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Abstract—Spectral-kinetic characteristics of luminescence of tetranitropentaeritrite with inclusions of iron
nanoparticles upon an explosion induced by laser pulses are measured with high temporal resolution. It is
shown that the luminescence occurring during exposure to the laser pulse is a result of initiating a chemical
reaction in tetranitropentaeritrite and is chemiluminescence. The glow is presumably associated with the
excited nitrogen dioxide, NO,, which is formed by the rupture of O—NO, bond in the tetranitropentaeritrite

molecule.
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INTRODUCTION

In the early 1960s, there was interest in the devel-
opment of detonators for initiating explosion by a laser
pulse [1, 2], which possess several advantages com-
pared with the currently used electric detonators,
especially in terms of safety of performing blasting
operations.

In this regard, there was a need for new materials
with high sensitivity to laser irradiation and low sensi-
tivity to mechanical shocks and electrical influences.

One of the directions of development of this work
is the doping of brisant explosive with light-absorbing
particles. The first works in this area were studies [3,
4], in which a significant effect of lowering the thresh-
old for laser initiation of pentaerythritol tetranitrate
(PETN) was achieved with the use of micron-sized
light-absorbing additives.

Recently, several new results have been obtained in
this field of research. It has been shown both theoreti-
cally and experimentally that the efficiency of light
absorption by metal inclusions in PETN depends on
the size and wavelength [5—7], while the decrease in
the threshold of explosive decomposition is due to
absorption of laser radiation by the inclusions and not
due to an increase in the pathway of photons in the
sample due to scattering, leading to an increase in light
absorption by PETN [8—11]. Studies [12—14] reported
experimentally determined minimum thresholds of
explosive decomposition of PETN depending on the

concentration of some metal inclusions, which signifi-
cantly (by dozens of times) increase the sensitivity of
the composites relative to PETN without inclusions.

Most researchers believe that light is absorbed by
particles, which leads to their heating up to high tem-
peratures (“hot spots”). This somehow triggers a self-
sustaining chemical reaction leading to explosion of
the sample [15—19]. The data needed for the explana-
tion of the mechanisms of primary chemical transfor-
mations can be obtained by studying the spectral-
kinetic characteristics of luminescence of the explo-
sive substance with a high temporal resolution, which
allows one to follow the processes from the moment
when the substance in the condensed phase is exposed
to a laser pulse.

The aim of this work is to study the spectral-kinetic
characteristics of luminescence of PETN with inclu-
sions of iron nanoparticles upon initiation of its explo-
sion by a pulse of a neodymium laser.

EXPERIMENTAL

Explosion was initiated with the use of the first har-
monic of a Nd:YAG laser (A= 1064 nm) operating in
the Q-switched mode. The duration of the laser pulse
was T = 14 ns and a maximum pulse energy was 1.5 J.
The distribution of radiation intensity over the cross-
section of the beam was close to rectangular. The

504



SPECTRAL-KINETIC CHARACTERISTICS OF LUMINESCENCE

N
60
N\
40+ §
\
201+
NN
— \ \\ N N p—, ]
0 50 100 150 200 250 300
D, nm

Fig. 1. Histogram of distribution of the iron-particle sizes.

exposure energy was regulated with the use of cali-
brated glass filters.

Experimental samples were prepared using a
PETN powder with a narrow distribution of the parti-
cle sizes. The grain size at the distribution maximum
was 1—2 um. An iron powder prepared by the electro-

explosive method' was used as the inclusion. The iron
nanoparticles obtained by this method are coated with
iron oxide II-FeO, which is resistant to further oxida-
tion in air. Figure 1 shows the histogram of the parti-
cle-size distribution obtained from an image recorded
with the use of a JEOL JSM 6390 LA electron micro-
scope. Asis seen from Fig. 1, the maximum of the par-
ticle-size distribution is at d = 75 nm. The content of
iron and oxygen in the powder was determined using
electron microprobe analysis; calculations of the FeO
content yielded a value of 25% by weight. Assuming
that the particles are spherical, an estimate of the
oxide film thickness gave a value of ~5 nm.

The amount of Fe nanoparticles added to the
PETN powder was 0.4% by weight. Experiments, dis-
cussion of which is beyond the scope of this work,
showed that this concentration of inclusions allows
achieving a minimum critical density of the energy of
H_, = 0.5 J/cm? corresponding to a 50% probability of
explosion upon initiation by the first harmonic of the
laser. The mixture was placed in hexane and stirred in
an ultrasonic bath to obtain a uniform distribution of
particles in the volume. After that, hexane was evapo-
rated and the mixture was dried and separated to sam-
ple weights. The samples were prepared by pressing
with the use of a hydraulic press and a special mold at
the center of a 1-mm-thick copper plate that had a

! The powder was prepared at Tomsk National Research Univer-
sity.
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Fig. 2. Typical photoacoustic signal of a composite con-
sisting of PETN with a 0.4% inclusion of iron particles.
The broken curve is the recorded signal; the solid curve is
its approximation by the exponential function.

hole with a diameter of 3 mm for the sample. The den-
sity of the samples after pressing was p = 1.7 g/cm?.

The extinction coefficient of the sample at the
laser-radiation wavelength was measured by the opto-
acoustic method [20]. The sample was placed in
acoustic contact with a piezoelectric detector and irra-
diated with a low-energy laser pulse (3 mJ) to avoid
initiation of the chemical reaction. The acoustic
response of the sample was converted into an electrical
signal by the piezoelectric detector and recorded with
a LeCroy WIJ332A oscilloscope. The oscillogram is
shown in Fig. 2.

The acoustic relaxation time of the sample [20],

T =(ke)!, (1)

where k is the extinction coefficient and c is the speed
of sound in the PETN (¢ = 2500 m/s) [11], was deter-
mined using the exponential part of the waveform.
The measurements of the acoustic relaxation time
gave a value of T = 20 ns, yielding a value of the extinc-
tion coefficient of kK = 200 cm~'. Consequently, the
majority of the laser energy is adsorbed within an
effective thickness of x = k~! = 50 um.

The plate with the sample was placed on an alumi-
num substrate and covered from the irradiated side
with a plate made of optical glass with a thickness of
2 mm. The glass plate was covered with a copper plate
with a hole at the center for radiation input. The cop-
per plate with tightly pressed the glass plate to the sam-
ple surface the use of screws. The use of such a scheme
allowed us to worsen the conditions of gas-dynamic
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Fig. 3. Functional diagram of the experimental setup. (/) Neutral light filters, (2) mirror, (3) mirror lens (25 cm), (4) assembly
with the studied sample, (5, 7) lenses (10 cm), (6) spatiotemporal slit (shown rotated by 90°), and (8) beam-splitting plate; L,
pulsed Nd:YAG-laser; S, streak camera; P, polychromator; SPCh, VZGLYAD-2A spectrophotochronograph; G, synchroniza-

tion unit; PC, computer; and D, photodiode.

relief, which leads to a decrease in the threshold of
explosive decomposition.

A functional diagram of the setup is shown in
Fig. 3. Laser radiation L is attenuated by neutral filters
1 and, with the use of rotary mirror 2 and lens 3 (F =
25 cm), is focused on assembly 4 with the studied sam-
ple. Assembly 4 is positioned at an angle of 45° to the
laser beam and the optical axis of the measuring sys-
tem. As a result of such geometry, the irradiated spot
on the sample surface is an ellipse with axes of 2 and
2.8 mm with irradiation of the copper plate being
excluded.

With the help of lens 5, the image of the sample is
formed in the plane of spatiotemporal slit 6. The hole
in the slit has dimensions of 0.2 X 0.1 mm and defines
the spectral and temporal resolutions of the recording
system, 10 nm and 2 ns, for the scan of streak-camera
S shown in Fig. 5 and 10 ns in Fig. 4. With the help of
lens 7, the image of the spatiotemporal slit is transmit-
ted to the input of polychromator P. The strip of the
spectrum at the polychromator output was swept in
time with the use of a photochronograph on the basis
of an electro-optical converter (EOC) operating in the
linear scan mode (a streak-camera). As a single unit,
photochronograph S and polychromator P represent a
VZGLYAD-2A spectrophotochronograph (SPCh)
(LLC Scientific and Special Precision Instruments
and Systems, Moscow). The light matrix from the out-
put screen of the EOC is read by a CCD sensor and
transmitted to a storage device of a PC for further dig-
ital processing. A G5-56 G pulse generator is used for
triggering the laser and the time-sweep of the streak
camera.
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The recorded signal forms a matrix, the vertical
elements of which allows one to obtain the lumines-
cence spectrum of the sample in the 350—750 nm
range, while the horizontal elements are used to obtain
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Fig. 4. Overview of the kinetics of the luminescence arising
upon explosion of the sample. / is the maximum of the
luminescence occurring at the moment of impact of the
laser pulse. The density of the laser-radiation energy is

1.3 J/cmz.
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kinetics of the sample luminescence at a selected
wavelength within the specified spectral range.

To obtain the “true” luminescence spectrum of the
sample, we used the reference lamp method [21]. The
reference lamp was a TRS 2850-3000. Its spectrum
was recorded in the time-sweep mode. The “true”
spectrum of the lamp can be calculated by the Planck
formula with the use of the known color temperature
(taking into account the grayness coefficient of tung-
sten). The sensitivity of the registration system at the
given point of the spectrum is determined by dividing
the measured intensity by the calculated value. The
“true” spectrum is obtained by dividing the recorded
intensity of the sample luminescence by the sensitivity
at the corresponding points of the spectrum at a given
moment of time or at different time moments at the
given wavelength.

RESULTS AND DISCUSSION

Figure 4 shows an overview of kinetics of lumines-
cence arising from a sample explosion. The first lumi-
nescence peak occurs upon exposure to the laser
pulse, when the sample is still in the condensed phase.
The luminescence in the microsecond range results
from the reaction of explosive decomposition of the
sample and is associated with gaseous products.

Because the aim of this work is the study of the ini-
tial stage of the reaction in the condensed phase, we
will discuss below the spectra and Kinetics of the first
peak in Fig. 4 measured in a shorter time domain using
a spectrophotochronograph (SPCh in Fig. 3).

Figure 5 shows the luminescence spectra at the
time moment of the end of the laser pulse and at dif-
ferent energy densities: close to the threshold of explo-
sive decomposition (H,, = 0.7 J/cm?, Fig. 5a), exceed-
ing the threshold by ~2.5 times (H, = 1.3 J/cm?,
Fig. 5b), and exceeding it by five times (H,, = 2.5 J/cm?,
Fig. 5¢). As can be seen from Fig. 5, the shape of the
spectrum significantly depends on the energy of the
pulse-initiator. An increase in the initiation energy
leads to an increase in the luminescence intensity in
the short-wavelength part of the spectrum. The form
of the spectrum does not change relative to Fig. 5c as
the intensity of the laser pulse is further increased up
to 5J/cm?.

The kinetics of the luminescence at two wave-
lengths is shown in Fig. 6. The luminescence intensity
drops to a minimum value in the course of ~150 ns and
in some cases has a nontrivial nature in the range of
500—540 nm.

The spectra in Fig. 5 cannot be described by the
Planck formula and, therefore, the origin of the lumi-
nescence is not thermal. It appears very unlikely that
there is multiphoton absorption of laser radiation
(three to four quanta) leading to laser-induced lumi-
nescence, since the probability of such a process is low
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Fig. 5. Spectra of luminescence at the time moment corre-
sponding to the end of the laser pulse at different densities
of the laser-radiation energy: (a) 0.7, (b) 1.3, and (c)

2.5J/cm?.

and the samples without inclusions show no lumines-
cence for this density of the laser energy. Therefore,
the heating of the inclusions upon absorption of the
laser radiation plays a key role; according to theoreti-
cal calculations, heating should reach a temperature of
T > 1000 K [18]. Due to the heat transfer during the
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Fig. 6. Kinetics of luminescence at different wavelengths:
(1) 420 and (2) 530 nm. The density of the laser-radiation
energy is 2.5 ] /cm2. L is the laser pulse.

laser pulse, the shell around the inclusion should
warm up, reaching the same temperature as the tem-
perature on the inclusion surface [18, 19].

Shell thickness d can be estimated as

d=xt)"?, ()

where y = 1.1 x 1073 cm?/s is the thermal diffusivity
coefficient of PETN and T = 14 ns is the duration of
the laser pulse.

The calculation yields a value of d = 40 nm. Thus,
a layer of PETN around the inclusion is heated up
above the melting temperature (7,, = 414 K) appar-
ently already at the front edge of the laser pulse. This
creates conditions for initiation of an exothermic
chemical reaction in the PETN layer surrounding the
nanoparticle. As a result, excited fragments of PETN
molecules are formed during the time of the laser
pulse. Luminescence of some fragments is observed in
the studied spectral range.

Thus, the main result of the presented study is the
conclusion that the luminescence occurring during
impact of the laser pulse is chemiluminescence. Emit-
ting particles should be looked for among the small
molecules which are formed upon decomposition of
the PETN molecule and have a small number of
degrees of freedom compared to large fragments.

Analysis of literature data suggests that the
observed luminescence is likely due to excited nitrogen
dioxide NO, which is formed upon rupture of the O—
NO, bond in the PETN molecule. This suggestion is
based on the following literature data.
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Luminescence of NO, upon exposure to light with
A > 380 nm spans the region from the excitation wave-
length and up to 7500 A and above. The continua are
superimposed with a large number of rotational and
vibrational lines [22].

Upon excitation at A = 435.8 nm, luminescence of
NO, spans the range from the excitation wavelength
up to 700 nm with a maximum at 520 nm [23]. The
laser-induced luminescence of NO, at excitation
wavelengths of 460, 532, 560, 584, and 640 nm was
studied in [24]. In all cases, luminescence was
observed in the region from the excitation wavelength
up to the long-wavelength limit of the registration sys-
tem at A = 850 nm; the maximum of the luminescence
intensity was observed with a shift of ~100 nm from
the excitation wavelength [24]. The above literature
data indicate that the shape of the NO, luminescence
spectrum depends on the degree of excitation of the
molecule, i.e., on the filling of the vibrational—rota-
tional levels of the excited state.

This explains the different forms of the lumines-
cence spectra in Fig. 3 depending on density of initia-
tion energy H. With increasing H, the temperature of
the “hot spot,” which is a nanoparticle with the PETN
shell surrounding it, grows during the laser pulse. This
leads to an increase in the level of the initiating chem-
ical reaction in the heated PETN shell and the tem-
perature of the reaction fragments, resulting in an
increase in the degree of filling of the vibrational—
rotational levels of the excited state of NO,. The result
is the change in the shape of the spectra with increas-
ing luminescence intensity in the short-wavelength
region of the spectrum.

Note that, for the spectral maximum at A = 420 nm,
no shift to shorter wavelengths is seen as H increases
from 2.5 to 5 J/cm?. This may indicate complete filling
of the vibrational—rotational levels of the excited state,
because, as the excitation energy increases, the mole-
cule dissociates, NO, — NO + O, when the energy
transferred to the molecule is >3.11 eV [25].

Considering the process in general, we note that,
according to the kinetic curve in Fig. 4, the chemical
reaction propagates from the region of the hot spots
and, in the ~0.5—5 us region, there is growth in the
intensity of luminescence, in which the component
from the blast plasma already becomes dominant.

CONCLUSIONS

1. It is shown that the chemical reaction in the
PETN + iron nanoparticles composite begins imme-
diately during the initiating laser pulse.

2. Excited NO, molecules luminescing in the 350—

750 nm spectral range are one of the primary products
of the reaction.

No.3 2017
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3. The development of the chemical reactions in

the microsecond time interval leads to explosive
decomposition of the sample.
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