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Low energy laser initiation of single 
crystals of 13-lead azide 

J .T .  H A G A N ,  M. M. C H A U D H R I  
Physics and Chemistry of Solids, Cavendish Laboratory, Cambridge, UK 

Unfocused low energy Q-switched and non-Q-switched ruby laser irradiation of individual 
single crystals of/3-lead azide of size 40/~m x 200 gm x 10 mm has been studied using high- 
speed photography. It was found that the init iation of fast reaction occurs at isolated 
sites which are probably defects and act as absorption centres in the dielectric which is 
otherwise transparent to the ruby wavelength of 694.3 nm. It has also been shown that it 
is the power and not the energy of the incident beam that controls the init iation under 
these low energy irradiation conditions. Finally, the variation of the time delay to 
init iation wi th the incident laser energy suggests a thermal mechanism of init iation. 

1. Introduction 
The problem of initiation of fast-sustaining reac- 
tion (hereafter called initiation) in reactive solids 
and damage in inert dielectric which are normally 
transparent to laser radiation is not well under- 
stood. Several mechanisms have been proposed to 
explain the absorption of the laser energy by the 
material and the ensuing damage. It is generally 
accepted that the basic absorption processes in 
most laser-dielectric interactions occur at im- 
purity centres and/or inhomogeneities (e.g. cracks, 
vacancy clusters, dislocations etc) in the dielectric 
[ 1 -4 ] .  However, with the focused beams normally 
employed in these experiments, the energy den- 
sities (~ 200 J cm -2 for non-Q-switched beam) 
and powers (~ 100MW for Q-switched beam) at 
the focus are so high that several energy absorp- 
tion processes such as multiphoton absorption 
[5 ,6] ,  dielectric breakdown [71, stimulated 
Brillouin scattering [8,9] and self-focusing [10, 
11] may also occur simultaneously. Any one of 
the above processes can lead to high temperatures 
and pressures which would damage inert dielectrics 
or cause initiation in reactive solids [12-14] .  

Very little work has been reported on the initi- 
ation of transparent reactive solids by laser beams 
apart from the studies by Brish etal. [15, 16], 
Yang and Menichelli [17] and Volkova et al. [18]. 
Brish et aL have investigated the initiation of com- 
pacts of pentaerithrytol tetranitrate (PETN and 

lead azide by focused non-Q- and Q-switched ruby 
(X=694 .3mm)  and neodymium glass (X= 
1069 nm) laser beams. They reported that (a)the 
delay time to detonation, r, decreased with the 
increase in the energy density of the beam, (b) the 
threshold energy density for initiation was con- 
stant for large beam diameters, but increased with 
smaller beam diameters and (c)the required 
threshold energy density increased with the in- 
creasing compaction pressure of the reactive solids. 
These authors have proposed that initiation occurs 
by absorption of the incident laser energy in a thin 
surface layer of the explosive and the subsequent 
rapid temperature rise generates shock waves 
which cause initiation [16]. 

These investigations of the laser initiation of 
reactive materials were carried out with focused 
high energy pulsed beams so that very high powers 
and energy densities were produced at the focus 
and any one or a combination of the mechanisms 
listed above could be important. In order to isolate 
the most likely absorption mechanism, it was 
decided to examine the effects of low energy un- 
focused ruby laser Q-switched and non-Q-switched 
beams of energy densities in the ranges 3 to 30 mJ 
cm -2 and 4 to 8 J cm -2 , respectively, on individual 
single crystals of ~-lead azide in which propagation 
of reaction occurs very readily [19] ; at such low 
energy densities and powers, processes such as 
multiphoton absorption, dielectric breakdown, 
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Figure 1 (a) Schematic diagram of the laser and camera arrangement. C and L are camera and laser, respectively, SL is 
the slit, L1 and L2 are lenses, SP is the lead azide crystal and F is the light source, (b) schematic diagram of the set up 
for measuring delay time to ignition. P, SC, I~ and C are the photodiode, oscilloscope, delay unit and camera, respec- 
ively, the crystal is between SL and P. 

self-focusing and stimulated Brillouin scattering 
are unlikely. 

Lead azide single crystals were chosen for this 
work because once fast reaction is initiated at even 
micrometer size "hot spots" in these crystals, 
rapid propagation occurs readily throughout the 
entire crystals. On the other hand, the propagation 
of reaction in the high explosives RDX (cyclotri- 
methylene trinitramine), HMX (cyclotetra- 
methylene tetranitramine) and PETN only occurs 
after conditions of confinement, compaction den- 
sity (for compacts) and pressure pulse are satisfied 
even when the critical hot spot temperature for 
initiation has been achieved; these conditions in- 
troduce extra complications into the initiation 
studies of high explosives which were excluded in 
our investigations. 

Since the laser pulses are of short duration (~ 
80 nsec to '0 .8  msec) and the time delay to initi- 
ation of the reactive solids with which they inter- 
act is in the range 0.1 to 1 msec, these studies re- 
quire high speed recording techniques. For the 
work described in this paper, high speed framing 
photography at rates of up to 1 million frames per 
second has been used to follow the initiation in 
individual single crystals of/~-lead azide under ruby 
laser irradiation and also to study the delay times 
to initiation. The results indicate that under low 
energy irradiation with unfocused Q- and non-Q- 
switched beams, the initiation in these crystals is 
probably thermal in origin and it occurs by single 
photon absorption at isolated defect sites in the 
crystal. Moreover, the initiation appears to be 
controlled by the power and not the energy 
density of  the incident beam; this is however con- 
trary to the conclusions of Volkova et al. [18] for 
laser initiation of PETN. 

2. Experimental procedures 
/~-lead azide single crystals were grown by a dif- 
fusion method [20]. From the batch of crystals 
obtained, good quality crystals of dimensions 

40/~m x 200/1m x 10 mm were selected for 
this work. The crystal system is monoclinic and 
X-ray analysis showed that the c-axis of the 
crystals was along the length. A ruby laser (X = 
694.3nm) model 351 Bradley type which could 
be operated in non-Q-switched (duration: 1 msec), 
or Q-switched modes (duration: 80nsec) using a 
dye cell was employed. The crystals were irradi- 
ated with the unfocused laser beam. 

Two high-speed framing cameras; namely a 
Beckman and Whitley model 189 rotating mirror 
type and an Imacon image convertor model 600 
type, were used for this work. Tl~e former was em- 
ployed mainly to observe the damage and anyiniti- 
ation occurring in the crystal due to laser irradi- 
ation, while time delay to initiation after irradiation 
was determined with the latter. The experimental 
arrangement is shown schematically in Fig. 1; in 
Fig. 1 the beam from laser, L, passes through a slit, 
SL, of dimensions 2 m m x  15 mm, placed at a dis- 
tance of 150 mm from the laser window and irradi- 
ates the sample, SP, which is positioned along the 
axis of the laser. The slit is oriented such that its 
length is along the horizontal diameter of  the beam 
and the crystal length is normal to the slit length. 

The sample is back-lit with the flash from a 
xenon-filled F.A. 5 flash tube, L2 is a condenser 
lens and L1 is an additional objective for the 
rotating mirror camera C; the optic axes of the 
camera and the laser beam are inclined to each 
other at an angle of  45 ~ . In this set up the laser 
and the flash tube are triggered by synchronous 
pulses from the camera control unit. 
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Figure 2 Delay times to ignition as a function of incident energy for (a) non-Q, switched beams and (b) Q-switched 
beam. The curve, labelled A, is the pulse length at different output energies. 

The arrangement for the  Imar work is illus- 
trated in Fig. lb. Synchronization of the camera 
with the event was achieved by taking two 
synchronous electrical pulses from the "SYNC" 
output control unit of laser to (i) trigger the trace 
of an oscilloscope, SC, and (ii)through a delay 
unit, D, to trigger the Imacon Camera, C. The sig- 
nal from a photodiode, P, placed in the path of 
the 'bearo through the slit, SL, is displayed on the 
scope trace from which tim start of  the lasing 
action is noted. The camera, C, records the 
moment of initiation in the sample. The time 
delay between the irradiation of the sample and 
initiation was obtained from the various quantities, 
namely, the lasing time, the delay time in the unit, 
D, and the frame number of the photographic 
sequence in which the initiation occurs. 

The delay time was measured as a function of 
the beam energy (this was varied by changing the 
voltage on the discharge lamp) of the laser for 
both Q- and non-Q-switched modes of operation. 
The beam energy (the portion transmitted through 
the slit) was measured with a laser calorimeter 
(ITL, model 136, 1018) capable of measuring 
energies in the range 1 mJ to 30 J. 

In order to calculate the temperature rise in the 
~4ead azide we need the value of the absorption 
coefficient, of the crystals at the laser wavelength. 

This was obtained by taking an optical absorption 
spectrum of a good quality crystal using a Perkin 
Elmer 323 spectrometer. 

3. Results 
3.1. Thresho ld  energies 
First, the threshold energies for the initiation in 
these crystals for both Q- and non-Q-switched 
pulses were established as 1.5 mJ cm -2 and 4.5 J 
cm -2 , respectively. The value of 4.5 J cm -2 is in 
good agreement with 4 . 9 J c m  -2 for non-Q- 
switched pulses for the case of dextrinated lead 
azide powder at a loading pressure of 14MPa 
[21]. Other workers give data for powders for 
unfocused [15] and focused [20] beams; our 
value of 1.5mJ cm -2 for a Q-switched beam is 

40 times smaller than the value reported by 
Brish etal.  [15, 16]. On the other hand the value 
given by Field et  aI. [20] is two orders of magni- 
tude higher than our value for non-Q-switched 
beam. The causes of this are not clear. 

3.2. Delay times 
The delay times between the irriadiation and initi- 
ation of the crystals as a function of the incident 
energy density for both non-Q-switched and Q- 
switched pulses are shown in Fig. 2a and b; each 
point on the graphs represents an average of 10 
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Figure 3 High-speed photographic sequence of laser initiation of 13-lead azide taken with the Beckman-Whitley 189 
camera at a framing rate of l~sec per frame. The arrows in flame 1 mark the iegion of the crystal under irradiation. 
The arrows marked A, B and C in fiames 3 and 4 show the initiation sites. 

measurements  and the representative errors are 
also shown. It was found that for the non-Q- 
switched beam the duration of  the pulse increased 
with the output  energy (see Graph A in Fig. 2a). 

It will be seen from Fig. 2a and b that the 
energy of  the Q-switched beam is considerably 
smaller than that  of  the non-Q-switched pulses for 
a similar time delay to initiation. Moreover, delay 
time to initiation also decreases inversely with the 

beam energy for both  types of  pulse; such a depen- 
dence has been at tr ibuted to a thermal mechanism 
of  initiation [ 16].  

3 .3 .  H i g h - s p e e d  p h o t o g r a p h i c  s e q u e n c e s  
High-speed framing photography revealed a num- 
ber of  interesting features of  the initiation and 
propagation o f  reaction. Initiation, especially with 
the non-Q-switched beam, always occurred at dis- 
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Figure 4 High-speed sequence of non-Q-switched laser initiation of 13-lead azide crystal. Framing rate is 1 ~sec per frame. 
The sequence shows initiation and fragmentation of the crystal. Again the arrows in frame 1 show the region of crystal 
under irradiation. 

crete localized sites. Occasionally, for incident 
beam energy densities near the initiation threshold 
value, violent fragmentation of  the crystal also 
took place. A typical high-speed camera sequence, 
taken at 1 tJsec per frame of  the initiation with a 
non-Q-switched pulse is shown in Fig. 3. The 
energy density of  the beam was 5 J c m  - 2  , which is 
just above the threshold value of  4.5 J cm -1. The 
arrows in frame 1 mark the region of  the crystal 
irradiated (the total irradiation time was 

800t~sec). Initiation occurs at regions A and B 
as indicated by the formulation of  the gaseous 
reaction products. The reaction spreads along the 
length of  the crystal at a speed of  ~ 730msec -1 , 
which is in agreement with earlier work [20] ; one 

microsecond later (i.e. frame 4) another initiation 
site is formed at C. Frames 5 and 8 show the 
expansion of  the gaseous reaction products. Note 
that the reaction cloud has bulged out at the point 
where initiation took place first (see point D). 

Another sequence, taken at 4 ~sec per fram% of, 
the fragmentation of  a crystal by a non-Q;switched 
beam of  energy density 5 J c m  -2 is shown in 
Fig. 4. In frame 1 the irradiation has occurred for 

950 ~sec, and the crystal has broken into several 
fragments. Judging by the distance to which the 
fragments have scattered and the expanse of  the 
dark reaction products, it can be said that the 
reaction was initiated but failed to propagate. The 
size of  the fragments is in the range 10 to 300/am 
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Figure 6 Imacon high-speed sequence of Q-switched laser irradiation of 0-lead azide crystal. The framing rate is 4 usec 
per frame. It shows the corrugated and serrated barrel nature of the decomposition products in frame 3 and it is 
indicative of simultaneous initiation at different sites on the crystal. 

and their velocities are up to 100 msec -1 . Clearer 
evidence for the cracking of  the crystal is indicated 
by C in frame 6; such a crack which cuts right 
across the width of  the crystal would tend to stop 
the propagation of  the reaction. In fact, we have 
observed that in some cases a propagating reaction 
stops altogether after having travelled some dis- 
tance. An example is shown in Fig. 5; the reaction 
is initiated in frame 3, but  ceases completely in 
frame 6. Similar observations have been reported 
by Chaudhri and Field [22] for single crystals of 
~-lead azide in which reaction was initiated by an 
exploding bridgewire. They have attributed the 
failure of  propagation to the inability of  the 
reaction to continue across large physical dis- 
continuities (such as cracks) in the crystals. 

With the Q-switched beam and for energies 
above the threshold values, the initiation appeared 
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to occur simultaneously (i.e. in a time "much less 
than the intefframe time of  1 to 5/asec) over the 
entire irradiated surface of  the crystal. A sequence 
taken with the Imacon camera is shown in Fig. 6. 
It is uncertain whether with the Q-switched beam 
the reaction is also initiated at discrete points. It 
can, however, be inferred from the corrugated 
edges of  the barrel-shaped reaction products that 
the reaction may have started simultaneously at 
several closely spaced localized sites. 

3.4. The optical absorption spectrum of 
the crystals 

The absorption spectrum was measured in the 
wavelength range 340 to 2600 nm, but in Fig. 7 we 
show the room temperature results for the wave- 
length region up to 700 nm only for a 24/am thick 
/3-1ead azide crystal. It will be seen that the absorp- 

Figure 7Absorption spectrum of 24/~m thick 
/3-lead azide crystal in the wavelength range 
340 to 700nm. 
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tion edge is in the wavelength region 390 to 
420nm. For longer wavelengths the transmission 
gradually increases to 40% for the ruby laser wave- 
length of 694.3 nm. (It should be mentioned that 
no peaks were observed up to the longest wave- 
length used i.e. X = 2600nm.) The absorption 
spectrum of the sample cooled down to the liquid 
nitrogen temperature was also obtained; no struc- 
ture appeared in the absorption edge, but the edge 
shifted slightly to a lower wavelength range of 
380 to 400 nm. 

An estimate of the reflectivity of the crystal 
surface may be made from the knowledge of its 
refractive indices; the values quoted by McCrone 
[23] in the crystallographic directions a, b and c 
are 1.98, 2.14 and 2.7, respectively. As in our 
experiments the beam direction was along the 
a-axis, we take the average of the refractive indices 
in the other two directions and estimate the reflec- 
tivity as 0.17. By taking into account the reflec- 
tion from the front surface and ignoring the rear 
surface, ~, the absorption coefficient may be 
determined from 

T(1 - - R  g e -2ad) = (1 - -Ro)  2 e -ad (1) 

where T is the transmission, Ro the reflectivity 
and d, the crystal thickness in the beam direction. 
The value of a at 694.3 nm is 2.3 • 104 m -1 . 

4. Discussion 
/3-lead azide crystals are transparent to the ruby 
laser wavelength. For a =  2.3x 104 m -1 and an 
incident energy of 1 J cm -1 , we estimate a tem- 
perature rise of  less than 2 K in the crystal. The 
area of the slit is 3 x 10 -s m 2 so that from Fig. 2, 
incident energies of 4.5 J cm -2 and 1.5 mJ cm -2 
for the cases of non-Q-switched and Q-switched 
beams, respectively, cause initiaton in these 
crystals and as non-thermal processes such as 
cracking and fragmentation are unlikely to be 
important [24], it needs to be explained how the 
necessary ignition temperature of at least 680 K is 
attained. 

We now consider the localized nature of the 
process of initiation of reaction as revealed by high- 
speed photography (see Fig. 3). These observations 
indicate that at these isolated regions, the initiation 
temperature is at+ ,aed  due to the high absorption 
of the incident beam energy. These absorption 
centres are probably metallic inclusions which are 
less than 1 pm in size since they are not resolvable 
under an optical microscope. Such impurities are 

known to have a profoundly degrading effect on 
the laser damage threshold of inert dielectrics [3, 
4].  At the very low energy densities used in our 
experiments, single photon absorption by these 
impurities is the most likely absorption process 
for producing sufficiently high localized tempera- 
ture rises. 

Further support for the thermal mechanism of 
initiation comes from the time delay, r, against 
energy measurements. It has been shown that 7 
is much shorter for the Q-switched beam than that 
for the non-Q-switched beam, even though the 
energy density is much less in the former. An 
examination of the data shown in Fig. 2a and b 
indicates that ~ is controlled by the power rather 
than the energy density of the incident beam. As 
an example, for 7 = 300/asec, the energy densities 
for the Q-switched (pulse duration 80msec) and 
non-Q-switched (duration 850/asec) pulses are 
3mJ cm -2 and 7.2J cm -2, respectively; the 
corresponding powers for the two beams are 
3.75 x 1 0 4 W  and 8.4 x 103W, respectively. Note, 
however, that while the energy densities in the two 
cases are different by 3 orders of magnitude, the 
power of the beams are approximately the same; 
this gives an indication of the controlling process. 
Similar observations have been reported for the 
initiation of laser damage in inert dielectrics by 
Arkhipov etal.  [25]. These authors have also 
suggested that the most probable cause of the 
damage is the thermal explosions at defect or 
impurity centres. 

In the lead azide crystals the most likely 
inhomogeneities are colloidal lead particles. It 
is possible to estimate the temperature rise of 
these particles for a given laser pulse. As the 
thermal conductivity of lead azide is much smaller 
than that of the lead particles, we assume that 
these particles are perfectly conducting and are 
in perfect contact with the crystal matrix and 
that the particles lose beat by conduction 
alone. 

The solution to such a problem has been given 
by Carslaw and Jaeger [26], and the average tem- 
perature rise, AT, of  an impurity particle is given 
by 

3exJt  
2xT ~ K 

4CviRi 

for short-time irradiation or large particles (R'i >> 
(Dgt) t/2 ) and 
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for long-time irradiation or small particles (Ri 
(Dgt) 1/2) where q = 3Cwn/C~i and Cvm and C~i 
are the specific heats for the matrix and the inclu- 
sion, respectively. J is the radiation flux per unit 
time, t, the pulse duration, ex the emissivity and 
R i is the radius of the particle. To avoid compli- 
cated conduction problems associated with long- 
time irradiation with the non-Q-switched beam, 
only Q-switched data will be considered here. 

Fig. 8 shows the temperature rise variation with 
particle size for the Q-switched beam at 3 different 
energies used in these experiments. The physical 
constants of/3-lead azide are listed in Appendix 1. 
It will be seen from the curves in Fig. 8 that as 
the incident energy is increased the size of the 
particle which attains the initiation temperature 
also increases. However, since the time delay to 
initiation is a sensitive function of the "hot spot" 
temperature as predicted by thermal explosion 
theories, the controlling size will be the one for 
which the temperature rise is the maximum. This 
is supported by our experimental observations that 
for a given incident energy the time delay to initi- 
ation is constant. 

From the temperature rise against particle size 
curve for the Q-switched beam of the threshold 
energy we can also find the minimum size of the 
lead particles; for these crystals the radius of this 
minimum size particle is 0.04 #m, which is consis- 
tent with the fact that under an optical micro- 
scope the inclusion particles are not visible. 

It should be stated that lead particles of dia- 

Figure 8 Shows the variation of temperature with 
the radius of the absorption impurity for Q- 
switched beam at three different energies, used in 
the experiments. Curves a, b and c represent 1, 2 
and 8mJ incident energies, respectively. The 
explosion temperature of /~-lead azide is also 
indicated. 

meter less than 10 nm are unlikely to cause initi- 
ation even if their temperatures are ~ 1000 to 
2000K. Evidence in support of this comes from 
the experiments of Bowden and co-workers [26] 
who irradiated heavy metal azides with neutrons 
and fission fragments, in order to produce very 
small size "hot spots", without causing initiation. 
Rough calculations show that in these experiments 
"hot spots" of an approximate diameter of 10 nm 
and temperature of 2000 K may have been reached 
within the material. 

At present, kinetics of decomposition of/Tlead 
azide at high temperatures, such as attained in 
these experiments, is not known. It should be 
possible to calculate the time delay to initiation 
for different beam energies using the time- 
dependent thermal theory of explosion and com- 
pare these with the measured values using the 
criticle particle size of 0.04#m for all three 
incident energies. 

5. Conclusion 
Initiation of individual 13-lead azide single crystals 
by unfocused ruby laser pulses of low energy den- 
sities, both Q-switched and non-Q-switched, has 
been shown to occur at isolated microscopic 
regions, which are probably lead particles. By 
measuring the time delay to initiation for dif- 
ferent incident energies, it has been argued that 
the initiation is thermal in origin. Finally, we may 
conclude that under suitable conditions for pro- 
pagation of a fast reaction, initiation in secondary 
explosives containing microscopic inclusion par- 
ticles may also be achieved by unfocused low 
energy density laser pulses. 
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A r m a n e n t  Research  and Defence  and the  Ministry 

o f  Defence  (P rocu remen t  Execut ive) .  

A p p e n d i x  1 

Proper t ies  of/3-lead Azide:  

Densi ty ,  p = 4.9 x 103 kg m -3 ; 

Specific heat ,  c = 3.8 x 102 J kg -x ; 

Heat  o f  react ion,  Q -- 1300 x 102 J kg -1 ; 

Act ivat ion energy,  E = 168 x 103 J mo1-1 ; 

F r equency  factor ,  Z = 1013 sec -I ; 

Thermal  conduc t iv i ty ,  K = 16 x 10 -2 J m -1 
sec -1 K -1 " 

Appendix 2 
Proper t ies  o f  lead: 

Emissivity,  e~, = 0.3;  

Densi ty ,  p = 11.4 x 103 kg m -3 ; 

Specific heat ,  c = 1.38 x 1 0 z J  kg -1 K - I ;  

Thermal  conduc t iv i ty  = 34.6 J m -1 sec -1 K -1 . 
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