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I. Introduction

The principal objective of the work reported here has
been to study the problem of dynamical characterization of the
primary decomposition processes of energetic materials, nitro
paraffins and nitramines. It has been our aim to develop a
general method for the initiation and detailed observation of the
consequences of unimolecular fragmentation of such materials
under collision-free, molecular beam conditions. The initial
phases of our work have been concerned with the construction of
the instrument and the execution of necessary developmental
experiments establishing the applicability of our detection
method, time-resolved multiphoton ionization, to compounds
expected as fragmentation products. Our work in this contract
period has culminated in the experiment bringing all of these
preliminary elements together in a fully resolved experiment
characterizing the dynamics of C-N bond scission in the
decomposition of nitromethane.

This report gives a summary account of the accomplishments
of our work under contract DAAG29-80-C-0065. Listed in order of
presentation in the following sections, these accomplishments
include: 1) Devlopment of a laser ionization mass spectrometric
apparatus for the study of multiphoton spectroscopy and
unimolecular fragmentation dynamics; 2) Complete elucidation of
the role of photodissociation dynamics in the multiphoton ion-
ization of NO, from 400 to 500 nm; 3) Assignment of the 500 to
520 nm four photon Rydberg system that yields resonance enhanced

production of NO,* with internal state distribution information;
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4) Detection of CH3 and NOz products from the collision~free
decomposition of CH3NO, with spectroscopic internal state, and
angular and time-of-flight velocity resolution; 35) Development
of a direct count, detailed angular momentum conserving excluded
phase space model for energy disposal in unimolecular decom-
position as a statistical framework for the analysis of experi-
mental energy disposition results; and 6) Broadening of the
application of multiphoton ionization to include demonstration of

its utility as a combustion diagnostic.

II. Progress Report

A. Laser Ionization Mass Spectrometric Apparatus for Studies of

Spectroscopy and Reaction Dynamics

We have developed an instrument for mass resolved
studies of multiphoton ionization as a probe in the study of

l-1lx 1t consists of an

unimolecular reaction dynamics.
extranuclear quadrupole mass spectrometer contained within a
stainless steel vacuum chamber fitted with a pulsed molecular
beam source and optics for admitting UV/visible and infrared
laser light.

Pigure 1 shows a schematic of the apparatus as configured %

1

for a MPD/MPI experiment. To start such an experiment a 10 Hz

trigger signal of a single clock circuit is split into two
parallel lines. The master clock signal triggers a Quanta-Ray
DCR-1A/PDL-1 YAG-pumped tunable dye laser, which has a 3 ms

internal command rise time. Delayed appropriately with respect

* References keyed to list of ARO supported publications.
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to this start pulse, a second line triggers an elect
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omagnactic
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valve, admitting a pulsed supersonic beam of the sample gas Zown
the axis of the vacuum chamber. The valve produces a 70 :s

rotationally cooled pulse. A six inch Varian difZusion zump,

(9N
(r

combined with an Air Products Displex refrigerated col: raz,
clears the chamber to a pressurs of 2 x 10=7 Torr between

pulses, The VAG laser provides a 250 us pre-trigger pulse, wnich
starts a high-resolution adjustable gate and Zelay. The out:put
of this device, after eight-fold division in freguency, triggzers
a nome-built grating tuned CO; TEA laser. The 1.25 Hz repetizicon

t rakte of data colleczion,

3

rate of this laser limits the preser

This timing arrangement ensures that the CO, laser £firas chrough
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the peak of the molecular beam intensity and that the dye laser
fires at a precisely specified time shortly thereafter,

The pulse of light from the CO, laser passes through an
eight inch focal length Ge lens, enters the vacuum system hori-
zontally through a NaCl window, and focuses in the path of the
molecular beam. The high intensity of the light induces MPD in a
fraction of the sample molecules within the focal volume. The
pulse of visible light from the dye laser passes through an eight
inch focal length quartz lens, enters the vacuum system from
above, and focuses at the intersection of the CO, laser and
molecular beams. When tuned to a single- or multi-photon
resonant absorption of one of the dissociation fragments, this
pulse selectively ionizes the molecules of that fragment in a
multiphoton process.

An ion optics assembly (API-272-N2), manufactured by Extra-
nuclear Laboratories, surrounds the interaction region of the
three beams and collects and focuses the resulting ions into the
entrance of an Extranuclear quadrupole mass spectrometer (ELFS
4~324~-9). Those ions passing through the quadrupole receive a
107 gain in a particle multiplier (Gallileo Electro Optics
Channeltron 4816). The detection process thus embodies both
wavelength and mass discrimination against ions produced from the
parent molecule or from other dissociation fragments.

A Keithley 427 electrometer converts current to voltage and
amplifies the signal for averaging by a PAR 164/162 boxcar that
samples at the repetition rate of the CO, laser. As discussed

later, to acquire data on internal states of products we hold the




e

position and delay times of the probe laser constant while we

scan the wavelength of the dye laser. To determine fragment
recoil velocities, we hold wavelength constant and scan angular
position and delay time. In all cases a chart recorder displays
the output of the boxcar signal averager.

But for the absence of the CO; laser and its attendant tim-
ing electronics, the apparatus and procedure are the same for
pure MPI spectroscopic experiments.

B. Photodissociation Dynamics and Multiphoton Ionization

Spectroscopy

MPI characterization of a compound is an essential step
toward its detection as a reaction fragment. This is especially
true where complex, dissociative paths to photoionization are
possible, and thus is a strong motivating factor in our studies
of the multiphoton ionization spectroscopy of NO,.3:8,7,3

Figure 2 shows an energy diagram illustrating the electronic
states and photodissociation pathways involved in the multiphoton
ionization of NO2. We find from our experiments that for wave-
lengths shorter than 500 nm, dissociation at the level of the
second photon dominates the laser driven process; in our
laser/mass spectrometric apparatus we see only NO* from the ion-
ization of the nascent, neutral NO photoproduct. At wavelengths
longer than 500 nm we are able to detect NO,*. The spectrum in
this latter region is characteristic of the initial NO; distri-
bution and thus useful as a probe of the dynamics of NO, pro-
ducing reactions. The assignment of the resonance system leading

to NO,* is given in the next section.
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Behavior in the region of two photon disscciation
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Briefly, in two photon excitation to just abcve
5282, below the thermochemical threshold for productio
we observe an ionization spectrum charactsaristic of ro
and vibrationally not NO,
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cess energy available 15,000 cm™" above the threshold
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mation of ground state NO(X%%) and O(3P).
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soon after it is accessible, the O(lD) channel dominates leaving
much less energy available to deposit in the internal degrees of

freedom of the product NO.

We have examined this 420 to 450 nm region of the NQO; MPI

spectrum in detail, using supersonically cooled NO, expanced <fronm

a pulsed jet. In general our high resolution experimenzs confirm

t

{

the observations made above for static cell samples; for the mos:

part the internal energy distribution in the nascent NO resulting
from photodissociation of NO, at zie two photon level via the

0(!D) pathway gualitatively resembles that observed in the near

UV, one photon dissociation of NO, via the 0(32) pathway for
which there 1s a similar excess energy above :threshold., As shown
in Figure 4, for two photon photolysis near 450 nm, we observe

the production of both NO spin-orbit components. Vibrational and
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C. Assignment of the Resonant Features A

_N_OZ _ih_v_.. NO zj
As indicated above for wavelengths longer
where the energy of two photons £falls short of the
5282, continued pumping apparently competes effecti

sociation because we observe the prcduction of NO;

trum of this ionization signal is characterized b:

the level of the fourth photon with high lying membe

with:

tnhan 00 nm,
ocrigin of
vely with dis-
. The spec-
resonances at
rz of the XNC»

npo (0,1,0) Rydberg series. The elements of this serie

appear 1in the MPI spectrum of NO; are shown with their

~

n
v
n
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]
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in Figuxre 6. This assignment £fits precisely on the low energv

side with the 3poc Rydberg state observed in one photon

Y

-
agsoro-

tion. Accounting for the vibrational state of the core, we con-

'

verge on the high energy side to an adiabatic ionization zcten-

tial of 9.78 ev.
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bent-to-linear parallel transition from X2A; (0,0,0) K=1 to Ezzs

(10 po) (0,1,0) & = 1, where K is the projection of the rota-
tional angular momentum on the symmetric top axis and i1 is the
vibrational angular momentum of the linear excited state. The
full range of J is allowed. The requirement for vibrational
angular momentum fixes the bending guantum number of the linear
upper state. Four photon line-stength factors are included in
the simulation.

D. Dynamics of the Decomposition of Nitromethane: Detection of

CH3_and NO2 Products with Internal State and Velocity

Resolution
Multiphoton ionization spectra of CH3 and NO; products
from infrared laser induced unimolecular decomposition of CH3NO;
are shown in Figures 9 and 10. These spectra were obtained with
superimposed pump and probe laser beams, and thus represent an
average over all products. Comparison with thermal data, our own

for NO, and that of others for CH; (see ref. 10), suggest that

our distributions, while not necessarily Boltzmann, have average
energies the order of room temperature.

The angular distribution of products scattered out of the
beam by recoil associated with unimolecular decomposition is de-
termined by scanning the focus of the probe through an arc

radially displaced smm from the scattering center. The results

of such a scan for CH® and NO? are given in Figure 11.
Close inspection of these data reveal that taken together
the two distributions appear to violate linear momentum conser-

vation; the lighter CH; fragment should be scattered to larger ﬂ
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angular distribution.) A separate determination éf this dis-
tribution for our present beam source-skimmer geometry is in-
dicated by the fine dashed lines in Figure 11. The bold dashed
lines show calculated laboratory distributions for CH3; and NO,
given a center-of-mass recoil energy release peaked sharply at
2500 cm-!l.

E. Theoretical Analysis of Energy Disposal in Unimolecular

Decomposition to Polyatomic Fragments

Our MPD/MPI molecular beam scattering experiments have
given us information about the internal state populations as well
as the recoil velocities of both CH3 and NO; fragments of the de-
composition of nitromethane. The question immediately emerges
are all of these distributions consistent with each other? (Do
the rotational distributions match when one considers angular
momentum conservation? 1Is the energy content of the rotational
degrees of freedom consistent with that found in translation?)
Also, do all these energy distributions sensibly match with what
one might expect to see statistically, or are dynamical factors
at work determining the distribution of excess energy?

To analyze our data in a way that addresses these questions
we have developed a direct count phase space theory algorithm to
precisely predict the statistical expectations for translations
rotations and vibrations, explicitly conserving angular momentum
and energy.!? This algorithm takes advantage of two factors that
make a detailed direct count over vibrationa) and rotational
states possible:

1) With reactant expanded in a molecular beam, and, presumably,
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not rotationally excited to a significant degree by the

infrared laser, the total angular momentum to be conserved

by our calculation is a simple quantity, to a first approxi-
mation, zero.

2) To perform the computation, we use a fast state counting
algorithm developed originally to direct count vibrational
states. With this algorithm the full computation, for a
moderate level of available energy, uses only a few minutes
of computer time.

Briefly the following steps are employed to determine the
statistical distribution of a given amount of energy in excess of
the decomposition threshold: A direct count over vibrational
states produces a map of accessible vibrational energy levels and
degeneracies. A rotational count is then performed for each vi-
brational level, and the results combined to form a total prob-
ability distribution.

To carry out each rotational count we individually index

total angular momentum quantum numbers, JCH3 and JNO2 for each

fragment. For each combination we consider all space quantized
projections, choésing for each an interfragment orbital angular
momentum that conserves the total zero angular momentum of the
system. The energies and degeneracies of each molecule fixed
projection are then considered, and all combinations that con-
serve energy are weighted properly and added to appropriate run-
ning distributions.

For an average excess energy of 1000 cm=!, we obtain the

distributions of CH; and NO, rotational quantum numbers and
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relative translational energy given in Figures 12 and 13,

respectively.
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thermal distributions are cashed in on each of the rotational

A S -
~he

guantum number plots,
This difference has important consequences. We compare

)

oretical to experimental results by taking tabular distrisution

over rotational quantum numbers output by our phase space progran

as input to a program that produces spectral simulations of MNC;
Results of this procedure for

and CH3 multiphoton resonances.
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scans
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will fit either spectrum.
mentally observed rotational populations,

of our phase space model for energy d

=20~

in Figures 14 and 15. While

it is most important to note

Thus we

excess energy are shown together with experimental

the agreemant nere is wvery
that no thermal distridbution
aprear to nave in the experi-
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decomposition to polyatomic¢ fragments.
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It is now instructive to inguirs about the agreemenc petwesen
predicted and observed translational energy distribution. Recall
the experimental results suggest a distribution peaxed adbout an
average the order of 2500 cm=!. The translational energy distri-
bution shown in Figure 13 is not nearly that enesrge
must conclude that our model, wvalidated for rotational energy
disposal, significantly underestimates the translaticnal ensrg
of recoiling CH3; and NO; fragments. Dynamical factors must Dde at

work: There must be an added source of energy deposi:ted into re-

coil as fragments separate. We suspect relaxation associatead
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with the geometrv changes of CH3 and NO2, act to produce a
barrier in the exit channel. Should this surface fesature e

confirmed, it will have a profound effect on the theoretical

framework for decomposition kxinetics in this simplest of

nitroparaffins.

F. Multiohoton Inization as a Combustin Diagnostic

We have demonstrated the utility of multiphoton ion-
ization as a combustion diagnostic by obtaining the spectrum and
concentration profile of nascent NO in a premixed laminar
methane/air flame."

Figure 16 shows the spectrum of the transient ion current
produced by the dve laser focussed between collection wires in
the flame. We assign this spectrum to NO. Figurs 17 demon-
strates the spatial resolution of the tightly focussed laser

-

beam. As the burner is lowered from near contact with the laser
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focus, changing the position of the focus in the flame, the icn-
ization signal at 430 nm first incrzases sharply and then de-
creases. The region of maximum signal is about a millimeter

bevond the sharp transition from bright to dim blue Ilzame.
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