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Coulomb explosion in ultrashort pulsed laser ablation of AO4
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Coulomb explosior(CE) is identified as the mechanism of ion ejection under low fluence ultrashort pulse
laser ablation of crystalline AD;. The ion momenta are equal during “gentle” ablation. This is explained by
impulsive CE from the surface region lastirgl ps. The onset of “strong” ablation leads to a decrease in the
measured ion velocities. The kinetic energies rather than the momenta of the ions become equal. This regime
is associated with strong plasma light emission and crater formation.

[. INTRODUCTION ions due to Coulomb repulsion from the surface followed by
relaxation of the target and ballistic and thermal removal of
There is growing interest in the comparison between maneutral particles on the picosecond time scale. It should,
terial modifications induced by ultrashort pulsed lasers andiowever, be mentioned that the MD simulations employ
energetic ion beamsThis is partly due to the increasing relatively simple phenomenological potentials and are cer-
availability of relatively compact, intense, ultrashort pulsetainly not able to accurately treat the dynamics of the elec-
laser systems that can be used to couple large amounts gbnically excited states. They should thus be regarded as a
energy into the target on a femtosecond time scale, compaualitative indication of the dynamical effects that might be
rable to the situation with energetic ion bombardment. Theaxpected to occur in both highly-charged-ion and ultrashort
secondary effects that concealed much of the fundamentglyise laser sputtering. It would thus appear that ultrashort
physical processes occurring for laser ablation with standargise |aser ablation studies may provide an accessible means
nanosecond pulsed lasers such as laser heating of the ablaigithhtaining detailed information on the mechanisms leading
materiaf can be avoided with ultrashort pulses. This is be-, particle emission and could be an important addition to the
ginning to open the way to a more detailed understanding _Oaﬁxperimental methods presently applied to explore the role
the laser-material interactions and mechanisms of materi f Coulomb explosion in the nanostructuring of insulator and

removal’ semiconductor surfaces
One phenomenon that has recently been the subject 5F )

considerable interest is that of sputtering due to highly—th In this paper er report strong_ eéper;megtal |r1|d|gat|ofns for
charged-ion impact on surfac&s Experimental evidence is € occurrence of a macroscopic Loulomb explosion from a

accumulating that this may have technological significancé“g!hly charged surface (ADs). This _ShOUId be d'St'_n'
for modifying or etching semiconductor or insulator surfacesdUished from the submonolayer laser-induced desorption of
on a nanometer scalé®2The use of highly charged ions is atoms or ions fr_om excited two-hole states as, e.g., ob_served
attractive due to the possibility of obtaining high sputterrecently from Si(Ref. 13 where atoms are desorbed with a
yields at low impact energies and without inducing radiationcharacteristic kinetic energyn this case 0.06 effrom an
defects in deeper layers of the material. However, there i€lectronically repulsive state at the surface. Such processes
very little information about the Coulomb-explosion processare generally site specific and related to the specific bonding
that has been proposed to be the main cause of surface daproperties of different adatom sitéThe macroscopic Cou-
age and material remova&land, indeed, this interpretation is lomb explosion reported here, with the removal of many
sometimes regarded as being questiondble main ex- monolayers per laser shot, leads to much higher kinetic en-
perimental result used to justify an explanation in terms ofergies on the order of 100 eV with equal momenta for ions of
Coulomb explosion is an increase in secondary-ion emissiodifferent mass, as would be expected from an impulsive ac-
and a charge-state-dependent kinetic energy observed in caeleration from a surface with high charge density. It is
lisions with very highly charged ions with charge up to clearly observable under low-laser-fluence conditions that
70+.° Recent molecular dynami¢MD) simulations of Cou-  lead to macroscopic ablation but are not sufficient to induce
lomb explosions on silicon surfaces have shown that thishe formation of a dense plasma, as indicated by the low
mechanism can lead to the production of nanometer scal@atensity of light observedmainly scattering from the sur-
structures on the surface that are at least in qualitative agreéace). When strong plasma emission is observed optically it
ment with what is seen experimentally in highly-charged-is accompanied by the appearance of an intense low-velocity
ion—surface collisionso(>40+, typically).® The results of component in the ion-velocity distributions. For conditions
these simulations show many similarities with the results ofwhere strong ablation and dense plasma formation are domi-
simulations of ultrashort pulse laser ablation of silicon fornant, the kinetic energies of the different ion species tend to
femtosecond pulse duratiof$'* Both calculations showed be equal, indicating their origin in the decay of the plasma
an initial fast, explosivg100 fs—1 p$ removal of positive plume.
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Il. EXPERIMENTAL SETUP GENTLE ABLATION PHASE

A Ti:sapphire oscillator-amplifier laser system based on
the chirped-pulse-amplificatici€PA) technique and produc-
ing light of wavelength 800 nm with a pulse duration of 0.1
ps(unless otherwise statpdias used in the experiments. The
laser beam was focused onto the sample surface, giving a
focus aregat 1£?) of ~470 um?. For the experiments re-
ported here, the laser fluence at the sample surface was 5 anc
4 Jlcnt for 0.1 and 0.2-ps pulses, respectively, slightly above
the single-shot ablation threshold. The single-crystalline
samples were polished and supported on a metal target
holder such that the laser processed area was not backed. The  STRONG ABLATION PHASE / CRATERFOR-
ablation was carried out under vacuum conditions ¢1Pa). NE2( o IN=3( B

Positively charged Al and O' ions were detected by a
linear time-of-flight(TOF) mass spectrometer based on the
Wiley-McLaren configuration’! The ions were allowed to
drift for 65 mm and then extracted into the mass spectrom-
eter with a variable delay pulsed electric field and detected
with a microsphere platéMSP). The extraction grids of the
mass spectrometer were either arranged parallel to the sub-
strate surface with a 25° angle of incidence of the laser beam ) ) ] o
(with respect to the surface normalr vice versa(normal FIG. 1 Scanning electron microscopy pictures of the irradiated
incidence of the laser beam with the grids at an angle of. 25° spot at different number of pulses per S|Fe. One can clearly see the
The delayed pulsed extraction allows the determination of@ng€ from gentle to strong ablation Msncreases.
the mass-resolved velocity distribution of the ions. No mo-
lecular or cluster ions were detected in the experiments.

lent” material removal(Fig. 1). The data can be reasonably
well fitted by single Maxwell-BoltzmanMB) distributions

when ablation is clearly either within the gentle phasdé (
=4) or the strong phaseN(=100). For these comparisons

The ultrashort pulse laser ablation of,8 has been the We have used one-dimensiondD) MB fitting functions
subject of a number of investigatioh&2 One of the most (I (v)<exd —m(v—u)?/2kT], with m the mass of the ions
characteristic features is the occurrence of two clearly distinandu the flow velocity. We do not want to infer that this is
guishable ablation regimé& ?° a “gentle” ablation in  the best fit function to be used for our experiments but it

which a few nanometers in depth is removed per laser shdtoes seem to be the most appropriate, simple, compromising
and that leaves behind a smooth surface and a “strongchoice for our experimental conditions. The best fits for the
ablation phase characterized by an order of magnitude highé¥ * data are shown in Fig. 2. THe=4 distribution has a
ablation rate per pulse and showing characteristics of “phasiow velocity of u=(2.1+0.1)x10'ms™* and a transla-
explosion.” These characteristics are quite different from thetional temperaturekT=13*=1 eV. TheN= 100 data are fit-
ablation behavior under irradiation with the more standarded with a flow velocityu=10*ms™ and a translational
nanosecond UV laser puls&sFor a detailed discussion see temperature of 5 eV. It is more difficult to satisfactorily fit
Ashkenasket al® and references given therein. For the con-the intermediate distributionsN(=50 and 70. The fits
ditions used in the present experimefi§0 fs, 800 nm, 5 shown in the figure are the sums of two MB distributions: a
Jem?) the initial ablation corresponds to the “gentle” slow distribution withu=1.4<10"ms™* (kT=8eV) and a
phase. After a certain number of laser shots the underlyinast distribution that is the same as that for=4 but with
material has accumulated a sufficiently high density of dedecreasing relative intensity & increases. The calculated
fects to initiate the “strong” ablation phagsee below. The  distributions shown for O have the same translational tem-
crossover occurs after approximately 20 laser shots. This caperatures as those fitted to the"Adata, but the flow veloci-
be seen in Fig. 1, where scanning electron microscope pidies have been scaled to give the same value for the momen-
tures of the surface after irradiation with a given number oftum, as discussed below. The comparison of thé At
laser shots are shown. parameters with the Odata is reasonably good for up to
Velocity distributions for Al and O" are shown in Fig. 2, N=70 but becomes much worse after this using the momen-
for normal laser incidencé25° TOF-axis incidende as a  tum scaling(not shown on Fig. 2 due to low intensities and
function of number of laser shots. It is immediately apparengpoor signal-to-noise ratio for this particular set of data
that the most probable velocity of both species decreases as The maxima of the measured velocity distributions, which
the number of laser shots increases due to the strong onsetafe equivalent to the drift velocitiasfrom the 1D MB fits,
a low-velocity component in the distributiofNote that the have been plotted in Fig. 3 as both momelay. 3a] and
data have been normalized to the individual maximum intenkinetic energieqFig. 3(b)] as a function ofN. The values
sity.) This is, at first sight, counter intuitive since there is given for O" were obtained from separately fitting the ex-
approximately an order of magnitude more material removegerimental datdas discussed for Al above and not taken
per shot in the strong phase compared to the gentle phasdrom the scaled fits shown in Fig. 2. This very clearly shows
and the surface morphology shows more evidence of a “viothat the momenta of the two ablated species are equal for low

IIl. RESULTS AND DISCUSSION
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within the plume as a function of number of laser shots. The values
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tions. Circles, Afl'; triangles, O.

FIG. 2. Velocity distributions for O and AI" ions for different
numbers of laser shots per site. Left-hand sidé€. @&ircles, right-
hand side: O (triangles. The Al data are fitted by 1D Maxwell-

Boltzmann distributiongfull lines). The solid lines on the Oplots

are the same distributions scaled according to the mass. See text fg*V"Velocity ions, a strong light emission is detected from
details. the plasma plume.

lons of the same momenta, as clearly seen during the
gentle ablation phase, would be expected from an impulsive
Coulomb explosion from a highly charged surface. The in-
tense laser pulse will induce strong ionization from the sur-
Yace and underlying regions. The emission of electrons from
the surface will leave a high concentration of uncompensated
ositive charge. The amount of uncompensated charge will

number of laser shots, i.e., when ablation is “gentle.” There
is an intermediate range<20<N<70) where the most
probable velocity corresponds to neither the same mome
tum nor the same energy. Finally fdbi=70, where ablation
is well within the strong regime, accompanied by plasm
light emission and crater formation, the ions clearly have th
same kinetic energies. The flow velocityused for the fit of
the fast distribution l=4) in Fig. 2 corresponds in both
cases (Al and O") to the momentum shown in Fig. 3, i.e.,
9.5X 10 %m0 . Very similar behavior is observed for 25°
laser incidencéion extraction with grids parallel to the sur-
face. The only difference is an increase in the detected drift
velocity of the fast ions when using the arrangement with ion
extraction grids parallel to the surface. This is discussed in
more detail elsewhere.

The correlation between plasma light emission, strong ab-
lation, and the presence of a low-velocity component in the
ion distributions is further illustrated by Fig. 4. Here the light
scattering or emission is detected by a charge-coupled device
(CCD) camera. For low numbers of laser shots, i.e., when the
ablation is still in the gentle phase, we only detected a small FiG, 4. Light emission/scattering from the irradiated surface de-
amount of light scattered from the substrate surface. As soofacted by a CCD camerdl=6, gentle ablation; only scattered light
as the crossover to the strong ablation phase odéarsN  from the surface is detected. Fhi=35 and 48 strong ablation is
>30 in this casg as characterized by an increase in thepresent and there is clearly plasma light emission from the ablated
amount of material removed per pulse and the appearance pfume. The laser pulse duration was 0.2 ps.

N=48
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NORMALIZED YIELD
D>

the bulk or hole diffusion from the irradiated region or by

recombination with slow electrons returning to the surfdce.

The neutralization process is not instantaneous due to the

electrical properties of AD;. The repulsive electric field

induced by the laser pulse lasts for a short period of time and

the AlI* and O" spend basically the same time in the action

flux of the emitted ions. The electrostatic interaction leading é /

to the ion removal is thus many orders of magnitude shorter oot oo oo oo e w000

than the ion flight time to the mass spectrometer, and con- VELOCITY [mis]

siderations of the conservation of momentum will lead to

equal momenta for the ejected ‘Aland O ions as seen FIG. 5. Normalized velocity distributions for O (open tri-

experimentally. This can be described by the expresgion, angle3 and & (closed diamonds showing that the doubly

=F¢q7, wherep is the momentum for the two species in the charged ions have twice the velocity of the singly charged ions.

action range of this field~1 ps. , amplification to be slightly more than 10%. This is consid-
One can estimate the minimum charge density at the SUksrapy |ess than the 65% estimated above; however, this is

face to induce a Coulomb explosion. The electrostatic Streséxactly what one would expect from considering the results

(force per unit areahas to overcome the Iogal mechanic_al of the molecular dynamics simulatiof$>!4 They showed

(or bonding stress:® For the bulk material this can be esti- {4t the jons are removed from a shallow surface region with

mated byE/10 whereE is the Young's modulus of the e pylk of the material removal occurring later as slower

be neutralized either by charge losses in the process of ion 12
ejection or, less likely for dielectrics, electron supply from
I W \
08 ﬁ \\ / A
/ \

A \
range of this field. The strength of the electrostatic field is
determined by the charge density, which is controlled by the
plume, F, is the electric force at the surface due to chargeg(TOF is normal to surfaceY=2; gentle ablation.
accumulation, and is the time spent by the particles in the

ial?® i is Wi i : .

material™ For atoms in the surface layer this will obviously petra| species after relaxation and heating of the lattice. Our
be considerably smaller. We take a compromise averagfygylts, where we are removing25 nm per pulse in the

value of E/20 for our estimates and obtain gentle phase, suggest that the ions are removed from a sur-
face region with a depth of approximately 2—3 nm, corre-
2 _~4 1/2 . .
f= m-eagk sponding to roughly four lattice parameters.
20le? ' We also observe a small amount of doubly charged ions,

contributing 10—15 % of the total ion signal. The normalized

wheref is the average fractional degree of ionization pervelocity distributions for O and G are shown in Fig. 5 for
atom, € is the bulk dielectric constant (@), a, is the av-  jon extraction with grids parallel to the surface. The doubly
erage interatomic spacing in the latti@A) andl is a factor  charged ions have velocities that are twice as fast as the
taking into account the lattice geomet8.64). For AL,O;we  singly charged ions. This is a further confirmation of the
obtainf>0.5 (with an estimated error 0f-50%). Similarly,  charged-scaled momenta the ions obtain due to the impulsive
we can estimate the fractional charge needed to produce ti@ulomb explosion from the surface.
observed momentum of @510 ?kgms ™t (Fig. 3. As- The lack of very highly charged ions and the magnitude
suming that the force acts for 1 ps we obtain the very reaef the ion kinetic energies is different from what has been
sonable value of =0.65. The observed momenta and there-observed in experiments involving sputtering due to the im-
fore also the ion kinetic energies are thus consistent with apact of highly charged ions(as discussed in the
average surface ionization of 65%. The observed momentmtroduction.>® This is a consequence of the much more
are slightly fluence dependent very close to threshold, inhomogeneous situation present in the laser experiments
creasing as the fluence is increased. However, they rathesther than a difference in the underlying mechanisms lead-
rapidly converge to the values presented here. An additionahg to material removal. There is a much more homogeneous
check on the order of magnitude estimate given here can beharge distribution produced over the entire irradiated area in
obtained from considering the field applied by a homoge+the laser experiments leading to the removal of the entire
neously charged sheet. If we assume an average surface ianpper layers. In highly-charged-ion experiments the projec-
ization of 65%, as obtained from the analysis above, andile ion strips many electrons from only a few atoms in its
calculate the field from an infinitely plane conductor usingpath, thus producing a very small region with an extremely
S/(2¢) whereSis the charge surface density-2.2 C/nf)  high charge density initially surrounded by normal bulk ma-
ande is the electrical permittivity, we obtain a momentum terial. This will presumably lead to the explosive removal of
for the repelled ions of X102*kgms™t. This is only a  a few highly charged ions with correspondingly high kinetic
factor of 2 larger than that observed in our experiments anénergies.
further supports the interpretation in terms of Coulomb ex- With increasing number of laser shotd, the behavior
plosion. changes noticeably. After approximately 20 shots, for the

The overall degree of ionization in our ablated materialconditions used here, the ablation is much more efficient
during the gentle phase can be estimated from the volume afith up to an order of magnitude more material being re-
the produced crater and the ion intensitiegegrated over moved per pulse. The onset of this ablation phase is also
velocity and angle and corrected for detection efficiency ancaccompanied by the emission of plasma light from the sur-
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FIG. 6. Velocity distributions for Al in the gentle (black 00 oml e %
squares and strong(circles ablation phases showing the absolute ’ 0.1 1 10 100 1000
ion intensities. Fast ions are still present during the strong ablation TIME [ps]
but are masked by the strong thermal distributitaser normal to
surface. FIG. 7. Dependence of Alion intensity on the delay between

two laser pulses of equal fluence. The individual pulse fluences are

. . . - below the ablation threshold but the sum lies ab®®& J/icnd).
face (Fig. 4) and characterized by a noticeable shift in theBlack squares: fast ions with a velocity of 20 300 m/s. Open dia-

maxima of the velocity distributions of the ions towards ,4n4s: siow ions with a velocity of 12 000 m/s. The minimum at 70
lower values(Fig. 2. The fast Coulomb explosion ions are s s an artifact due to interference between the two overlapping
still present, as seen in Fig. 6 where the absolute intensitig§ser pulses. Black circles: data on the time dependence of scattered

of Al have been compared for velocity distributions mea-jight from a roughened surfadelue to material removalfrom Ref.
sured during the gentle and strong ablation phases. Howevegg, shown for comparison.

they are vastly overshadowed by the slow ions in the strong

ablation. There is a strong incubation behavior with previousttribute to Coulomb explosion from the surface are very
laser pulses building up an increasing density of defect sitestrongly directed along the surface normal. This is an essen-
in the target below the ablated regidff. Strong incubation tial but not necessarily conclusive criterion for the Coulomb-
effects have also been observed in experiments that study tlexplosion mechanism. The data can be fitted witH éatis-
dependence of the ablation threshold on the number of laséributions with n on the order of 10. As the velocity
shots both specifically for AD; (Ref. 28 and for other di-  distributions shift to lower values and approach the condi-
electric material§Refs. 29 and 30 The increasing density tions of equal kinetic energy, the angular distributions be-
of defects in the underlying material leads to a much moreome considerably broadened, approachirg3 for large
rapid ionization in the bulk due to lower-order absorptionnumbers of laser shots. The broadening of the angular distri-
from defect sites and an extremely rapid heating of the latticédution as more material is removed from the surface is a
to a temperature close to the thermodynamic critical temstrong indication that the peaked angular distribution during
perature. A recent studyhas shown that the main cause of the gentle phase is not due primarily to hydrodynamical ef-
macroscopic laser damage in dielectrics is avalanche ionizdects in the ablated plume, which can lead to strongly peaked
tion. However, this requires a certain free-electron density talistributions for nanosecond laser ablatidThe situation is

be initiated. With a gradual buildup of defect density with more complicated for intermediate numbers of laser shots
increasing number of laser shots it becomes increasinglwhere there are contributions from both gentle and strong
easy, for the same laser fluence, to produce the necessaablation. We can also not rule out the influence of crater
free-electron density for avalanche ionizatisee multipho-  formation that may be conducive to thermalization of the ion
ton absorption from defect stajeat an early stage of the energies. FON>70 the depth of the crater becomes compa-
ultrashort laser pulse. This therefore leads to a much moreable to the lateral dimensions of the irradiated region.
efficient coupling of energy into the substrate as the number Further indications of the mechanisms involved and the
of laser shots increases. In addition, the defect sites themrelevant time scales for energy coupling are available from
selves will act as trapping sites and contribute to a more¢ime-resolved studies. Figure 7 shows the results of such
efficient energy coupling to the lattice. Dense plasma formaexperiments on AD; where two laser pulse®f 0.1 ps du-
tion, accompanied by clearly observable light emission andation of equal fluencebelow the ablation thresholdvere

an explosive removal of material in a mixture of vapor andused to irradiate the same surface spot with a variable delay
liquid droplets, then occurs under these conditibHs!®*!  between the pulses. The sum of the pulse fluences was cho-
We interpret the lower velocities and equal kinetic energiessen to lie above the ablation threshold (3.5 JcniA new
measured foN=100 to be due to ions from the gas-phasespot on the surface was chosen for each delay. The first shot
ionized vapor pluméfrom which light is also clearly emit- on the surface did not produce any observable ablation. The
ted. These “plasma ions” would be expected to have theion signal was recorded for the double-pulse irradiation as a
same kinetic energy or temperature. More work is needed téunction of the delay between the two pulses and for two
be certain about the origin of the ions under these conditiondifferent ion velocities. The results for the Alions are

but some supporting results are available from preliminaryshown on Fig. 7. The ion velocities were 20 300 rfiiack
measurements of the angular distributions of the idi8. squarey corresponding to a velocity close to the maximum
The fast ions observed for low numbers of laser shots that win the fast, Coulomb-explosion ion distribution for these low
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fluences and 12000 m/s, corresponding to velocities of thadditional heating due to the second laser pulse will also be
slow, thermal iongopen diamonds For these experiments 1-10 ps. In contrast to the very fast removal of the surface
the TOF axis was normal to the surface so that the velocityons due to Coulomb explosion the thermal removal of the
maxima are slightly shifted with respect to those shown inbulk material will thus take longer. This is nicely supported
Fig. 2 for 25° TOF. For comparison we also show earlierby the time behavior of the scattered light, which indicates
results on the intensity of the scattered light signal as a funcwhen the bulk of the material leaves the surfaceéur
tion of delay time(black circles. This data were taken with pump-probe ion signal is indicating that the maximum lattice
a strong first puls€10 J/cn?) to initiate ablation and the time temperature is reached after 10 ps.
scale for bulk material removal was probed by the light scat- This is in very good agreement with the scattered light
tered from the second, weaker pulse as a function of delagignal that indicates the onset of the bulk thermal material
time?! removal after about 10 ps. The decay of the thermal ion
For delay times below 100 f&he pulse durationthere signal for delay times beyond about 100 ps can have two
are strong interference effects between the two overlappingrigins. Petite and co-workers have shown that electrons can
laser pulses. This is the reason for the minimum at a delay dbe trapped either in or close below the conduction band on a
70 fs. Fast, Coulomb-explosion ions are observed at low detime scale of about 100 p&.A more efficient low-order
lay times up to~1 ps. In our experiments, the second pulseexcitation can occur from these excited states than from the
supplies additional charge density so that the electrostatihigher-order excitation of electrons in the valence band.
stress overcomes the binding energy of the lattice leading tdvhen these states decay, the energy coupling from the sec-
the observed macroscopic Coulomb explosion. The comend laser pulse is less efficient and can no longer lead to
bined charge density decreases after a delay of about 1 pggnificant ion removal. Second, and perhaps more impor-
due to the decrease in charge density that has survived aftently for the 100-ps time scale, thermal diffusion will be-
the first laser pulse. We believe that the dip at 1 ps indicatesome significant, thus reducing the total thermal excitation in
the time scale for which the charge distribution at the surfacehe irradiated area induced by the first laser pulse.
initiated by the first laser pulse can remain stable. It decays
after ~1 ps due to effects such as, e.g., individ(ia., not IV. CONCLUSIONS
bulk ablatior) ion ejection from the surface, hole diffusion
from the irradiated area, or electron supply from the bulk or The results presented in this paper clearly show the oc-
recombination with already ejected electrons. Additionally,currence of Coulomb explosion from a highly charged di-
and perhaps more importantly, the residual excited electronglectric surface, induced by ultrashort pulse laser irradiation.
in the surface region will decay via electron-phonon cou-This is shown by the equal momenta of the positive ions that
pling on the picosecond time scale. This leads to heating oforrespond to impulsive acceleration from a surface with av-
the lattice and also reduces the efficiency of the surface iorerage fractional charge of0.65. After a certain incubation
ization induced by the second pulse. The slower, thermaperiod (related to the buildup of defects in the target mate-
ions (open diamondsstart to be observed after a delay of rial) the ablation behavior changes with the maxima in the
about 1 ps, increasing to a maximum at 10 ps due to th@n distributions, moving to lower velocities and a broaden-
transfer of electronic energy to lattice heating. The signal ofng of the angular distribution. For a large number of laser
fast ions that also rises again and is observed up to 200-@hots (N=100) the ions have equal kinetic energies. We
delay is thought to be due to the high-temperature tail of theshow that ultrashort pulse laser experiments of the kind dem-
thermal ion distributiorfFig. 2) and to have a different origin onstrated here, where there is no complication due to the
from the signal that starts to decay at about 1 ps. For delainteraction of the laser pulse with emitted material, have con-
times beyond about 1 ps the second pulse thus cannot indus&lerable potential for aiding our understanding of the con-
sufficient charge density to lead to macroscopic Coulomhditions under which Coulomb explosion from materials can
explosion but the additional energy input will be used pre-occur and of the complex behavior of material under extreme
dominantly for heating the lattice. The time scale for theconditions.
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