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Coherent Ultrafast Vibrational Excitation of Molecules in Localized Shock Wave Fronts
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We present a theory of coherent shock-induced vibrational excitation of molecules in solids. We treat an
idealized impulsive shock wave traveling through a one-dimensional monatomic lattice doped with a diatomic
impurity and focus on the ultrafast dynamics occurring within the localized shock front itself. We present a
simple classical mechanical model based on the theory of collision-induced translational to vibrational energy
transfer, modified to treat the multiple correlated impulsive forces acting on the internal degrees of the molecule
as the shock wave passes, and compare the predictions of the theory with classical molecular dynamics
simulations. It is found that our approach provides a qualitative description of the behavior observed in
molecular dynamics simulations and, in some cases, gives quantitative predictions of the vibrational energy
uptake as a function of shock velocity. The potential relevance of the model to shock-induced chemical
processes in solids is discussed.

I. Introduction mistic molecular dynamics simulations suggest that the traveling
. . o . shock front can be highly localized on atomic distance

_ Shock_ waves in solids create extreme noneqwhbrlum con_dl- scaleg021304250 Thjs highly localized and coherent pulse of

tions which can lead to a range of novel physical and chemical e cnanical energy can, in turn, subject the intramolecular modes

processes. A particularly interesting and important example is ot molecules in shocked solids to highly impulsive forces on

the detonation of an energetic material, which can be initiated jirafast time scales, qualitatively similar to those experienced

by energy transfer from a propagating mechanical shock wave by molecules in high kinetic energy collisiobis.

into mtramolecfulsr degrges of freotla'dom.f This tIaXCItlatlodn leads °, this paper, we investigate the ultrafast vibrational excitation
to activation of the reaction coordinate for molecular decom- ¢ ygjecules in shocked solids from a theoretical perspective.
position and_, ultimately, to the exothermic c_hemlstry underlying \ve focus on the dynamics of coupled intramolecular and
the de’gonatlon process. A great deal of interest has,recentlyintermolecular motion that occurs within the advancing shock
been directed at understanding the elementary dynamical stepg,t itself. We treat a highly idealized model, consisting of
underlying the initiation of detonation in shocked energetic an atomically sharp shock front traveling down a one-

materials.® Aside from its fundamental interest as a many- gimensional monatomic lattice containing a single diatomic

body ultrafast dynamical process, there is considerable praC"Calimpurity, and employ classical mechanics to model the dynam-

importance associated with this problem, particularly as it relates ics. We develop a simple analytic theory which captures the
to the design of energetic materials that are resistant to accidenta| ey./ aspects of the ultrafast dynamics of vibrational excitation
shockcnuced deonaton. Recent advances in tme-esoivedy Chnic s redicions wih the femut of dossca

P ' P molecular dynamics simulations. The goal of this work is to

i i ' 33 idi o . . .
computer §|m|ulz;t|on_|agd ar|1alyt||c th_eori‘é?, hare plrowdmg . study the qualitative dynamical mechanisms underlying ultrafast
an increasingly detalled molecular view of the early events of iy ational excitation of molecules in solids by the passage of

shock-induced chemistry in solids. _ _ localized shock fronts. We pursue this goal in the computa-
One mechanism that contributes to shock-induced solid statetionally tractible and intuitively appealing setting of classical

Chemistry involves the thermal activation of intramolecular mechanics of a one-dimensional System’ at the expense of
degrees of freedom by hot lattice vibrations in the wake of the realism and its associated complexities. In particular, we ignore
traveling shock front. A multiphonon up-pumping model has  the quantum mechanical nature of molecular vibrations, mul-
been proposed to describe this process and has been the subjegtiimensional effects, and the possibly ill-defined spatial

of both experiment&f'®.1*343%nd theoretical'®2*2'studies.  structure of the shock wave front. Nonetheless, we believe that
The model predicts a time scale for up-pumping on thelorder the general principles identified in this work apply at least
of 100 ps. For shock velocities in the range*+Q0* m s, qualitatively to the more complex processes in real systems and

this corresponds to a spatial region behind the shock wave of may contribute to understanding the potentially important but
order 16—10* A in thickness. Defects, impurities, and other rejatively unexplored role of coherent ultrafast excitation in
imperfections of the solid enhance the decay of the localized shock-induced chemistry.

shock wave energy into thermal lattice motion and cause the \yjithin the idealizations of our treatment, the ultrafast

formation of “hot spots” in the solid, where initiation by  excitation of a molecule in a shocked solid occurs via impulsive
multiphonon up-pumping can occur more readity.5:24.28:3641 collisions between the molecule and constituent lattice atoms
Although the thermal activation mechanism undoubtedly as the localized shock front encounters and passes through the
plays an important role in shock-induced solid state chemical impurity. However, unlike the case of collisional translation
processes, alternative mechanisms can be imagined, dinece  vibration (T—V) energy transfer, the spatial localization of the
energy transfer from the shock front itself into molecular traveling shock front will lead to different parts of the molecule
vibrations occurs. Experiments, continuum theories, and ato- experiencing these forces at different times, so that the internal
modes of the molecule will be perturbed trgins of localized
® Abstract published irAdvance ACS Abstractsune 1, 1997. pulses, in a manner reminiscent of molecules interacting with
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the shock and particle velocity is given by

|
m My My

C When the shock wave reaches the impurity, the left atom B
Figure 1. Schematic view of a small region of the one-dimensional of the diatomic will experience a collision with the adjacent
sol?d. The_host I_at@ice at_oms_with masp are shown as open circles,  hgst atom traveling toward it with velocity, (see Figure 1);
while the diatomic impurity with atomic masses andmc are shown we define this time as = 0. If we assume for now that the
as larger, shades circles. di S . . . .
iatomic isrigid, then simple kinematics allow us to estimate
the final translational kinetic energy and velocity of the impurity
after this first collision. The molecule translates to the right
following the first collision for a timet = 7 until it encounters
the host atom to its immediate right, leading teeecondatom—
molecule collision. During the time interval 8 t < 7, the
impurity itself is responsible for the shock wave propagation.
Within the hard-sphere idealization, this second collision can

shaped optical pulse sequences in spectroscopic control
experiment§2-56 A |ocalized shock front traveling at 8 10°

m s 1 will cross a molecule of widt 3 A in under 100 fs. These
time scales are short enough for the timings of these impulsive
forces to interact with molecular vibrational motion in a coherent
manner: the correlation between the intrinsic phases of the

intramolecular oscillators and the timing of the multiple also be analyzed easily using elementary kinematics. Depending

coII|S|on§ plays a key role in the overall energy transfer. on the particular mass values chosen, the diatomic will continue
The S|m_ple mo_del of coherent ultrafast energy uptake by 5 move (to the left or to the right) following this second
molecules in localized shock fronts developed in this paper takes . jision. and thus more collisions may occur as well. For

this correlanpn epr|C|tIy.|nto accqunt. Our.a.pproach IS '?aSEd simplicity, however, we will neglect these higher order collisions
on the classical mechanical theories of collisional excitation of ;
o : in our development below.
molecular vibrations developed in the 1960s and 1978551 . . .
During the collisions between the host atom neighbors and

This previous work treated single encounters between (usuallythe diatomic molecule, its bond does not remain rigid but can

diatomic) molecules and atomic collision partners. Here, we underao excitation due to the forces acting on it. Classical
extend the gas phase theory to treat the effect of highly >rgo € . g on it o
semiclassical, and quantum mechanical theories of collision-

correlated multiple collisions experienced by molecules in L N
shocked solids. Our model is developed for the simplest Case|nduced vibrational excitation in the gas phase were developed
many years ago by a number of worké¥§”61 In these

of a diatomic impurity embedded in a one-dimensional atomic theories. individual atormdiat N treated. |
solid, and its predictions are compared with molecular dynamics eories, individual atomdiatom encounters were treated. in
the solid, however, the diatomic molecule will experience two

simulations. It should be noted, however, that similar phenom- . - . . . ;
(or more)correlatedimpulsive interactions with multiple lattice

nol is al rved in higher dimensional simulations, an . H
enology is also observed gher dimensional simulations, & d_atoms as the shock wave passes through the impurity. Together,

thus the model presented here is more general than our oneth . | determine th Il ltrafast vibrational it
dimensional development. The process of shock-induced nese IMpulses determine the overall ultratast vibrational excita-
tion of the system. As we will see below, the timing of these

vibrational excitation is complementary to a related coherent .

cnergy transfer mechansm 1t we.have sued recenty: S0 a0 1 dependence on colison encrges and
coherent pulse trains of nanoscale shock waves created b)P : P

photodissociation of molecular impurities in atomic sofids of the final vibrational energy on shock velocity that is in marked
The rest of this paper is organized as follows: In sectio.n I contrast with the conventional single-collision theory of energy

the one-dimensional model studied is described. In section I, exchange.
the classical theory of collisional excitation of molecular

vibrations is briefly reviewed, and its extension to shock-induced !ll- Theory
excitation is presented. In section 1V, the predictions of the
model are compared with molecular dynamics simulations
performed on the one-dimensional model problem. Finally, a
discussion is given in section V.

In this section, we briefly review the classical theory of
collision-induced vibrational excitati®fré! and describe our
extension to the case of shocked solids. The simplest gas phase
version of this model treats a collinear-A BC atom-diatom
collision. The diatomic vibration is approximated by a harmonic
oscillator with frequencyy, and the intermolecular interaction

The system considered is composed of a one-dimensionallS Modeled by a purely repulsive exponential potential, given
monatomic solid, made up of host atoms with magssand by
containing a single diatomic impurity molecule with atomic
massesng andme. Figure 1 shows a schematic view of a small V(d) = Ve @D 1)
portion of the infinite one-dimensional solid. An idealized shock
wave, a single atom in width, passes through the solid from \;nered is the distance between atoms A anddg and Vo, =
left to right with a shock velocitys. The overall propagation  v/q,) are constants, aridis the exponential scale parameter of
of the shock wave occurs by sequential collisions between the e notential. We can express this interaction in terms of the

lattice atoms. Except for small thermal motion, the lattice atoms gistance between the collider and the diatomic center of mass
move only when they are within the traveling shock front itself. (R) and the B-C bond length():

They then translate with particle velocity vy, which is less

than the shock velocity. For a linear chain of hard-sphere atoms

with diameterd and lattice spacing} the particle velocities in d=R-— Lr =R-—ar (2)
the undoped lattice are piecewise constant functions of time mg + Mc

(i.e., eitheny or zero) as a chain of elastic ateratom collisions

transmits the shock wave. In this case, the relationship betweenThis defines the mass ratio

Il. System



Molecules in Localized Shock Wave Fronts J. Phys. Chem. A, Vol. 101, No. 25, 199%615

Me andw is the harmonic frequency of the diatomic vibration. The
= m ©) time-dependent force acting on the diatomic bond is given by
the negative derivative of the time-dependent potential:
In terms ofdr = r — re, the deviation of the oscillator from its aE, vt
equilibrium bond lengthye, the interaction potential can be F(t) = — — sech (_0) (13)
written as L 2L
ar, R—d, Sr The resulting forced harmonic oscillator problem can be solved
V(Ror) =V, ex;{— T exp{— 3 ] exp{ar 4) exactly5-57-61 For zero initial excitation, the final energy of

the vibrating diatomic is given by the square of the Fourier
In this simple theory, we assume that the vibrational motion is transform of the force, evaluated at the oscillator frequency
of small amplitude and described by a harmonic potential. In 1 e _

the limit or < L, the factor expgdr/L) = 1, and the equations Eio =71/ F()e* dt/* (14)

of motion forR(t) can be solved analytically. In this limit, the 2u

diatomic molecule is treated as a rigid composite particle with For the force given in eq 13, this integral can be evaluated
massmp = mg + me.  The forces acting on the diatomic bond analytically, giving the result '

as the result of this atonrigid diatomic collision then
o 2 2\2
Bol?[ 1 4mu2L cscht [ToL (15)
2ul\ v, Yo

determine, approximately, the energy uptake by theCB

vibration. (Note that this theory does not conserve total energy.) Eip= T
This result was first published by Rapp®® and later tested
against numerical trajectory simulations by Kelly and Wolfs-

The atom A initially approaches the stationary8 diatomic
molecule from the left with a particle velocityy. We define
the reduced mags of the host-rigid diatomic molecule as

m,my m, (Mg + M) berg®® The agreement between eq 15 and simulation ranges
= = (%) from fairly poor to nearly quantitative. Empirical corrections
My + My My Mg+ Me to improve this agreement were proposed by Kelly and

Wolfsberg®® An important modification of this theory was

proposed by Maha#t,which improves the accuracy of the result

Ko = 1/2mAv02 (6) and gi\(es the proper high-energy limit. .This “refjned impulse
approximation” recognizes that, at very high energies, the-atom

Therelative kinetic energy of the colliderdiatomic system is  diatom collision becomes the collision between the atoms
A and B, with C acting as a bystander. In the above theory,

The kinetic energy of the collider in the lab frame is given by

E,= 1/2;”,02 7 this modification is made by redefining the reduced njass
We now select the parametedy and Vo such thatV i MM (16)
exp(ardl) = Eo. Then,R = dy corresponds to the turning m, + mg

point of the R(t) motion. Defining X(t) = R(t) — do, and
choosing the zero of time such th&0) = 0, Newton's equation ~ which is appropriate for the AB atom—atom collision.

of motion for X(t) can be solved exactly to yiefd:57-61 We now extend this general model of collisional energy
transfer to the problem of vibrational excitation of molecules

ex%— @) _ ﬁ(v—ot) ®) in shocked solids. We build our theory on the approach

L 2L reviewed above, but with the key modification to treat the

) o ) multiple, correlated collisiongxperienced by the molecule as
We now return our attention to the vibrational motion of the ' the shock wave passes.

B—C molecule. The approximate equations of motionrfey As Figure 1 illustrates, the first A BC collision is not the
are obtained by keeping (here)linearizedapproximation to  whole story when the molecule is embedded in a solid.
the factor: Following this collision, the molecule will itself be induced to
oS oS translate to the right. Assuming for now hard-sphere kinematics,
ex T)g 1+T 9 the kinetic energy of the diatomic in a space-fixed frame

following the first collision can be easily determined by
conservation of kinetic energy and momentum. The lab frame

In addition, the explicit (but approximate) time dependence of - ' - NOUN
velocity of the diatomic after the collision is

X(t) = R(t) — dp is incorporated into the interaction potential,
yielding

_ 2v, 17
Vol or 0T T my/m, (17)
V(r,t) = E, sech SOt e (10)
The diatomic molecule will translate for a timeand will then
The resulting Newton’s equation of motion fér(t) is then experience aecondcollision, this time with the lattice atom to
given by its right. We define the distance which the diatomic must
traverse between collisions as, which is effectively the
u OF + uw? or = F(t) (11) difference between the equilibrium and hard-sphere molecule
. ) ) ! lattice contact distances. The simplest estimate of the delay
where the diatomic reduced mass is defined as time of the second collision is the distance traveled divided by
the velocity:
LS (12) ’
mg + Mg 7= Alvp (18)



4616 J. Phys. Chem. A, Vol. 101, No. 25, 1997 Rose and Martens

The theoretical predictions (see below) depend sensitively ontwo collisions in the present discussion. In general, further
this time delay, and a more refined estimate @fnproves the collisions will occur; these and other effects can be incorporated
results. This can be accomplished by taking into account the into the theory at the expense of simplicity.

finite time required for the diatomic to achieve the velooity The theory developed here is based on a classical mechanical
and the corresponding finite slowdown time accompanying the treatment of both the translational and vibrational dynamics.
second collision. Using the analytic solution to the equation This was done to allow a direct comparison of the analytic
of motion given in eq 8, the time delay can be approximated as theory with many-body molecular dynamics simulations (see

A

T=—
b

+1 (LO
n() -+ (19)

Lf)
o "p
whereL, and L; are the exponential scale parameters in the
interatomic potential appropriate for the first8 collision and
second C-A collision, respectively.

The second collision subjects the diatomic molecule to a
second impulsive force. The form of this force is the same as
given in eq 13, but with modified mass, energy, potential, and
velocity parameters and a delay in time. The relative kinetic
energy of the moving diatomic and stationary collision partner
(which has mass,) is given by

Ep = vy’ (20)
The total force F(t) acting on the diatomic is then given
approximately by

F(t) = Fy(t) + Fyt—7) (21)

where
F)=— aL—io sech (;}—Ii) (22)
F() = — ﬁTEfD secf (;—'E:) (23)

Both of these forces are negative and thus act to compress th
diatomic bond. The mass factfris given by

b= (24)
In the frequency domain, the total force becomes
F(w) = Fy() + Fy(0) exp(wr) (25)
where
Flo)= (7 FOE”" dt (26)

is the Fourier transform d¥(t). From eq 14, the energy uptake
in the shocked molecule is then given by

Evp = (1/20) ([Fy(@)])? + [Fyw)]* +
2F () Fy(w) cosr)) (27)

The excitation that would result from a pair ahcorrelated
collisions is modulated by a factor that depends on the time lag
betweenthe two collisions. In other words, the excitation
depends on thdime correlation of the multiple collisions
affecting the molecule.

For a given diatomic frequenay, this correlation can lead
to nonmonotonic energy uptake vs shock velocity. Our model
neglects the effect of vibrational excitation of the diatorrémd
the resulting nonzero-amplitude oscillatiean the time or the
kinematics of the second collision. We have also treatd only

the next section). Quantum effects in molecular vibrational
dynamics can, of course, be important, especially at low
temperatures and for light particles such as hydrogen atoms.
An extension of the above analysis to treat fully quantum
mechanical vibrations is straightforward; indeed, classical,
semiclassical, and quantum mechanical versions of the energy
transfer theory of gas phase collisional vibrational excitation
have been developed and tested extensi®y 5! and those
results could be adapted to the present application. A com-
parison with full many-body simulations would not be straight-
forward in the quantum case, and so we restrict our analysis
here to classical mechanics.

IV. Results

In this section, we test the predictions of our theory against
molecular dynamics simulations of a model system. The model
consists of a one-dimensional monatomic solid containing a
single diatomic impurity molecule. The full infinite system is
approximated by a chain of 20 atoms, with free boundary
conditions. The impulsive shock-induced energy transfer occurs
on an extremely short time scale while the shock front passes
through the molecule, and the energy transfer is insensitive to
the number of atoms in the system and the form of the boundary
conditions.

The mass of the host atoms are chosen to be equal to that of
Ar: my = 39.95 amu. We consider a homonuclear diatomic
impurity molecule and examine two cases: a “light” diatomic
with mg = mc = my and a “heavy” diatomic withmg = mec =

ma. The A—A, A—B, and A-C interaction potentials are
aken to be of the Lennard-Jones form:

V() = 46’(?)12 - (?)6]

with parametersr = 3.4 A ande = 83.3 cnt?; these values
correspond to the values for the -AAr van der Waals
interaction. The diatomic bond is modeled by a harmonic
potential

(28)

u(r) = Yk(r — r)? (29)
The force constarik is chosen to give the desired vibrational
frequencyw. The equilibrium distance is chosen to be'Zo,
the same as the hoeshost and hostdiatomic equilibrium
distances.

The initial conditions of the system are generated as follows.
The lattice is first equilibrated at a temperatdre= 15 K by
trajectory integration and velocity rescaling. Then, the velocity
of the host atom on the far left terminus of the chain is increased
by a positive increment to give the initial particle velocity
The result is an impulsive excitation that travels from left to
right with a shock velocitws > vo. For this system, we find
that the relatiornvs = 1.9 is obeyed. The diatomic molecule
contains no vibrational energy initially, except for a small
thermal contribution. Rapid excitation of the diatomic occurs
as the impulsive excitation passes through it. The simulation
is continued until the diatomic energy becomes approximately
constant after this excitation. We characterize the energy uptake
as a function of system parameters and initial particle velocity



Molecules in Localized Shock Wave Fronts J. Phys. Chem. A, Vol. 101, No. 25, 199%617

by running single trajectories; because of the low temperature a 2 — T K ——
and lack of initial excitation of the diatomic, we find that
averaging over trajectory ensembles yields the virtually the same
results as single trajectories. <
In order to apply the theory developed in the previous section, %
the Lennard-Jones intermolecular potential must be approxi- o
mated by an exponential interaction of the form given in eq 2. E
We accomplish this by matching the exponential potential and
its first derivative to the Lennard-Jones at the (energy-dependent)
turning pointdy. For the first collision, the relative kinetic » . ) l .
energy isEp. The turning point on the Lennard-Jones potential -0.05 0 0.05 0.1 0.15 0.2
is then given in terms of the energy and potential parameters time (psec)
by
2 1/6 b g ' T
dy=ol———— (30)
(1 + /14 Eole)
| g
We then calculate thenergy-dependemotential scale param- >
eter by the requirement that the slope of the exponential E
approximate potential by equal to that of the Lennard-Jones 8
interaction atr = dg:
V(1) . , L .
LO(EO) == (m) (31) .3?0.05 0 0.05 0.1 0.15 0.2
LJ r=d, .
time (psec)

A similar analysis, withEg replaced byEp (see eq 20), gives
the scale parametéy for the second collision.

In Figure 2, we show the force acting on the diatomic bond
as a function of time for the system consisting of a “light”
diatomic molecule withw = 2000 cnt! andmg = mc = M.
Three particle velocities are considereg; = 6000, 9000, and
10500 m st in Figure 2a-c, respectively. The results of
molecular dynamics simulation are compared with &
predicted by the theory developed in the previous section. The
qualitative form of the force, consisting of multiple impulsive
collisions affecting the diatomic oscillator, is apparent in the
figure. Two main impulses are visible, separated by a delay .
time that decreases with increasing collider velocity. The time (psec)
amplitudes and widths of the impulses, as well as the delay Figure 2. Forces acting on the diatomic bond vs time, for light diatomic
time, are well-approximated by the theory. Also visible in the case withw = 2000 cm. v = (a) 6000, (b) 9000, and (c) 10 500 m
figure are much smaller features at longer times, resulting from S - See text for discussion.
higher order collisions which are neglected in our simple model. ) ) .

The theoretical forcé(t) was calculated using egs 223, would be obtained if an ensemble of systems waidomdelay
with the potential parameters estimated from egs 30 and 31.times between the two impulses were considered. The modula-
As the energy of the collisions increases, we find that inclusion tion of Sw) around the incoherent curve results from the
of the Mahan modification of eq 16 and eq 7 leads to a more sys.te.matlc correlation in time between the first and second
accurate prediction of the simulated forces. At the lowest collision.
collision velocity, shown in Figure 2a, the theory underestimates ~ As the collider velocity is increased, the collisions become
the amplitude of the first impulse. In this case, neglecting the more impulsive, and the widths of the individual peaks-{t)
Mahan modification would actually lead to better agreement. decrease. This leads to ancreasing width of the power
For simplicity, though, we always include this modification for ~spectrum with increasing collider velocity in the frequency
the first collision, which is of highest energy, but use the domain. Inthe incoherent case, this would result in a monotonic
unmodified prediction for the second collision; we find that this increase in energy uptake with collider velocity for a fixed
approximation gives fairly accurate predictions of energy oscillator frequencyw. With the modulation of the spectral
transfer over a wide range of collision energies (see below). density resulting from the correlation between collisions,
More accurate schemes are possible, at the expense of simplichowever, nonmonotonicdependence of energy uptake with
ity.63 collider velocity can result.

In Figure 3, we show the spectral densities of the theoretical In Figure 4 a,b, we show(t) and S(w) for the “heavy”
forces, defined a§(w) = |F(w)|2, whereF(w) is given by eqs diatomic case:mg = mc = 2mu, again withw = 2000 cnl,

25 and 26. Also shown is the “incoherent” res8HeoH(w) = The collider velocity is/g = 10 500 m s®. Figure 4a indicates
|[Fi(w)|? + |Fa(w)|?. The plots have been normalized by that our theory does an excellent job of reproducing the
dividing by Shcoi(0). We treat the caseg = 6000 and 10 500  simulation results for this case as well. The larger mass disparity
m st in Figure 3, a and b, respectively. The spectral density between the host atoms and the diatomic molecule results in
is proportional to the frequency-dependent energy uptake of theless collisional energy transfer during the first collision nd thus
oscillator, as indicated by eq 27, while the incoherent result a much smaller amplitude of the second impulse. This is

(@}
=
_1
1

force (eV/A)

-0.05 0 0.05 0.1 0.15 0.2
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Figure 5. Vibrational excitation vs collider velocity for @ = 2000
cm* oscillator: (a) light diatomic case; (b) heavy diatomic case. See
text for discussion.

Figure 3. Normalized spectral densities of the theoretical forces, as
given in egs 25 and 26. Also shown are the incoherent results, as
described in the textyo = (a) 6000 and (b) 10 500 nT%

simulation are compared with the predictions of eq 27. In the
light diatomic case, the threshold for excitation is approximately
vo = 5000 m s! and is well-reproduced by the theory. In
addition, a pronounced turnover in the energy transfer vs collider
velocity is observed. This feature is modeled, at least qualita-
tively, by the simple theory developed here. In Figure 5b, the
results for the heavy diatomic are compared with the theory,
and nearly quantitative agreement is obtained over the entire
energy range considered. In this case, the shallower modulation
of the spectral density by the “coherent” term in eq 27 is not
sufficient to give nonmonotonic energy transfer, a prediction
that is in agreement with the simulation data.

a 10— T T

force (eV/A)

-50 ; " - 1 I
-0.05 0 0.05 0.1 0.15 0.2

time (psec)

> V. Discussion

T T T T

(op

In this paper, we have presented a simple theory of shock-
induced vibrational excitation of molecules in solids. Our model
focuses on the ultrafast dynamics occurring in the shock front
itself and is built on the theories of translational to vibrational
] energy transfer first introduced in the 1960s. The key modifica-

] tion of this previous work is the focus on multiple correlated
] impulsive forces acting on the internal degrees of the molecules
] as the shock wave passes. We have illustrated this approach
for the highly idealized case of a spatially localized shock front
in a one-dimensional monatomic solid and found that the model
o (cm™) developed provides a qualitative description of the behavior
Figure 4. (a) Forces and (b) normalized spectral densities for the heavy OPServed in molecular dynamics simulations and, in some cases,
diatomic case withw = 2000 cnt®. Collider velocity isvo = 10 500 gives quantitative predictions of the vibrational energy uptake
m st See text for discussion. as a function of collider (and thus shock) velocity. Although
we consider a one-dimensional model in this paper, we have
reflected in the frequency domain by a smaller amplitude of observed similar qualitative behavior in simulations of two-
the modulation around the incoherent result. dimensional solids, and an appropriate generalization of present

In Figure 5, the dependence of vibrational excitation on model should be applicable there as well.
collider velocity is shown for anv = 2000 cnt? oscillator. The problem of energy uptake of molecules in shocked solids
Figure 5a shows the results for the “light” diatomic casg € has been the subject of a number of previous studies. Recent
mc = ma), While Figure 5b shows the “heavytrg = mc = work has focused on the mechanism of multiphonon up-pumping
2ma) diatomic results. The results of molecular dynamics of the intramolecular degrees of freedom by a (locally) hot

—theory

----- incoherent

I Flw)!? (arbitrary)

4000

0 1000 2000 3000 5000
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lattice816.24.26,31 The thermal excitation of the lattice results practical problem of rational “dynamical design” of insensitive
from energy decay of the passing shock front into collective explosives remains to be seen and will be addressed in future
phonon degrees of freedom. The physics of this process, andresearch.

the theories developed to model it, treat the lattice vibrations

asincoherent with no well-defined relationship between the Acknowledgment. We acknowledge the Air Force Office
phases of the various phonon modes. In contrast, the mechanisn®f Sponsored Research and the Office of Naval Research for
we consider in the present paper involves multiple impulsive financial support of this work and the Pittsburgh Supercomputer
collisions affecting the atoms of the molecule being excited. Center and the UCI Office of Academic Computing for
This results from the nature of the traveling shock wave: highly allocations of computer resources. We thank M. Fayer and D.
localized in space and with a well-defined velocity. In photon Dlott for helpful discussions and V. A. Apkarian for many
language, this leads to @herentmechanism for excitation. ~ conversations and collaboration on this problem.

The phase relation between different lattice vibrations plays a

fundamental role in this coherent excitation. Our model is based References and Notes

on a simple, but manifestly nonlinear, description of the (1) Davis, W. C.Sci Am 1987, 256, 106.

molecule-shock wave interaction in terms of collisional (2) Proceedings of the Senth International Symposium on Detonation
kinematics. A coherent generalization of the multiphonon up- Pro%g)ssﬁgtfé'ﬁfg Eff“f]i'sﬁsesrc& gg‘ﬁg“ﬁfrxg%h'\gn'){ F{gsg-Lett
pumping theories would provide an alternative approach to j9g5 715 267.

ultrafast molecular excitation within the traveling shock front. (4) Merritt, C. D.; Huston, A. L.; Justus, B. L.; Campillo, A.Ghem

_ The model developed here treats the shock waves as a highl3th(55)L eJthsltgg,g Bl.SL?'; ﬁﬁim A. L.; Campillo, A. Appl Phys Lett 1985
idealized impulse that is sharp on the atomic scale and 47 1159,

propagates without relaxation through a cold lattice. Continuum (6) Justus, B. L.; Merritt, C. D.; Campillo, A. Them Phys Lett
and atomistic theoretical treatments indeed suggest that shockl989 156 64.

fronts in multidimensional can be highly localized. In real 663_(7) Hackjin, K.; Dlott, D. D.Proc. Am Phys Soc Top Cont 1990
systems, however, lattice imperfections and relaxation processes (8) Dlott, D. D. J. Opt Soc Am B 199Q 7, 1638.

may lead to more complex shock wave structure and ill-defined ~ (9) Xiaoning, W.; Tolbert, W. A;; Dlott, D. DChem Phys Lett 1992
ShOCk fronts. Ne.vertheless’ one gxcepts that a.SUper.soniClg%lg)l%hen, S.; Lee, I. Y. S,; Tolbert, W. A.; Wen, X.; Dlott, D. D.
disturbance traveling through a solid will lead to impulsive phys Chem 1992 96, 7178.

collisional effects at the moelcular scale, suggesting least a (11) Dlott, D. D.Proc. Am Phys Soc Top Conf 1992 709.
general relevance of our basic model. To treat real systems 5112) Lee, I Y. S.; Xiaoning, W.; Dlott, D. DAIP Conf Proc. 1994
more accurately, the theory developed here could, in principle, (13) Lee, I. Y. S.; Hill, J. R.; Dlott, D. DJ. Appl Phys 1994 75, 4975.
be generalized to represent more complex shock structure as a (14) Hill, J. R.; Chen, S.; Dlott, D. D.; Tokmakoff, A.; Sauter, B.;
superposition of multiple coherent events. The specific nature Zimdars, D.; Fayer, M. DProc. SPIE1994 213§ 75.

of the shock front would then determine whether the relative (15 Hare, D. B Franken, J.; Diott, D. Bhem Phys Lett 1995 244,
timings were correlated or not and thus whether their effects (ie) Coffey, C. S.; Toton, E. TJ. Chem Phys 1982 76, 949.

would be added coherently or incoherently. (17) Peyrard, M.; Odiot, S.; Lavenir, E.; Schnur, J. M Appl. Phys

; . 1985 57, 2626.
In our work, we have ignored the quantum mechanical nature (18) Karo, A. M. Hardy, J. Rint. J. Quantum ChemQuantum Chem

of molecular vibrations. A generalization to include quantum symp1986 763.

effects can be achieved by simply using the spectral densitieslgi(a%9)290clii602t.58.: Peyrard, M.; Schnur, J.; OranJiig. J. Quantum Chem
fo_r correlate(_j collisions as input to_the _tlme-dep_endent_Schro- (20) I5eyrard, M.: Odiot, S.: Oran, E. S.: Boris, JPRys Rev. B 1986
dinger equation for the molecular vibrations. This has, in fact, 33 2350,

been implemented and tested for the case of gas phase collisional (21) Lambrakos, S. G.; Peyrard, M.; Oran, E. S.; Boris, Pi¥s Rev.

energy energy transfék57-%1 Here, we emphasize that the role B 1(5292? g?{;gﬁ- C.. Stine, J. K1, Chem Phys 1990 93, 714
of correlated collisions closly spaced in time would be at least (23) Brenner, D. W.: Elert, M. L.: White, C. TProc. Am Phys Soc

qualitatively the same if the molecular vibrations were treated Top Conf 199q 263.
gquantum mechanically. (24) Dlott, D. D.; Fayer, M. DJ. Chem Phys 199Q 92, 3798.

. . . (25) Karo, A. M.; Deboni, T. M.; Hardy, J. R.; Weiss, G. ft. J.
The theory developed in this paper suggests a possible g antum Chem Quantum ChemSymp 1990 277.

approach to the rational design of insensitive energetic materials.  (26) Kim, H.; Dlott, D. D.J. Chem Phys 199Q 93, 1695.
Within the scope of the simple model considered, the (limited) ~ (27) Robertson, D. H.; Brenner, D. W.; White, C. Fhys Rev. Lett

L T : 1991, 67, 3132.
goal of inhibiting vibrational energy uptake can be achieved (28) Maffre, P.; Peyrard, MPhys Rev. B 1992 45, 9551.

by adjusting the physical parameters of the molecular impurity  (29) Brenner, D. W_; Robertson, D. H.; Elert, M. L.; White, C.Phys
(i.e., the mass and force constant) so that the diatomic vibrationalRev. Lett 1993 70, 2174.

frequency falls within a relative minimum of the modulated ~ (30) Belak, JAIP Cont Proc. 1994 1063.
q y (31) Fried, L. E.; Ruggiero, A. Jl. Phys Chem 1994 98, 9786.

§pectra| density (see, for example, Figure 3). This strategy is, (32) Maffre, P.; Peyrard, MJ. Phys (Paris) 1994 6, 4869.

in a sense, complementary to the approach used in coherent (33) Oran, E. S.; Boris, J. B. Phys IV (Colloque)1995 5, 609.
control of chemical dynamics by shaped laser putde¥. In 414(1?64) Wen, X.; Tolbert, W. A.; Dlott, D. DJ. Chem Phys 1993 99,
t_he optlca_l control experiment, the molecular characteristics are (35) Diott, D. D.J. Phys IV 1995 5, 337.
fIX_ed, while the p_erturblng for_ces felt by the molecule are  (36) Coffey, C. SPhys Rev. B 1981, 24, 6984.
adjusted by shaping the optical pulse wave form. Here, (37) Hardy, J. R.; Karo, A, MTHEOCHEM198§ 50, 355.
however, the impulsive forcé(t) is fixed by the shock (38) Tsai, D. H.J. Chem Phys 1991, 95, 7497.

- . (39) Mintmire, J. W.; Robertson, D. H.; Elert, M. L.; Brenner, D. W.;
characteristics and the geometry of the system, and the dynaml-White’ C. T.AIP Cont Proc. 1994 969.

cal properties of the molecule are varied to give the desired  (40) Mintmire, J. W.; Robertson, D. H.; White, C. Phys Rev. B 1994
response to this fixedr(t). The limited goal of minimizing 49, 14859.

; ; ot ; ; ; ; (41) Tsai, D. H.; Armstrong, R. WJ. Phys Chem 1994 98, 10997.
vibrational excitation of the diatomic molecule in a given (42) Paskin, A.- Dienes, G. 3. Appl Phys 1972 43, 1605,

perturbing shock environment is a highly idealized but well-  (43) Tsai, D. H.: MacDonald, R. AHigh Temp—High Pressure4976
defined problem. Whether or not this has any relevance to the 8, 403.



4620 J. Phys. Chem. A, Vol. 101, No. 25, 1997 Rose and Martens

(44) Paskin, A.; Gohar, A.; Dienes, G. J.Phys C 1977 10, L563. (53) Kosloff, A.; Rice, S. A.; Gaspard, P.; Tersigni, S.; Tannor, D. J.
(45) Paskin, A.; Gohar, A.; Dienes, G. J.Phys C 1978 11, L857. Chem Phys 1989 139 201.

(46) Tsai, D. H.; MacDonald, R. Al. Phys C 1978 11, L365. (54) Brumer, P.; Shapirl, MAnnu Rev. Phys Chem 1992 43, 257.
(47) Paskin, A.; Gohar, A.; Dienes, G.J.Phys Chem Solids1978 (55) Warren, W. S.; Rabitz, H.; Dahleh, Mbciencel993 259, 1581.
39, 1307. (56) Kohler, B.; Krause, J. L.; Raksi, F.; Wilson, K. R.; Yakovlev, V.

(48) Holian, B. L.; Straub, G. KPhys Rev. Lett 1979 43, 1598. V.; Whitnell, R. M,; Yan, Y. J.Chem Res 1995 28, 133.

(49) Holian, B. L.; Hoover, W. G.; Moran, B.; Straub, G. Rhys Rev. (57) Rapp, DJ. Chem Phys 196Q 32, 735.
A 198Q 22, 2798. (58) Rapp, D.J. Chem Phys 1964 40, 2813.

(50) Holian, B. L.Phys Rev. A 1988 37, 2562. (59) Rapp, D.; Kassal, TChem Rev. 1969 69, 61.

(51) Yardley, J. T.Introduction to Molecular Energy TransfeAca- (60) Kelley, J. D.; Wolfsberg, MJ. Chem Phys 1966 44, 324.
demic: New York, 1980. (61) Mahan, B. HJ. Chem Phys 197Q 52, 5221.

(52) Weiner, A. M.; Leaird, D. E.; Wiederrecht, G. P.; Nelson, K. A. (62) Borrmann, A.; Martens, C. Q. Chem Phys 1995 102, 1905.

Sciencel99Q 247, 1317. (63) Rose, D. A.; Martens, C. C. Unpublished results.



