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Abstract: This article focuses on an investigation of the optical initiation of
the light-sensitive energetic complex perchlorates 3(5)-hydrazino-4-amino-
1,2,4-triazole copper(Il) perchlorate and 1-H-5-hydrazinotetrazole mercury(II)
perchlorate. It is shown that light emission initiates an explosion in energy-
rich formulations (compositions) based on these complexes, EC-1 and EC-2
respectively. It was found that the pyrotechnic formulation EC-2 containing the
mercury complex may be used to initiate detonation in highly energetic materials.
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1 Introduction

Reliability and high speed of operation has made the electrical method of detonation
initiation the major method used in the twentieth century. The disadvantage of this
method of initiation is the sensitivity of electric detonators to static electricity, stray
electric currents and electromagnetic fields. Light initiation of explosive material
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charges is a promising method for blasting work because of its high safety. The
initiation of energetic material charges with a light pulse provides reliable protection
of the circuit from false pulses, as there are no random sources with sufficient
power in the optical range to initiate blasting caps [1-5]. Light initiation may be
successfully used in many explosion technologies and gas-dynamic devices. At
present in the USA, pulse laser initiation of light-sensitive energetic materials is the
most popular technique that makes it possible to create reliable initiation devices
for rocket and space technology [5] and artillery systems [6]. Laser initiation
techniques need highly qualified professionals to be able to carry out adjustment of
the optical path of the laser initiation devices. Laser diodes and non-coherent light
sources, being simpler and more reliable, may be more promising for excitation
of optical detonators under intense mechanical and thermal loading, with lack of
diagnostic equipment, and poor training of explosive operators.

Chemical processes occurring during irradiation of chemically active
materials with sources of light radiation have their special characteristics.
Primarily these characteristics are associated with non-equilibrium states caused
by time-dependent reactions, and secondly, with the mutual influence of the
chemical state of the environment, and processes of energy and mass transfer in
the field of a powerful light wave. Unfortunately these problems remain unsolved.

In the present paper, the experimental results of the interaction of the
energetic formulation EC-2 with a laser diode beam and the interaction of
formulations EC-1 and EC-2 with a pulse of non-coherent radiation from a flash
lamp, are discussed.

2 Experimental

3(5)-Hydrazino-4-amino-1,2,4-triazole copper(Il) perchlorate was synthesized
according to a literature method [7]. The method for the preparation of 1-H-5-
hydrazinotetrazole mercury(Il) perchlorate is given in [8]. In the preparation
of the energetic formulations EC-1 (copper perchlorate complex) and EC-2
(mercury perchlorate complex), an optically transparent polymer [a copolymer of
2-methyl-5-vinyltetrazole (~98%) and methacrylic acid (~2%) (PVMT) (Technical
requirements TU 38-403-208-88)] was used as an inert matrix (binder) in an amount
of 10+ 1.5 wt.% of the metal complexes. The energetic formulations EC-1 and EC-2
were prepared according to the method described in [9]. Testing of the energetic
formulations was carried out in 5 mm diameter brass caps of 2 mm height. The
properties of the light-sensitive copper(1) and mercury(II) chlorate(VII) complexes,
as well as the light-sensitive formulations EC-1 and EC-2, are given in [10-17].
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3 Discussion

3.1 Study of the interaction of the light-sensitive formulation EC-2

with a laser diode
The interaction of the light-sensitive formulations EC-1 and EC-2 with a pulsed
solid state neodymium laser (A=1.06 um) had been studied previously, both in
the mono pulse mode and in the free generation regime. The ignition delay for
the EC-1 formulation under the mono pulse mode (t=30 ns) was 5£2 us. The
ignition delay for the EC-2 formulation under the mono pulse mode (1= 10 ns)
did not exceed 400 ns. In the free generation mode (t=30 pus) it varied from 1 to
15 us, on decreasing the pulse energy density (J/cm?) by a factor of 10. For both
formulations, laser radiation of sufficient energy density caused an explosion of
the EC that could initiate detonation of the charge of another energetic material.
The initiating ability of the energetic light-sensitive EC-2 formulation was higher
than that of the EC-1 formulation. A model optical detonator (OD) was designed
on the basis of formulation EC-2, where the formulation EC-2 was separated
from the blasting explosive by a metal cup, to make the sample safer. Initiation
of'the OD was performed through an optical fibre by the light from a mono pulse
neodymium laser. Initiation of EC-2 in all cases led to the transfer of detonation
to a charge of HE (PETN or RDX) placed under the cup [5].

Laser diodes have found practical application as sources of energy pulses
for the initiation of detonation in light-sensitive energetic materials [6, 19, 20].
However, there is no information in the literature about the possibility of initiating
an explosion in charges of EC-1 and EC-2 formulations by means of laser diodes.

The processes of initiation of explosion in charges of EC-2 formulations
were investigated with a TO-56 type laser diode (People’s Republic of China),
producing radiation of 445 nm wavelength (blue light) with a radiation output
power of 1 W. The flowchart of a PRC radiator setup is shown in Figure 1.
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Figure 1. Flowchart of the TO-56 type laser diode setup.
1: Start press-button; 2: storage battery; 3: pulse power supply

(PPS); 4: laser diode (LD); A, B, C — management scheme points
of connection.
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The TO-56 type laser diode has a built-in pulse power supply (PPS) working
from 2 storage batteries having a voltage of 3.7 volts. The principal feature of
the PPS setup is the existence of time-delay and time of acquiring the output
mode. For stabilization of the parameters of the PPS a synchronizable electronic
control scheme was developed. The scheme included an electronic key with
a minimum possible voltage failure, and a stabilized source of sufficient power
was used instead of a storage battery, for work with a laser diode. These changes
prevented a decreasing radiation level at prolonged luminescence times.

The IRT4905 enhancement mode transistor, with the induced channel,
was applied as an electronic key. Transistor IRT4905, having allowable power
dissipation, operating voltage and speed, is perfectly suited as the electronic key.
The scheme of the TO-56 type laser diode setup controlled by the electronic key

is shown in Figure 2.
6
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Figure 2. The control scheme of the TO-56 type laser diode setup with an
electronic key.
1: AKIP-3402 type pulse generator (PG); 2: resistor; 3: IRT4905

transistor; 4: B5-90 type power supply (PS) for the laser diode;
5: pulse power supply (PPS); 6: laser diode.
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Electronic key control was provided by a AKIP-3402 (Russia) type pulse
generator in active output resistance mode. Duration-adjustable pulses of PG
AKIP-3402 were varied in the range 0-1 s in 1 ms increments. For the laser
diode, a B5-90 type power supply (Russia) was used. The radiation source was
connected to the power supply through a control circuit for the pulse duration
and PG. The pulse duration of the PG was in the range from 3 ms up to 3 s.

Delay time measurement of the switching PPS showed that with the above
type of power of laser diode, the delay time of the PPS was equal to 2.5 ms, and
the time to total radiation power was 7.3 ms. Thus, the total time-to-emitter-up
period was not more than 10 ms.

In the study of the sensitivity of the EC-2 formulation to photons of blue
light, a cap with EC-2 composition was mounted in a hole (diameter 5.5 mm)
in a Plexiglass board. The fittings were installed at 300 mm distance from the
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emitter. The explosion of the EC-2 formulation was accompanied by a loud
bang and was recorded with a high-speed video and photosensors. Taking into
account the amendments to the output of the radiator to the operating mode, the
average time of initiation in the experiments with fifty assemblies was 30+ 10 ms.
Figure 3 shows a sequence of images for the initiation process of the EC-2
formulation, obtained with a shot-speed video camera “Video Sprint” (Russia).

C,t=20ms D, t =30 ms
Figure 3. Storyboard of video recordings.

The speed shooting parameters for these experiments were 100 /s at 100 ps
exposure. A — the first photograph (t=0) shows that the luminescence from the
laser diode is absent. B — the second photograph (t=10 ms) shows that there is
a glow from the laser diode (note spot being reflected on the surface of the EC-2
formulation and on the surface of the Plexiglass board). C — the third photograph
(t=20 ms) shows a bright glow from the source (note the increase in the reflection
on the background screen). D — the fourth photograph (t=30 ms); the laser beam,
being invisible when shooting, was rendered visible in the reflected light of the
laser beam due to scattering of the explosion products (initiation had occurred).

Figure 4 shows the typical pressure levels of air shock waves obtained in
the experiments with the initiation of the caps with EC-2 formulation by the LD
beam using piezoelectric pressure sensors XCQ-080-5PSI (USA). Piezoelectric
pressure sensors and the cap with the EC-2 formulation were located according
to the scheme (Figure 4A).
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Figure 4. Pressure of the air shock wave at different distances from the cap
with the EC-2 formulation.

From Figure 4 it can be seen that the pressure levels in front of the air shock
wave (compression phase) do not exceed 3 kPa (measurement by sensor 1)
in about 50 cm in the direction of initiation. This fact indicates the relative
safety of the construction being used in the experiments as a generator of weak
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shock waves. Figure 4 also shows the lack of symmetry in the expansion of
the detonation products (the difference in the parameters of the air shock waves
in the areas of sensors 2 and 3). This fact may be indicative of a complex
mechanism of explosion initiation in the light-sensitive composition EC-2,
leading to asymmetric perturbations.

3.2 Initiation of formulation EC-2 through an optical fibre

The possibility of optical initiation of EC-2, which is out of the line of sight of
the radiant, was demonstrated by using a 50 cm long flexible optical fibre with
square inlet and outlet sections having 3 mm side. Figure 5 shows the general
scheme of the experiment.

Figure 5. Scheme of the experiment: 1: photo-sensor is fixed on a plate
of Plexiglass; 2: cap with EC-2 formulation; 3: optical fibre;
4: emitter setup.

The location of the optical fibre (remote input of radiation, a relatively
large deflection) corresponds to the most stringent conditions for its potential
applications. Loss of transmitted power from the laser diode due to aperture
losses and the absorption of laser radiation in the optical fibre material were
estimated to be at least 75%.

Figure 6 shows successive photographs of a high-speed video recording
of the initiation of the EC-2 formulation in this scheme. The parameters of
the speed camera “Video Sprint” (Russia) in the experiment were 2000 /s at
100 ps exposure. The laser diode was connected to the power supply through an
operating circuit checking the pulse duration generated by the GP (see Figure 2).
The pulse duration of the GP in the experiment was equal to 2 s.
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A: no initiation. The reflection of the
laser beam by the assembly is seen.

B: (in At= 500 us from A) initiation
has occurred: products of explosion
are distributed to the left of the bot-
tom of the cap (in the direction of the
initiating pulse) and in the half-space

forwards; additional reflections ap-
pear due to scattering of the radiation
on the ruins of the cap.

C (1n At— 1 ms from A) dlstrlbutlon
of the products is slowing; the end of
the optical fibre is broken, but the fi-
bre partly preserves its transparency,
the laser light is transmitted.

D: (in At = 1 5 ms from A) products
continue to spread around the back-
ground of the screen. Optical fibre
continues to transmit the laser diode
emission but deviates considerably
from the initial position due to the re-
sulting pulse.

l&l‘.".&

E: (1n At=2 ms from A) the majority
of the products are dissipated in com-
parison with the previous photo; the
diverging end of the fibre is projected
onto the border of the Plexiglass plate.

F: the result of processing of photos
A and C by the shadow background
method allows the shock wave formed
at the initiation of EC-2 formulation to
be visualized.

Figure 6.

Storyboard of the video recording of the initiation of the EC-2

formulation in the experiment with an optical fibre.

The initiation time in the experime

nt, according to the video recording and

the recording of the photosensor, was 408 ms.
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Conclusion: while the power of the laser diode decreases from 1 W to
less than 0.25 W, the initiation time increases from approximately 30 ms up to
approximately 400 ms. The results demonstrate that the explosion of the EC-2
formulation occurs as a deflagration to detonation transition. Ignition of EC-2
begins in hot spots. Micro-inhomogenities of the composition are probably the
sources of these hot spots. The concentration of the hot spots depends on the
power of the laser beam. The radiation from the LD probably causes changes
in the optical characteristics of the EC-2 formulation in the process of initiation
[2]. Additional experiments with double the length of optical fibre, having much
greater absorption of visible light, have shown that the ignition of the EC-2
formulation occurs when the beam power of the LD is not more than 0.1 W.

3.3 Creation of the model optical detonator

To check the possible excitation of detonation in HEs, the light-sensitive
formulation EC-2 was used. Detonation was initiated with the laser diode beam.
Experiments were carried out according to the scheme shown in Figure 7.

Figure 7. Installation diagram for the initiation of HEs.
1: oscilloscope; 2: photosensor; 3: cap containing EC-2; 4: container
with HE; 5: screen; 6: delay unit; 7: speed video camera; 8: PC;
9: GP; 10: TTL; 11: laser diode setup; 12: PS; 13: key.

The following HEs were investigated: 1) PBX formulation (75% PETN
and 25% polymer, detonation velocity D=7.8 km/s, density p,=1.53 g/cm?)
which was in direct contact with the cap containing formulation EC-2, and 2)
PETN (Russian Standard GOST V 22321-77 with a bulk density py=1.0 g/cm?)
which was located in the detonating cord DShE-12 (Russian Standard GOST
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6196-78). The PETN was initiated through the perforated protective cover of
the cord DShE-12 (without direct contact with the cap’s bottom, i.e. shooting
the fragments of the cap body by the explosion products) (see Figure 8). In all
of the experiments under the action of the laser beam, reliable initiation of the
firing circuit elements in all of the experiments took place.

Figure 8. The assembly, including the cap with EC-2 (1), inserted into the
mounting hole in the Plexiglass plate, and the detonating cord DShE-
12 (2).

Figure 9 shows the video photographs of the process of initiation of the
cord DShE-12 detonation. The photographs were obtained with the help of
“Sprint Video” camera recording at 3000 /s (exposure time 100 us) on the
background screen.

Photograph 1. No 1n1t1atron Vrsrble prJectron of the assembly is V1s1ble
(Figure 7) on the background screen.

l PR .Av
Photograph 2. (Through At 333 ps after Photograph 1) —ignition of the EC-2
formulation and initiation of detonation in the cord has occurred — a powerful
flash of light is visible due to the output of the products of explosion.
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" * & L B .
Photograph 3. (Through At= 666 us after Photograph 1) — glowing, caused
by the expansion of the detonation products, continues; the brightness of lu-
minescence decreases as the rate of the shock wave in the air reduces; increase
in the radiation is due to the increase in the area of the radiator; the process
continues until the cord’s detonation products cease.

Photograph 4. (ThroughAt 1 ms after Photograph 1) — glowing is not visu-
ally observed. Visible results of initiation are seen on the photograph — there
is no detonating cord, the mounting fixing unit remains in its place.

Figure 9. Video photographs of the process of detonation initiation in the cord
DShE-12.

Figure 10 shows the oscillogram of the process of detonation initiation in
the cord DShE-12 registrated by a photosensor. A photodiode FD-24K (Russia)
was used as the photosensor. It was included in the photodiode mode.

0,124
0,104
0,08

0,06

Ampl
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0,00#
0,00 D,I01 0,02
Time
Figure 10. Characteristic signal profile obtained with the help of a photosensor
at the moment of explosion of an elongated cylindrical charge —

segment of the cord DShE-12.

The first peak in Figure 10 belongs to the initiation of EC-2 by the laser
diode beam; the second peak belongs to radiation of the products of detonation
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of the cord in their expansion process (see Figure 9, Photograph 3).
The results obtained with the help of the photosensor are fully consistent
with the results of the video shoot obtained in the study of the detonation of HEs.
Fail-safe initiation of the caps with an LD beam and reliable transmission
of the detonation to an HE gave the opportunity to construct and manufacture
a model optical detonator (see Figure 11).

1

Figure 11. Photos of the model optical detonator (1) and the PETN charge (2).

The model OD was an aluminum shell that has been filled with 0.2 g of PETN
[Figure 11 (2)]. The cap with the light-sensitive formulation EC-2 was fixed on
the top of the shell [Figure 11 (1)]. Initiation of the model OD from a distance
of 30-60 cm by a laser diode TO-56 (1 W) showed reliable operation for two
dozen samples, with an average time of initiation less than 50 ms. The results
of the operation of the detonator was confirmed by perforation of witness-plates
having 5 mm thickness (aluminum alloy D-16).

Thus, these studies have shown the possibility of using polymer-containing
energetic compositions based on the mercury perchlorate complex (EC-2
formulation) in ODs.

To reduce the operation time of the OD, the driving time of the metal
perchlorate complex should be lowered through the use of more powerful
radiation fluxes. In the visible range, such fluxes can be implemented using
a pulse gas discharge light source with cumulative emitters.

3.4 Initiation of EC-1 and EC-2 formulations by cumulative light
sources
The principle possibility of the initiation of energetic materials by cumulative
light sources is known. For example, the results of model OD testing can be
found in [21].
A mixture of 1,1,1,3,6,8,8,8-octanitro-3,6-diazooctane with aluminum
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powder [grade UDKA (10%)] was used as the light-sensitive initiating charge.
Pressed PETN was used as the secondary charge in the OD. Optical detonator
testing was carried out by explosion of the light-sensitive EMs by irradiation with
IFP-8000 flashbulbs, transmitting the energy to ODs with the help of flexible
optical fibres of 1 mm diameter. The detonation of the OD was confirmed by
extensive damage of the witness aluminum alloy D16 plate of 2 mm thickness.
The experiments showed that the energy threshold of initiation of the OD was
equal to 5.2 mJ. The initiation time of the OD depends on the value of the input
energy and varied from 670 pus (E=5.2 mJ) to 550 us (E=6.4 mJ). To reduce
the time of OD initiation, initiating compounds more sensitive to strong light
radiation should be used. EC-1 and EC-2 are such light-sensitive energetic
formulations. The velocity of conversion of EC-1 and EC-2 formulations under
the action of intense light was estimated by the impact of the explosion products
of ODs on targets.

The free surfaces of pyroformulations of ODs were exposed to single light
pulses of 2-3 us duration. The results of the tests showed that explosions of
EC-1 and EC-2 formulations etally took place (because there were a significant
deformation of the plate-witnesses and mass loss of material of the targets from
their surfaces in the contact area of the caps of the ODs with the targets). Product
EC-2 is preferable for initiation of HEs, in comparison with product EC-1, as
the energy evaluation in the case of EC-2 is much higher. The plates in contact
with EC-2 were deformed more (Figure 12).

Figure 12. Views of witness plate surfaces (front and back) after the initiation
of formulations EC-1 (1) and EC-2 (2).

Tests of the practical applicability of the EC-2 formulation for the initiation
of HEs were performed with the help of PETN being part of the detonating cord
DShE-12. Preliminary experiments have shown that the time of initiation of EC-2
under irradiation from a flash lamp IFC-500 does not exceed 30 pus [22]. The



684 S.I. Gerasimov, M.A. Ilyushin, V.A. Kuz’min, 1.V. Shugalei

installation scheme for the initiation process included a segment of detonating
cord DShE-12, the OD (cap with EC-2 formulation) and the source of light —
xenon flash lamp with energy storing element (75 J, operating voltage 30 kV).
The detonating cord was placed on a witness plate of aluminum alloy D16 and
fixed by transverse segments of adhesive tape (Figure 13).

Figure 13. Scheme for the initiation of cord DShE-12 on a witness plate
of aluminum alloy D-16. 1: product EC-2, 2: detonating cord
DShE-12 according to standard GOST 6196-78 (detonation velocity
D=6200 m/s), 3: witness plate (D-16, d=5 mm), 4: fixing elements
(adhesive tape), 5: flash lamp IFC-500, 6: accumulator of electrical
energy (75 J, 30 kV).

The outer surface of the brass cap of the OD was in contact with one of the
cord ends. Single irradiation of the free surface of the light sensitive formulation
was carried out with a flash lamp IFC-500 incorporated into the discharge circuit
of an electrical energy accumulator. The distance between the light source and the
EC-2 formulation was 10 mm. Initiation of the detonating cord DShE-12 resulted
in the detonation pulse being distributed along the entire length of the detonating
cord. A photograph of the witness plate after the experiment is shown in Figure 14.
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Figure 14. View of the witness plate after initiation of cord DShE-12.
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As can be seen from Figure 14, the trace of the detonation wave of the

explosion products of cord DShE-12 (see black dent on the witness plate above
the scale) corresponds to the length and width of the detonating cord DShE-12
segment (see its photograph below the scale). This result confirms the initiation
of a stationary detonation in secondary energetic material PETN with the help
of an OD, EC-2.

Conclusions

Incoherent light radiation with energy 75 J and duration 2-3 ps causes
an explosion of the pyrotechnic formulations EC-1 and EC-2 based on
copper(Il) and mercury(Il) perchlorates complexes respectively.

The EC-2 formulation, as a light-sensitive energetic material, being more
powerful, is preferable to the EC-1 composition.

Pyrotechnic formulation EC-2 can be used for the initiation of detonation in
HEs by incoherent optical initiating radiation and radiation of a low-power
laser diode.

On the basis of the EC-2 formulation, a model optical detonator was created.
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