constant- 
volume reaction in the ignition stage explosive for a longer time. Once sheared, however, 
the thicker disc has more mass to accelerate. A high-strength, low-density titanium alloy 
was first used by Ewicks at a thickness of 0.25 mm. The range of thicknesses used in the 
current experiments was based on predictions for dynamic yielding around the perimeter 
of the clamped disc at pressures ranging from approximately 10 to 60 kpsi. The estimates 
of disc failure time as a function of thickness (Fig. 11) show the expected trend, although 
the change with thickness is comparable to the spread of estimates for a particular 
thickness. The fastest estimates shown in Fig. 11 are slightly longer than the fastest 

15 



comparable times to reach 30 kpsi (8.0-mm column length) shown in Fig. 9, indicating that 
in these experiments the actual yielding was occurring after the onset of rapid pressure 
growth (Figs. 4 and 8) as intended. Post-test examination of these fixtures (particularly 
after sectioning) showed very clean shearing of the rupture discs around their perimeters, 
suggesting that the sheared discs were intact rather than fragmented. This suggestion is 
consistent with the demonstrated resistance of this titanium alloy to fragmentation under 
conditions of very rapid a~celerationl~. An intact disc accelerating into the transition 
column in a reasonably one-dimensional fashion is a transition-to-detonation configuration 
that has been studied in some detaill5. 

The complete transition experiments showed several useful trends. As expected from 
general shock sensitivity characteristics, a 1.16 gkm3 HMX powder having relatively 
large particles was much more useful for achieving detonation than a 1.24 g/cm3 fine- 
grained HMX (which showed no evidence of growth towards detonation in our 16.5-mm 
long transition columns). Dinegar7 tested 0.8 and 1.0 g/cm3 HMX in two-stage devices 
ignited by a hot wire, and found that only the lowest density would detonate. Ewicks was 
successful in detonating 1.0 and 1.2 g/cm3 HMX in a two-stage device ignited by a laser 
diode, but observed somewhat longer function times at the higher density. Clearly, further 
studies would be necessary to establish an optimum grain size distribution and pressing 
density. Dinegar7 also examined different rupture disc materials and thicknesses, and 
found that detonation could only be achieved in HMX with the thinnest discs. In the 
present study, the fastest function times (Table 2) were obtained with the thinnest discs 
tested (0.38 mm), and a trend for longer function times with thicker discs was clear. This 
trend suggests that a 0.22-mm thick rupture disc (used with other loads but not with the 
coarse-grained HMX) could have provided a shorter function time than was observed. In 
addition, the fastest function times were achieved with the both the TVsapphire and the 
Nd/YAG lasers, indicating that the higher initial power levels of the Tysapphire laser may 
minimize "induction times" (Fig. 6) but may be less important for the overall generation of 
a detonation. The results observed with a Tihapphire laser misfire (Fig. 12) raise the 
question of whether laser power incident at later times (>15 ps) can contribute importantly 
to final pressure growth in the ignition stage. Further studies could examine this question 
by shuttering the incident laser pulse of the Nd/YAG laser at certain times within its total 
pulse duration. 

Post-test measurements of the transition column holder showed significant expansion in 
experiments that were judged to have detonated (Fig. 14). The maraging steel used in 
these thick-walled fixtures has a nominal compressive yield strength of 150 kpsi, although 
much higher values can be achieved through proper material aging. The two experiments 
conducted using low-density PETN were expected to show a more rapid transition (due to 
this material's greater shock sensitivity), and the corresponding post-test measurements 
showed larger diameters closer to the rupture disc than in the HMX experiments. The 
measurements on HMX fixtures showed a more gradual expansion with distance, 
consistent with a relatively slow transition process. The gross deformations in the region 
of the spanner wrench holes (Fig. 13) may have prevented a clear picture of the final HMX 
transition behavior. The expansions of the fixtures in the region of the wrench holes were 
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similar for all detonating experiments, with the largest deformations measured for the 
slowest HMX case (T8). 

In summary, the current study shows that detonations can be generated in HMX or 
PETN in less than 50 ps in a two-stage device using pulsed (but not Q-switched) solid- 
state lasers. A Tihapphire laser gave the best overall results, but comparable function 
times were achieved using a simpler NWAG laser. The trends established in parameter 
studies indicate that faster function times could possibly be obtained by reducing the 
ignition column length and by using a thinner rupture disc. In addition, optimization of 
both the doped ignition stage explosive and the transition stage explosive, together with 
improvements in pressure sealing of the ignition stage, could further reduce function times 
and minimize their variability. 
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