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Classical dynamics of impulsively driven collisional energy transfer
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This paper seeks to address the problem of collisional energy transfer between atoms or molecules arranged
in connecting layers on a solid surface in response to impulsive photon impact. An analysis based on classical
trajectories of the motions of a line of touching spheres subject to impact at one end, computed by Green’s
method, is adopted to describe the collisional behavior of atoms or molecules attached to a metal subsequent
to electronic excitation by an ultrafast laser pulse. To highlight the essential dynamics, the characteristic line
dissociation and rebound behavior of a series of connected spheres is investigated for different impact dura-
tions, amplitudes, and numbers of particles. The individual particle trajectories reveal the propagation of a
disturbance along the line which results in fragmentation of the outermost particles from the remainder. In
applying this scheme to energy transfer between molecules stacked on a low-temperature metal, a model of
photon-induced, resonant electron scattering between displaced harmonic oscillators is invoked to estimate the
magnitude of the impulsive force that acts on the atoms or molecules immediately adjacent to the solid surface.
From the time-dependent line fragmentation velocities, kinetic energy distributions are calculated for photo-
desorption of benzene molecules fror{ Btl} by a normally incident laser beam, and are compared with
recent experimental measurements.

DOI: 10.1103/PhysRevA.64.042903 PACS nuntber34.50.Dy, 31.70.Ks, 33.86b, 34.20.Gj

[. INTRODUCTION in the context of impacts on granular materials. These au-
thors examined the Newtonian dynamics of a collection of
The interaction of ultrashort light pulses with atoms andtouching particles subject to terminal impact, and formulated
molecules at a solid surface is a subject of intense research theoretical model for the evolution of a spreading wave
activity on account of the range of physical phenomena tha@long a line of spheres connected by linear and 3/2-power-
can be studied. These include: light absorption; electron angw contact forces, obtaining a similarity solution for its
phonon scattering; atomic collisions; and desorption and abPropagation with time. The temporal dependence of solitary
lation of atoms, molecules, and clusters. Experimental obseaves along lines of particles has been studied numerically
vations have recently been reported of the velocity distribul3] and experimentally4]. The dynamical behavior of lines
tions of intact benzengBz) molecules ejected from a of particles impacted at one end is identical to that of a series
platinum metal surface (Pt11}) at 100 K by an ultrafast of ball bearings suspended from a thread between two stain-
laser pulsg1]. The photon field penetrates the transparent€ss steel bars, an apparatus which constitutes an executive
molecular overlayer to interact with the conduction-bandtoy known (at least in the United Kingdojrby the epithet
electrons of the metal. Measurements of the molecular deNewton's cradle.”
sorption speed at a specific angle relative to the surface nor- Differing from HSJ, in this paper we compute classical
mal were made by recording the time-of-flighfitOF) of Bz  trajectories for a line of particles subject to impulsive forces
trajectories in a mass spectrometer. From the results of exf varying duration and amplitude, and connect these results
periments carried out using laser pulses of varying intensity0 the question of laser desorption of molecules in multilayer
and duration applied to different molecular thickneg$esn  configurations attached to a solid surface. In Sec. Il we give
2 to 20 layery coupled with the use of deuterated benzene, ithe classical equations of motion for the problem and de-
was suggested by the authors of Rdf| that molecular de-  scribe the numerical approach. The characteristic dynamical
tachment from the solid was initiated by an impulsive forceproperties of such systems are examined in Sec. I, which
app“ed to the innermost molecule. The initial impact Wasbriefly outlines the motions of a line of impulsively excited,
postulated to originate from phonon-assisted, resonant ele§onnected spheres under different impact conditions. A
tron scattering between molecular orbitals and the metallignodel for laser desorption of layers of molecules from solid
conduction band, with subsequent energy transfer across tis¢lrfaces based on these results, together with numerical
condensed molecular layers resulting in desorption of intacgimulations of the kinetic energy distributions of Bz mol-
molecules at or near the molecule-vacuum interface. Thecules photoejected from a Pt surface by a normally incident
present contribution seeks to study these phenomena fromlaser pulse, is described in Sec. IV. Shortcomings of the cal-
classical dynamics perspective, adopting a simple theoreticgulations in respect of its intended application are summa-
model for the light-induced desorption force and impulsiverized in Sec. V and concluding remarks are given in Sec. VI.
energy transfer between molecules attached to the solid sur-
face.
During the completion of this study, a paper was pub-
lished by Hinch and Saint-Jeainereinafter referred to as In this section we first give the classical equations of mo-
HSJ [2], which addressed an analogous dynamical problention for a line of connected spheres and briefly outline

Il. CLASSICAL EQUATIONS OF MOTION
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Green’s method for calculating the trajectories of particlesvhereG(t,t") is the Green'’s function for the linear oscillator
subject to an impulsive driving force. This constitutes theEg. (3) [5] andF(t) is the driving force. The impulse that is
basis of the model of collisional energy transfer applied indelivered to the first particle is subsequently transferred
Sec. IV. We also discuss the impact dynamics within an analong the line of particles in contact. In the absence of damp-
harmonic potential, intended for atomic and molecular appliing, the equations of motion for all particles other than the
cations, and briefly describe numerical considerations relfirst are, from Eqs(1) and(3),

evant to carrying out these calculations.
F'(t)

. 5 5
Z,—wo(Zh-1—2p) s Tt wp(z,— 2 =——>2<n=N-1
A. Terminal impact on a line of connected spheres " o(Zn-1720)+ o(Zn=Zn+1)+ m
. . . . . 5
We consider the one-dimensional motion Mfparticles (53
each of massn arranged in contact in a line. The classical gnd
equations of motion for such an arrangement have been
given by HSJ 2], but for completeness are briefly re-stated F'(t)

here. Newton’s equation of motion for any particle other than 2yt 0p(Zn-1—2n) + ==y =N, (Sb)
the two at the end of the line can be written
. where F’(t)=F(t) for perfect coupling of subsequent im-
mz,=[—F_1+Fp]+[Fn—Fnial pacts along the line of fragmentation between oscillators;
—K(Zy 1~ 20) 4 —K(Zo— 201 1) (1) th_at is_, it is assumed that_th_ere _is no degradation of the ter-
n-1 i+ no ol minal impact by energy dissipation into degrees of freedom
orthogonal to the dissociation coordinate. For reasons of nu-

wherez,=z,(t) represents the displacement of thid par- , . )
n=2n(t) rep P P merical convenience, we talg(t) to be the Gaussian form,

ticlezfrom its initial position in contact with its neighboris,
=wgmandn=2, ... N—1. Whenn=1 andn=N, the first _ i2i5. 2
and second terms, respectively on the right-hand side are FO=Foext ~t"/2at],

omitted from the equation of motion. Equati@h) assumes a  -haracterized by a full width at half maximutRWHM) r
linear power law for the contact force between neighboringzz\/mg P
spheres, which is considered to be purely elastic and nonco- v
hesive. The value of either term in parentheses is taken to
zero if the enclosed expression is negative, thereby removi%I
the possibility of tension between two particles; this is indi-
cated by the subscript+" appended to the closing paren-
thesis in the notation of HS[R]. To solve Eq.(1), initial
conditions were chosen as

In respect of the intended application of E¢3)—(5) to
oton-initiated impulsive impact of atoms or molecules at-
ched to a solid surface, a crucial concern is how the time
dependence of(t) that acts on the terminal particle adja-
cent to the surface differs from the temporal envelope shape
of the incident laser pulse. Except in the restricted example
of direct dipole excitation of the innermost molecule by the
2,(t=0)=0, 1=n=N; (2a) laser pulseF(t) is modifigd by the dynamical reponse of the.
substrate to the photon field, and how that couples to atomic
or molecular motions normal to the surface plane. In the case
(2b) of Bz molecules transparent to the incoming radiation, the
0, 2=n=N. authors of Ref[1(b)] put forward a model in which desorp-

) i . ) tion driven by resonant electron scattering was mediated by
Equations(2) correspond to the first particle impacting the phonon motions during the course of the laser pulse. To
remainder of a stationary line with a linear velocity(t) ~ model the diverse multidimensional electronic and nuclear
=V1. motions of the substrate and their influence on desorption

modes demands a consideration of the time dependence of

B. Impulsive impact of a line of connected particles F(t) beyond the scope of the present calculations, where the
The transient behavior of a line of particles subject to anemphasis Is on the dynamics associated with propagation of

impulsive driving force at one end that acts for a time that is2h impulse along a line of moleculéer atoms. For this

finite, but short in comparison with the natural oscillation reason, we examine how the line fragmentation patterns vary

period, may be obtained by Green's mettj&il The differ- for different F(t) cha_racterized by values af, spanning
ential equation that describes the motion of the fitstmi- three orders of magnitude.
nal) particle is

. U]_l
z,(t=0)=

C. Impulsive impact of a line of connected anharmonic

. ) F(t) oscillators
3+t wy(21—25) = ——, 3 . . . )
m In applying the approach of the previous section to colli-
) o sions between atoms or molecules, it may be considered
for which the solution is more sagacious to take account of the anharmonic character
. of interatomic and molecular forces. In Sec. IV we investi-
Zl(t):f F(t')G(t,t))dt’, (4) gate the impact dynamics of a line of perfectly coupled
o Morse oscillators: this form was chosen because only one
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further parameter, the dissociation enely, is required in 10 @ - 10 ®) "
addition to the oscillator frequency to characterize the force_ g ——/ - 8 7
field. In this case, Eq(5a) becomes % ——— = 6%
4 g 4
. 2 3 2 2 :.: 4 3 \é 4 3
Z,— wq (anl_zn)Jr_EB(znfl_zn)Jr +wy Zn_zn+l)+ 2/—/—Q 2 2
0 : 0 :
3 F'(t) 1.0 1.0
2|
_EIB(Zn_Zn+1)+ =m0 2sn=N-1, (6) 0.8 EC)Z 34 56/7 0.8 1( )2 45 6 fra
0.6 0.6
where the Taylor expansion of €xpx] is curtailed at the 504 504
third term andB8=\ym/2D.w.; Eq. (5b) is amended analo- 0.2 0.2
gously. In these calculations no account is taken of Bz inter- 0.0 0.0
nal motions or how they co_uple to desqrptlon along _the. sur- -0~20 2 4 6 8 10 -0-20 5 4 6 8 10
face normal. We also restrict our considerations to incident (m/k)°S (m2/k2v)02

light fluences below that which causes ablation of solid mi-
croparticles and clusters into the gas phase; i.e., only line FIG. 1. Variation of displacemen{ga) and (b)] and velocities
fragmentation to give intact, single molecules is investigated[(c) and(d)] in time for seven touching particles in a line impacted
Garrison and co-workers have developed a breathing sphee¢ one end by particle 1 with unit velocity. Diagrarts and (c)
model for molecular dynamicéMD) simulations of laser show the dynamics for a linear contact force, diagrémsand (d)
desorption and ablation of molecular solids which takes intdor 3/2-power law. For the linear contact force the time scale is
account internal molecular motions, translation of desorbe@iven in increments of r(/k)*? and the displacement scale is
and ablated material&toms, molecules and clusterand ~ vi(m/k)"? wherev, is the impacting velocity of particle 1. For the
gas-phase collisional processes in the plume of ejected maonlinear contact force, the time scale is’(k’v,) " and displace-
terial formed immediately above the solid surf4gé These —ment scale isth?1/k?)¥°[2]. In diagrams(a) and(b), the displace-
MD simulations reveal that large molecular clusters com-ment of thenth particle is increased hyfor clarity of presentation.
prise a substantial portion of the material photoejected frorrE
the surface of an organic solid above the ablation threshol

by focused ultrafast laser radiation, and that collisional an hto the effect of changing the duration and amplitude of

dissociative processes in the plume which develops over E(t) and as a check of numerical procedures. In applying the

flunce o the terminal velooiies and angular distbutions o[1410dS of Sec Il o lof of atoms or molecules from a
9 etal surface it is necessary to invoke approximati@es

gas-phase particlgs]. Such processes are likewise not in- scribed in Sec. 1Y to estimate the magnitude of the initial

qluded n the muc;h simpler calculations of the line dISSOCIa'driving force and the nature of the interatomic or intermo-
tion dynamics of intact molecules reported here.

lecular potentials. This section therefore describes the impul-
sive motions of a line of structureless spheres, which may be
thought of in this context as atoms or molecules, so as to
Equations(3)—(6) were solved numerically by a fourth- highlight the essential time dependences in the absence of
order Runge-Kutta algorithm that included adaptive stepsizsuch approximations. The results obtained here pertain to the
control [6]. As noted by HSJ, it was found that non- study of impulse dynamics in different areas of physics: for
negligible, non-fourth-order errors were introduced into theinstance, the motion of atoms in a long molecule or polymer;
solutions for large numbers of particledl£100), arising impacts on granular materials, as investigated by (3]
from the discontinuous change in the derivative of the forceand to atoms and molecules stacked on a solid, as discussed
between extension and compressionzgft). Although the in Sec. IV.
present study does not report on the dynamics\fer20, the Figure 1 shows the trajectories and velocities of seven
selection of step size was controlled, as performed by HStpuching particles subject to impact at one end by particle 1
[2], such that when particle+ 1 lost contact with particle  with a (dimensionlessvelocity v,;=1, and is presented for
during time stepAt;, the increment in the time step was direct comparison with Fig. 1 of the paper by H&}: Figs.
adjusted so that the separation occurred at the end of the tind¢a) and (c) display the dynamics for a linear interparticle
step, the correction being made to second-order accuradgrce, while Figs. b) and (d) give analogous results for a
from knowledge of,, z,, andz, at the beginning of th¢th force that depends on the 'separation of neighboring spheres
time step. Propagations were carried out for times at least tei@ the power 3/48]. For this number of particles and time

uching spheres. The problem has been analyzed by HSJ
1: it is included here for the conceptual insights it affords

D. Numerical solutions to classical equations of motion

times longer than &, . scalest<10ym/k andt<1G/m?/k?v 1, both linear and non-
linear separation forces result in the same general patterns of
IIl. CLASSICAL DYNAMICS OF AN IMPULSIVELY tTer:“pgrall behavior, though d'ﬁe””% '”h q“a.”t.'t.‘"‘tl'v? deta':]'
DRIVEN LINE OF SPHERES e displacement versus time graphs have initial slopes that

are zero for all particles except the first, and show that the
In prevenience to the molecular calculations presented idisplacement from pre-impact separation occurs sequentially
Sec. IV, we first discuss the impact dynamics of a line offor spheres further down the line. The graphs of velocity
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FIG. 2. Plot of the scaled final velocitiesNY® of n particles as =~ £ 4 _—// ;
; . > 13 . = 0.2
a function of their positionjl—n)N~**from the end of a line oN = 2 00
particles: trianglesN=10; diagonal crosse®y = 20; rectanglesN —/\1 ’
=30; crossesN=40; diamonddN=>50. %= 1 s =& 10 %0 2 1 6 8 10
i . i 20 6
versus time clearly reveal the temporal propagation of a dis- © a7ffe /5 ]
turbance along the line with a constant velocitywf=1, L1 r 4 w1/
i.e., one particle per dimensionless unit of time. At times % 3 - z
beyond t=7Jm/k [Figs. Xa and Xc)] and t £ 2 1 247
=7.8/m? kzul [Figs. 1b) and(d)], contact between the par- 5 1 0
ticles ceases and their displacements vary linearly with time 21 !

(=]

in accordance with Newton’s first law. In this example, we % 5 10 15 20 2 3 5 10 15 20 25 30
see that particles 6 and 7 fly off the end of the line: the (m/k)s (m/k)°3
seventh with a velocity just below that of the impacting ve-

IOC(IjtyOo; p?rtlctlﬁ 1|’. while thde ;ll)z(th emergestat taIPOUth'A' [(d)—(f)] for seven particles in a line subject to a Gaussian temporal
an 1 or the '”e.a.r an. -pc_)wer contact forces, Iﬁe'impulse of varying FWHMr, and constant maximum amplitude
spectively. The remaining five particles rebound backward%():l applied to particle L1:r,/(m/k)¥2 = 0.1 [(a) and (d)];

Tp . ;

after initial motion in the direction of the impacting partiCle. /(m/k)l/2 = 1.0[(b) and(©)]; Tp/(m/k)1’2 = 10.0[(c) and (f)].

) 3 T
The analysis of HSJ leads to the expectation that when th9ﬁsplacement, velocity, and time scales are the same as in Fas. 1

impulse wave reaches the end of a line of discrete bodiegnd (c) and the displacement of theh particle is increased by.
O(NY®) particles lose contact with the line with velocities

O(N~Y8 in the forward (impacting direction [2]. These . i :
predictions are confirmed in Fig. 2, which displays the Ve_t|cles 6 and 7 initially fragment from the line, though the

locities at which particles are ejected from the line scaled b)? 'th_ particle eventually repounds tq rejon th_e remainder.
NY® as a function of their position from the end of the line . ('!') Th_e I_ongest-lastlng Impact, W'tﬂ)z 10vmk, results_
scaled byN ™3 in dissociation of the last two particles over a longer time

cale with substantially increased forward velocitigBhe
ifth particle returns to the line over a time scale’*200*
times longer than shown in Figs(c3 and (f).]
(iv) The overall effect of increasing impact duration is to
delay the onset of line oscillation and fragmentation, and to
initiate a more violent disturbance.

FIG. 3. Time-dependent displacemehta)—(c)] and velocities

Figure 3 shows the displacements and velocities for seve
touching particles subject to an impact of varying duratign
at a constant maximum amplitudiey=1 applied to particle
1. In this calculationp,(t=0)=0 for all n, each particle is
initially located at its equilibrium distance from its neigh-
bor(s) and the interparticle force is linear in the separation.
Several qualitative observations are apparent by inspection:

Similar behavior pertains when the amplitude of the driving

(i) For the impulsive driving force Withp=0.1\/m, the  force is increased for a given pulse duration, displayed in
velocity of the first particle increases rapidly over a time Fig. 4 for rp=0.1\/m. For Fo=5, the line motions re-
scalet<m/k and then decreases. For particles 2—6, thesemble the dynamics shown in Figgbgand (e), with for-
slower increase and decrease jnimages the Gaussian tem- ward ejection of particles 6 and 7 and eventual rebound of
poral envelope of the applied impulse. Fé§=1, the sixth  the remainder. The effect of increasifg to 10 and 100 is
and seventh particles are ejected from the liiRarticle 6 an increase in line fragmentation: the separation velocity of
returns to the line over a time scale approximately 100 timeshe last two particles increases linearly with, though frag-
longer than shown in Figs.(& and(d).] mentation begins at the same time, and the difference be-

(i) When 7,= JmVk, the increase in velocity of the first tween terminal forward velocities of particles 6 and 7 is in-
particle is slower than for the shorter duration pulse, in linedependent ofF,. Forces with still larger amplitudeénot
with the slower turn-on of(t), and the maximum velocity shown in Fig. 4 bring about ejection of particles further
attained by the particles is greater, resulting in a larger disremoved from the end of the line in the forward direction,
placement at a given time fae=2.5/m/k. In this case, par- albeit at reduced velocities.
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0z 4 8 80 L FIG. 5. Time-dependent displacemefi® and(b)] and veloci-
20 ties[(c) and(d)] for differing numbers of particles in a line subject
s\ to a Gaussian temporal impulse with,=1.0(m/k)¥? and F,
1z o s 6/ =100 applied to particle IN=2 [(a) and(c)]; andN=20[(b) and
=10 (d)]. The interparticle force is taken to be linear in the separation.
The displacement, velocity, and time scales are the same as in Figs.
5 1(a) and Xc), and the displacement of thrgh particle is increased
0 by n.

(mv/k)™®

(m/k* namics at surfaces have been formulated which aim to cal-
culate experimentally observable attributes of the desorption

FIG. 4. Time-dependent displacementa)—(c)] and velocities ) - . ) L
[(d)—(f)] for seven particles in a line subject to a Gaussian temporai.SUCh as gas-phase yields and final quantum-state distribu

impulse of varying maximum amplitudé, and constant FWHM !Ons) from an an_alysis of the nonequilibrjum ?leCtron?C mo-
7,=0.1(m/K)"Z applied to particle 1F,=5 [(a) and(d)]; Fo=10 tions. |I.’l the regime where the desqrp'qon ylgld is linearly
[(b) and (&)]; Fo=100 [(c) and (f)]. Displacement, velocity, and proportional to the fluence of the incident light, models

time scales are the same as in Fig&) Bnd 1c) and the displace- which invoke a singl_e i_nelastic scattering event between the
ment of thenth particle is increased by. molecule and a ballistic hot electron have been developed

[9,13,14; desorption of intact molecules that varies nonlin-
The change in dynamical behavior that occurs when the

number of particles is altered is illustrated in Fig. 5, from 200

which it is clear that the impulse generated by the intial 160} @ n
impact always propagates along the line until one or more 3 120 7
terminal particles dissociate. Figure 6 shows what happens §

when the zero tension condition otherwise applied in all cal- = 80 .
culations is relaxed: the particles remain in contact and 40 1
propagate as a group to larger displacements, the individual

trajectories displaying characteristic oscillations due to intra- 0

cluster motions. 50

IV. IMPULSIVE ELECTRON SCATTERING
AS AN INITIATOR OF MOLECULAR EXCITATION N
AND ENERGY TRANSFER

In this section, the model of Sec. Il is applied to the situ-
ation of impulsive desorption of molecules from a metal sur-
face, the process being initiated by an ultrafast laser pulse 40 [?50
over a time scale shorter than, or at most comparable to, the (m/k)®
intermolecular os_C|IIat|on period. As_ has been stressed else- g g Trajectoriesa) and velocitiegb) for seven particles in a
where[9], many (if not mosh dynamical processes at metal jing that can remain in tension subject to an initial Gaussian driving

surfaces triggered by ultrafast laser irradiation are initiatedorce with 7,=1.0(m/k) Y2 andF ,=10.0. The interparticle force is
by excitation of valence electrons of the metal, which resofinear in the separation and the displacement, velocity, and time

nantly scatter between it and the attached atoms or moleculggales are the same as in Figéa)land ¥c). Displacements and
on a time scale of typically tens of femtoseconti8—12. As  velocities are increased bynSfor clarity, for which reason also,
a result, theories of hot electron-stimulated photoinitiated dyresults forn=1, 4, and 7 only are displayed.

0 20 80 100
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determined by the same technique, are found to range from
tens of femtoseconds to greater than 1.923,21]. At the

end of the periodg, the hot electrons relax into unoccupied
conduction band states of the mefaD—12,22,23 leaving

the attached molecule distributed among continuum levels
supported by the neutral ground-state potentig(z;Q)
above the threshold for desorption, as well as vibrationally
excited bound states. Since this superposition state contains
continuum eigensolutions to the Hamiltonian associated with
Vo(z;Q), it leads to liftoff of the intact molecule from the
surface. Gadzuk9(a),24] has stressed the importance of the
magnitude ofrg, which is determined by the derivative of
the phase shift of the dominating partial wave that character-

FIG. 7. A mixed quantal/classical cartoon of electron-moleculelZ€S the shape resonance with respect to engl com-
scattering at a metal surface, induced by an ultrafast laser pulse fared the relevant dynamical time scettere, the vibrational
photon energyiw, , which brings about line fragmentation of at- Period along the desorption coordingten controlling mo-
oms or molecules lined up normal to the metal surface indicated leffecular nuclear dynamics on the surface.
by the hatched region. The transient, negative-ion wave-packet state In the present context, our interest is to estimate the am-
¥(z,Q;t) generated by resonant electron scattering transits over thglitude of the time-varying forc& (e;t) that acts on the lo-
harmonic potentialV,(z;Q) for a period 7. After this time, calized wave-packet state resonantly dumped/gfz;Q) at
¥(z,Q; 7r) is coherently deposited as a superposition of bound and center energy by correlated hot-electron scattering and
continuum levels supported by the ground electronic state, hergescattering, since this is required for input into E8). To
represented by a harmonic oscillator poteriig(z; Q) truncated at  determine the impulsive kick imparted to a molecule adja-
the dissociation energ. on the largez side. Liftoff of intact  cent to the surface, we consider a representation of the neu-
atoms/moleculegrepresented by classical spherssbject to termi-  tra| and ionic electronic states by displaced, identical har-
nal impact at the metal sqrface .proceeds a}longzttlmordinate, the  monic oscillator(HO) potentials[26], illustrated asvo(z;Q)
outermost sphere departing with a velocity along the surface andV,(z;Q) in Fig. 7. (Here,z denotes the desorption coor-
normal_. @ denotes all other nuclear degrees of freedokdapted  jinate and Q represents all other nuclear degrees of free-
from Fig. 3 of Ref.[26(b)]. dom) In reality, V,(z;Q) is likely to be more tightly con-
early with laser fluence has been treated in terms of multipléracted due to enhanced electrostdfita),24,26a),27] and
electronic transitions between adsorbate neutral and ioniglectrodynamiq*chemical”) [28] attractive forces. It is as-
states[9(b), 14,15, by multiple scattering of thermionic hot sumed that the excited ionic potential is centered at sharter
electron fluxes emanating from within the mefta6] and by ~ @s a result of electrostatic attraction between the residual
stochastic processes driven by electronic fricfibd]. These ~ Positive charge of the metal and the electron trapped in the
notions are supported by a wealth of experimental evidencéhape resonance. Models based on displaced harmonic or
on shape resonance-enhanced desorption of molecules su@hharmonic oscillators have been applied extensively to
as NO, @, and CO from Pd, Cu, and Pt surfaces by femto-Problems associated with resonant electron-stimulated disso-
second laser pulsd48,19|, though the multiplicity of scat- ciation of molecules from metal$9,13,26. Within the
tering at high incident fluences would appear to remain dramework of fast sequential desorption events outlined
question for further investigationd6]. The basic ideas of above, the forcé(e; 7g) acting upon the superposition state
the model based on a single ballistic electron scattering/(z,Q;t) returned tdvy(z;Q) with a center energy at time
event, as applied to photodesorption of Bz from[Bf are  t=7r may be conveniently expressed as a sum of two parts,
encapsulated in Fig. 7. Referring to the figure, a brief quali-
tative description of resonant desorption in the style of Gad- F(e;mr)=F1(€;mr) + Fal€ 7R). (73
zuk [9] proceeds along the following lines. First, the incident
radiation(of photon energyi w, ) creates a high, nonequilib- The first componenk; derives from the momentum gained
rium distribution of hot conduction-band electrons above thedy the evolution ofi(z,Q;t) overV,(z;Q) for a periodrg.
Fermi level by photon absorption within the metal. This re-WhenVy(z;,Q) andV,(z;Q) are simple HO potentials with
sults in a flux of electrons from the metal which are tempo-the same oscillation frequenayy, this contribution may be
rarily captured by adsorbed molecules adjacent to the suiritten
face, thereby generating a negative-ion state on the potential
V1(z;Q). The postulate of Ref(b)] is that this process is F1(€;7r) = —Mw§Z COS woTR), (7b)
pre-empted by, and assisted by, preheating of B®-metal
complex by excitation of low-frequency vibrational modes of where 6z is the displacement o 1(z;Q) along the desorp-
the molecule. The residence timg of negatively charged tion coordinate relative t0/¢(z;Q) as defined in Fig. 7.
adsorbate-induced resonances has been variously determineguation(7b) is a classical result based on Ehrenfest’s prin-
to be between 0.8 and 250 fs for different adsorbate-metatiple, in that it assumes that the spatial extent of the wave
combinations by two-photon photoelectron emissipRPB packetis(z,Q;t) deposited orVy(z;Q) remains very small
spectroscopy10,11]. The lifetimes of image-potential states, in comparsion to the dimensions of the potential energy

metal
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curvesV,(z;Q) and Vo(z;Q) along thez coordinate; for model illustrated in Fig. 7; the approach follows that es-
molecules attached to metals, Ehrenfest's principle is likelypoused by Gadzuk9] and applied by hin{16,24,26 and
violated within a half period of the round-trip time of ©Others[13,14 to treat resonant molecular desoprtion phe-
#(z,Q:t) on V4(zQ) by rapid phase-changing processesnomena. Using the quantum theory of forced oscn'lators,
such as electron-hole, electron-phonon, and electron-electrdfPrschet al. have shown that a ground-state HO subject to
scattering22,23. The second component of the force is due@n arbitrary, time-dependent force attains a Poisson distribu-
simply to the ground-state potential gradienizéty), i.e., tion,

Vo(z;Q) 5 P (t)=exp[—a(t)]aq(t)
— » )Z—mwO[Z(TR)—Zeq], a0 q -’

Fole;mr)=—

(70 of final statesq) ast— [36]. For displaced HO’s of the

same frequency, the dynamic Poisson parametey is sim-

wherez, is the equilibrium distance between the electronicply
minimum of Vy(z;Q) and the metal surface.

Within the terms of this model, calculation &f(e;7g) a(t)=2ay(1—coswgt),
necessitates knowledge w§(z;Q), V4(z;Q), and 7. For
Bz attached to P111}, the following spectroscopic informa- Whereao may be identified asio=mwq6z%/2% [9,26]. If it
tion is available: the oscillation frequeney,=360 cm * is assumed that the negative ion state decays exponentially at
[29], assumed to be independent of layer thickness in th@ ratel’=2m/7g [9(a),24,2§ then Py_o(t) must be aver-
absence of quantitative information about how it mayaged over all times weighted by an existence probability, i.e.,
change; and the dissociation energigs=0.54, 0.48, and 1
0.50 eV for layersn=2, 3, and 4, respectivel}30]. These _ |t _
values are consistent with known information on the struc- (Paco(7r))= fo R Pa-olt)exp —t/rg]dt.
tures of Bz layers adsorbed on{Pt1} and R§001, which
have been the subject of a series of studies by electrobnfortunately, little information appears to be known about
energy-loss and other surface spectroscopies over 28 yedis spectroscopy and lifetime of the excited state of Bz at-
[30—33. These indicate that whereas the innermost chemitached to Rtl11}. For up to five layers of Bz attached to
sorbed layer lies parallel to the surface for both metalsAg{111}, Harris and co-workers have recently determined
[30,32, in the secondi.e., first physisorbedlayer[ a;] the  resonance lifetimes of betweer=20 and 50 fs for then
hexagonal rings are oriented at a high average tilt angle rela= 1 image-potential states from 2PPE measurem&ifs) |,
tive to the crystal surface face when higher layers aravhile Wolf and co-workers have previously reporteg
present, at least in the case of Bz adsorbed of0&L} [33]. =40 and 20 fs for the two lowest image-potential states of
For the same metal, the thifdrs] and other intermediate mono- and bilayers of Bz adsorbed on {CuL} [21(b)].
layers that constitute the bulk crystalline phase also adopt @hese states were, however, determined to lie at energies
configuration in which molecules are more or less uprightgreater than 3 eV above the neutral ground state in both
with a high average tilt; molecules in the topmost metastableases. Without further quantitative information to hand, we
layer [ 5] are randomly orientef33]. This simplified pic- assume here a value e=30 fs for a state populated by
ture neglects the formation of two- and three-dimensionall.55 eV photons. Maximizing,. o(t) for the eleventh vi-
islands, which are known to occur for Bz adsorbed onbrational level ofVy(z;Q) in accordance with the suggestion
RU{001} [33]. In the absence of prior knowledge on the of Ref.[1(b)] enables an estimate 6k to be made for input
binding of the innermostr(=1) layer to the metal, it is into Eq.(7b), while the separation(7g) — 2z at the energy
assumed here that the desorption enebgyPt-Bz) of the  €,-10=0.47 eV of theq=10 vibrational level enables
chemisorbed layer is 1.08 e\84], i.e., twice the binding F,(e;7g) to be determined from Eq7c). [(Pq_o(7gr)) al-
energy of the first physisorbed layer, which at least has thevays displays a maximum gt=0 assuming an exponential
merit of qualitative agreement in trend with a measured binddecay rate withrr<150 fs.] This procedure yields an initial
ing energy for Bz on Ci111} and an estimate for Bz on force of magnituddF(€;7g)|=20 nN acting on the inner-
Ag{111} [35]. Forn>4, D, for n=4 is assumed. most Bz molecule in the direction of increasinfjmplied by

According to the authors of Reffl(b)], desorption of Bz the minus signs in Eq$7b) and(7c)] as a result of resonant
multilayers by 100 fs laser pulses begins at the leading edgelectron scattering and rescattering to and freR{z;Q).
of the temporal intensity envelope by a phonon-inducedBecause of the approximate nature of this estimate, we test
heating of a low-frequency Pt-Bz mode sufficient to populatefor the sensitivity of computed kinetic energy distributions to
the g=10 vibrational level oiVy(z;Q), followed during the the value ofF(e;7g) used as input to E(3) (see below.
remainder of the pulse by single-photon excitatioriat, The amplitudeFy=F(e;7g) estimated from Eq.(78 is
=1.55 eV to atransitory negative-ion resonance stéf@. based solely from electron dynamics over displaced har-
7). Desorption of the outermost molecules is postulated tanonic oscillator potentials. Not knowing the temporal shape
result from subsequent energy transfer across the Bz layersf the electron flux created by the laser pulse, the coupling of
To estimateF(¢; 7g) the following procedure was therefore electron and lattice modd87], and how their time-varying
adopted, working within the framework of the displaced HOdistribution functions together disrupt the forces between the
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tions used in the experiments of R¢l]. As discussed in glc_/s—\. }004
Sec. IIB, it is assumed that coupling of collisional energy § 0—"1\ -
between layers is identical for each neighboring pair and thal g "0
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there is no damping along the separation coordinate due t time (femtoseconds) time (Femtoseconds)
mixing of the desorptive motion with other vibrational de-

grees of freedom available to the system. FIG. 9. Time-dependent displacemefta)—(c)] and velocities
As an aside, knowledge ¢f,._o(t) enables a desorption [(d)-(f)] of N=2, 10, and 20 touching benzene molecules subject
probability P5(7g) to be calculated froni9,24,2§ to a Gaussian temporal impulse with FWH#= 100 fs and maxi-

mum amplitudeF,=20 nN applied to the innermost molecule (

* =1): N=2 [(a and(d)]; N=10 [(b) and (e)]; N=20 [(c) and
Po(mR)= 2 (P o(TR)), ® Ol
q=0q
whereqy is the lowest value ofj for which vy of the outermost particles in the forward direction de-
crease by=25% fromN=2 to 20 for this combination of,,
(g+0.5%wy>D,. and Fq. In contrast, the velocity_4 of the penultimate

particles increases by20% from N=10 to 20, with the

Figure 8 shows the dependenceRy(7g) on the resonance ratio vy_, /vy increasing from 0.49 ail=10 to 0.65 atN
time 7 for different values ofx, corresponding to values of =20.
F, between 18.5 and 5.8 NNF(¢; 7r) between 20.0 and 7.3 For a given number of particles, the variation of molecu-
nNJ: for F(€;75)=20.0 nN, giving a maximum a=10 for  lar displacements as a function of the durationFgt) at
Pq—o(t), we see thaPp(7g) attains an asymptotic value of constant~ is presented in Fig. 10, while the behaviorfas
0.66 afterworr=7. Further discussion of the variation of is changed at a constant impulse width gf=100 fs is
Pp(rr) with 7 may be found in Refd.9] and[24(a)]. given in Fig. 11; in both cases, results fde=7 andN=20

Figure 9 shows the time-dependent displacements and vere given as examples. The variation of molecular velocities
locities forN=2, 10, and 20 benzene molecules attached tavith time is not displayed, but is qualitatively analogous to
Pt, calculated from Eq(6) on the basis of the model de- that given in Figs. &l)—3(f) and Figs. 4d)—4(f). Figures 10
scribed above, subject to an initial impact wilg=20 nN  and 11 reveal that desorption of the two particles furthest
and 7,=100 fs. For these impulse parameters, the linetemoved from the impact source with velocities close to the
dissociation behavior is qualitatively similar to that shown ininitial impact remains an intact feature of the dynamics for
Figs. 4b) and 4f) and Fig. 5 for impacted spheres arrangeddifferent r, andF, (and N, for N>=4). For particular com-
in a line of varying length. WheMN=2, the nonimpacted binations ofr, andF, whenN is sufficiently large N=5),
particle flies off with a velocity that is essentially the same init is possible to induce additional line fragmentation,
magnitude as that of the impacting particle, which itself re-whereby an increasing number of particles originally located
bounds in the backwards direction. f# 10, the three end- in the central portion of the line loses contact with the re-
most particles fragment from the rest of the line while themainder.
remainder rebound, albeit at different speeds, as found earlier Figures 9—11 display results which can be connected, at
[Figs. 4c) and 4f)] for a linear contact force between least in a qualitative fashion, to the experimental TOF spec-
spheres. Similar behavior pertains fé= 20, when four par-  tra for dissociation of Bz from Pt obtained by Arnoldsal.
ticles dissociate from the line. The fragmentation velocitied 1], specifically with the TOF data recorded as a function of
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FIG. 10. Time-dependent displacements lfbx 7 [(a)—(c)] and FIG. 11. Time-dependent displacements Ko 7 [(8)—(c)] and

N=20 [(d)—(F)] touching benzene molecules subject to GaussiarN:20 [(d)—(f)] touching benzene molecules subject to Gaussian

temporal imEulses of fixeii maximum amplitudeg=20 nN (N 050081 impulses of fixed duration,= 100 fs and varying maxi-
=7) andF,=200 nN (N=20) and varying widthr, applied to ., 5, amplitude F, applied to the innermost molecules,

the innermost moleculet,=10 fs[(a) and (d)]; 7,=100 fs[(b) _ o o
and (@)% 7,=1000 fs[(c) Fl'ind(f)]. p an{jo(f)r].l\l [(@ and(d)]; Fo=20 nN[(b) and(e)]; Fu=200 nN{[(c)

Bz coveragdFig. 1 of Ref.[1(a)] and Fig. 2 of Ref[1(b)]),  tion velocity which can be compared directly with experi-
pulse width(Fig. 4 of Ref.[1(b)]) and laser fluencé&ig. 5 of  ment. To achieve this, several simplifying assumptions are
Ref.[1(b)]). Removal of the outermost particle with highest made. The first is that it is assumed that the laser beam,
velocities may be associated with the appearance of a “highpropagating through the transparent molecular overlayers, is
energy” peak of desorbed molecules in the experimentaincident on the metal normal to its surface with a spatial
TOF spectra. The departure velocities of the secondary fragntensity dependence given by the two-dimensional Gaussian
mentation process are somewhat lower than those for loss édrm,
the outermost particles, and may be connected with the
slower, “thermal” benzene desorption feature noted in the L(x,y)=1oexd — (x>+y?)/4a?], 9)
laboratory. For large driving force®.g.,Fq=200 nN) ap-
plied for long enough £,=100 fs) and long lines N where os=39 um is chosen to correspond to a disc of
=20), a third low-velocity fragmentation of the line occurs; 270 wm in diameter ati/l ;=0.025 illumination in an at-
and this may be associated with the slow, so-called “subthertempt to mimic experimental conditiof%]. Here,l ; may be
mal” desorption route monitored experimentally under con-regarded as an arbitrarifime-dependentnormalizing pa-
ditions of photodesorption of thick Bz layers by 100 fs laserrameter; in the laboratory it corresponds to the use of a half
pulses[1]. Within this scenario, it is not necessary to invoke wave plate and polarizing optic to generate different laser
either cluster formation nor long surface residence times tintensities. The spatial intensity distribution within the illu-
account for subthermal line dissociatifh. minated area is discretized in units of the dimensions of ir-
The results presented so far have not taken into accoumédiated Bz molecules, taken to be elongated hexagons of
the spatial dependence of the intensity of the incident lasdength 11.08 A and width 9.60 81(b)]. We take no account
beam, i.e., we have assumed irradiation of a “tube” of ben-of the detailed packing arrangement of Bz molecules at-
zene molecules stacked perfectly one upon the other whiléached to Pt in thex andy dimensions, though information
somewhat in contradiction, recognizing a difference in stackfor multilayer coverages on different metals is increasingly
ing configuration in different layers to definezadlependent available from infrared spectrosco[$0,33 electron diffrac-
oscillator frequency through the agency of a local dissociation and Auger spectroscod®l], and electron energy-loss
tion energy. We now introduce theandy spatial profile of measuremen{882]. Nor do we discriminate between changes
the incident laser pulse to calculate distributions of desorpin intermolecular structure as a function of layer thickness
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[30,33. It is further assumed, with no formal justification, Figure 12 shows how the distribution varies as a function of
that F, is directly proportional to the laser intensity(t) the number of layer$l for given 7, andF. It can be seen
through the action of th& vector of the light on the metal that: for N>2, the innermost layer that desorbs in the for-
electron cloud; i.e., an increase in electron flux incident onward directionthat is, without rebounding towards the metal
the innermost molecule from within the metal generates &uyrfacen=5, 8, and 17 for Figs. 1®), (c), and(d), respec-
larger amplitude force in linear measu(@he same assump-  tively], results in a narrow distribution of low velocities with
tion is implicit in the discussion of Fig. 11 given aboy&his v,<700 ms?, the width of which is maximal foN=10;

is tantamount to invoking, within one interpretatid], ther- |5yers further removed from the source of the initial impact
mhall ex0|tat||on of Iﬁwr—]frequenhcy.V|brat.|ona:cl ?Oqesddur'lnghresult in broader distributions df(v,) that extend up tw,
the laser pulse such that, as the intensity of the incident light _ o1 ; oot

is increasedy/(z,Q;t) is transferred td/y(z; Q) at increas- 3400- 5009 ms for the particular combination ofp
inal Isi Y £ th . OF" A DIMET andF, investigated here; for each value ¥f the outermost
ingly repulsive parts of the potentigsee Fig. 7. layer results in the broadest distribution, with line dissocia-

(d?‘sorptionh indbuced | b% muIti.pIe felr(]actronic dtransiti))ns tion over the entire range of permissible velocities from
scheme, whereby multiple transits of the excited-state po- v,~200 ms! (N=7, 10, and 2pup tov,>10000 ms*

tentialVl_(_z;_Q) by a ”?‘”Si‘?”t superposition state result; in a(N= 2); the highest dissociation velocity attained by the out-
greater initial desorptive |mpqlse, V\_/ould yield a rmm'ne":”ermost particle is smallest for the largest number of interven-
dependence oF, on the laser |nten5|t[/9(b),14—l_q. ing molecular layers and vice versa. There are therefore three
For givenN and 7, calculations ofz(t) and z(t) are  or four distinct distributiond (v) at all N, depending on the
performed for a range of values &f(x,y;t) along a line  nhumber of desorbing layers, except fde=2, in which case
radiating outwards fr_orr_1 the central laser spot wherqhere is obviously only one, broddv,). ForN>2, the gen-
F(xy;t)=Fo to the limit where F(X,y;t)=Fo/40, dis-  eral pattern of a narroW(v,) peaked at low velocities with a
cretized as described above; every direction is assumed to R@ries of broader distributions extending to higher is
the same, given the form of E¢9), and we integrate over foynd for all N<20 investigated in this study. More so than
the number of hexagonal tubes enclosed within the disc illuyjth Figs. 9—11, these calculations can be compared directly
minated by the laser profile. From this information, the frac-yith the experimental results plotted in Fig. 1 of Rgf(a)]
tion f(v,) of the total number of irradiated molecules with gpq Fig. 2 of Ref[1(b)], which display TOF spectra for
desorption velocities in the rangg—uv,+dv, is computed.  photoejection of Bz from Pt induced by 150-fs laser pulses at
The size of each velocity bindv,, is typically 10 or gifferent molecular coverage&e., N). Such a comparison
1 ms* as stated in the captions to Figs. 12-14; for largeshows that the calculated values {v,) extend to much
driving forces, though, a value afu,=100 ms* was se- higher velocities than observed in the laboratory by a factor
lected on grounds of computational convenience. By way obf approximately 2, indicating that the model of resonant
comparison, in the experiments of REf], a TOF resolution  electron scattering supplies a value Be; 7g) that is too
of +1 us measured over the flight path between metal surtarge. However, the results of Fig. 12 are in qualitative agree-
face and mass spectrometer rendered a precision in veloCitdent with experiment in that they predict liftoff of intact
measurements of approximately+20 ms' at v,  molecules from the metal surface with different characteris-
=2000 ms'and+0.05 ms* atv,=100 ms™. tic velocity distributions and how they vary witN. The
Figures 12—14 present results in the form of bar graphs ofjifferent shapes of the calculated and experimental distribu-
f(v,) at different values of the desorption velocity= z(t). tions is discussed below.
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_FIG. 13. Bar charts showing the fractidifv,) of molecules i desorption velocitiew, as a function ofv, for N=7 layers
with desorption velocities, as a function ofv, for N=7 layers g act 1o terminal Gaussian temporal impacts of varying FWHM
subject to different maximum driving forces_ Bf=10 (a), 20 (b), 70=10(a), 100(b), and 1000(c) fs. F(t) has a constant maximum
and 200(c) nN. F(t) has a constant Gaussian FWHM 5f=100  5nsjitude ofF ;=20 nN. Panel$a) and(c) display 16f(v,) for all
fs. Panel(a) displays 1éf(UZ) (n=5) and 16f(UZ) (n=6 and 7; n: panel(b) displays léf(vz) (n=5) and léf(l]z) (n=6 and 7.
panel(b) displaysf(v,) for all n; panel(c) displays 16f(v;) (N Bin sizesdy, are 1 ms? for panel(a) and 10 ms? for panels(b)
=5) and 16f(v,) (n=6 and 3. Bin sizesdv, are 10 ms? for and (c) ‘
panels(a) and(b) and 100 ms? for panel(c). '

Figure 13 shows the variation é{v,) with terminal im-  force is shorter than, comparable to and far in excess of the
pact amplitude foN=7 and constant,=100 fs. In this oscillation periodw, ! of molecules arranged on the metal
case we see that although the pattern of three distifig) surface in the absence of an external perturbation: in these
distributions is maintained at values Bf= 10, 20, and 200 model calculationsw, *=93 fs for Bz[29] irrespective of
nN, the distribution of desorption velocities of the two out- N. There is no mediation d¥(t) due to the response of the
ermost layers, labeled=6 andn=7, widens substantially substrate to th& field of the incident laser light. To include
as the driving force is increased. Line fragmentatiomat the temporal organization of the electron distribution at the
=5, however, proceeds with a relatively narrow distributionmetal surface due to photon impact requires calculations of
of velocities irresepctive of the magnitude Bf,, and the the electron dynamics appropriate to the structure at the
maximum ejection velocity of the fifth molecular layer in- molecule-metal interface as well as, if the supposition of Ref.
creases approximately linearly with, (by a factor of 28 [1(b)] is correct, input from phonon modes of the lattice
compared to 20 during irradiation[37]. For 7= 100 fs, we see that the out-

The distributions obtaining for impulses with an identical ermostn=7 layer can dissociate from the remainder at ve-
maximum amplitudeF, but different impact durations are locities in excess of 8500 ms, while the penulimaten
portrayed in Fig. 14 foN=7. The goal of these calculations =6 layer is ejected at velocities up 83500 ms’. When
is to examine collisional energy transfer when the drivingthe pulse width is increased tenfold tg=1000 fs, the de-
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sorption velocities of the two outermost layers are substan- 3

tially reduced, by more than a factor of 0.5, though their f(vz)=2 aivfexp{—m(vz—ui)Z/ZKTi], (10
distributions are still broad in comparison f¢v,) for the =1

n=>5 layer. Whenrp is shortened to 10 fs, a fourth fragmen- whereT; is the temperature associated with thie distribu-
tation channel opens up, the line dissociation velocities aréon, a; is its amplitude and; the stream velocity. Furlan has
massively reduced, and the pattern of velocity distributions igecently criticized the isolated use of thermal distribution
altered. In this case, by contrast with the results of Figs. 12unctions such as Eq10) to describe translational energy

and 13, it is the outermost molecular layer which fragmentglistributions that are inherently non-Maxwellig8g], noting
from the line with the lowest velocities,,=1 and 2 ms* the need for a model of the impact and subsequent dissocia-

and the narrowest distribution of velocities. The penultimatetlon to accompany the measured energy partioning, as Is well
n=6 layer also lifts off slowly, but with a broader spread in established for measurements of translational energy release

: in gas-phase dissociatio89]. Restrictions on the use of
vz. The molecules that desorb fastest, and with the broadegjayyellian distributions to describe molecular TOF mea-

distribution of f(v,), are those that originate from the third g,rements under non-Maxwellian conditions have been dis-
outermost layen=5, for which f(v,) shows values up to  cyssed elsewhef@8,40 and are not repeated here. A formal
v,=17 ms*; the next inner layern=4, which emerges analysis[41] of thermally driven desorption from surfaces
with velocitiesv ,<14 ms !, also has a broad distribution in based on the method of moments, in which particle interac-
f(v,) in comparison to those for the two outermost layers. tions in the gas phase close to the surface are treated explic-
The results of Fig. 14 stand in qualitative agreement withitly, leads to the adoption of a Maxwell-Boltzmann distribu-
Figs. 2 and 4 of Refl1(b)]. Both calculated and experimen- tion characterized by a single temperature for the
tal values off (v,) shift to a lower range of velocities when development velocities of photoejected materials. This result
the impulse duration is increased such that wal; the has been uti_lizeq ina mimber of investigations of Knydsen
experimentaf (v,) distribution also becomes distinctly non- !ayer formation in laser-induced sputtering and ablation of
Maxwellian in form (see below. From Fig. 14 it may be half a monolayer or less of material in 10-ns pul$4g].

concluded that to achieve the highest line fragmentatien ~ Monte Carlo simulations, on the other hand, suggest the ap-
sorption velocities for a givenF,, which is stated to be plicabiltity of a two-temperature modg#3], though the ar-

directly proportional to the maximum incident laser fluencegluments in support of such an approach are based on curve

(see earlier it is necessary to select a pulse width thatfitting rather than theory. For qblation of more than 0.5
monolayer and nonthermally driven proces$4g], where

closely matches the natural oscillation period of the impacte(iihe Knudsen layer breaks down to form an unsteady adia-

moleculgs about their equnibriuinl Iocatiqi(iseglgcting an- patic expansion, it is not entirely obvious that equations such
harmonic effects When 7p=w, ", the impacting force g Eq.(10) can be meaningfully employed.

achieves its maximum value at the same time at which the Eynctional forms such as E@L0) have, however, been
innermost mOleCUle, assumed to be pOSitioned |n|t|a"y at itSnvoked to describe laser-induced desorption of range of
equilibrium coordinatez for the purposes of this discus- molecules from metallic and nonmetallic surfadd$,44],

sion, returns to the same location with maximum velocitynotwithstanding arguments concerning the usefulness and
one half cycle later, and is thus able to deliver maximumcorrectness of such an approach. What is clear from Figs.
impact on the neighboring molecul€ig. 7): since it is as- 12-14 is that, within the remit of the model described in this
sumed that the same value @f, pertains to molecules in section, an impulsive impact on a molecule adjacent to a
different layers and that degradation of collisional energymetal surface followed by classical energy transfer across the
transfer through orthogonal inelastic effects may be neadsorbed layers does not inherently lead to molecules ejected
glected, this choice ofp results in molecules in the outer- into the gas phase with kinetic energies distributed according
most layer receiving a maximal impact. Wheg> wal, the to a Maxwellian expectation. This in itself is not surprising:
effect of numerous oscillation Cyc|es executed by the mo]lhe initial electron-induced impact assumed here is not of
ecules during the impacting pulse is to destroy the developthermal origin and and there are no subsequent thermalizing
ing phase relationshifcoherencebetween the attainment of collisions as energy is transferred to the outermost particles.
Fo by the applied force and the completion of the first half
cycle of the molecular oscillation. Wherp<< wal, the ter-

minal impact is simply not applied for long enough in com- |t is appreciated that there are many. In particular, it is
parison tow, /2 for maximal transfer of the initial impact possible to identify four central features of the scheme pre-
along the line. In both these latter situations, the resultangented in Sec. IV as applied to ultrafast laser desorption of
force experienced by molecules=2 is diminished relative molecular layers that could be improved upon in more so-
to the value of the applieér,, giving rise to smaller line phisticated calculations:
fragmentation velocities. (i) Application of the model to impulsive molecular de-
What is also clear by inspection of Figs. 12—14 is that thesorption is predicated upon ultrafast, coherent electron-hole
distributionsf(v,) are not Maxwellian. The authors of Ref. scattering as the origin of the initial force that is directed
[1] fitted measured (v,) obtained under conditions of dif- along the surface normal, away from the metal. Of para-
fering light fluence, pulse duration, and molecular layers to anount importance to a complete description of the effect of
sum of three modified Maxwellian distributions of the form light on transparent molecules attached to a low-temperature

V. SHORTCOMINGS OF THE MODEL CALCULATIONS
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solid is the connection between the time development of thend of the line opposite to which the impulse is applied lift
incident photon field and that of the impulsive force thatoff with approximately the initial impact velocity, in accor-
triggers the initial impact on molecules closest to the metabance with the findings of an earlier investigati®#]; par-
surface. An analysis of the substrate temporal response thttles that were initially stationed in the middle portion of the
intervenes in time between the effect of the laser pulse antine dissociate at slower speeds.
the onset of collisional energy transfer is needed to specify A line of touching spheres has been applied as a model for
the transient hot electron distribution generated during theiltrafast laser irradiation of transparent molecules on a cold
light pulse. For unidirectional thermionic electron emission,metal surface, and leads to qualitatively correct predictions
Gadzuk has carried out the pertinent calculations of thef the desorption behavior as a function of the number of
growth and decay of a thermal electron flux at a metal surmolecular layers attached to the surface and the duration and
face as a function of different desorption enerdie8]. The  amplitude of the driving force, the latter determined by laser
relation between the time dependences of a photon-generatedlses of varying fluence. From Figs. 9-14, the following
electron flux, the electrical forces it sets up at the surface andeductions may be made, within the context of energy trans-
the incoming light beam is what is required in a more elabofer across “Newton’s cradle,” concerning the desorption of
rate theoretical description than that presented here. Bz N>2 from P{111 subject to impacts approximately
For the case of Bz attached to{ P11}, the coupling of a equal to or longer than the intermolecular oscillation period:
hot electron flux to phonon motions, and how the two coop-

erate to propel molecules away from the surface, also needﬁ () The appearance of a hyperthermal desorption peak
to be understood if the near-linear dependences of Bz de- the observed TOF spectrui] originates from desorption

. , . S . of the outermost benzene molecules fbx3, and is inde-
sorption yield and translational energy on the incident light . -
endent of the number of intervening layers, at least for

intensity is to be recovered in line with recommendationsp
i . . 3=N=<20.

based on the experimental observatiphk The notion that - . I .

has been put forwarfi(b)] is that electron-phonon excita- (ii) Slower desorption of molecules initially stationed at

tion of the molecule-surface mode at early times on the Iead|_ntermed|ate line positions, resulting in observed thermal and

%ubthermal features in the TOF spectr{ify, is favored at

ing nge of the laser pulse leads to vibrational pre-heatin_g Qarge driving impacts, associated with high laser fluences
the innermost molecule followed by an electron-driven im- . ' '
and for thicker coverages of the metal.

pact and sequential energy transfer across the molecular lay- (iii) The distribution of desorption velocities depends on

ers. A vibrationally assisted origin to the impulse directed . L :
along the desorption coordinate has not been explicitly in-f[he particular combination df, and7 that characterize the

cluded in this work, demanding as it does a consideration owt'al impact, as well as the number of layers, in a way that

the metal-molecule coupling in a multidimensional space Ofti:tor: alv;’g%?mpgﬁ” (;):své?g:ijI.ri.élgézIggtoe:liwi?i/:t;hferocnistehe
the relevant vibrational degrees of freedom. yp Y 9

i) mormatonon th pacang rangement of mlecuesSUE TS FUEE. Dt aeces o, mermede por
at the surface and in subsequent layers, such as is increas-I ities f 7I " I t to th ’f the initial
ingly available from density functional theory calculations, velociies from focations closest fo the source ot the inflia
would be crucial for a detailed study of the effect of the'mp.aCt' . .
distribution of photon impacts delivered by an incident laser (iv) The .yr']eld of hypertfhermhallli desorbed moleculgs n-
beam with a known spatial intensity profile in both trans-gf?\lsiszown coverage for thicknesses corresponding to
verse and longitudinal dimensions. T
(iii) The interaction between neighboring molecules is asThese deductions are independent of the exact origin of the
sumed to be governed by a Morse potential. For calculationforce that drives the initial impact at a metal surface and how
that incorporate the coupling between the field and electrons is modified by the dynamical response of the solid to laser
in terms of the system eigenstates, or a superposition theredight. They are also in agreement with the conclusions stated
knowledge of the lowest-lying excited-state potential of thein the papers of Arnoldet al. [1], and lend support to the
molecule-surface complex is also required. postulated mechanism of rapid energy transfer between ad-
(iv) No account has been taken of the gas-phase dynamic®rbed molecular layers. Because of the approximations that
subsequent to photoejection of molecules from the metal suiare invoked to model multilayer molecular desorption from
face. Clustering to form conglomerates has been discussed aetals, it is not possible to comment on the usefulness of
a distinct possibility under the prevailing experimental con-measured TOF distributions as a quantitatively sensitive
ditions[1]. probe of the molecule-molecule and molecule-surface inter-
actions. Predictions of the model and experimental results
VI. CONCLUSIONS could be brought into closer agreement with an substantially
0i]mproved treatment of the light-matter interaction Hamil-

This paper discusses the classical dynamics of a line i dint lecul tontials. Th 4 other short
particles subject to an impulsive driving force at one end: onian and intermolecuiar potentials. 1 hese and other short-
comings of this approach have been discussed.

individual particle trajectories leading to the breakup of the
line have been computed for different magnitude and dura-
tion impulses, and for varying numbers of particles. It is
found that multiple fragmentation patterns can be induced, The author acknowledges the Royal Society of London
leading to different line dissociation behavior: particles at thefor funds to purchase a workstation.
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