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Laser Ablation of NH,NO;
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The laser ablation of ammonium nitrate has been studied, with products collected under low-pressure conditions
on a cryogenic argon matrix surface. Relative product populations are analyzed using FTIR spectroscopy.
Large effects are observed as the laser fluence and wavelengths are changed. Using 1064-nm pulses or low
fluences of 532 nm, NH; and HNO; are most abundant with smaller (or negligible) quantities of NO, NO,,
and N;O. At 266 nm and higher fluences of 532 nm, the reactions produce larger populations of NO, NO,,
and small amounts of N,O. Dimers and other aggregates of Hy0, N,O, and NO are observed in the FTIR
spectra and are attributed to migration in or condensation near the matrix. In addition, isotopic substitution

of 1N in the NH4 and NO; components of ammonium nitrate results in some scrambling of the NO and N,O
products but not the HNO; product, suggesting that multiple collisions leadmg to secondary reaction products

of the nitrogen oxides are occurring.

Introduction

There has been extensive interest in ammonium nitrate (AN)
both because it can be used as an oxidizer in explosives and solid
propellants and because it is found in atmospheric aerosols.! The
thermal decomposition of NH,NO; has been studied for many
years, due to its importance as an energetic material,23 and both
endothermic and exothermic channels have been identified:

NH,NO,(s) = NH, + HNO,
AH(298) = 185 kJ/mol (1)

NH,NO,(s) = N,0 + 2H,0
AH(298) = -36 kI /mol (2)

Rosser et al.2 proposed the following ionic mechanism for
formation of N,O and H,O:

NH,*NO;” <> NH, + HNO, (3)
2HNO, <> NO,* + NO,” + H,0 4)
NH, + NO," = N,0 + H,0 (5)

More recently, Brower et al.? proposed a similar ionic mechanism
for temperatures below 290 °C but at higher temperatures they
proposed the following mechanism involving free radicals:

NH,NO, «» NH, + HONO, (6)
HONO, — HO® + NO, 0
HO" + NH, — H,0 + NH,’ 8)
NH," + NO, — NH,NO, ©)
NH,NO, —N,0 + H,0 (10)

Recently, Rossi et al.4 have also studied the decomposition of
AN. They observed the decomposition under slow temperature
rise (5-10 K /min to 500 K) and low-pressure conditions by Fourier
transform infrared (FTIR) monitoring of products collected on
a KCl window cooled to 85 K and mass spectrometric monitoring
of the residual gases. They only observed NH; and HNO,
products under these conditions.

The mechanisms of AN decomposition in the detonation of
energetic materials may be more complicated, due to the sudden

S Abstract published in Advance ACS Abstracts, November 1, 1993.

This article not subject to U.S. Copyright.

large increase in temperature and pressure. In order to more
closely approach the conditions in the combustion of ‘energetic
materials, more rapid thermolysis of NH,NO; has also been
studied.>¢ Russell and Brill’ studied the thermolysis under
conditions where the sample temperature was ramp-heated at
130K /supto925 K at pressures from 1 to 1000 psi. Thereaction
becomes exothermic only at high pressures (>500 psi), with N,O
and H,0O as the major products. More recently, Brill et al.Sstudied
NHNO; thermolysis using a temperature-jump method where
the rate of heating was 2000 K/s to approximately 675 K.
Decomposition products, observed with an FTIR spectrometer,
included HNO3, NH3,N,0,NO;,NO, and H;0. They measured
the rate of production of these species and proposed a reaction
scheme to account for these products. Under their conditions
(1-33 atm), secondary reactions and heterogeneous chemistry
from AN aerosols occur, making it difficult to unambiguously
determine the reaction mechanism.

A study of AN decomposition was undertaken to examine
decomposition products formed at early times for a typical
energetic material. When laser ablation is used as a rapid
temperature-jump source and the productsare trappedinan argon
matrix, data on early decomposition products formed under high-
temperature and low-pressure conditions are produced. We
sought to determine whether the results from laser ablation were
similar to the results from thermal heating and whether some of
the primary reactions could be identified either from product
populations or from observation of radicals or ions. The effects
of varying the energy and the wavelength of the laser (a Nd:
YAG laser operated at 1064, 532, and 266 nm) were also
measured. Studies of isotopically substituted SNH,NO;, NH,!5-
NO;, and NH,!NO; were initiated to elucidate the decom-
position mechanisms of the laser ablation. Additionally, the visible
spectroscopy of the plume created by the laser ablation was
observed using an optical multichannel analyzer (OMA) in order
toidentify any excited states that would not be present in thermal
heating.

Experimental Section

The NH,NO; is ground to a fine powder and dried at 340 K
under vacuum for 4-8 h. The powder (between 0.5 and 1 g) is
transferred to a 0.5 in. diameter pellet press under dry nitrogen
and pressed to 10 000-15 000 psi. The pellet is then glued to the
shaft of a motor which is operated at 2 rpm. The pellet and shaft
are mounted inside a vacuum chamber near a cryogenicalily cooled
IR window.
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Figure 1. Schematic of the apparatus. A 25-cm lens between the laser
and the vacuum chamber is not shown. The pellet position is typically
~2.0 cm from the matrix surface.

The laser ablation/matrix isolation apparatus consists of a
closed-cycle helium refrigerator (Air Products, Model DE-202)
mounted inside a vacuum chamber, a pulsed (10 Hz) Nd:YAG
laser (Quanta Ray, Model DCR-1A) to produce ablation on the
rotating samples, an FTIR spectrometer (Mattson, Cygnus 100)
to detect species deposited on the matrix, and an OMA (EG&G
Model 1460) to characterize the emission from the laser ablation
process. A schematic of the apparatus is shown in Figure 1. This
issimilar tothe apparatus described by Burkholder and Andrews.”
AnIR transparent window (1 in. diameter, typically KBror NaCl)
is held in a copper clamp in thermal contact with the refrigerator.
A/gin. diameter hole is bored through the window near the edge
for transmission of the laser. A cold shield surrounds the window
and refrigerator, which maintains the temperature at the window
at 10-15 K. The temperature is measured with a gold/chromel
thermocouple. For selected spectra, the matrix was annealed by
warming the window to 30 £ 5 K for 30—45 min and then cooling
againto 10-15 K. Nodifferences in the positions of the spectral
features due to annealing were observed, although small losses
were observed in signal intensity.

Typical laser energies are ~35-65 mJ for 1064 nm, 20-30 mJ
for 532 nm, and 6-12 mJ for 266 nm. During laser ablation, the
laser beam impinges on the pellet, which is located about 2.0 cm
from the cold window. Thelaser beam diameters are determined
by measuring the spot size burned onto photographic paper
mounted at the pellet position. Typical values for the beam
diameters are 1.5-2.0 mm for 1064 nm, 0.8—1.2 mm for 532 nm,
and 0.3-0.8 mm for 266 nm. The background pressure of the
vacuum chamber without matrix deposition is ~1 X 10-7 Torr.
Argon flow during the matrix deposition yields a pressure of ~1
% 10-5 Torr. Argon is flowed at 0.5 sccm through a gas inlet
adjacent to the pellet. ‘The argon and ablated material from the
pellet are collected on the cold window. The IR absorption of
the ablated material is then measured using Fourier transform
infrared absorption after 0.5-2 h of deposition using a laser pulse
rateof 10 Hz. Spectra aretypically recorded at 1-cm™! resolution.

The laser ablation process produces a visible plume. Thissignal
is collected through the slits of a 1/4-m monochromator and
measured usingan OMA. For 266-, 532-,and 1064-nm ablation,
a 300 groove/mm grating is used, resulting in a resolution of ~3
nm. For 266-nm ablation, a 1200 groove/mm grating is also
used, resulting in a resolution of ~0.6 nm.

The NH,NO,; samples {(Aldrich, 99.999% purity) are used
without further purification. Isotopic ammonium nitrates,
ISNH,NO; (98% purity), NH4'*NO; (98% purity), and
I5SNH4!*NO; (98% purity), were obtained from Aldrich and used
without further purification. Argon (99.997%) from Air Products
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Figure 2. FTIR absorption spectra of laser ablation products, captured
on an Ar matrix, for ablation at (a) 1064 nm with 1.6 J/cm? fluence, (b)
532 nm with 2.9 J/cm? fluence, and (c) 266 nm with 6.5 J/cm? fluence.

TABLE I: Frequency and Band Strengths

vibrational Ar matrix band strength
molecule band frequency (cm™!) (cm2atm™! at 300 K)
NH; 173 974s 516.8 & 8.6*
HNO; v 3519, 3522¢
vy 1696, 1699¢ 1393 £ 914
¥3 1319, 1321¢ 1259 + 744
v 890, 897¢ 630 @ 324
Vg 764¢
NO, V3 1612 1400 & 57/
I5NO, V3 1578¢
NO 1873¢ 1124 7¢
I’NO 1841¢
¢-(NO)? » 1866%
vs 1778¢
¢-(1¥NOSNO) vs 1760¢
¢-(1’NO), v 1832
vs 17304
14N,0 vy 1282.9¢ 222 £1Y
vy 2218.6¢ 1402 = 75/
I5N,0 V3 21498/
4NISNO V3 2172.6
ISNI4NO v3 2196.4¢

a Reference 8. ® Reference 10. ¢ Reference 15. 4 Reference 31. ¢ Ref-
erence 16,/ Reference 32. 2 Reference 33. * Reference 34. / Reference
19. / Reference 35.
was used for the 266-nm, 6.5 J/cm? fluence data and argon
(99.999% purity) from MG Industries was used for all other
data.

Results

1064-nm Laser Ablation. With the ablation laser operating at
1064 nm with a fluence of 1.6 J/cm?, the major products are
found to be NH; and HNO;, as shown in Figure 2. A small
amount of the parent molecule is also observed. The vibrational
band frequencies used in the spectral identification are listed in
Table I. NHj is identified from the v, band at 974 cm~1.8 The
other fundamental bands of NHj are not observed, but they are
expected to be at least S times weaker than the »; band. %1 NH;
aggregates with H,O are also observed at 1035, 3435, and 3702
cm-1.11-13 HNO; is identified from lines near 3505, 1695, 1318,
893, and 764 cm-1.14!5 Broader bands adjacent to these
frequencies were also observed which correspond to a nitric acid
dimer and the complex with water.!4 The formation of aggregates
will be discussed later. AN, either ablated directly from the
pellet or recombined in the plume, is identified primarily from
the NO;- line at 832 cm™! and the broad feature near 1400 cm™!.
FTIR spectra of samples containing known percentages of NH,-
NO; mixed with NaCl were used for spectral identification, Laser
ablation at 1064 nm is efficient at removing large quantities of
AN due to the wavelength dependence of the laser penetration
depth which is proportional to A2,

At slightly higher fluences (2.3 J/cm?) of the Nd:YAG
fundamental band, more parent material is ablated. With the
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TABLE II: Relative Nitrogen-Containing Product Populations (Percent) from FTIR Spectra at Various Laser Ablation

Wavelengths and Fluences
1064 nm 532 nm 266 nm

1.6 J/em? 2.3J/em? 4J/cm? 2.9J/cm? 5.8 J/cm? 6.5 J/em? 11 J/em? 35J/cm?¢
NH; 315 217 11£3 7+3 <0.3%0.3 6+2 <3+£3 3x1
HNO; 43+3 25+2 43%5 11+1 0403 12%1 1181 47%0.3
NO <23 + 23% <46 + 31° 43 £ 22 6713 88+6 569 65+ 13 7715
NO; <2+2 4+3 22 13 % 2¢ 10@2° 20 £ 3¢ 18 £ 3¢ 11@2¢
N0 <3%2 <4£3 <2%£2 11 1404 4.7x0.3 42+04 3+1

4 Isotope used here: NH4!5NO;. ? The integrated area is near the limit of detectability, but the band strength is large, leading to a large uncertainty
in the percent population. ¢ The uncertainty in the integrated area cannot be directly determined due to overlap with water bands and is assumed to

be 15%.

laser operating at this fluence, and focused to a diameter of
approximately 1.8 mm, 28 £ 7 mg of AN is removed from the
pellet after 65 min of ablation with a repetition rate of 10 Hz.
This is determined both by weighing the pellet before and after
ablation and by estimating the amount of material removed from
the groove size. Under these conditions where more energy is
deposited in the AN, the predominant nitrogen-containing
products are HNO; and NH;, but a small signal due to NO, is
also observed. The NO, was identified from the band near 1611
cm'.16 Although there is large overlap in this region from water
and water dimer bands,!”!? this assignment is confirmed using
isotopically substituted NH,'*NO;. In this case SNO, with
vibrational frequency »; = 1578 cm™! !¢ is produced and appears
outside the water region.

At higher laser fluences, ~4 J/cm?, the HNO; signal is reduced
in intensity compared to ablation at a lower fluence with most
of the signal appearing as nitric acid dimers and aggregates with
water. Signals due to NO and ¢-(NO), are present, and trace
amounts of NO, and N,O are also observed. NO is identified
from the line at 1873 cm~!. In addition to monomeric NO, the
dimer ¢-(NO), is observed at 1866 and 1778 cm~!. These
identifications are also confirmed by laser ablating isotopically
substituted AN. Thereareadditionallinesand a broad underlying
absorption in both these regions, most likely due to further
aggregation of NO. The N,O is identified from the band near
2219 cm!. Absorption due to dimers of N2O has been observed
on both sides of this peak in argon matrices, and higher multimers
of N,O have been identified at 2224.6-2227.8 cm™'.'® Inaddition,
at higher ratios of N,O/Ar, Sodeau and Withnall!® have also
observed a broad absorption from the N,O line extending to
approximately 2240 cm-!, which they identify as most likely due
tolarger aggregates of N,O, approaching the solid N,O absorption
at 2238 cm™!. H;O as a product is also observed. In the lower
fluence laser ablation experiments at 1064 nm, small signals of
water monomers and possibly dimers are observed, which may
in part be due to residual water in the apparatus or from small
vacuum leaks in the system. At the higher fluence laser ablation,
broadsignalsin both the 3700- and 1600-cm~! regions are observed
which we attribute to larger water aggregates though the signal
intensities are still modest. There are two much stronger lines
which appear at 1593 and 1601 cm~! which we attribute to
nonrotating H,0.29 Both bands are much more intense under
higher laser ablation conditions, in which the ratio of H,O/Ar
is higher and several other species which may enhance these bands
are present. The 1593-cm~! band accounts for about 5% of the
total integrated signal (not normalized by band strength) at 1064
nm at all fluences and about 10-20% at 532 and 266 nm at all
fluences. A dimer H,O band has also been identified at 1593
cm-!, however, other dimer lines of equal band strength?! are
much weaker in the spectra suggesting that this is a minor
contributor. The 1601-cm~! band appears as <5% at 1064 nm
with 1.6 and 2.3 J/cm? fluences and is stronger, 12-20% total
integrated signal, under all other wavelength and fluence
conditions listed in Table II.

Most features in the spectra have been identified, as described.
However, there are two bands that are incompletely identified at

3487 and 1309 cm™!. The band at 3487 cm-! is very weak from
the ablation of AN at 1064 nm at low fluence (<2.3 J/cm?) but
considerably stronger at higher laser fluence (4 J/cm?). This
wavelength can be identified either in the O—H or N-H stretching
regions.?? Itismostlikely duetoanintermolecular O—H hydrogen
bond since it shifts slightly with concentration but does not appear
to shift due to 532-nm ablation of NH,!*NO;.

At low laser fluence, the band at 1309 cm-! appears in
conjunction with the HNO; band at 1323 cm~!. However, at the
higher fluence, only the 1309-cm™! band appears and it is
considerably broadened. The wavelength shifts to 1285-1290
cm! due to ablation of NH,!"NO;. This unidentified band is
most likely due to a molecule with an NO; stretching frequency
band aggregated to water or parent molecules.

The relative concentrations of the nitrogen-containing product
species, listed in Table II, are determined from the relative
integrated signal intensities normalized by the IR vibrational
band strengths® listed in Table I. IR band strengths have not
been measured for dimers and larger aggregates of H,O, N,O,
and NO, which account for many of our observed products.
Consequently, several assumptions and approximations are
necessary to determine the relative concentrations of the product
species. We do not attempt to quantify the HO population,
however, we believe it is a major product for laser fluences over
~3 J/ecm?. We do calculate the populations of NO and N,O in
spite of aggregation in these cases. The percent composition is
obtained by assuming the dimer and aggregates have the same
IR absorptionintensities as their monomers. For NO, weinclude
the signal due to the monomer and larger aggregates which absorb
in the region from 1850 to 1883 cm~!. For N,O, we also include
absorption due to aggregates in the calculations. For NO,, the
region of IR absorptionisat 1611 cm-!, which overlaps the water
region of the spectra. We estimate the integrated absorption
intensity due to the 1611-cm~! band and check it by comparison
to values obtained from laser ablation of isotopically substituted
NH4*NOs. The ’NO, spectra is shifted out of the water region,
to 1578 cm.'¢ The uncertainties for the relative product
populations listed in Table II are determined from an estimate
of the uncertainties in the measurement of the integrated
absorption intensity combined with the uncertainties in the band
strength measurements.

§32-nm Laser Ablation. With 532-nm laser ablation, HNO;,
NH3, NO,, NO, N,O, H,O aggregates, and parent are observed.
Aggregation, as previously described, is also observed. Less
material is ablated compared to ablation by 1064 nm, due to the
shorter penetration depth of 532 nm and the smaller beam
diameters. At higher laser fluences, considerably more NO and
NOaggregates are observed relative to the other products. HNO;
and NH; signals are much smaller. In addition, at higher laser
fluences the absorptions are broadened, which we attribute to
greater aggregation. With the laser operating at 27 mJ, and
focused to a diameter of approximately 0.8 mm corresponding
to a fluence of 5.8 J/cm?, 3 £ 1.5 mg of material is removed
from the pellet after 0.5 h of ablation with a repetition rate of
10 Hz, estimated from the volume of the pellet groove.
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Figure 3. FTIR absorptionspectra of the products of 266-nm laser ablation
for (a) YNH,!5NO; and (b) 1¥NH,NO;. The production of mixed
isotope species from 14NH,!5NO; for the nitrogen oxide species, but not
for HNO;, is noted.

266-nm Laser Ablation. Products of 266-nm ablation include
HNO;, NH;, NO,, NO, N,0, H,0, and their aggregates. No
parent AN is observed. Considerably less material is ablated
duetothe smaller penetration depth and the smaller laser confocal
parameter. The pellet groove is too narrow and too shallow to
be measured accurately. We estimate the groove volume from
the beam size and the groove depth from the penetration depth
for 266-nm ablation compared to 532-nm ablation. Using these
estimates, the amount of material removed is calculated to be on
the order of 0.3 mg/h using a laser fluence of 11 J/cm?2. For all
laser fluences, the product populations vary but the products
observed are the same. HNO; and NHj signals are reduced
relative to the water and N,O, signals at the higher fluences.

Ablation of Isotopically Substituted Ammonium Nitrate. Stud-
ies of isotopically substituted ’NH,NO;, NH,!NO;, and
ISNH,!NO; provide additional insight into the mechanism of
the ablation, in addition to shifting the NO, absorption spectrum
away from the water absorption region. The 266-nm ablation of
NH5NO; results in the production of primarily NO,, ’NO,
¢~(1’NO),, and 15N1SNO; however, 14NO;, SNO, ¢-(SNO“NO),
and mixed isotopes of N,O are also observed, accounting for
approximately 25-35% of their respective signals. In the case of
N,0, for example, the integrated absorption signals due to 14N-
14NOQ, 4NISNO, and ’N!SNO from the “NH,!5NO; starting
material are ~20, 70, and 5%, respectively, with a small amount
(<5%) of 1N1NO also present. For HNO;, however, only the
H!SNO; isotope is observed. These spectra are shown in Figure
3 and will be discussed later.

Visible Spectroscopy of the Plume from Laser-Ablated NH,-
NOs. Thelaser ablation process at all three wavelengths produces
a small visible plume, indicating that excited atoms or molecules
arepresent. The emission signals from the plumes were dispersed
onto an OMA so that they could be compared for the different
wavelengths and laser energies used in the ablation. Anemission
spectrum for 266-nm ablation, with a laser fluence of 35 J/em?,
is shown in Figure 4. This is a composite of two spectra, taken
with the monochromator at different wavelength settings. Atall
three ablation wavelengths, the spectra consist of a broad
continuum with several features superimposed. The continuum
spans the region from 350 to 800 nm. The features are identified
as due to H, N, and O atomic and ionic emission. The observed
spectra are compared to stick spectra for H, N, and O atoms and
ions using the transition probabilities?? for the intensities of the
lines as shown in Figure 4. To best fit the data, the H atom
transition probabilities were multiplied by a factor of 30 and the
O+ by a factor of 2 relative to the transition probabilities for N+
and O. No features are attributed to the presence of excited-
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Figure 4. Spectrum of the plume due to 266-nm ablation with ~11.
J/cm? fluence, measured using an optical multichannel analyzer. The
large H atom features are marked. Also shown are the line spectra for
0,0 and N*, withintensities calculated from the transition probabilities.
The transition probabilities for H have been multiplied by 30 and for O*
by 2 relative to N* and O to best match the observed spectrum. The peak
with dashed lines is due to 532-nm scattered laser light.

state diatomic or polyatomic ions or molecules, but these have
much smaller transition probabilities than the atoms and atomic
ions.

The effect of two different fluences (6.5 and 35 J/cm?) on the
emission plume is examined using 266-nm excitation. Although
the resulting emission spectra are qualitatively similar, the
intensity is reduced for the reduced laser fluence, and the peaks,
relative to the continuum emission, are somewhat reduced. The
peaks due to O and N ions appear to be reduced more than the
peaks due to H. A comparison of the emission between 1064-
and 266-nm ablation indicates that in the case of 1064-nm ablation
(5.8 J/cm? fluence), the peaks due to higher energy H atoms are
reduced relative to the continuum, but the peaks due to Ha, HB,
and Hy are still strong. Signals due to O and N ions appear to
be reduced relative to signals due to the H atoms, similar to the
emission spectra from the lower fluence 266-nm ablation. The
emission spectra due to 532-nm ablation has a large interference
duetoscattered 532-nm light, making it more difficult toanalyze.
Peaks due to hydrogen and oxygen are observed, but peaks due
to nitrogen fall in the region of the interference.

Discussion

Laser ablation of materials has been observed to produce atoms,
radicals, and ions, with many products in electronically excited
states.?* Under our experimental conditions, atomic and ionic
species are observed spectroscopically in the plume at high laser
fluences, but no radicals or radical ions (such as OH, NH, NH,,
or their ions) are observed either in the plume or in the FTIR
spectra of the products from the ablation. The explanation for
alack of radicals or ions observed in the plume may be either that
they are not produced or they are masked by the large atom
signals. The fact that radicals are not seen in the matrix using
FTIR indicates that if they were produced in the plume or multiple
collisions have eliminated them before capture. In terms of the
stable products, large differences in the product populations occur
as the wavelength and fluence of the laser is varied. The fluence
is expected to be related to the peak temperature reached in the
solid material. The wavelength changes could have a more
complicated effect on the product populations, especially if
photolysis occurs. The data taken at 1064 nm with low laser
fluence is thought to mimic the conditions of pyrolysis most closely,
since the photon energy is lowest and a single photon event cannot
break chemical bonds. Incontrast, at 266 nm, photodissociation
of AN is possible. Zawidzki et al.s studied the decomposition
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of AN duetoillumination with 254—435-nm light, which resulted
in the formation of H,0, N;0O, N,; and O,.

A. Product Populations and Matrix Trapping. Product
Populations and Reaction Mechanisms. Using 1064-nm pulses,
the predominant nitrogen-containing products are HNO; and
NHi, especially at lower laser fluences. This is consistent with
the observations of Rossi et al.# using a slower, thermal heating
method. They only observed NH; and HNO; under their
conditions. Using both more rapid heating methods’anda T-jump
technique,$ Brill and co-workers also observed NH; and HNO,
as the products evolved at the earliest times and lowest temper-
atures in their experiments, with AN aerosol and then NO,, N,O,
NO, and H,0 formed slightly later, at higher temperatures.

Our simplest data at 1.6 J/cm? using an ablation wavelength
of 1064 nm is similar to the earliest time results of Brill et al.'s
At higher fluences or using 532- or 266-nm ablation, we sée the
nitrogen oxide species which they observe at later times. However,
we observe significantly less N,O relative to NO or NO, and
more NO relative to NO, than Brill et al.¢ observe at any time.
For example, our ratios of N;O/NO and NO;/NO at 1064 nm
and 4 J/cm?, are <0.05/1 in both cases. Brill et al.é report >3/1
for N;O/NO at 656 K in the 5-12 s following rapid heating at
1 atm and from >1/1 before 7 s to ~0.5/1 from 7-12 s for
NO,/NO. A simple picture of our data representing short-time
products and theirs representing long-time products probably
cannot explain these differences. They may be duetodifferences
in pressure between the two experiments or due to the difference
in the temperature distribution and peak temperature from laser
ablation compared to the rapid heating method.

Under all wavelength and fluence conditions in our experiments,
more HNO; is observed than NH,. Brill et al.b also observe this
and account for the imbalance by assuming that AN also
decomposes to HNO; + N, + H,O either directly or by secondary
reactions of NH; and HNO;. This consumes more NH; than
HNO;. However, the absence of HYNO; from NH,4!SNO;
ablation, despite the presence of 14NO, 14NO,, and mixed isotopes
of N,0, suggests that reactions of these species do not play a
major role in the production of nitric acid under our conditions.
We also have evidence that hydrogen atoms are being produced
in the ablation process which could account for less NH; than
HNO,;. Although Rossi et al.4 observe a slightly larger amount
of NH; and HNO; in their experiments, they attribute it to
decomposition of HNO; on their trapping surface.

An ionic mechanism23 for reaction 2 has been proposed for
lower temperatures (reactions 3-5) and a radical mechanism?
for higher temperatures (reactions 6~10). We do not identify
any of the ionic or radical intermediates in these mechanisms
either in the FTIR spectra or in the emission from the plume of
the laser ablation. However, in the plume emission, there are
broad, featureless regions which could mask these species. We
alsodid not observe the NH,NO, intermediate in the FTIR spectra
based on the assignment of the infrared spectrum reported by
Rossi et al.4 and Nonella et al.2¢

In our experiments, there appears to be a threshold for the
nitrogen oxide products. Either higher laser fluence or higher
energy photons are effective in producing them. A decrease in
the NH; and HNO; products shown in reaction 1 is observed,
with a corresponding increase in NO and its aggregates, NO,,
and to a lesser extent N,O and its aggregates. This can be
explained by the higher temperatures presumably reached in the
ablation process resulting in an increase in the amount of material
ablated and a concomitant increase in the number of collisions
before trapping. When N,O is formed, it does not appear to be
in stoichiometric balance with H,O, as we might expect from
reaction 2 alone. Although it is difficult to be quantitative, there
appears to be much more H,O in the form of aggregates. This
reinforces the fact that a complex set of reactions are involved
in the AN decomposition and at higher fluences and shorter
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TABLE III: Material Removed and Energy Estimates in the
Laser Ablation Process

material material laser energy
A removed removed energy transferred
(nm) (g/h) (mol/shot) (mJ)¢ (kJ /(mol shot})
1064 0.028¢ 9.0 % 10°° 5 3x108
532 0.0062 2.0x 107 22 1x104
266 0.0003¢ 1.0 x 10-10 9 8 x 104

@ Based on the weight of material removed and by laser beam size
measurements. ® Based on beam size measurements only. ¢ The laser
fluences for these energy measurements are 2.3, 5.4, and 11. J/cm? for
1064, 532 and 266 nm, respectively. These are based on beam diameters
of 0.17, 0.08, and 0.03 cm, respectively.

wavelengths more of these reactions appear to occur. UV
photolysis of the AN may also play a role although we have no
direct evidence for this. As mentioned previously, Zawidzki et
al.2% have observed photodissociation from the UV irradiation of
crystalline AN, with H,O and N,O as the major products.

From isotopic substitution, it is apparent that approximately
65-75% of the nitrogen oxide species comes directly from the
NO; part of the AN. Only the HNO, species shows no isotopic
scrambling. The remainder of the nitrogen oxide species use at
least one nitrogen from the NH, part. They may be formed from
other reactions of AN, for example, those proposed by Brill et
al.% to account for their observed stoichiometry. They could be
explained by collisions of AN molecules coupled with rearrange-
ment or by secondary reactions of NH, with NO, or O, or parent
molecules. Under our experimental conditions, the nitrogen oxide
species may also be formed from nitrogen atoms or ions, which
we observed in the plume.

Species Not Observed. Laser ablation of materials produces
atoms, radicals, and ions, in some cases with products in
electronically excited states. However, aside from the atoms and
atomic ions observed in the plume, there is no evidence of these
species in the data presented here. We found no evidence that
the following species are present: OH, NH, NH,, HNO, HONO,
HO,;, O, N—ON=0, ¢-(NO);, nor O,NNO.

Aggregation in the Matrix. Many of the products appear as
both monomer and dimer and in some cases larger aggregates,
for example, N,O and NO. Some products may also complex
with water as we suspect in the case of HNO; and NH;. Under
greater laser fluences, more product appears as dimers or
aggregates. Thelaser ablation method used in these experiments
may allow collisions to occur between larger ablated particles of
the parent material and product molecules or even atoms,
contributing to the production of aggregates. In addition,
aggregates form in matrices in more concentrated mixtures of
solute in solvent, typically when the dilution ratio is below
1:500.2-2% Since we use a pulsed laser to ablate the AN, the
concentration of product species during the laser pulse is relatively
high compared to the argon flow, on the order of 1:50 for the
1064-nm ablation, and aggregation at the matrix surface is
expected at the matrix surface.

B. Laser Ablationasa Heating Source. Energy Considerations
of Laser Ablation. Fluences were estimated by measuring the
energy and the spot size of the beam, imaged on photographic
paper at the pellet. Unfortunately, we do not have a means of
measuring the peak pellet temperature in the experimental
apparatus. The lowest fluence measurements which lead to the
formation of NH; and HNO; look similar to the data of Rossi
et al.4 in the temperature range 400-500 K. The measurements
presented here in which H,O is released and nitrogen oxides are
produced partially resemble the 600-700 K data on AN collected
by Brill et al.,® however, to define a temperature, there must be
a Boltzmann distribution of excited states, which is not the case
in the laser ablation process presented here.

We can estimate an upper limit of the energy transferred to
the AN from the laser. The results are given in Table II1. This
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calculation is based on the amount of material removed per laser
shot and the laser energy measured outside the vacuum chamber,
The amounts of material are taken from weight and volume
measurements on the pellets after 1064- and 532-nm ablation,
asdescribed earlier. For 266-nm ablation, the volume of material
removed is estimated relative to 532- and 1064-nm ablation based
on the laser beam diameter and the relative penetration depth for
the 266-nm data. The amount of energy transferred per laser
shot per mole of AN is most likely too high since the mass of
material heated is probably greater than the amount actually
ablated. In spite of the overestimation in all cases, the relative
differences in the energies transferred give some indication of the
different ablation conditions at the three wavelengths used in our
experiments. The amount of energy deposited in the AN by the
266-nm ablation is considerably higher than that for 1064- or
§32-nm ablation, which explains our observation that more “high-
temperature” products such as NO, NO,, and N,O are present
under these conditions. However, the 266-nm spectrum also has
attributes of a “low-temperature” measurement indicated by the
presence of HNO; and NH;. This may be an indication of the
presence of photochemistry or may simply indicate that there are
regions in the smaller plume that do not reach the “high
temperature”. We can estimate the peak temperatures, Tpea,
for the three wavelengths using the following equation:

Tpeak = Elaser/ (Cpn) (I)

where Ej,,., is the laser energy, n is the number of moles, and C,
is the heat capacity. The value used for the heat capacity is 139
J/(deg mol).3® The Tipeqx values obtained from the equation are
4 X 104 1 X 105 and 6 X 105 °C, for ablation at 1064 (2.3
J/cm?), 532 (5.4 J/cm?) and 266 nm (11. J/cm?), respectively.
This prov1des only a rough approximation of the “peak temper-
ature” assuming no heat loss mechanisms. This does not address
the distribution of temperature present nor give the “average
temperature” of the laser-ablated material.

We can gain an independent estimate of the amount of energy
transferred in the laser ablation process from the energy required
to produce the atoms and ions we observe in the emission spectra.
Hydrogen atoms, excited on the H line, have 1.26 X 10*kJ /mol
energy. It requires approximately an additional 450 kJ/mol to
break the chemical bond for a hydrogen atom, making the total
1.7 X 10% kJ/mol for the lower limit to the energy required for
excited hydrogen atoms, which we observe at all three wavelengths
for ablation. Approximately 4.8 X 103 kJ/mol is required to
produce excited oxygen ions, which we also observe at all three
wavelengths, although relatively less is observed due to 1064-nm
ablation and due to lower energy 266-nm laser ablation. More
than 5 X 10% kJ/mol of energy is required to produce excited
nitrogen ions, since three H-N bonds must be broken. These
numbers are on the same order of magnitude as the estimates of
energy transferred from material ablated.

Heterogeneous Reactions. The laser ablation method used
here may allow collisions to occur between larger ablated particles
of the parent material and product molecules or even atoms. It
is not clear how important such heterogeneous reactions are in
the normal detonation of these materials and whether the
conditions here, at much lower pressures, are a resonable
approximation to the early stages in the decomposition or
detonation processes. This would require further study.

Summary

A study of ammonium nitrate is presented in which laser
ablation is used as a rapid temperature-jump source, products
are collected under low-pressure conditions (1 X 10-5 Torr) on
a cryogenic argon matrix surface (~ 15 K), and relative product
populations are analyzed using FTIR spectroscopy. Largeeffects
are observed as the laser fluence and wavelengths are changed
which can be attributed to the differences in the amount of energy
transferred to the AN. There appears to be a threshold for
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formation of nitrogen oxide species. These species are present
only with higher energy photons or at higher laser fluences. Many
products appear both as monomer and complexed as dimer or
with H,O, presumably due to aggregation at the matrix surface.
Although atoms and atomic ions are observed directly in the
plume, only stable species are observed on the matrix, not atoms,
ions, or radicals such as OH or NH, suggesting the presence of
secondary reactions in the plume region and on the way to the
matrix. The observation of isotopically scrambled products from
the ablation of isotopically substituted AN also supports the
presence of secondary reactions or the reaction of atoms from the
laser ablation. Further studies are needed to characterize the
mechanism of the production of isotopically scrambled species.

The laser ablation technique offers a degree of variability in
the amount of energy deposited into the energetic material thus
allowing the study of these materials under different “heating”
conditions. The amount of energy deposited in the material
appears to affect both the final “temperature” of the AN as well
as the amount of product ablated and hence the number of
secondary collisions.
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