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Microscopic mechanisms of laser ablation of organic solids in the thermal
and stress confinement irradiation regimes
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The results of large-scale molecular dynamics simulations demonstrate that the mechanisms
responsible for material ejection as well as most of the parameters of the ejection process have a
strong dependence on the rate of the laser energy deposition. For longer laser pulses, in the regime
of thermal confinement, a phase explosion of the overheated material is responsible for the
collective material ejection at laser fluences above the ablation threshold. This phase explosion leads
to a homogeneous decomposition of the expanding plume into a mixture of liquid droplets and gas
phase molecules. The decomposition proceeds through the formation of a transient structure of
interconnected liquid clusters and individual molecules and leads to the fast cooling of the ejected
plume. For shorter laser pulses, in the regime of stress confinement, a lower threshold fluence for the
onset of ablation is observed and attributed to photomechanical effects driven by the relaxation of
the laser-induced pressure. Larger and more numerous clusters with higher ejection velocities are
produced in the regime of stress confinement as compared to the regime of thermal confinement. For
monomer molecules, the ejection in the stress confinement regime results in broader velocity
distributions in the direction normal to the irradiated surface, higher maximum velocities, and
stronger forward peaking of the angular distributions. The acoustic waves propagating from the
absorption region are much stronger in the regime of stress confinement and the wave profiles can
be related to the ejection mechanisms.26000 American Institute of Physics.
[S0021-897@0)03715-4

I. INTRODUCTION (MALDI), a short time during which large fragile biomol-
ecules experience a high-temperature environment presum-
The nature of the processes induced in a target materialply provides the conditions that allow them to survive the
by pulsed laser irradiation is defined by the combination ofgesorption from a matrix of small absorbing molecules and
the optical, mechanical and thermodynamic properties of thgy pe detected as intact ioh In laser surgery a short du-
material as well as the laser parameters such as pulse duidgion of the laser pulse allows one to restrict the energy
tion and fluence. The analysis of the laser-induced processeposition within the absorbing volume and minimize the
becomes more complex as the laser pulse duration becomggjateral thermal damadeThe laser pulse duratiorr,, in
shorter. The competition of the rate of the energy depositiognese applications is typically shorter than the time of dissi-
with characteristic times needed for thermodynamic and Mexation of the absorbed laser energy by the thermal conduc-
chanical response of the material to the fast laser heatingon’ T, the condition that is commonly referred to ther-
determines the character and the relative importance of phos 41 confinemert® The condition for thermal confinement
tothermal and photomechanical processes in laser ablatloean be expressed ag< TthNLS/DTv whereD is the ther-

In the present study we apply a molecular-level S|mulat|0qna| diffusivity of irradiated material ant, is the laser pen-

technique to systematically investigate the collective PrO-atration depth or the size of the absorbing structure.

cesses leading to the material ejection at different laser flu- The pulse duration in the regime of thermal confinement

ences and pulse durations. The focus of this study is on thg usually shorter than the time needed for gas phase bubble

differences in the ejection mechanism in the irradiation r€%ormation and diffusion in the process of heterogeneous

gimes where photothermal and photomechanical process%%“ing.m As a result, the absorbing material can be over-

domi_nate qnd on the implicatio_ns_ of these diﬁerences_ on thﬁeated much beyond the boiling temperature, turning a nor-
practically important character|st_|cs .Of the laser ablat|c_)n. {nal surface evaporation at low laser fluences into an explo-
There are a number of app!lcatlons of laser ablatloIj].osive vaporization, or phase explosion, at higher flueficés.
organic solids Where thg short_ time of the energy deposmo%\n onset of massive material removal, or ablation, is defined
is critical. In particular, in an important mass spectrometry.n this case by the critical energy de’nsity sufficiént for the
technique, matrix-assisted laser desorption ionizatio . T
overheating of the surface layer up to the limit of its thermo-
5 dynamic stability? It has been predicted, based on thermo-
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The yield of individual molecules has been routinely mea-nisms and the nature of the laser-induced processes at the
sured in mass spectrometry postionization experiménts, submicron scale, however, is lacking.

while the ejection of nanometer-size clusters has been ob- A method that is capable of providing a detailed
served recently both experimentdfiy?® and in molecular molecular-level description of the laser-induced processes is
dynamics computer simulatiofig®21-23 the molecular dynamic§MD) computer simulation tech-

In the absence of photochemical decompositfithat  nique. The direct application of the atomistic MD approach
involves a direct photodissociation of the molecular bonddo the laser ablation phenomenon, however, is hampered by a
and could be dominant in the deep ultraviolet, an explosiveollective character of the involved processes occurring at
vaporization is likely to be a major mechanism of ablation ofthe mesoscopic rather than molecular sédftRecent devel-
organic materials at sufficiently high laser fluences. Ther@Pment of a coarse-grained breathing sphere MD midel,
are, however, a significant number of experimental observavhere a group of atoms rather than each atom is treated as a
tions suggesting that ablation can be initiated at the energynit; has significantly expanded the time and length scales
densities much lower than those required for boiling and?ccessible for the simulations. The model not only allows
vaporization. Energetically efficient ablation has been re2ne to perform simulations with irradiation parameters com-
ported for liquid®-28 polymers?® biological tissues®-3 parable. to the gxpenmgntgl valu%fk),ut it also permlt§ a
and for organic matrixes used in infraré@®)-MALDI. 3 A f[rar)sllatmn of microscopic information on the Qynamlcs of
plausible explanation for the onset of “cold” laser ablation individual molecules into a mesoscopic description of the

has been proposed based on consideration of photomecha,ﬁ-sc?r"nduced prog_e?s_gst_ln terms t?]f temr;eratur_e, g_retssdure,
cal effects caused by laser-induced stred%&%*°The mag- ggm | 61%2?,291,}22 n :d(rjlitiL(J) :mlsa . e\f\gcallr; simLellatiolrrE elxﬁo?/v
nitude of the laser-induced stresses and the role of the assge. P.c: g

. . . . one to study the ejection of large clusters of material and to
ciated photomechanical effects in material removal depend : . . .
escribe the ejected plume in terms of velocity and angular

on the relation between the rate of energy deposition and th& 344
o . - ) istributions™™
characteristic time of mechanical equilibration of the absorb- In the present work we focus on the dependence of the

ing volume, . Whe_n the Ias_er pulse durz_m_o_n Is shorter O mechanisms of material ejection on irradiation conditions
comparable to the t|mg that is needed'to initiate a collectlveand, in particular, on the difference of the ablation mecha-
motlpn of molecules within the absorbing volume, the _la_‘sernisms in the regimes of stress and thermal confinement. We
heating takes place at nearly constant volume conditionse torm two series of large-scale MD simulations for a range
causing a high thermoelastic pressure t;glglgup. This condigs |aser fluences. The values of laser penetration depth and
tion, usuall)ge 2r7e;2erred to as inerfd®* or stress pulse width are chosen in order to make sure the regime of
conﬂnemgrﬁ' “*“can be expressed ag<7s ~Lp/Cs,  stress confinement is realized in one set of the simulations
whereCs is the speed of sound in the irradiated matetidt.  anq the regime of thermal confinement is achieved in an-
has been shown by a number of analyticalgther. The description of the computational setup and the
calculationd”**%*%%3that interaction of the compressive irradiation parameters is given in Sec. II. The fluence depen-
thermoelastic pressure, formed within the absorption regiongence of the total ablation yield is presented and related to
with the free surface of the irradiated sample can lead t@nalytic descriptions for laser desorption and ablation in Sec.
tensile stresses sufficiently high to cause mechanicall A. The analysis of the ejection mechanisms and the clus-
fracture/spallation of a brittle material or promote cavitationter composition of the ablation plume is given and related to
in a metastable liquid. The coalescence of microcracks ogxperimental data and the existing theoretical models in Sec.
cavities within the spallation region can lead to the mechanitil B. The yields of monomers and the velocity distributions
cal disruption and ejection of largeand relatively cold of ejected molecules are given and related to mass spectrom-
pieces of material. This, in effect, should reduce the energgtry experimental data in Sec. IlIC. The profiles of the
density needed for material removal well below the one foracoustic waves propagating from the absorption region are
vaporization. presented and related to piezoelectric measurements in Sec.
The evidence discussed above points to a strong depeHtD. The comparative analysis of the overall pictures
dence of the threshold fluence for the onset of ablation, themerging from the simulation of laser ablation in the regimes
parameters of the ejected plume, and the character of th@f stress confinement and thermal confinement is given in
damage done to the target on the balance between the théyec. IV.
mal and mechanical processes induced by laser irradiation.
Therefore, it is highly desired to have a thorough understand-
ing of both the involved physical processes and the condill' COMPUTATIONAL SETUP
tions that define the transitions between different ablation Here in Sec. Il we review the basic features of the
regimes. Such an understanding would allow one to preciselgreathing sphere model developed for MD simulations of
tailor laser fluence, pulse duration, and wavelength depenaser ablation of organic solids and discuss a dynamic bound-
dent penetration depth to achieve a required experimentalry condition designed to simulate nonreflecting propagation
result. As discussed above, the conditions for thermal andf the laser-induced pressure wave through the boundary of
stress confinement as well as some of the qualitative aspedise MD computational cell. Then we describe the computa-
of thermal and mechanical mechanisms of laser ablation aréonal setup and explain the choice of the irradiation param-
roughly understood. Information on microscopic mecha-eters used in the present study.
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A. The breathing sphere model

We give only a brief review here of the breathing sphere
model that is described in more detail elsewtérdhe
model assumes that each molec(de appropriate group of
atoms can be represented by a single particle. The param-
eters of interparticle interaction are chosen to reproduce the
properties of the material, in this case, a molecular solid. In
order to simulate molecular excitation by photon absorption
and vibrational relaxation of the excited molecules, an addi-
tional internal degree of freedom is attributed to each mol-
ecule. This internal degree of freedom, or breathing mode, is
realized by allowing the particles to change their sizes. The
parameters of a potential function ascribed to the internal
motion can be used to change the characteristic frequency of
the breathing mode and to affect the coupling between inter-
nal and translational molecular motions. In effect one can

Depth under the surface, nm

control the rate of the conversion of internal energy of the 180 F '

molecules excited by the laser to the translational and inter- Free Boundary

nal motion of the other molecules. The rate of the vibrational e T TR
relaxation of excited molecules is an input parameter in the Time, ps

model and can be either estimated from experimental*data
or modeled with atomistfé or ab initio molecular dynamics
simulations?®47

The laser irradiation is simulated by vibrational excita-
tion of molecules that are randomly chosen during the laser
pulse duration within the penetration depth appropriate for a
given wavelength. Vibrational excitation is modeled by de-
positing a quantum of energy equal to the photon energy into
the kinetic energy of internal motion of a given molecule. An
alternative result of the photon absorption is photofragmen-

Depth under the surface, nm.
8

Non-reflecting Boundary

tation, when an excited molecule reacts photochemically and & -100 } ' . )
forms fragments. An increase of the volume occupied by the 0 25 50 75 100 125 150
reaction products can be simulated by either an increase of Time, ps

the equilibrium radii of spherical particles representing the

excited moleculed*®49 or by introducing several smaller Pressure, MPa [ [ | [ il

particles representing the reaction proddéts. 250 -150 -50 50 150 250
The total number of photons entering the model during
the laser pulse is determined by the laser fluence, inciderftCG- 1. Pressure contour plots for simulations performed(@computa-
laser energy per unit surface area. The absorption probabiliggfgig‘;fgu(t’;;gg ;0;ﬁg?}g;nczzfp:te;igg:Pg;%?‘l’;‘ggiggt;;eaa‘gt&rz of
can be modulated by Lambert—Beer’s law to reproduce th@ynamic nonreflecting boundary condition at the bottom of the computa-
exponential attenuation of the laser light with depth or can beional cell. The laser penetration depth is 50 nm, the pulse duration is 15 ps,
restricted to a certain component within a complex materialand the fluenct_e is 55 JAinThe arrows show the direcFion of the pressure
~ Since in this model each molecule is represented by ﬁgzvreeﬁg;?:ga;'ggé;Zevfaeféhafg‘:ntg:‘k‘igf;;e( mechanical damage caused by
single particle, the system size can be sufficiently large to
reproduce the collective dynamics leading to laser ablation
and damage. Moreover, since explicit atomic vibrations are
not followed, the time step in the numerical integration of theirradiation?!2426-28.323436:384142. oy g simulation with la-
equations of motion can be much longer and the dynamics iger pulse duration of 15 ps, penetration depth of 50 nm, and
the irradiated sample can be followed for as long as nancfluence of 55 J/ifthe formation and propagation of a plane
seconds. One effect, however, that is difficult to simulatepressure wave within the MD computational cell are shown
directly even within the coarse-grained breathing sphere MDn the form the pressure contour plots in Fig. 1. In this case
model is propagation of the laser induced elastic wave. Th#e high pressure builds up in the surface region during the
method used to minimize the effects of the reflection of thdaser pulse and drives a strong compression wave into the
wave from the boundary of the computational cell is dis-bulk of the sample. Simulation of the propagation of the
cussed below. pressure wave requires the size of the MD computational cell
to be increased linearly with the time of the simulation. For
times longer than-100 ps the size of the model required to
The generation of stress waves is a natural result of théollow the wave propagation becomes computationally pro-
fast energy deposition in the case of short pulse lasehibitive. If large computational cells are not used, however,

B. Dynamic boundary condition
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artificial border effects can interfere with the simulation re- Periodic Boundary Non-reflecting
sults. Both rigid and free boundary conditions lead to the Conditions Boundary Condition
complete reflection of the pressure wave, as shown in Fig. X \

1(a) for the case of free boundary. This reflection of the

pressure wave can cause the effect known as back $ __ Attenuation of the \
spallation?? when the tensile strength of the material is ex- & _ light with depth

ceeded and fracturing occurs at a certain depth near the back Q —

surface of the sample. The reflected wave can also reach the § —

front surface of the irradiated sample and contribute to the

material ejection.

In order to avoid artifacts due to the pressure wave re-
flection, we have developed a simple and computationally
efficient boundary condition based on analytical evaluation
of the forces acting at the molecules in the boundary regiof253 808 moleculgs and 10<10x180 nm (126 950 mol-
from the outer “infinite medium.*? In this approach the ecules, are performed in order to make certain that the simu-
boundary condition is a set of terminating forces that aréation results are not affected by the finite size of the com-
applied to the molecules in the boundary region. In the calputational cell. Periodic boundary conditions in the
culation of the terminating forces, that are updated at eacHirections parallel to the surface are imposed. These condi-
integration Step, we take into account three effects, namebﬁions simulate the situation in which the laser SpOt diameter
the static forces that mimic interaction with molecules be-IS large compared to the penetration depth so that the effects
yond the computational cell, the forces due to the direct lase®f the edges of the laser beam are neglected. At the bottom
energy absorption in and around the boundary region durin§f the MD computational cell we apply the dynamic bound-
the laser pulse, and the forces due to the pressure wawy condition described in Sec. II B.
propagation through the boundary region. The contribution
of the pressure wave to the terminating force is calculated
based on the traveling wave equation and is proportional t®. Irradiation regimes

the instantaneous velocity of the bovndézfy- - The laser irradiation at a wavelength of 337 r(#68

As shown in Fig. 1b), the dynamic boundary condition ¢\/) js simulated and an exponential decrease of the absorp-
allows us to simulate nonreflective propagation of the presgqn propability with depth in accordance with Beer's law is
sure wave through the boundary of the MD computationalyyjieq. An absorption depth used in the simulations, 50 nm,

cell and to restrict area of the MD simulation to the region;s i the range of the values appropriate for strongly absorb-
where active processes of laser-induced melting, ablatloqng matrixes used in ultraviolétUV)-MALDI. %° The values

and damage occur. An alternative approach to the problem Qff the |aser pulse duration, 15 and 150 ps, are chosen in
pressure wave reflection is to comb|?3e the MD model withyger to make sure that simulations are performed in two
the continuum finite element methdt™® The advantage of gigiinct irradiation regimes, stress confinement and thermal
this approach is the capability to study the long-range propazynfinement.
g_ation of the waves and their interaction with other MD re- 114 pulse duration of 150 ps is short relative to the char-
gions of a large systeffl.In the present work, however, the cieristic thermal diffusion time across the absorption depth,
aim is merely to _av0|d artifacts due.to the pressure waverth ~ 10 ns, but longer than the time of mechanical equili-
reflectloq gnd a smple and computationally efflcu_en_t boundy,ation of the absorbing volume,~ 20 ps. Thus, the simu-
ary condition described above appears to be sufficient. lations with 150 ps pulses are performed in the regime of
thermal confinement but not thermoelastic stress confine-
ment. This regime is also characteristic for UV-MALDI
conditions!! It has been demonstrated recently by Dre-
The system chosen for modeling of laser ablation is dsewerdet all? that in the regime of thermal confinement the
molecular solid or matrix used in mass spectrometry MALDIamount of energy deposited by the laser pulse rather than the
experiments. The parameters of the intermolecular potentiglulse duration determines the desorption/ablation process.
are chosen to represent the van der Waals interaction in Bherefore, even though the pulse duration of 150 ps is an
molecular solid with the cohesive energy of 0.6 eV, elasticorder of magnitude shorter than the pulses commonly used in
bulk modulus of~5 GPa, and density of 1.2 g/émA mass  MALDI, a qualitative comparison between the simulation
of 100 daltons is attributed to each molecule. An amorphousesults and UV-MALDI experimental data is justified.
molecular solid prepared by melting of a close packed crystal For the 15 ps laser pulse the condition for stress confine-
and subsequent quenching from the rfels used in the ment, T,<Ts, is satisfied. In this case a high thermoelastic
simulation?* pressure can be expected to result from the fast energy depo-
A schematic sketch of the simulation setup is shown insition in the absorption region, leading to an increasing role
Fig. 2. Most of the results are obtained using a computationadf photomechanical effects in material removal. The results
cell with dimensions of 1810xX100 nm (70526 mol- from this set of simulations can help in understanding of the
ecules. A few test simulations with larger computational microscopic mechanisms responsible for energetically effi-
cells, 20 10X 100 nm(141 052 moleculgs40x 10X 90 nm  cient ablation in a number of applications, such as IR-

FIG. 2. Schematic sketch of the simulation setup.

C. Simulation setup
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old fluence has been found to separate thermal desorption of
molecules from the surface and ablation, a collective ejection

in which the processes in the irradiated material at the me-
soscopic rather than at the molecular length scale dominate.
The results presented in this work are obtained using a larger
computational cell and advanced boundary conditions which

allows us to perform more detailed quantitative analysis of

the yield versus fluence dependencies for two pulse dura-
tions.

Let us first consider the ejection at low fluences, or the
desorption regime. The lowest fluence at which a noticeable
number of molecules desorb from the irradiated surface is 15
J/n? for both 150 and 15 ps laser pulses. This fluence can be
related to the detection threshold for desorption of neutral
matrix molecules in mass spectrometry experiméhts’

The energy density deposited at this fluence in the very sur-

____________ face layer of the irradiated sample corresponds to the tem-

JUP perature of 735 K, a value close to the melting point of the
model material~ 750 K. As the fluence increases, the yield
of desorbed molecules gradually rises and is virtually iden-
tical for 150 and 15 ps pulses up to the ablation threshold

FS fluence for the 15 ps pulse, 29 FinfFor 150 ps pulses the

desorption regime extends up to 35 3/rive find that the
. A A . . ; dependence of the desorption yield on laser flughcan be

0 2 3 40 50 60 70 8 90 | described by an Arrhenius-type expressiér!
Fluence, J/m?
*
ES

 kg(To+BF)

(a)

150 ps pulse

10°

10°F

10°F o

Total yield, number of molecules

Fluence, J/m?

(b)
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Total yield, number of moiecules
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!

FIG. 3. Total yield as function of laser fluence for simulations w&h150 N=A ex,{
and (b) 15 ps laser pulses. The open and closed symbols show the data

points below and above the threshold for ablation. The solid lines represent h is th b f | | d bed duri h
prediction of the ablation model, E(R), with E} = () 0.6 and(b) 0.49 eV. where N is the number of molecules desorbe uring the

The dashed lines represent fits of the data points below the threshold to ttifne of a simulationE? is an activation energyA is a pre-
thermal desorption model, Eq1). The fits result in the same activation exponential or frequency factoB is a factor that describes
_energy,E*S* = 0.46 eV, for bc_)th sets of the simulations. A logarithmic scale tha conversion of the deposited energy into an increase of
is used for better presentation of low fluence data. . e
temperature of the surfa€el, is the initial temperaturg®
andkg is Boltzmann’s constant. As shown in Fig. 3, Ei)

MALDI and laser surgery, where the regime of stress conProvides a good fit of the desorption yield with the same
finement is realized®3¢ activation energ¥: of 0.46 eV for both 150 and 15 ps laser
pulses. The pre-exponential factardivided by the time of
the simulation after the end of the laser pulse and the number
of molecules at the surface of the computational cell is found

We now present the results of large-scale MD simula-to be of the same order as the frequency of molecular vibra-
tions of laser ablation and damage performed in two differentions, ~10'* s™*. The thermal desorption model thus pro-
irradiation regimes, stress confinement and thermal confinesides an adequate description of the molecular ejection at
ment. A thorough analysis of the microscopic mechanisms ofow laser fluences and the process is not sensitive to pulse
laser ablation is combined with a systematic investigation ofluration. A visual inspection of the snapshots from the simu-
the interrelation between the different parameters of the aldations confirms that mostly monomers are ejected in the
lation process accessible for experimental investigation. ~ desorption regime, Fig. 4.

As can be seen in Fig. 3, the total amount of the ejected
material increases at the threshold fluences by more than an

The discussions of laser desorption/ablation experimenerder of magnitude. For 150 ps pulses, the increase is from
tal data are often based on the dependence of the amount 579 moleculeg0.8 nm layer of the original samplat 34
material removed per pulse, i.e., the total yield, on the lased/n? to 8033 molecule$l1.4 nm layerat 37 J/m. For 15 ps
fluence. Thus, we also start the analysis of the simulatiopulses, the increase is from 235 molecul@s8 nm layer of
results from the yield—fluence dependence that is shown ithe original sampleat 28 J/m to 9608 molecule$13.6 nm
Fig. 3. A mere visual inspection of the plots shows an appartayen at 31 J/mi. Clearly, this stepwise transition from ejec-
ent similarity in the dependencies for 150 and 15 ps lasetion of about a monolayer of molecules to a collective ejec-
pulses. In both cases there are two distinct regimes of maion, or ablation, of a significant part of the absorbing vol-
lecular ejection separated by a well-defined threshold fluume is a reflection of qualitative changes in the ejection
ence,Fy,. The threshold behavior in molecular ejection hasmechanism. The thermal desorption model is not valid in the
been observed in our earlier simulatidh%®!and the thresh- ablation regime and a different analytical description of the

for F<Fy,, (1)

Ill. RESULTS

A. Fluence dependence of the total yield
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- T L pulse, model discussed in Ref. 3 can be related to the simu-
" T lation results in the regime of stress confinement described in
e T Sec. llIB2.
150 | -l o As shown in Fig. 3, the threshold fluence as well as the
ot .. o value of the critical energy densiy} are ~20% higher for

. irradiation with 150 ps pulses as compared to the values for
15 ps pulses. The ablation yield for 15 ps pulses is consis-

- tently higher than the one for 150 ps pulses for all fluences
oy, e above the threshold fluence. A visual analysis of the snap-
wo| oot o shots from the simulatiof$given in Sec. Il B clearly shows

that, although the same analytical equation can be applied to
describe the ablation yield in thermal and stress confinement
irradiation regimes, the mechanisms responsible for the ab-
lation onset for 150 and 15 ps laser pulses are different. The
difference in the ejection mechanisms is reflected in quanti-
tative differences in the threshold fluence and yield versus
fluence dependence.

[v,3
o

B. Visual pictures and mechanisms of laser ablation
and damage

Distance from the initial surface, nm

1. Thermal confinement —phase explosion

We start from the analysis of material ejection in the
regime of thermal confinement, realized in the simulations
with 150 ps laser pulses. Snapshots from a simulation per-
formed at laser fluences of 61 JnFig. 5, give a visual
picture of the dynamics of laser ablation in this irradiation
regime. At~50 ps from the beginning of the laser pulse
irradiated material starts to expand in response to the laser
heating. Starting from~100 ps this expansion is taking on
an explosive character leading to the ejection of a significant
FIG. 4. Typical snapshot from a simulation in the desorption regime. TheP@rt(27 nm layey of the original sample. The snapshot taken
laser pulse duration is 150 ps and the fluence is 2&;Jine snapshot is at 225 ps shows an onset of a homogeneous decomposition
made 600 ps after the beginning of the pulse. of the expanding plume into a mixture of sublimated mol-

ecules and liquid phase matter. This decomposition proceeds

through the formation of a foamy transient structure of inter-
yield versus fluence dependence should be used. We finghnnected liquid clusters and individual molecules, as shown
that, for both pulse durations used in the present work, th@,y snapshots at 300 and 375 ps. The foamy transient struc-
amount of material ejected in the ablation regime can bgure subsequently decomposes into separate clusters, snap-
relatively well described by a simple model in which the shots at 450 and 525 ps, which gradually develop into well-
ablation depth follows the laser energy deposition and alljefined spherical liquid droplets, snapshots at 525, 600, and
material that absorbs an energy density higher than a criticalpoo ps. The process of droplet formation is complete by the
energy densityE} , is ablated*®**With an exponential de- engd of the simulation, 1000 ps. Longer simulations per-
cay of laser intensity given by Beer’s law, the total numberformed for two-dimensional systefihave shown that drop-

of molecules ejected per unit surface area is lets can shrink somewhat and the number of individual mol-
ecules can increase due to the evaporation from the droplets
N=nyLpIn|————==—|, for F=Fy, (20 attimes that are beyond the end of the simulations discussed
Lp( E; — CTp)

in the present work. These changes, however, are relatively
where n,, is the molecular number density of the material minor and the droplets remain a major integral part of the
andC is a specific heat capacity of the model mater@l,  ejected plume.

is the thermal energy density prior to laser irradiation. This  The picture of the explosive ejection and spontaneous
expression predicts the existence of the threshold fluendeomogeneous decomposition of the ejected material into in-
Fin=Ly(E; —CT,) at which the critical energy densify dividual molecules and liquid droplets is consistent with the
is reached in the surface layer. explosive vaporization mechanism predicted from classical

For MALDI, the analytical models for the regimes of thermodynamic$=®%° As discussed in detail by Kelly and

thermal desorption and volume “layer-by-layer” ejection are Miotello, short pulse laser irradiation can overheat a bulk
discussed by Johnsdand by Johnson and Sundqgvisand  part of the absorbing region up to the limit of thermody-
the expressions similar to Eq&l) and (2) are used to de- namic stability leading to a rapid phase transition of the
scribe the yield of ejected molecules. The third, pressur@verheated material into a mixture of gas phase molecules



J. Appl. Phys., Vol. 88, No. 3, 1 August 2000 L. V. Zhigilei and B. J. Garrison 1287

150

g

n
(=3

Distance from the initial surface, nm

150 ps 225 ps 300 ps 375 ps 450 ps 525ps 600 ps 1000 ps

FIG. 5. Snapshots from the MD simulation of laser irradiation of a molecular solid with pulse duration of 150 ps and fluence éf 61 J/m

and liquid droplets:#°The relative amount of the gas phase recent postionization time-of-flight mass spectrometry ex-
molecules is related to the degree of overhedtmud pro- periments by Hankin and Joffi A possible role of cluster
vides a driving force for the expansion of the ablation plumeegjection for the ionization processes in MALDI has been
In the simulations the fraction of individual molecules in the recently discussed by Karas al®!
ejected plume indeed decreases from 25% at the maximum One important consequence of the phase explosion is the
fluence studied, 86 Jinto 9% at the threshold for ablation, fast cooling of the ejected plume. As a measure of tempera-
37 Jint. In the simulation performed close to the ablationture in the plume we use the radiglarallel to the surfage
threshold and illustrated by snapshots shown in Fig. 6, theelocity components of the ejected molecules, which do not
expansion of a relatively small gas phase fraction of thecontain a contribution from the flow velocity of the plume.
plume barely provides the momentum for ejection of oneAs found in earlier simulation®**the distributions of radial
cluster that is moving out from the sample with a velocity of velocities fit well to a Maxwell-Boltzmann distribution, sug-
165 m/s. The ablation threshold in the regime of thermalgesting the association of the spread in the radial velocities
confinement is defined, therefore, by the overheating of thevith the thermal motion in the plume.
absorbing volume up to the point at which the explosive  The average temperature, calculated from the radial ve-
nucleation of the gas phase is sufficient for the ejection ofocities of molecules in a top part of the irradiated sample, is
liquid droplets. shown in Fig. Ta) for the simulations illustrated in Figs. 5
The ejection of liquid droplets observed in the simula-and 6. The temperature plots show a nearly linear increase of
tions can be directly related to the recent results from trapthe temperature during the laser pulse and a fast cooling
ping plate experiments by Handschehal!’ performed un-  during the phase explosion. At the higher fluence a more
der UV-MALDI conditions. The fluence dependence of theviolent explosion leads to the faster temperature drop and, by
ejection of small submicron sized clusters observed in Ref500 ps, the average temperature becomes even lower than for
17, namely, no cluster ejection below the ablation thresholdirradiation with the lower fluence that is close to the ablation
the appearance of clusters right above the threshold and d#ireshold. This can be explained by the fact that in the simu-
creased cluster ejection at higher laser fluences, is consistelation with 39 J/md only an 11.4 nm layer of the original
with the simulation results. Similar threshold behavior forsample is ejected and 37% of the particles over which the
droplet ejection, albeit for a metal target, has been observeaverage has been made still remain in the target. The evapo-
in scattering measurements by Song and"XEor polymer  ration from the surface and thermal conduction into the bulk
ablation, the generation of particulates of different sizes hasf the sample provide much slower cooling compared to the
been observed by Heitz and Dickinsthindirect evidence phase explosion and subsequent evaporation from the ejected
of the ejection of molecular clusters has been obtained imroplets. Temperature profiles similar to the ones shown in
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FIG. 6. Snapshots from the MD simulation of laser irradiation of a molecu-
lar solid with pulse duration of 150 ps and fluence of 392)/m

FIG. 7. Averaged radial kinetic enerdin temperature unijsof the mol-
ecules that belong to the top 18 nm layer of the original sample for simula-
Fig. 7(a) have been previously observed in two-dimensionations with (a) 150 and(b) 15 ps laser pulses.

MD simulations of laser ablatihand ion bombardmefit.
In both cases the fast cooling is attributed to the phase ex- ) . .
plosion of the overheated material. The fast cooling and th&l@mage in a relatively wide range of fluences, frer5 up

short time in the overheated state could be important factor® ~3° Jint. At lower laser fluences the initial void nucle-
responsible for survivability of large analyte molecules in@tion and growth do not lead to the material ejection and are
MALD]. 1221 followed by the collapse of the voids, as illustrated by snap-

shots in Fig. 9. Just below the ablation threshold we observe
the formation of bigger voids that do not disappear with

time, leading to a permanent damage to the irradiated
A lower threshold fluence observed for irradiation with sample. An accumulation of the laser-induced damage could

15 compared with 150 ps pulses, Fig. 3, is indicative of theead to the material ejection in a multipulse irradiation re-
difference in the physical processes responsible for the onset

of ablation. Indeed, a visual inspection of the snapshots from

the simulations performed with 15 ps laser pulses reveals
that the mechanism of material ejection at laser fluences
close to the ablation threshold is rather different from the 5o
phase explosion described above. Figure 8 shows snapshot:g
from a simulation performed at laser fluence of 31
JIn?, close to the threshold for the ablation onset~AT5 ps

from the beginning of the laser pulse a few voids are nucle-
ated at a certain depth under the irradiated surface. The snap:
shots taken at 100, 200, and 500 ps show a fast growth of
one of the voids that eventually leads to the separation of a
large surface layer from the bulk of the sample, as shown by
the snapshot at 1000 ps. The number of molecules in the®
ejected layer corresponds to the 16 nm layer of the original -0
sample. The average temperature of the layer is 726 K, a
value below the melting temperature of the model material.

For simulations With_ 15 ps pulses the void nUde_ationFlG. 8. Snapshots from the MD simulation of laser irradiation of a molecu-
and growth are the dominant processes of laser ablation anat solid with pulse duration of 15 ps and fluence of 312)/m

2. Stress confinement —photomechanical effects
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FIG. 9. Snapshots from the MD simulation of laser irradiation of a molecu-

lar solid with pulse duration of 15 ps and fluence of 282J/m FIG. 10. Pressure contour plot for simulation with a 15 ps laser pulse at

laser fluence of 28 J/fillustrated by Fig. 9. The depth and time of the void
nucleation are marked by%().

gime or in the case of free electron laser irradiation by a  The amount of material ejected in laser ablation driven
macropulse consisting of a series of micropufSes. by the relaxation of the laser-induced pressure is defined by
In order to understand the physical processes that arnhe depth at which the spallation occurs. The factors that
driving the void nucleation and growth, the temperature anatontrol the depth of the photomechanical damage and spal-
pressure developments in the irradiated sample are consithtion are discussed below. Both the results of analytical
ered. The radial temperature plot given in Figb)7for the  calculationd’3%3*and observations from the simulations for
simulation performed at a laser fluence just above the threstiaser fluences below the threshold for void nucleation predict
old for the ablation and illustrated by Fig. 8 shows that thethat the maximum tensile stresses are reached at approxi-
average temperature of the surface layer only slightly exmately one penetration depth beneath the surface. The void
ceeds the melting temperature and then slowly cools dowmucleation, however, is consistently observed much closer to
There are no overheating and fast temperature drop that the surface, Figs. 8 and 9. In order to understand this dis-
characteristic of the phase explosion. Moreover, the averagerepancy, the strong temperature dependence of the capabil-
temperature of the material at the depths where the voids afty of material to support tensile stresses must be taken into
nucleated and growing in simulations illustrated by Figs. 8account. The tensile strength of the material heated by laser
and 9 is below the melting point of the material. This isirradiation decreases significantly as the temperature ap-
indicative of a nonthermal character of the void nucleationproaches the melting temperature. The depth of the photome-
and growth. chanical damage is determined therefore not only by the am-
The analysis of the processes induced by irradiation wittplitude of the tensile component of the pressure wave, that is
15 ps laser pulses has revealed that the mechanism of voidcreasing from zero at the surface up to a maximum value at
formation and disintegration of the surface layer, illustratedthe penetration depth, but also by a strong temperature gra-
in Figs. 8 and 9, has a mechanical character. The conditiodient produced within a surface region by laser irradiation.
of stress confinement, realized in simulations with 15 ps laThis can be illustrated by the simulation shown Fig. 9, for
ser pulses, results in the buildup of a high pressure within thevhich the depth and time of the void nucleation are marked
absorbing region during the laser pulse. The pressure buildup the pressure plot in Fig. 10. The void nucleation coincides
can be seen in Fig. 10, where the spatial and time develogwith the time when the tensile component of the pressure
ment of the local hydrostatic pressure in the irradiatedvave is reaching-120 MPa at a depth of 20 nm under the
sample is shown in the form of a contour plot for the simu-surface. This depth is less than half the laser penetration
lation illustrated by Fig. 9. Interaction of the laser-induceddepth and the region of the void nucleation is significantly
pressure with the free surface leads to the development of theeakened by the laser heating. Although a higher tensile
tensile component of the pressure wave propagating from theressure, up te-150 MPa, is reached deeper in the sample,
irradiated surface. The tensile stresses can exceed the dyig. 10, it does not cause mechanical fracture of the colder
namic tensile strength of the mateffal* at a certain depth and stronger region.
under the surface and can cause mechanical fracture or spal- For higher laser fluences the void nucleation can proceed
lation. In the simulations the mechanical fracture of thenot only at the depth defined by the balance between the
model molecular solid proceeds in the form of void nucle-increasing tensile stresses and the thermal softening, but over
ation and growth, Figs. 8 and 9. A similar mechanism of thea larger volume in the surface region. This effect can be
mechanical fracture has been proposed theoretfCadlyd illustrated by snapshots from the simulation at laser fluence
observed in molecular dynamic simulati6hgor the spalla-  of 34 J/nf shown in Fig. 11. In this simulation several voids
tion at high strain rates. are developing within the surface region during200 ps
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subjected to the void nucleation is strongly affected by the
laser heating and the analytical prediction on the formation
of multiple spallation planes in the absorption regfocan-

not be directly applied for a quantitative description of the
simulation results.

As discussed above, the void nucleation and growth
shown in Figs. 8, 9, and 11 are caused by the tensile stresses
induced near the irradiated surface in the regime of stress
confinement. In the simulations performed for the same laser
fluences but with 150 ps, when the same amount of energy is
deposited over a 10 times longer period of time, there is no
void formation or cluster ejection. Also, the void formation
has nothing to do with nucleation and growth of vapor
bubbles in the course of heterogenedasrma) boiling.
Moreover, estimates of the kinetics of normal boiling given
in a recent paper by Kelly and Miotello clearly demonstrate
the irrelevance of this process to short pulse laser abl&tion.

125 ps 250 ps 750 ps 1000 ps The ablation process at higher laser fluences, when ma-
terial ejection is driven by a combination of the strong pres-
FIG. 11. S_nap_shots from the_z MD simulation of laser irradiation of a mo- g re gradient formed due to the stress confinement and the
lecular solid with pulse duration of 15 ps and fluence of 342J/m . . . .
phase explosion due to the overheating, is considered next.
The dynamics of laser ablation in this irradiation regime is

following the laser irradiation. At later times the O|eeperillustrated in Fig. 12 for a simulation performed at laser flu-
voids continue to grow, coalesce, and, at 700 ps, a largénces of 61 J/fa This fluence is the same as that in the
surface layer is separated from the sample. The number gmulation performed with the longer, 150 ps, laser pulse that
molecules in the ejected layer corresponds to the 23 nm layés illustrated by Fig. 5. At first the visual pictures of material
of the original sample, and the average temperature of thejection shown in Figs. 5 and 12 look similar. More detailed
layer is 757 K. The mechanical stability of the surface regionanalysis, however, reveals several important differences.
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FIG. 12. Snapshots from the MD simulation of laser irradiation of a molecular solid with pulse duration of 15 ps and fluence éf 61 J/m
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FIG. 13. Density of the ejected plume as a function of the distance from the
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gLrjg;JZ?]o(:; ?r(l)rr}]/thessior:\v;at?(;ns arep:hswirin Ie:ig;e; SC;nd iZ.aser P in the peak positions in Figs. (& and 13b). By 850 ps
after the end of the laser pulse some of the small clusters
ejected in the stress confinement regime have traveled a dis-
First, the total amount of ejected material is17%  tance of nearly lum from the initial surface as shown in
larger in the simulation with a 15 ps pulse as compared to th&ig. 13b) for a cluster composed of 243 molecules and mov-
one with a 150 ps pulse. Actually, as discussed in Sec. Il Ajng with a velocity of 1100 m/s. A large cluster composed of
the total yield of ejected molecules is consistently higher for8934 molecules and moving with a velocity of 465 m/s is
15 ps pulses in the whole range of fluences above the ablalso marked in the Fig. 1B). The ejection of such energetic
tion threshold. clusters is not observed in the regime of thermal confine-
Second, the void formation, observed in the stress conment, Fig. 18a).
finement regime at laser fluences close to the ablation thresh- Fifth, the density distribution of the gas-phase molecules
old, Figs. 8, 9, and 11, is also present at higher fluences. Ithat shows up as a background level in the density profiles in
Fig. 12 a transient void forms at the depth-e60 nm, below Fig. 13 is different in the simulations illustrated by Figs. 5
the surface layer ejected in the course of ablation. The voiénd 12. Qualitatively, the difference is apparent from a visual
formation is not observed in the thermal confinement regimenspection of the snapshots taken at the end of the simula-
at any laser fluences investigated. tions. A significantly higher density of the cloud of indi-
Third, larger and more numerous clusters are ejected inidual molecules is observed in Fig. 5 than in Fig. 12. To
the simulation shown in Fig. 12 as compared to the ongerform a quantitative comparison, an expanded view of the
shown in Fig. 5. The cluster ejection can be seen from Figlow-density region of Fig. 13 is shown in Fig. 14. The den-
13, where the number of peaks and their heights reflect thsity of individual molecules right above the surface observed
number of ejected clusters and their sizes, respectively. Afor the simulation performed with a 15 ps pulse, Fig(l4
will be shown in Sec. IlIC, these are the clusters that ards less than half the density observed for the simulation per-
mainly responsible for the increase in the total yield as we gdormed with a 150 ps pulse, Fig. @&}. At the same time, a
from the regime of thermal confinement to the regime ofsignificantly higher density is observed in the simulation
stress confinement, whereas the yield of monomers is nearlyith a 15 ps pulse further from the surfaces, at distances of 1
identical in the two ejection regimes. pm and more. Apparently, in the case of irradiation with 15
Fourth, a more prompt disintegration and ejection ob-ps pulses, the cloud of individual molecules travels faster
served in the regime of stress confinement, Fig. 12, lead tand disperses more during the same time after the end of the
the ejection of clusters with significantly higher velocities in laser pulse. This observation can be attributed to the stronger
the direction normal to the surface, as compared to the repressure gradient that results from irradiation under the con-
gime of thermal confinement. The difference in the velocitiesdition of stress confinement and provides higher initial accel-
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diamonds represent the data points for 150 and 15 ps laser pulses, resp&dG. 16. Flow velocity in the ejected plume as a function of the distance

tively. The open and closed symbols show the data points below and abovigom the initial surface for simulations with 150 ps and 15 ps laser pulses

the threshold for ablation. The line shows the prediction of the thermaland fluence of 61 J/fnshown for 850 ps after the end of the laser pulses.

desorption model, Eq1), with activation energy of 0.52 eV. Each point results from averaging ave6 nmspan along the normal to the
surface. Snapshots from the simulations are shown in Figs. 5 and 12.

eration of the ejected material. A more detailed comparative

a_naIyS|s of Fhe_plume composition and the_ velocities .Ofstress confinement. As shown in Fig. 15, Eb). provides a

ejected species in the stress and thermal confinement regimes . ]

is given in Sec. Il C, good description of the monomer vyield for bo_th 1_50 and 15
ps laser pulses with the same value of activation energy,

Ef=0.52 eV.Despite the seemingly good fit of the mono-

mer vyield, the thermal desorption model leading to Eq.

In mass spectrometric applications of laser ablation thaloes not give a correct description of the ejection mechanism
characteristics of the ejected plume are the relevant paranat high fluences, where collective ejection or ablation occurs.
eters that define the resolution and quality of mass spectrdherefore, an interpretation of the physical mechanisms of
The experimental measurements in these applications are daser ablatioh***and, in particular, a discussion of the role
ten limited to counting the ejected ions or postionizedof the laser pulse duratiéh®*%”should not be based solely
molecule$'~**and deriving their initial velocitie$**>®|tis  on the mass spectrometry data on the yield of ejected ions,
difficult to provide a reliable interpretation of these data inbut should be complemented by measurements of other char-
terms of the physical mechanisms leading to the materiahcteristics.
ejection and processes occurring at the initial stage of dense As has been noted in Sec. IlI B, the difference in the
plume expansion. Here in Sec. lll C we take advantage of thejection mechanisms in the regimes of thermal and stress
comprehensive picture of the laser ablation process resultingonfinement is reflected in the sizes and velocities of the
from the molecular-level simulations and perform a compari-ejected clusters. Although the limited size of the computa-
son analysis of the plume composition, velocity, and angulational cell restricts our ability to perform a reliable quantita-
distributions of the ejected particles in the regimes of thermative analysis of the size distribution of the ejected clusters,
and stress confinement. qualitatively we can conclude that larger and more numerous

The visual pictures of the ejected plume given in Secclusters are ejected in simulations with 15 ps pulses as com-
[I1B show clearly that large molecular clusters constitute apared to 150 ps pulses. To analyze the velocities of the
major portion of the ejected plume in the ablation regime andejected clusters, the density profiles shown in Fig. 13 can be
that the composition of the ejected plume has a strong deelated to the distributions of flow velocities in the ejected
pendence on laser fluence and pulse duration. To perform glume, Fig. 16. By 850 ps after the end of the laser pulses the
guantitative analysis of the plume composition we compareselocities for the two pulse durations have acquired identical
the fluence dependencies of the total yield, Fig. 3, with thdinear dependencies on the distance from the surface that is
yield of monomers, a quantity that is presumably propor-characteristic for the free expansion motfeA small dip
tional to the yield of ions or postionized neutral moleculesinto the negative velocities at the position of the original
measured in mass spectrometry experiments. The fluence dadrface observed in Fig. 16 for the simulation with a 15 ps
pendence of the yield of monomers given in Fig. 15 is inpulse can be attributed to active hydrodynamic motion dur-
drastic contrast to the total yield curves, Fig. 3. First, al-ing the relaxation of the transient topographical features
though the total number of ejected molecules is increasing drmed in the surface region of the irradiated sample, Fig.
the ablation threshold by more than an order of magnitudel2. The comparison of the density and velocity profiles given
this sharp increase is imperceptible in the fluence deperin Figs. 13 and 16 shows that there is no correlation between
dence of the monomer yield. Evidently, it is the onset of thethe cluster position§eaks in Fig. 1Band the flow velocities
ejection of clusters that is responsible for the jump in thein the expanding plume. The clusters of different sizes are
total yield at the threshold fluen€é? Second, the yields of entrained into the expanding plume and are moving along
monomers are nearly identical in the regimes of thermal andavith the individual molecules with the same velocities. This

C. Parameters of the ejected plume
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effect of entrainment of molecular clusters can be related to
the entrainment of large biomolecules into the plume of
smaller matrix molecules in MALDI that has been observed
experimentally*¢¢®"%nd in MD simulationg? The thresh-

old fluence for the detection of analyte molecules in
MALDI, 172244 honvolatile photoproducts, or dopant¥ in
laser ablation of molecular films can be related in this case to
the threshold fluence for the onset of the collective material
ejection or ablation.

Experimentally, the properties of the ejected plume are
often probed by measuring the velocity distributions of the
ejected molecule¥"*>®°In particular, the velocity distribu-
tions of neutral molecules measured by laser postionization
mass spectrometry techniqtié¥ can be related to the cal-
culated velocity distributions of ejected individual mol-
ecules. Figures 17 and 18 show velocity distributions that are
typical representatives of the distributions observed for de-
sorption, ablation in the regime of stress confinement, and
ablation in the regime of thermal confinement. For all simu-
lations the distributions of radidparallel to the surfageve-
locity components can be well described by a Maxwell—-
Boltzmann distribution, Fig. 17. Although a more than two
times higher fluence is used in the simulations of ablation
compared to the desorption, the temperatures resulting from
the fits to a Maxwell-Boltzmann distribution exhibit much
smaller variation. This observation can be explained by the
fast cooling of the ejected plume in the course of explosive
decomposition and expansion, Fig. 7. A somewhat lower
temperature of the plume in the regime of stress confine-
ment, Fig. 17b), as compared to in thermal confinement,
Fig. 17c), is related to more rapid material disintegration
and ejection observed under the conditions of stress confine-
ment.

In contrast to the radial velocities, the distributions of
axial (normal to the surfagevelocity components exhibit a
significantly stronger dependence on the irradiation condi-
tions. In the desorption regime, Fig. (B8 the distribution
can be relatively well described by a shifted Maxwell—-
Boltzmann distribution with the same temperature of 525 K
that results from the fit of the radial velocity distribution in
Fig. 17@). The equilibration of the ejected molecules and the
appearance of the molecules with negative velocities in the
desorption regime can be attributed to the gas-phase
collisions’® during the intensive evaporation from the irradi-
ated surface, Fig. 4.

In the ablation regime, Figs. 1® and 18c), much

broader highly asymmetric velocity distributions with high- FIG. 17. Radial velocity distributions of ejected monomers for simulations
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velocity tails that extend beyond 2000 m/s are observedvith (a), (b) 15 and(c) 150 ps laser pulses and fluences®f28 and(b), (c)

Similar asymmetric velocity distributions have been ob-8

served experimentally for laser ablation of molecular ) gag k.

solids**® and in earlier two-dimensional MD simulatiofs.
Simulation results suggest that collective material ejection in

1 J/nt. The symbols are data from the simulations and the lines show the
Maxwell-Boltzmann distribution for temperatures (@ 525, (b) 610, and

the ablation regime provides an initial broad distribution ofroughly described by a modified Maxwell—-Boltzmann distri-
the flow velocities in the ablation plume. Subsequent colli-bution that has been proposed in Refs. 43 and 44 in order to
sions in the expanding plume result in redistribution of theaccount for a range of flow velocities in the ejected plume.
energy and momentum in the axial directfdnleading to  The temperatures that result from the fits of the radial veloc-
additional acceleration of the molecules in the front of theity distributions to a Maxwell-Boltzmann distribution, Figs.
plume and formation of the high-velocity tail in the axial 17(b) and 17c), are used to describe the axial velocity dis-
velocity distributions. The velocity distributions can be tributions as well, Figs. 1®) and 1&c). The spread of the
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FIG. 19. Angular distributions of ejected monomers for simulations with 15
and 150 ps laser pulses and fluences of 28 and 61 J/m

Figs. 18b) and 18c) demonstrates that a broader distribution
and a bigger fraction of high-velocity molecules are charac-
teristic for the plume ejected in the stress confinement re-
gime, Fig. 18b). These differences can be related to a wider
dispersion in the positions of ejected clusters, Fig. 13, and
more extended density profiles for the gas-phase molecules,
Fig. 14, observed in simulations with 15 ps pulses compared
to the simulations with 150 ps pulses. Quantitatively, a
broader velocity distribution in the regime of stress confine-
ment is reflected in a higher maximum flow velocityy,ay,

that results from the fit of the data points to the modified
Maxwell-Boltzmann distribution, Figs. 18 and 1&c).
Note that the modified Maxwell-Boltzmann distribution on a
range of flow velocities provides only a rough description of
the simulation data and the extended high-velocity tails of
the distributions cannot be adequately described by any ex-
isting analytic distribution.

The angular distributions of the ejected molecules are
given in Fig. 19 for the same three simulations for which
velocity distributions are discussed above. In the desorption
regime,F =28 J/nf, moderate forward peaking is observed
that can be attributed to the gas-phase collisions of desorbed
molecules leading to Knudsen layer formatférQuantita-
tively, the angular distributions are commonly described by a
cod(6) function for small polar angles to the surface nor-
mal, 6. For the simulation aF =28 J/nf, where intense
desorption leads to the ejection of about one monolayer of
molecules, fitting to this form for angle®<20° gives
cos(6) that is consistent with theoretical considerati6hs.
In the ablation regime much stronger forward peaking is ob-
served, with fits giving cd8(6) and cod¥(¢) for the simu-

shifted Maxwell-Boltzmann distribution for a temperature of 525 K and alations performed in the thermal and stress confinement re-

flow velocity of 375 m/syb), (c) the Maxwell-Boltzmann distribution with
a range of stream velocitigsee Refs. 43 and 44or temperatures ofb)
610 and(c) 640 K and maximum flow velocities db) 1300 and(c) 1100
m/s.

velocities in the direction normal to the surface is mainlyablation of molecular solid
defined by the range of flow velocities in the ejected plume

gimes, respectively. The stronger focusing of ejected
molecules toward the surface normal in the stress confine-
ment regime is related to the broader distribution of the axial
velocities in Fig. 18). Experimentally, strong forward

peaking of ejected molecuglgeas9 7|g typically observed in laser

Although good fits of the radial velocity distributions to

and only to a lesser extent by the thermal motion. A com-a Maxwell-Boltzmann distribution shown in Fig. 17 imply
parison between the axial velocity distributions shown inat least partial equilibration in the ejection plume, a spatially
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FIG. 20. Radial kinetic energ§in temperature unijof the ejected plume as 0 50 100 150 200

function of the distance from the initial surface for simulations with 150 and
15 ps laser pulses and fluence of 612&hown for 850 ps after the end of

the laser pulses. Each point results from averaging over a 50 nm span anrp_qG. 21. Temporal pressure profiles at 100 nm below the surface for simu-

the normal to the surface. Snapshots from the simulations are shown in Figfsations with 15 and 150 ps laser pulses performed in(ghelesorption and

5 and 12. (b) ablation regimes. A computational cell of 180 nm in the direction normal
to the surface is used in the simulations.

Time, ps

resolved analysis of the plume in the ablation regime reveals
a significant variation of the radial temperature with distance
from the irradiated surface. The spatial distributions of theber of organic systemis:?#26-2832"Eyperimental observa-
average radial kinetic energy, shown in Fig. 20, suggest thdions indicate that the shape of the pressure wave has a
the fast cooling of the ejected material, Fig. 7, proceeds nonstrong dependence on the irradiation conditions and can give
uniformly within the plume. Expansion cooling, when the useful information on the processes in the absorption region.
thermal energy is transformed into the kinetic energy of thdn this section an analysis of the relations between the char-
plume expansion, leads to the decrease of the radial temperaeter of the molecular ejection in the regimes of thermal and
ture in the flow direction. At distances ofdm for a 150 ps  stress confinement and the parameters of the pressure waves
pulse and 1.3um for a 15 ps pulse, the radial temperatureis given.
reaches its minimum and starts to increase. This temperature Pressure profiles typical for the desorption and ablation
increase that has been also observed in Monte Carlo simul#egimes are shown in Fig. 21 for simulations performed with
tions of a multilayer particle ejectidfcan be attributed to 150 and 15 ps laser pulses. The temporal pressure profiles
the lack of equilibration in the front part of the expanding are recorded at a depth of 100 nm under the initial surface in
plume, where too small densities of ejected molecules arsimulations where the total depth of the computational cell is
observed, Fig. 14. A significant scattering of the data pointsdd80 nm and the dynamic nonreflecting boundary condition is
in Fig. 20 is due to the difference between the temperaturegpplied at the bottom of the computational cell, as described
of gas-phase molecules and clusters in the plume. The cluga Sec. Il B. Just as in Figs. 1 and 10, positive pressure cor-
ters are substantially hotter than the gas-phase moleculesgsponds to compression and negative pressure to tensile
reflecting slower cooling by evaporation as compared to fasstresses. For both desorption, Fig(&1and ablation, Fig.
expansional cooling. 21(b), much stronger pressure waves are initiated in the re-
gime of stress confinement than in the regime of thermal
confinement. This observation agrees with experimental ob-
servations that a significantly higher pressure builds up in the
Time-resolved piezoelectric detection of acoustic wavesabsorption regiof? and a much stronger acoustic signal is
generated by pulsed laser irradiation has been successfulproduced® > when the conditions for stress confinement are
used in the analysis of the laser-induced processes in a hursatisfied.

D. Pressure pulse profiles
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For simulations with a 15 ps laser pulse, in the stress

confinement regime, there is a clear difference in the pres- 900 B @) °
sure profiles recorded for desorption and ablation. At low ! i
laser fluences, below the threshold for the ablation onset, we goo - © 150 pspulse ®

observe a characteristic bipolar thermoelastic wave that re- e 15 pspulse
sults from the interaction of the laser-induced compressive
pressure with a free surface of the irradiated sample, Fig.
21(a). Certain asymmetry between a stronger compressive
component of the wave and a weaker tensile component in
Fig. 21(a) can be attributed to the small depth of the pressure
recording, 100 nm, that is only two times longer than the
laser penetration depth. The direct laser energy absorption at
the depth of the recording leads to the pressure increase dur-
ing the laser pul$® and creates a positive background for
the symmetric bipolar pressure wave propagating deeper into Q00T
the sample. As the laser fluence increases above the thresh- 0 20 40 60 30
old for the ablation onset, the ratio between the tensile and
compressive components of the pressure wave gradually de-
creases. As a result, a strong unipolar compressive wave is
generated in the ablation regime for 15 ps pulses, Fith)21
The laser fluence dependence of the posi{o@mpres-
sive) and negativétensile amplitudes of the pressure waves
is plotted in Fig. 22. In simulations with both 150 and 15 ps
pulses the peak compressive pressure, Figa)2hcreases
linearly with fluence as expected for the thermoelastic
mechanism of wave generation. The linear dependence ex-
tends beyond the ablation threshold, over the whole range of
fluences, suggesting that the compressive recoil pressure im-
parted by the massive material ejection at high fluences does
not significantly affect the amplitude of the compressive L o
component of the pressure wave. This observation indicates -150 20 40 60 30
that generation of thermoelastic stresses and a slower process
of material ejection in the ablation regime are separated in
time. FIG. 22. (a) Positive andb) negative amplitudes of the pressure wave as a
The amplitude of the tensile component of the pressuréunc:tion of laser fluence. The circles and diamonds represent the data points

wave exhibits a more complex dependence on laser quenCfor 150 and 15 ps laser pulses, respectively. Linggjirare the linear fits to
p p %’e data points in the desorption reginfeglow 29 J/m for 15 ps pulses

Fig. 22b). At low laser fluences a linear increase of the peakand below 35 Jiffor 150 ps pulses and are just guides to the eye(in).
tensile stresses with fluence is observed that corresponds to

the gradual increase of the amplitudes of thermoelastic bipo-
lar pressure waves shown in Fig.(2L At higher laser flu-  22(b) for 15 ps pulses is consistent with the discussion of the
ences, however, the amplitude of the tensile component gihotomechanical processes responsible for the ablation onset
the pressure waves saturates and even decreases with thehe regime of stress confinement given in Sec. llIB 2. The
fluence. The transition from linear dependence at low flu-material ejection in this case is driven by the relaxation of
ences to saturation and decrease at higher fluences hashe laser-induced pressure gradient, the material disintegra-
different character for simulations performed with 150 andtion leads to the relief of tensile stresses, and the observed
15 ps pulses. For 150 ps pulses a gradual deviation from thmaximum amplitude of the tensile stresses corresponds in
linear dependence at laser fluences close to the threshold ftiris case to the dynamic tensile strength of the material. Ap-
the ablation onset and saturation at higher fluences is olparently, the nucleation and growth of localized voids, Fig.
served. In contrast, for 15 ps pulses a sharp break in th®, do not significantly affect the amplitude of the tensile part
dependence at the ablation threshold and a significant def the pressure wave that continues to increase as the wave
crease of the maximum tensile stresses at higher fluences grasses the region of void formation and propagates deeper
observed. The last point that follows the linear dependencato the sample, Fig. 10. A significant decrease of the ampli-
for 15 ps pulses corresponds to the last simulation that dodside of the tensile component of the pressure wave as laser
not lead to massive material ejection, Fig. 9, whereas the firdtuence increases above the ablation threshold can be ex-
point after the break in the dependence corresponds to th@ained by the contribution of the following two processes.
simulation in which separation of a surface layer from theFirst, the effect of thermal softening, discussed in Sec. Il B 2
sample is observed, Fig. 8. can significantly reduce the dynamic tensile strength of the
The existence of a sharp maximum in the fluence depermateriaf® in the surface region of the sample at higher laser
dence of the tensile pressure amplitude observed in Fidgluences, limiting the capability of the material to support

Maximum positive (compressive) pressure, MPa
L
S

(b) o 150 ps pulse
15 ps pulse

Maximum negative (tensile) pressure, MPa

Fluence, J/m’
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tensile stresses. Second, the tensile stresses produced by thehe parameters of the ablation process accessible for ex-
thermoelastic mechanism can be obscured in the ablatioperimental investigation. In particular, the amplitudes and
regime by superposition with the compressive recoil pressuréhe shape of the acoustic wave propagating from the absorp-
from the ejection of the ablation plume. tion region are sensitive to changes in the mechanisms of
Experimentally, pressure profiles similar to the onesmaterial ejection and can be used for tuning the irradiation
shown in Figs. 2(a) and 21b) for 15 ps pulses have been parameters to the desired ejection conditions. Much stronger
observed for laser irradiation of soft biological tissue belowacoustic waves are generated in the regime of stress confine-
and above the ablation threshold respectiVelA fluence  ment. Moreover, the shapes of the pressure profiles recorded
dependence of the amplitude of the tensile component of thia the stress confinement regime for desorption and ablation
pressure wave similar to the one shown in Fig(2Zor 15  are substantially different from one another. A bipolar ther-
ps pulses has been observed for aqueous media irradiatedrimoelastic wave results from the interaction of the laser-
the stress confinement regirffeBoth experimental measure- induced compressive pressure with the free surface of the
ments and the results of the present simulation study suggeistadiated sample in the desorption regime, whereas forma-
that the shape and parameters of the acoustic wave propagéitn of a strong unipolar compressive wave is characteristic
ing from the absorption region are sensitive to changes in thef ablation. The fluence dependence of the amplitude of the
mechanisms of material ejection and can be used for tunintensile component of the pressure wave has a sharp maxi-
irradiation parameters to the desired ejection conditionsmum at the threshold fluence, providing an additional way
Simulations allow us to directly relate the characteristics offor threshold identification in the stress confinement regime.
the pressure waves to the molecular-level picture of laser A comparison analysis of the plume composition and the
desorption, ablation, and damage and can help in interpretaelocities of ejected species in the stress and thermal con-
tion of experimental data from photoacoustic measurementginement regimes has also revealed a number of differences
that can have important implications for practical applica-
tions of laser ablation. Larger and more numerous clusters
IV. SUMMARY with higher ejection velocities are produced at the same laser

The results of large-scale MD simulations performed forfluences in the regime of stress confinement than in the re-

two pulse durations and a wide range of laser fluences prcglme of thermal confinement. For monomer molecules, ejec-

vide a comprehensive picture of laser ablation and damage #P°"n in the stress confinement regime result in broader veloc-
two different irradiation regimes, stress confinement and® distributions in the direction normal to the irradiated
thermal confinement. We find that the mechanisms resporsurface, higher maximum velocities, and stronger forward
sible for material ejection as well as most of the parameter86aking of the angular distributions. ,

of the ejection process have a strong dependence on the rate 1h€ Yield of monomers commonly measured in mass
of the laser energy deposition. For longer laser pulsetie ~ SPEctrometry experiments, on the contrary, appears to be not

regime of thermal confinemerthe phase explosion of the sensitive to the irradiation conditions. The fluence dependen-

overheated material is responsible for the collective materigf'€S Of the number of ejected monomers are nearly identical
ejection at laser fluences above the ablation threshold. THE the regimes of thermal and stress confinement. Moreover,
phase explosion leads to homogeneous decomposition of ifie d_ra_stlc increase of the total _y|eld at the ablation thresh-
expanding plume into a mixture of liquid droplets and gas_olds is imperceptible from the yields of monomers that de-

phase molecules. This decomposition proceeds through tHEPtively follow an Arrhenius-type dependence even in the

formation of a transient structure of interconnected liquidMdh fluence region, where ablation occurs. In general, simu-

clusters and individual molecules and leads to fast cooling of2tion results demonstrate that an extensive experimental

the ejected plume. study involving sir_nultan_eous detection of cluster and mono-
For shorter laser pulses) the regime of stress confine- Mer Yields, probing different parameters of the ejected

ment a lower threshold fluence for the onset of laser ablatio?!UMe, as well as photoacoustic measurement of the laser-

and damage is observed. The energetically efficient materidfduced pressure waves are needed to ensure a reliable inter-

ejection is attributed to photomechanical effects driven byPretation of the mechanisms of molecular ejection.

the relaxation of high thermoelastic pressure that builds up in
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