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Decomposition of solid explosives by laser
irradiation: a mass spectrometric study
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Experimental investigations have been made in which single crystals of solid explosives such
as cyclotrimethylene trinitramine, RDX, pentaerythritol tetranitrate, PETN, AgN; and Pb(N;),,
were irradiated with a focused laser beam of wavelength 266 nm and duration ~5nsec in an
ultra high vacuum system housing a fast and sensitive time-of-flight mass spectrometer. From
the mass spectra (both +ve and ~ve ions) of the chemical species obtained, possible decom-
position schemes of RDX and PETN have been proposed. For silver and lead azides, the laser
irradiation did not cause explosions if the power density was sufficiently low, but micrometre
size craters were formed. In the mass spectra of AgN; products N3 and silver cluster ions, Ag,,
have been found for the first time. It has been suggested that such investigations may possibly
throw some light on our understanding of the reactions taking place in a deflagration/detonation

wave.

1. Introduction

The use of focused laser beams in conjunction with
mass spectrometry has proven valuable in the micro-
analysis of materials and the study of decomposition
of solids over the past two decades [1]. Nearly ten
years ago, a commercial instrument became available
which combined a laser induced ionization source
with a time-of-flight spectrometer under the generic
name LAMMA, standing for laser microprobe mass
analyser. These early machines all worked in the trans-
mission or grazing incidence modes with the laser and
mass spectrometer on opposite sides of the sample.
More recently, a new commercial system has been
developed which is capable of analysis in the reflection
mode and therefore suitable for the analysis of bulk
samples [2]. The system is called LIMA, an acronym
for “laser ionization mass analyser”. An important
feature of this system is that ionized species are
formed by the laser pulse alone.

The use of a Q-switched laser beam of the LIMA
allows us to produce very localized heating in a region
of diameter 1 to 3 um to very high temperatures in a
short time of ~ Snsec. Such high temperature con-
ditions prevail in a detonation wave in which pressures
of up to several hundred kbar may exist. The incident
laser beam can also cause localized high pressures of
magnitude of tens of kbar [3], and therefore the LIMA
technique is especially attractive in possibly providing
a simple laboratory method for studying the decom-
position of reactive materials under conditions of
transient high temperatures and pressures.

Our investigations have shown that the LIMA can
be successfully employed for studying reactive mate-
rials and the findings from experiments on explosives
such as RDX, PETN, AgN,; and Pb(N,), are reported
below.

2. Experimental procedures

The experiments were carried out under ultra high
vacuum conditions in a LIMA model 2A (Cambridge
Mass Spectrometry Ltd) of the Department of Metal-
lurgy and Materials Science of this university. The
instrument incorporates a Q-switched Nd: YAG laser;
its beam is frequency quadrupled to give a pulse of
~ Snsec in duration at a wavelength of 266 nm. The
maximum output energy of the laser at this
wavelength is up to 20 mJ but that reaching the target
is only up to ~ 500 uJ. The power density at the target
can be varied in the range 10° to 10" Wmm 2 by
defocusing the laser spot. The ions produced from the
irradiated spot (diffraction limited diameter: 1 um) on
the target surface are immediately accelerated by a
potential fall of +3kV or —3kV over a distance of
14 mm, before going into the field-free drift tube, 2m
in length. This means that the time required to extract
an ion of 1 atomic mass unit (a.m.u.) from the field
region is ~ 40 nsec, whereas it is ~ 400 nsec for an ion
of 100 a.m.u. Therefore, if there is no fragmentation of
the ions during their passage through the field-free
drift tube, the recorded mass spectra will represent the
products which existed within a microsecond of their
formation at the sample surface.
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TABLE I Chemical formulae of the various explosives

Explosive Chemical formula
Cyclotrimethylene NO,
trinitramine (RDX) |
/ N\
Hz(‘l CH,
l
O,N—N N—NO,

C

H,
Pentaerythritol 0—NO,
tetranitrate (PETN) !

H—C—H

|
OZN—O—C—C—CI—O—NOZ

H H
H—C—H
(|)~—N02
Lead azide (N=N=N)~ Pb*+(N=N=N)~
Silver azide Agt (N=N=N)~

There is an electrostatic reflecting element at the end
of the drift tube, which provides a correction for the
spread in the initial energy of the ions. The mass
resolving power of the instrument is better than 500
FWHM (full width half maximum) and the time spec-
trum of the ionic current, obtained over a period of up
to 100 usec, is digitized and stored on a computer. A
detailed description of the instrument may be found
elsewhere [2].

The materials investigated were: (1) cyclotrimethy-
lene trinitramine, RDX, (2) pentaerythritol tetra-
nitrate, PETN, (3) silver azide, and (4) a- and f-lead
azides. The chemical formulae of the materials are
given in Table I. RDX and PETN are commonly-used
secondary explosives, while the other two are pri-
maries and are extensively used in the initiator devices
as detonants. Single crystals of RDX, 3 to 4mm
across, were obtained by slow cooling of its solution in
analar acetone at 70° C to room temperature, whereas
single crystals of PETN of a similar size were prepared
by slow evaporation of its saturated solution in analar
acetone at room temperature. Single crystals of silver
azide of size 100 yum x 100 um x 10 mm were recrys-
tallized from its solution in ammonia, whereas lead
azide crystals of similar dimensions were grown by a
diffusion method.

For analysis in the LIMA, the crystal under study
was mounted on a metallic stud with a piece of double-
sided adhesive tape. A fine wire stainless steel mesh, in
electrical contact with the stud, lightly pressed on to
the crystal, covering it completely. This mesh was
necessary in order to avoid distorting the ion optics in
the extraction region due to the electrical charging of
the crystal surface during the laser irradiation.

The impact of the focused Q-switched laser beam
caused craters in all specimens. Moreover, RDX and
PETN showed some cracking around the craters. The
damage was first photographed under an optical

1038

current

llu

| LU ,

oo b n e by vy s by e b b e B e L g 1 J

10 20 30 40 50 50 70 80 90
mass number

Figure I Negative ion mass spectrum of RDX. Small peaks exist for
m = 125 and 134, but have not been shown.

microscope within 2h of the irradiation. The speci-
mens were then coated with a thin film of silver or gold
and examined in a scanning electron microscope
(Cambridge Stereoscan 250 mk 2).

3. Results

Representative results from the LIMA experiments
are presented in Figs 1 to 6, which plot ionic current
(either negative or positive) against mass number (all
ions have been assumed to be singly charged and the
identification of the peaks has been done according to
the corresponding mass and the structure of the
parent molecule). For this very short time in which the
mass spectra are taken, it is not possible to give a
thermodynamically stable charge distribution on the
products. We first consider RDX (Fig. 1). The detected
species can be identified as the negative ions of O, OH,
CN, HCN, NCN, N(HCO)N, N(H,C)N and NO,
for mass numbers 16, 17, 26, 27, 40, 41, 42 and 46,
respectively.

For peaks at higher mass numbers, the assignment
becomes ambiguous and uncertain. The one at m =
62 could be due to NO,; that at 65 can possibly be due
to CN(HC)NC; and that at 66 may be CN(H,C)NC
and/or C,N;. At still higher mass numbers peaks occur
form = 86,90, 93 and 98, 134 and 176, which, except-
ing m = 90, may be due to the ions (CH),N-NO,,
(CH) (NCNC) (NN), (CH,);N,(NN), H,C(N-NO,),
and (CH,),(N-NO,),N, respectively.
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Figure 2 Positive ion mass spectrum of RDX. Small peaks at 125
and 130 have not been shown.
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Figure 3 Negative ion mass spectrum of PETN.

In the positive ion spectrum of RDX (Fig. 2), the
peaks for m = 18, 19, 28, 30 and 42 can be attributed
to H,0, H;0, CO and/or N,, NO, and (H,C),N,
respectively. The peaks at 57, 69 and 84 may plausibly
be assigned to HCNNO, (H,C)N(CH,)N(CH) and
(H,CN),, respectively.

Small peaks at 82, 83, 85 and 86 may be due
to (HC)N(CH)N(CH,)N, HC)NH,C)NH,C)N,
C(CH)N-NO, and (CH),N-NO,. At still higher mass
numbers peaks exist at m = 98, 125 and 130. The one
at 130 is likely to be (H,C)N(CH,)N(CH,)(N-NO,),
which loses two oxygens to give m = 98. The peak at
m = 125 may be due to (HC)(NCNC)(N-NO,).

The results from PETN experiments for —ve and
+ve ions are shown in Figs 3 and 4, respectively. For
the —ve ions, the peaks occur at m = 16, 17, 25, 26,
27,32, 41, 42, 43, 44, 60, 61, 65, 68, 69, 71, 75 and 77,
for the + ve ions, the peaks are at m = 12, 13, 14, 15,
16, 17, 18, 19, 24, 26, 27, 28, 29, 30, 32, 44 and 45.
Some of the peaks have been identified in the figures
and others in Table II.

In the case of silver azide crystals it was found that
relatively moderate power densities caused explosions.
However, for lower power densities there were no
explosions, though decomposition products were
formed. A negative ion mass spectrum obtained when
a crystal was irradiated for the fifth time at one site on
the crystal surface is shown in Fig. 5. Major peaks
occur at m = 42, 107, 109 corresponding to N, 'Ag
and '®Ag, respectively. For higher power densities, N,
is also observed (not shown here). The positive ion
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Figure 4 Positive ion mass spectrum of PETN.

current
:
.

I SR L L L i | N —_ L L " " L "
20 40 650 80 100 120
mass number

Figure 5 Negative ion mass spectrum of AgNj.

spectra showed some very interesting features: silver
cluster ions, Ag, , were formed with a » value of up to
7, and the signal height for an even value of n was
considerably smaller than that for an odd value. A
typical spectrum is shown in Fig. 6. Such clusters were
not observed when a piece of pure silver metal was
irradiated with the laser beam, other conditions being
similar. However, Katakuse er al. [4] have reported
that when metailic silver is bombarded with 10keV
Xe* ions, clusters, Ag;’, of silver are formed. They also
found thiat the intensity of odd » clusters was greater
than that for even.

In our previous studies [5] on f-lead azide single
crystals we found that for a Q-switched unfocused
ruby laser beam (A = 694.3 nm) of duration 80 nsec,
energy 0.5mJ, and a power density of 1.9 x
10> W mm ™2 initiation of an explosion occurred with a
probability of 50%. Therefore, for this work we used
as low a power density as was conveniently possible
with the LIMA instrument. The magnitude of this
power density was, however, not measured. Further-
more, to safeguard the sensitive instrumentation, the
mass spectrometer was not operated lest an unwanted
explosion occurred. It was generally observed that on
the first irradiation of an a- or f-lead azide crystal an
explosion did not occur, but some cratering of the
surface did occur. However, when the irradiation was
allowed to take place a second time on a site which
had been irradiated once before, the probability of the
initiation of an explosion was much higher.

The microscopical examination of the samples
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Figure 6 Positive ion mass spectrum of AgNj.
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TABLE II Comparison of PETN detonation products with those formed in LIMA

Atomic mass Chemical Relative intensities of the products with that of CO, as unity
unit of species fi 1
pect ormua Héh and Aulinger Blais and Valentini LIMA
[17} [18] (This work)
1 H 0.3 0.6 1.2
2 H, 0.6 0 0.1

12 C 0.3 0.3 4.5
13 CH 0 0 0.3
14 N 0.2 0.2 1
15 CH, 0 0.3 0.05
16 O 0.4 0.8 2.5
17 OH 0.6 1 0.7
18 H,0 2 =6 1.3
19 H;0 0 0 0.05
24 C, 0 0 0.05
26 C,H, 0 0 0.1
27 HCN 0.2 0.1 0.05
28 CO/N, 8 1.2 2.6
29 HCO 0.6 0.2 1
30 NO/HCHO 1 0.5 3
32 0, 0.6 0 0.4
42 CNO 0.15 0 0
44 Co, 1 1 1
45 HN,O() 0.05 0 0.1
46 NO, 0.05 0.6 0

> 46 - 0 0 0

revealed that at the irradiation site a central crater of
diameter 3 to 5 um formed within a larger but shallower
crater of about 15to 20 um in diameter. Moreover, the
central crater was 4 to 5um deep. It is interesting
to note that the material within the craters did not
appear to have melted. This is in contrast to the
observations made by Southon et al [2] in which
evidence for melting was quite clear for targets such as
a stainless steel and a nickel-based superalloy. Elec-
tron micrographs of typical craters in PETN and
RDX are shown in Figs 7a and b, respectively. It will
also be seen that within the shallower craters in both
these explosives the material has become of par-
ticulate nature. This could be due to very rapid
vaporization and decomposition at the irradiated site.

The systems of cracks around the craters are remi-
niscent of those formed by localized loading as, for
example, in the case of ionic crystals impacted by

microparticles [6]. In this work, the loading is prob-
ably due to the rapid ejection of the surface material.
It may also be pointed out that no slip traces were
observed around the craters; this contrasts with the
observations made from static loading of crystals of
these materials with a pointed diamond indenter [7]. A
possible contributory factor for these differences may
be the very high strain rates prevalent in the laser
irradiation experiments.

For silver azide and lead azide crystals as well,
cratering and cracking occurred; micrographs of the
craters are shown in Figs 8a and b.

4. Discussion

The laser beam of the LIMA (4 = 266 nm) is smaller
than the absorption edge wavelength of all the explos-
ives examined here [8]. Therefore the incident focused
beam is likely to be absorbed completely in a layer

Figure 7 Scanning electron micrographs of the laser-generated craters in (a) RDX, and (b) PETN.
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Figure 8 Laser-generated craters in (a) AgN; (scanning electron micrograph), and (b) a-PbN, (optical micrograph, the arrow indicating a

crater.

only a few micrometers thick. The melting points of
RDX, PETN and AgN, are 205, 140 and 305°C
respectively; lead azide does not melt [9]. Simple cal-
culations show that all these materials (except lead
azide) will have reached the melting points during the
irradiation. It is probable that the temperatures at the
irradiation sites are much higher, and rough estimates
indicate that temperatures of the order of 10°K will
have been reached. Under these conditions, the hot
material {(molten/vaporous) will be ejected from the
surface at velocities of up to kmsec ™', causing impul-
sive localized loading and high transient pressures. It
would appear, therefore, that the decomposition

occurring in LIMA possibly has some similarities of
conditions to those in deflagration and detonation
wavefronts. We shall discuss separately the results
from the different materials.

4.1. RDX

From the mass spectra presented in Section 3, along
with the identification of the peaks, we belicve there
are at least three different possible schemes for the
breakdown of the RDX molecule. In one, as initial

steps, there is successive loss of the nitrogroups
(scheme A).

NO,
N N
\
H,C CH, H,C CH,
| | - | | +NO, —
OZN_N N_N02 OZN_N N_N02
C C
H, H,
m = 222 m = 176
(=)
N /N\
H;C CH, H,C CH,
| | +2NO, — | | +3NoO, (1)
O,N—N N N N
Ne/ Ne/
H, H,
m = 130 m = 84
(+) (+)
N
VRN
H,C CH,
| I — N(CH,)N + (CH,),N
N\ /N m = 42 m = 42 )
: . C (-) (+)
(—) detected in —ve ion spectrum H,
(+) detected in + ve ion spectrum (+) Scheme A
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The observed peaks at m = 176, 130 and 84 support
this sequence of the breakdown. After the loss of the
nitrogroups, two C-N bonds of the ring break to
produce two products of equal mass 42 (step 2). These
products then further degrade to give peaks at
m = 26, 27 and 28. It also appears that after the loss
of two nitrogroups by the RDX molecule the remain-
der nitrogroup on the ring loses its two oxygens to give
m = 98 (scheme B).

N
RN

material have been analysed by Fox and Soria-Ruiz
[13] and by Ng et al. [14]. The latter group have put
forward the early steps of the thermal degradation as:

C(CH,0ONO,), — C(CH,0ONO,),CH,0 + NO,
(5)

C(CH,0NO,),CH,0 - C(CH,0NO,); + HCHO
(6)

)

H,C CH,
| | — (H,C)(NCH,)(NCH,)NN + 20
O,N—N N o
m =
Ne/ (+)
H,
m = 130
(+)

Scheme B

Further loss of H will give rise to peaks between 92
and 97. However, only peaks at 93 and 96 have been
observed. A third scheme of the breakdown also seems
to occur (scheme C).

C(CH,ONO,), — 2CH,ONO, + 2CO + NO

(N
CH,ONO, - CH,0 + NO, (8)

N
AN
H,C CH,
| [ - (H2C)(N—N02)2 + (CHz)zN_Noz
O,N—N /N-—~N02 m = 134 — 88
C (-)
H, 4
m = 222
Scheme C

In this, two C-N bonds of the RDX molecule break
up first to give two fragments (CH,),N-NO, and
N-NO,(CH,)N-NO, of mass numbers 88 and 134,
respectively. The latter has been observed in this work;
the heavier fragment then first loses a nitrogroup and
then two hydrogens to give O,N-N-C-N of m = 86,
which has also been observed. The lighter fragment
breaks down by losing CH, groups to give N-NO,
(m = 60); NO, may pick up an oxygen to give No,.
Both peaks at m = 60 and m = 62 have been
observed.

It is interesting to note that several of the products
monitored in this work were not reported in an earlier
study [10}, though in that, the products were examined
by chemical gas analysis. Moreover, we did not
observe any nitroso derivates of RDX (i.e. loss of an
oxygen from the nitrogroups) whose existence has
been reported in the products of the thermal [11] and
impact-initiated decompositions [12].

4.2. PETN

The products of slow thermal decomposition of this

1042

On the other hand, when the decomposition was
caused by the propagation of a fast fracture in a single
crystal of PETN the products were different and the
proposed reaction scheme [15] is:

C(CH,ONO,), - C(CH,ONO,), + CH,ONO,
&)
CH,ONO, —» CH,ONO + O (10)

The C(CH,0ONO,), radical presumably disintegrates
to give methyl nitrate (m/fe = 77) and then CH,0O
(mfe = 31), etc., as proposed before (steps 7 and 8).
On decomposition by a ruby laser pulse of wavelength
694.3nm, duration 20nsec and power density
10°W mm 2, the initial step has been proposed to be
the cleavage of either the CH,0-NO, bond or the
CH,-ONO, bond, both alternatives occurring in
competition [16].

Our LIMA results shown in Figs 3 and 4 are consist-
ent with the proposal in [15]. The species NO; ,
HCHO™ (possibly) along with ONO; are present in
our spectra. Concerning the step (8) however, in our



studies CH;0 has not been detected. On the other
hand, as shown in Fig. 3, definite peaks exist at
mje = 61 and 60. We therefore suggest that instead of
following the proposed step (8), methyl nitrate ion
decomposes thus:

CH;ONO, - CH,ONO + O

- CHONO + H+ O (1)

It is interesting to compare the products of decom-
position formed in our LIMA studies with those
formed by detonating PETN charges [17, 18]. This
comparison is shown in Table II; here we have nor-
malized the intensities by taking that of CO, as 1. It
will be seen from the table that there are several near
similarities in the products formed by the different
techniques. For example, the number of species
detected for m < 47 is 19 from the LIMA exper-
iments and 13 and 16 from the other works. More-
over, the intensity of species (negative ions) for m >
46 is negligle for all three types of investigation. Also,
the species identified in this work agree reasonably
well with those in the other investigations. There are,
however, some notable differences. For example, in
the LIMA experiments C is the strongest peak,
whereas Blais and Valentini [18] find H,O as the
strongest peak, and Hoh and Aulinger [17] give CO,/
N, as the most abundant product. It is possible that
these differences are not of fundamental type (i.e. the
types of decomposition products formed by the two
techniques), but appear on account of the detection
sensitivity and time resolution of the instruments
employed. Another contributory factor could be the
fact that the other two research groups ionized the
reaction products with an electron beam before mass
analysis, whereas in the LIMA the ionization takes
place due to the laser beam irradiation alone.

4.3. Silver azide

The formation of craters (Fig. 8) in a single crystal of
silver azide due to the laser beam irradiation is a
surprising observation, as it is generally thought that if
conditions of self-heating take place in this material in
a microscopic region, an explosion of the entire sample
takes place. It may be argued that the size of the
heated volume is below the required minimum value
[8]. However, our earlier experiments [19, 20] have
shown that this minimum size of the heated zone may
be sub-micrometer. It is possible that since the laser
pulse is ~ Snsec in duration, the hot material leaves
the crystal surface before any significant exothermic
reaction occurs.

The negative ion mass spectrum of silver azide
(Fig. 5) shows peaks at mass numbers 42, 107 and 109.
The latter two represent the two stable isotopes of
silver and the one at 42 is identified as N; ; the amount
of Ny detected is about 1/10th of the total amount of
the +ve and —ve ions of silver. This is the first time
that N3 has been observed in the degradation of AgN;
(or any other inorganic azide), though the formation
of N, radical has been postulated as one of the inter-
mediate steps leading to the final degradation by
Bartlett et al. [21]. According to them, the primary

step during the thermal decomposition of silver azide
is the excitation of an electron to the conduction band
of the solid. That is, the electron is removed from the
azide ion in the solid to form a neutral azide radical:

Ny - Ny +e

At present we do not know whether the observed Ny
is formed after the formation of the N; neutral or
whether it is a consequence of the breakage of the
ionic bond between the silver and nitrogen in the solid
state by the laser beam.

The formation of silver ion clusters is another inter-
esting observation (Fig. 6). It supports the mechanism
[22] for the development of metallic silver during the
thermal decomposition of AgN;. According to this
mechanism, metallic nuclei grow by the addition of
individual interstitial silver ions to negatively charged
metal specks. However, at present we do not know why
Ag! clusters have relatively low intensity for an even
value of n.

4.4. Lead azide

Lead azide is not known to melt before explosion [9].
Whether any melting occurs during the laser irradia-
tion cannot be ascertained. However, the craters
formed (Fig. 8b) do not suggest that any melting took
place. It isagain very surpising that though craters are
formed in this sensitive material, initiation of fast
reaction does not occur at relatively low power den-
sities of the laser beam. Again a possible explanation
is that proposed above for silver azide.

5. Conclusions

It has been shown that LIMA (i.e. laser ionization
mass analysis) can be successfully employed in study-
ing the rapid (but not self-sustained) decomposition of
both secondary and primary explosives under con-
ditions of high temperatures and high pressures (poss-
ibly tens of kbar). From the measured m/e of the
decomposition products the reaction steps of the
various explosive materials have been proposed.
Moreover, it has been suggested that this technique of
investigating the decomposition of energetic materials
may possibly be suitable for studying the decom-
position processes which occur in a deflagration/
detonation wave. Another advantage of this technique
is that since the laser-irradiated area is only of 10 yum
or less in diameter, it is particularly suitable for micro-
analysis of explosive materials of composite nature.
The laser beam used in this work is in the ultraviolet
region and, being below the absorption edge of these
materials, is heavily absorbed in a thin surface layer.
It would be interesting to use longer wave lengths for
further work.

N; ions have been shown to exist in the products
of AgNj;. It would also be interesting to see whether
N; can be formed by the laser irradiation of other
inorganic azides, such as KNj.
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