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Laser disintegration of Van der Waals clusters of carbon-containing molecules

E. S. Toma and H. G. Muller
FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

~Received 13 December 2001; published 18 July 2002!

We report the production of highly charged ions, C51 and O61, obtained by Coulomb explosion of propane
and, respectively, carbon dioxide clusters, exposed to laser pulses of~1–6)31014 W/cm2 intensity. At such
intensities, only triply charged ions were created via tunneling ionization of isolated molecules. Carbon ions
with energies of 1.2 keV and oxygen ions with energies of 2 keV have been detected. Some information about
the explosion dynamics could be extracted from numerical simulations.

DOI: 10.1103/PhysRevA.66.013204 PACS number~s!: 36.40.2c, 52.50.Jm, 52.65.Cc
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I. INTRODUCTION

Interaction of strong laser fields with atoms or molecu
has been a major area of interest in atomic physics for
past decades. For long-wavelength radiation, in the n
infrared domain, the main ionization mechanism for inten
ties lower than 1014 W/cm2 is multiphoton ionization via
intermediate states. At higher intensities, the strong elec
field can distort the atomic potential, lowering the barr
enough to make the electron able to tunnel through it@1#.
Tunneling becomes dominant as soon as the Keldysh pa
eterg5AI p /(2Up) is smaller than 1@2#. In this expression
I p is the ionization potential of the atom~or ion! andUp is
the ponderomotive energy given in eV by 9.33310214I
(W/cm2)l2(mm2). The electron is even able to escape ov
the barrier for intensities larger thanI OTBI (W/cm2)54
3109@ I p(eV)#4/Z2, whereZ is the charge state of the re
evant ion@3#. For single charged ionsI OTBI is of the order
1014–1015 W/cm2, but it becomes very high (.1018 W/cm2)
for the production of highly charged ions, when removal
an inner-shell electron is required.

Because of their high local density and their efficient a
sorption of laser energy, clusters offer an attractive alter
tive to atoms or molecules as a target substance for the
ation of high-charge ionic states at much lower intensit
than required by optical-field-induced~OFI! ionization of
atomic gases. Many studies have been performed on no
gas clusters, using short and intense laser pulses, conce
both ion and electron production, as well as radiation em
sion @4–6# and even production of fusion neutrons@7#. Ions
with maximum energies of 1 MeV have been reported
laser intensities of.1016 W/cm2, charged as high as 401
for Xe, or 251 for Kr @8–10#. Such ions were obtained from
the explosion of clusters of less than 2500 atoms. Only X81

and Kr81 can be produced at 1016 W/cm2 via over-the-
barrier ionization of atoms. At the same intensities, elect
spectra revealed the production of hot electrons, whose
ergies peak at 2.5 keV, besides slower ones, with ener
less than 1 keV@10,11#.

The dynamics of cluster explosions has received con
erable attention up to date. Various models were propose
explain the high-charge states obtained in different exp
mental conditions and the nonthermal x-ray emissi
Thompsonet al. advanced the idea of coherent electron
1050-2947/2002/66~1!/013204~9!/$20.00 66 0132
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motions in the strong laser field as being responsible for
enhanced probability of multiple ionization from an inn
shell @12#. Such motions then caused production of high
charged ions (Xe481 and Kr271), which decay emitting x-ray
radiation of 4–5 keV, in experiments performed with ultr
violet radiation at high intensities (1019 W/cm2) @4,13#. In
the ionization-ignition model the field of the neighborin
ions, created in the initial ionization events, assists the la
in lowering the ionization barrier, thus igniting the cluster
undergo further ionization@14,15#. This model predicts very
little dependence of the charge distribution on the clus
size, and it is only applicable to small clusters.

Classical simulations including both electron and ion d
namics proved that the space charge of the ions retain
significant fraction of ionized electrons in the core of a 5
atom cluster, diminishing the importance of ion-ion intera
tions and supporting the idea of treating the cluster a
nanoplasma@16#. According to the hydrodynamic model de
veloped by Ditmireet al. @10,17# collisions between ions
~created initially by OFI ionization in low-charge states! and
laser-driven electrons form the main mechanism for the f
ther ionization of ions and heating of the electrons. The cl
ter will expand because of the pressure the free electr
exert on the ions. The fastest electrons will evaporate fr
the cluster@11#, leaving the core positively charged. Th
heating is enhanced as soon as the electron density rea
three timesncrit ~the density at which the laser frequenc
equals the plasma frequency!. Experimental results showing
that at a given cluster size (105–106 atoms for that experi-
ment! there is an optimum pulse width for maximum absor
tion of laser energy, provide strong evidence for such re
nant heating@18#. The ions will rapidly be ionized to high-
charge states by the hot electrons. The combined actio
the repulsive Coulomb forces between ions and the hydro
namic pressure associated with the hot electrons will m
the cluster explode. The electrons cool as they give som
their energy to the ions. The Coulomb pressure is more
portant for clusters of 2000 atoms or smaller, which do n
retain much of the electrons@10#. For larger clusters, the
hydrodynamic expansion dominates, except for a short t
after resonance, when the high electrostatic field~built up in
the cluster because of the fast escape of the heated elect!
pulls the cluster apart, creating very energetic ions@19#. The
big clusters expand more slowly, absorb more energy fr
the laser, and produce ionic states of higher charge in
expansion process.
©2002 The American Physical Society04-1



to
le

o

la

e
h
s

e

iz
cte

tu
rk

th
io
d
ll
b
o

su
x-

la
e
th

ok
ure
ter.

-
the
ga-
ht
uite

n-
in
use
ons
cu-
he
ey

der
ram-
ence

dict
ion
l-
ith
ris-
t of
en

x-

ter-

K

not
ts
-

f

ize

hat
t

er
s

on
b

-o
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Molecular clusters have received little attention up
now, in spite of the advantage they offer of studying e
ments that are hard to cluster in pure form@14,20,21#. We
focused our attention on clusters of carbon-containing m
ecules: carbon dioxide (CO2) and propane (C3H8). K-shell
ionization of carbon ions via barrier suppression requires
ser intensities higher than 2.631018 W/cm2 because of the
deep ionization potentials of C41(392 eV! and C51 ~490
eV!. As shown for noble gases, a gas of clusters can v
much lower the intensity needed for production of hig
charge ions. Previous experiments produced fair amount
C41 at intensities around 1015 W/cm2, from small acetone
clusters@14# and C60 @22#. Using big clusters as target, w
exposed carbon atoms to low laser intensities~of the order
1014 W/cm2), which, according to the equation forI OTBI ,
can create at most doubly charged ions by tunneling ion
tion of carbon atoms. From the ion spectra, we also extra
information about the dynamics of the explosion.

II. CLUSTER-SIZE DETERMINATION

Figure 1 presents a schematic of our experimental se
A titanium:sapphire laser was used for the experiment, wo
ing at a repetition rate of 10 Hz. The characteristics of
pulse were 800 nm central wavelength and 170 fs durat
with pulse energies up to 6 mJ. The clusters were create
an adiabatic expansion that took place in a chamber insta
on the top of an electron spectrometer, which could also
used for time-of-flight measurements on ions. A mixture
helium and a carbon-containing gas at high backing pres
~up to 30 bars! was made to flow into the low-pressure e
pansion chamber (1027 mbars background pressure! by a
pulsed, solenoid-controlled valve synchronized with the
ser. Only the central part of the jet could pass into the sp
trometer through a skimmer that was placed between
chambers, 2 cm below the nozzle.

FIG. 1. Schematic of the experimental setup.~I! is the expansion
chamber, where the clusters are formed. For the Rayleigh-scatt
measurement the beam of a Nd:YAG laser was sent on the clu
jet, 5 mm below the valve, and the scattered light was detected
CCD camera. The spectrometer consists of the interaction cham
~II !, where the infrared laser irradiates the clusters, and the time
flight tube ~III !, where the ions are detected.
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The interaction of the laser beam with the clusters to
place between the two extraction plates depicted in the fig
by thick lines, in the interaction chamber of the spectrome
The ions were detected in the time-of-flight chamber~1 m
long! by a multichannel plate~MCP! connected to a com
puter through an oscilloscope, after being extracted from
interaction region and accelerated towards the MCP by ne
tive voltages of 80 V on the plates and 2500 V on the flig
tube. The solid angle that the spectrometer accepts is q
small, and is inversely proportional to the initial kinetic e
ergy of the ions. Only particles with a velocity component
the direction of the detector can enter the flight tube, beca
the extraction voltage is not large enough to turn around i
that go in the opposite direction. In addition, the perpendi
lar velocity of the ions should not be larger than 1% of t
total velocity they acquire in the flight tube, otherwise th
will miss the 2-cm MCP.

Condensation in the free jet expansion produces Van
Waals clusters of sizes that depend on the gas source pa
eters: pressure, temperature, and nozzle size. In the abs
of a general condensation theory that would exactly pre
the average cluster size for a given set of initial expans
conditions (p0 ,T0 ,d), empirical scaling laws were deve
oped in order to correlate flow fields that are similar w
respect to cluster formation or other expansion characte
tics such as terminal temperature. Through the concep
corresponding jets@23,24# the scaling parameters have be
extended for expansions of different gases@25,26#.

The scaling of the cluster size with the conditions of e
pansion is given by the Hagena parameter:

G* 5k~Cgd/tana!qp0T0
2r ,

where d is the diameter of the nozzle,a is the expansion
half-angle (45 ° for sonic nozzles!, Cg is ag-dependent fac-
tor @24# (1 for sonic nozzles!, p0 is the source pressure,T0 is
the initial gas temperature, andk5r ch

32qTch
r 21/kB .

In order to correlate rare gases with metals, the charac
istics were defined as

r ch5~m/r!1/3 and Tch5Dh0
0/kB ,

where m is the atomic mass,r is the density of the solid
state, andDh0

0 is the sublimation enthalpy per atom at 0
@25,26#.

The parameterr gives the scaling power ofT0 with p0 for
the same cluster size, when the nozzle diameter is
changed, and is related to theq parameter, which represen
the scaling power ofd with p0 for the same output at con
stant source temperature, by the expressionr 5g/(g21)
2@(22g)/2(g21)#q ~whereg is the adiabatic constant o
the gas! @27#. The value of theq parameter is within 0.5 and
1, and can be determined precisely only from cluster-s
measurements. Experimental results giveq50.85 for rare
gases and metal vapors, andq50.6 for CO2 @23,27#.

Based on experimental data, it is possible to affirm t
the formation of clusters occurs ifG* exceeds 200, and tha
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LASER DISINTEGRATION OF VAN DER WAALS . . . PHYSICAL REVIEW A 66, 013204 ~2002!
the clusters contain 100 atoms forG;1000. The average
cluster size is proportional to (G* ) f , with 2< f <2.5
@17,26,28#. Very big clusters of 10 000 atoms (100 Å) we
observed forG* .50 000@29#.

It is difficult to experimentally determine the size of th
clusters. We have applied the Rayleigh-scattering techni
which gives, in principle, information about the average s
of the clusters. The Rayleigh-scattering partial cross sec
is s(l,u);Rc

6(11cos2u)/l4, whereRc is the cluster radius
l is the scattered-light wavelength, andu is the scattering
angle. If nc is the cluster density, the scattered signalS is
proportional toncs. Considering the expression fors and
the fact thatRc is proportional toNc

1/3, Nc being the average
number of atoms per cluster, we haveS;ncNc

2 . If all atoms
condense into clusters,nc.n0 /Nc and we can writeS
;Ncp0, wheren0 andp0 are the density and the pressure
the gas reservoir. If S scales asp0

f 11, the average cluster siz
increases asp0

f , with 2< f <2.5, as measured in many e
periments that have applied this technique@6,10#, confirming
the result mentioned in the discussion about the Hagena
rameter.~If no clustering occurs,S is simply proportional to
p0.!

We performed the measurements at room tempera
(T05300 K) using a nozzle ofd5500 mm anda545 °,
and the only expansion parameter we could manipulate
the backing pressurep0. The beam of a Nd:YAG~yttrium
aluminum garnet! laser at the second-harmonic waveleng
~532 nm, 6 ns, 20 mJ! was focused on the gas jet in th
expansion chamber, 5 mm under the nozzle, by a lens of
mm focal distance. At this distance the collision frequen
has dropped 10 000 times compared to immediately after
nozzle, the condensation process stopped, and the clu
flow free at terminal velocity@30#. Light scattered on the je
was detected at 90 ° by a calibrated charge-coupled de
~CCD! camera. Reflections of the laser beam on the windo
were blocked by pinholes and the chamber walls w
painted black in order to minimize the background signa

The measurements were done initially on pure CO2 and
pure propane. In the case of propane, there was no scat
light detected forp0 varied from 1 to 7 atm, so it can b
concluded that no clustering occurred for this gas at th
pressures.~For propane at room temperature, the phase tr
sition to liquid takes place at.8 atm.! In the same range o
pressures, the CO2 forms small clusters, with a size of 12
molecules at 10 atm.Nc was found to be proportional top0

3,
a somehow large value for the power factor.

The difficult part in this measurement was the estimat
of the proportionality constant between the scattered sig
and the cluster size, because the signal given by individ
atoms was below the detection limit. InS5CNcp0 the con-
stantC is dependent on the detector sensitivity, on the lig
intensity, and on the polarizability of the molecules. We
timated C from theoretical considerations for the pure g
from the expressionCp05Ntotnsmlas, whereNtot is the to-
tal number of photons in the laser pulse at the energy
reference,n the gas density in the focus,sm the molecular
scattering cross section at 90°,l the length of the focus,a the
steric angle that hits the camera objective, ands the camera
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sensitivity in millivolts per photon. The camera sensitivi
was determined by exposing the CCD chip to an isotro
cally scattered laser pulse of known energy. Then we co
calculate it at different concentrations and beam energies
cording toCx%5x%3CpureEreference/Ebeam. The main error
comes from the estimation of the gas density in the jet a
translates into a relative error of'50% in the average clus
ter size.

For rare gases, it was observed that the less ‘‘ideal’’
gas~the higher the critical-point temperature, for exampl!,
the higher the nucleation rate is@29#. Xe clusters better than
Ar, and He forms clusters only at very low source tempe
tures. Pure propane is a very poor gas from the condensa
point of view, although it has a higher critical temperatu
than CO2 or Xe. But it should not be forgotten that it has
smaller adiabatic constant (gCO2

51.3,gC3H8
51.14, also at 1

atm!. For the same initial conditions, a gas of higherg will
cool faster than a gas of lowerg.

The formation of clusters can be enhanced by the addi
of a carrier gas, usually a light, monatomic gas. The mixt
is meant to increase the adiabatic constant and to red
faster the temperature, thus increasing the collision
quency of the expansion. It also makes possible the us
higher backing pressures than allowed by the thermodyna
properties of the seed gas. Theg constant of a mixture of He
and propane, containing propane in a proportion of 15%
1.4, and at 2 nozzle diameters distance from the nozzle
density is twice higher than in the case of pure-propane
pansion. Mixed with He, propane does form clusters start
from very low backing pressures, and reaching a value
25 000 molecules per cluster at 15 atm@Fig. 2~a!#. Nc scales
proportional top0

2.5. As the clusters grew larger withp0, the
scattered signal increased above the saturation limit of
detector sensors, and the energy in the incident beam ha
be reduced. The attenuation was taken into account in
calculation ofNc .

Mixing with He also improves the results for CO2: the
onset of clustering falls to around 3 atm, and the power l

FIG. 2. Average cluster size at differentp0, derived from the
Rayleigh-scattered signal, for propane~a! and carbon dioxide~b!.
Both gases have been mixed with He in the gas reservoir, in c
centrations indicated in the figure.Nc;p0

2.5 for propane, andNc

;p0
2.3 for CO2.
4-3
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E. S. TOMA AND H. G. MULLER PHYSICAL REVIEW A66, 013204 ~2002!
changes toNc;p0
2.3. Clusters containing more than 300

molecules are obtained beyond 14 atm@Fig. 2~b!#. The clus-
ter size is much lower as compared to a mixture of prop
and He in spite of the higherg. The reason might be th
higher number of atoms contained in the molecule of p
pane, which increases the number of degrees of freedom
molecule, thus allowing a more rapid dissipation of the h
of cluster formation.

Unfortunately, apart from the average size, nothing can
learned about the cluster size distribution from the Raylei
scattered light measurements. If there is a significant frac
of the molecules that do not form clusters, the clusters
are present might have typical sizes much different from
average.

III. CLUSTER EXPLOSION

The central part of the jet passes through a skimmer w
a diameter of 2 mm into the chamber where the interac
with the laser takes place. The skimmer cuts the wings of
jet, preventing the occurrence of frontal shock waves,
transmits further only a small amount of gas, thus mainta
ing a low pressure in the interaction chamber, 1025 mbars
on average. We shall discuss the results obtained for C2
and propane in two separate sections.

A. CO2

We took ion spectra from disintegration of CO2 clusters,
changing either the conditions of expansion or the charac
istics of the laser pulse. The clusters were formed in an
pansion of CO2 mixed with He in the proportion of one pa
in ten. At 20 atm backing pressure the average cluster siz
4500 molecules, as given by the Rayleigh-scattering m
surement. The spectrum depends critically on the inten
~Fig. 3!. At 1014 W/cm2 only two peaks are visible, eac
formed by the contribution of two ions, C31 and O41 ~that
have the same mass/charge ratio and are indistinguishab
a time-of-flight measurement!, and, respectively C41 and

FIG. 3. Ion spectra from Coulomb explosions of CO2 clusters of
.4500 molecules, at different laser intensities: 1014 W/cm2 ~dotted
line!, 231014 W/cm2 ~dashed line!, and 3.531014 W/cm2 ~solid
line!. The inset in the upper left corner shows, in keV, the kine
energies of the most important ions at the peak position.
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O51 ~which could not be separated at our resolution!. The
O61 peak clearly emerges from the wing of its neighbor pe
at 1.531014 W/cm2.

The calibration of the spectra with time was done on
H2O1 peak, produced by ionization of the water molecu
present in the background gas, and still visible when
valve is closed. The water molecules have very small ini
velocities, and this calibration gives us information on t
arrival time of ion species with zero initial kinetic energ
The detection method is such that we cannot distinguish
tween ions of the samem/q ratio. The time scale also con
tains information about the kinetic-energy distribution of t
ions, in their displacement from the zero-velocity position
is essential that the peaks do not overlap each other
much, in order for this information to be extracted una
biguously. The spectra were accumulated for 200 shots
the average peak intensity was measured with a calibr
photodiode. The calibration was done in a separate meas
ment on the ionization threshold of He1. As the intensity
increases, the signal gets stronger, but does not chang
structure. Saturation is reached at 531014 W/cm2.

The very narrow peaks at 3.2 and 2.8ms are due to ions
of O31 and, respectively, C31 produced with almost zero
initial velocity by direct OFI ionization of isolated mol
ecules. These peaks appear at lower intensities thanI OTBI

expected for atoms: O31 at 231014 W/cm2, C31 at 3.5
31014 W/cm2. The ions produced by Coulomb explosio
appear at shorter times of flight and form broader peaks.
explosion, they are expelled with high initial velocities fro
the potential well caused by the evaporation of hot electro
The excess kinetic energies at the peak indicate an ave
potential drop of 170 eV as ions depart to infinity. It ac
differently on ions of different charge and this might expla
why the C31-and-O41 peak has a shoulder. The fastest io
are expected to come from the surface of the cluster, wh
electric fields are the strongest. The spectrum measure
3.531014 W/cm2 shows O61 ions of more than 2 keV, sug
gesting a maximum potential of around 300 eV at the surf
of the expanding cluster. Because the peaks overlap, it is
possible to analyze each charge state individually.

A measurement of the ion spectrum at different back
pressures, 10 and 20 atm, reveals no change in the stru
of the spectrum when increasing the average cluster
from 2000 to 4500 atoms.

B. C3H8

For the results presented in Fig. 4, the measurement
done on clusters of 50 000 molecules on average, obta
from a mixture of 15% propane atp0520 atm. The ion
spectrum from ionization of propane clusters shows car
ions up to a charge state of 51 and a peak corresponding t
H2

1. The very narrow peaks correspond to ions created
direct OFI ionization. The ions from the much broader pea
are produced by the Coulomb explosion of the laser-hea
clusters. For the intensity measurement we did binning o
calibrated photodiode signal.
4-4
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With only one mass present in the spectrum the peaks
fairly well separated, and it is relatively easy to plot t
number of ions per charge state as a function of intensity~see
Fig. 5!. C51 appears as a distinct peak at.1014 W/cm2. As
the intensity increases, the amount of C41 and C51 is also
increasing up to a saturation point after which it is slow
decreasing as the clusters are destroyed faster by the
intense laser. At 631014 W/cm2 the amount of C51 is
.50% that of C41. What happens after saturation is e
pected to be very dependent on the exact temporal p
shape and focus geometry. Both of these are poorly know
our experiment, so we cannot draw any conclusion from
slight decrease of the ion signal in Fig. 5, at higher inten
ties.

The peaks of Fig. 4 could be also analyzed individua
with respect to the energy of the ions. In Fig. 6 the pe
corresponding to three charge states 21, 31, and 41, were
plotted as a function of energy at the same intensities a
Fig. 4. A small correction was done in these graphs, for
fact that the acceptance angle of the spectrometer is sm
for ions of higher velocities. The C41 ions acquire in the
explosion, energies of more than 1.2 keV, indicating a pot
tial of 300 V at the surface of the cluster. The average cha

FIG. 4. Ion spectra from Coulomb explosions of propane cl
ters of .50 000 molecules at two laser intensities: 1
31014 W/cm2 ~dotted line! and 3.531014 W/cm2 ~solid line!.

FIG. 5. Cn1 amount at different intensities, obtained from th
ion spectra by integration of the corresponding peaks.
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per ion is.3.5. If all electrons were to leave the cluster, t
radius of the sphere creating this potential would be 2.5mm,
125 times bigger than the initial cluster size. The clus
would reach this dimension only a few pulse durations a
the pulse, which means that most of the free electrons w
actually trapped in the cluster during the expansion, oth
wise we would have seen higher ion energies in the sp
trum. This implies the dominance of the hydrodynamic pr
sure in the process.

Electrons with kinetic energies lower than 300 eV cann
leave the potential well. They are left in the cluster volum
oscillating in the laser field. An electron ofT0 initial kinetic
energy~gained by backscattering on ions! can get from the
laser field an extra energy of maximumA8UpT0, which for
T05300 eV, makes a total of 500 eV at 3.531014 W/cm2.
This can create even C61 by collisional ionization.

IV. THEORETICAL MODEL OF THE EXPLOSION

To help interpreting the experimental results, we ran so
numerical simulations of the propane-cluster explosion,
ing the simple classical model introduced by Ditmire@16#.
We assumed that the exact initial location of the carbon
oms would not affect the later stages of the explosion v
much. The carbon atoms were therefore arranged in a sp
cal subset of an fcc lattice, with lattice constant 4.7 Å. T
proper volume of each atom is then 40 Å3, which gives
them the same density as in liquid propane. We conside
only the carbon and neglected the protons. Initially only ne
tral atoms were filling the particle array, and free electro
added to the array later, as they were created by ionizat
For each created electron, the charge state of the parent
~or ion! was changed accordingly. The program calcula
the total electric field at the position of each particle, a
uses these values in the check for ionization events, an
determining the motion of the particles.

The instantaneous value of the laser electric field and
Coulomb-field value at the atom~ion! determine the condi-
tions for ionization. The ionization can take place by tunn

-

FIG. 6. The peaks of C21, C31, and C41 ~from left to right! as
a function of energy, at 1.531014 W/cm2 ~dotted line! and 3.5
31014 W/cm2 ~solid line!.
4-5
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E. S. TOMA AND H. G. MULLER PHYSICAL REVIEW A66, 013204 ~2002!
ing or by inelastic collisions with~sufficiently fast! electrons.
This last case was allowed to occur only if the impacti
electron passes closer than 2.12 Å from the ion~distance
representing the radius of the proper volume!, with a prob-
ability that reflects the corresponding cross section. To
end we assumed that the target atom~or ion! was ionizing at
a constant rate as long as a fast electron was within its pr
volume. This collisional-ionization rate is given by the pro
uct of the Lotz cross section@31# with the relative velocity
~extrapolated to its asymptotic value!, divided by the proper
volume. The expression of the Lotz cross section is, wit
small approximation,

sL5aLNe

ln~K/I p!

KI p
,

whereaL5450 (eV)2 Å 2, Ne is the number of electrons in
the outer shell of the ion,K is the center-of-mass energy, an
I p is the ionization potential of the ion@32#.

The rate for tunnel ionization by the laser field is given
a more complex expression@17,33#:

Wt5F~2l 11!~ l 1umu!!

2umuumu! ~ l 2umu!!
S 2e

n*
D 2n*

I p

2pn*

3S 2~2I p!3/2

E D 2n* 2umu21

expS 2
2~2I p!3/2

3E D
in atomic units, and whereF denotes a constant factor,E is
the total field ~laser1interaction! at the ion position,e
52.7183, n* is the effective principal quantum numbe
(n* 5Z/A2I p (eV)), Z being the core charge!, l and m are
the orbital and the magnetic quantum numbers. Fol
50, F51, and forl 51, F5(n* 21)/(n* 11). The rate is
averaged overm for the 2p shell. At an intensity of 3.5
31014 W/cm2 the tunneling rate for neutral carbon
0.83 fs21, 0.11 fs21 for C1 and zero for all the other ionic
states.

The electric field used in the expression for the tunnel
rate was the combined field of the laser and the ions
electrons in the cluster. It was assumed that the distanc
these other charges was for the largest part of the explo
large enough that over the distances relevant for tunne
such fields are sufficiently homogeneous to allow the use
the tunneling formula: due to their mutual repulsion io
never approach each other very closely. Electrons ente
the proper volume of an atom could potentially create v
high and inhomogeneous fields for which application of
tunneling formula would certainly not be justified; for th
reason, tunneling was completely suppressed if there wa
electron within this proper volume, the rate at those tim
being purely derived from the Lotz formula. The ionizatio
probability during a time step of the numerical simulation
given by the product of the ionization rate and the time-s
duration,dt50.0024 fs in our calculations. Whether ioniz
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tion takes place or not is decided by comparison with a r
dom number between 0 and 1.~Atomic units were used in
the program.!

We did calculations for a cluster of 1500 carbon atoms~to
which free electrons added to more than 9000 particles
total! irradiated by a sine-squared laser pulse of 160 cyc
total duration. The algorithm used to calculate the motion
the particles is of the ‘‘leap-frog’’ type: the positions at tim
t were used to calculate the forces involved in the updat
of velocities fromt2dt/2 to t1dt/2, and the updated veloc
ity was then used to calculate the new positions at timt
1dt.

The most expensive part of the simulation, in terms
computational time, was the calculation of the Coulom
force field. Because of the long-range nature of the Coulo
forces every pair of particles had to be taken into accou
The duration of the force calculation thus scales proporti
ally to the square of the number of particlesN. The interac-
tion between particlesi and j was modeled by a soft-cor
potential of the form 1/Ar i j

2 1ai1aj , whereai is a constant
depending on the identity of particlei. An a constant was
attached to each electron~the same for all of them! and ion
~depending on the charge state!, such that the value of the
interaction term between an ion and an electron atr i j 50
equals the ionization potential of the respective ion. T
square root and the division required to calculate the for
make this step, which already has the most unfavorablN
scaling, also computationally demanding. Using vector
structions available on the newer generations of CPUs m
it possible to do the calculations for a 1500-particle cluste
a few days, which was considered the practical limit.

We used in the calculations a sinusoidal laser field~lin-
early polarized! with a sine-squared envelope, of 2.66 fs o
tical period, and 150 fs full width at half maximum
~FWHM!. We ran the calculations for a peak intensity
3.531014 W/cm2. The cluster contains 1500 carbon atom
~500 propane molecules!, and the initial radius is 26.5 Å
The laser pulse starts at 0 fs and lasts for 426 fs, with
maximum intensity of 3.531014 W/cm2 at 213 fs. Describ-
ing the process chronologically, we notice from Fig. 7 th
the ionization starts after 100 fs from the beginning of t
pulse, and for almost 50 fs most of the electrons are trap
inside the cluster. At this time, the resonant heating of
electrons begins, after the density dropped from a maxim
of 3.831022 cm23 to the critical value of 1.631022 cm23,
because of the expansion. The large number of electr
present inside the cluster points to an expansion triggere
the hydrodynamic pressure. The average charge state
constant for a short while~41!, till the electrons get enough
energy to further impact ionize the ions.~In fact, only 5% of
the total number of free electrons is a result of tunnel
ionization.! Slowly, the hot electrons are leaving the clust
volume, but 40% of the total number does not have eno
energy to overcome the potential barrier. The average kin
energy of the trapped electrons reaches a maximum of
eV, including the ponderomotive energy, att5200 fs, when
the pulse intensity is close to maximum. By this time t
final average charge state is reached~5.121!. ~The electrons
have a Boltzmann distribution of their energies.! From now
4-6
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on the electrons get colder, most of them are outside
cluster, and the expansion is mainly due to the Coulo
repulsion between ions. It can be deduced that the pulse
ration is close to optimum for this cluster size. Calculatio
done using a pulse of 56 fs FWHM showed a 1.5 tim
smaller maximum of the average electron energy, reac
after the peak-intensity moment. Calculations done fo
cluster of 620 atoms, using our pulse of 150 fs FWHM, ga
a maximum average energy of only 220 eV for the trapp
electrons, and a final average ionic state of only 4.41.

Some electrons that have left the cluster still feel the
traction of the cluster’s positive charge and do not depart
from it. They are reincorporated in the cluster by expansi
but their number is quite small, around 500. The cluster
dius att5426 fs is 890 Å, and the cluster charge is 40721.
After a maximum of 950 V att5180 fs, the potential at the
surface of the cluster decreases rapidly to only 70 V at
end of the pulse. The final average energy of the ions is
keV. The saturation has been reached soon after the pea
the laser pulse, which indicates that mainly the hydro
namic expansion is responsible for the high ion velocities.
the end, 33% of the ions are C61 ~in contrast to the experi
mental data, where no distinct peak corresponding to C61

was measured!, 46% C51, and the rest C41. It shall be
stressed that we used a spatially homogeneous pulse in
calculations, which was not the case in the experiment.

The results from the calculation look quite different fro
those of the experiment. The main difference, however
caused by the fact that the experiment integrates over a l
range of intensities present in the laser focus, the lower

FIG. 7. Results of numerical simulations for a 1500-atom clus
and a pulse of 3.531014 W/cm2 peak intensity and 150 fs FWHM
The graph represents as a function of time: the radius of the clu
~a!, the total number of free electrons~solid line! and the number of
free electrons trapped inside the cluster~dashed line! ~b!, the aver-
age kinetic energy of the ions~c!, and of the trapped electrons~d!,
and the electron density inside the cluster~e!. The vertical dashed
line marks the peak of the laser pulse.
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tensities being much more abundant than the higher o
The focal volume as a function of intensity is described b

dV~ I !;
1

I
AI 0

I
21S I 0

I
12DdI,

where I 0 is the maximum intensity. To simulate such foc
volume, we also ran calculations at six smaller intensiti
0.29, 0.35, 0.44, 0.66, 0.88, and 1.7531014 W/cm2. Noth-
ing happens in the numerical simulations if the intensity
lower than 0.2531014 W/cm2. The integrated results can b
seen in Fig. 8. The energy distributions of the main cha
states~41 and 51! peak between 1.5 and 1.8 keV, indicatin
an average potential of 350 V at the surface of the clus
~The experimental peaks depicted in Fig. 5 suggest a slig
lower potential of 300 V.! The profiles are much more simila
to those measured in the experiment. The tails of the so
peaks stretch beyond 3 keV. In the experimental spect
these tails could not be distinguished from the peaks co
sponding to higher-charge ions. All these numbers are clo
to the experimental results than the values obtained from
peak-intensity calculation. With the volume integration, t
number of C41 ions produced is ten times larger than t
number of C51 and thirty times larger than C61. In the ex-
periment, we measured a C51:C41 ratio of 40% at 3.5
31014 W/cm2. The amount of C31 given by the calculations
is far less than that measured, and the maximum energ
these ions is only 200 eV.

It is interesting that the C61 yield peaks at 1 keV, which
might suggest that the highest-charge ions are not create
the surface of the cluster, but somewhere inside the clu
volume, in a region where less fields are present. From
9~b! we can see that by the end of the pulse~when no ion-
ization takes place anymore!, the C41 ions are only presen
at the surface of the cluster, while C61 ions are distributed
over the entire volume. These results are obtained at
31014 W/cm2. At the surface of the cluster the electron e
ergy is lower, because the hottest electrons have either
caped the cluster or have been attracted towards the cent
the potential well, and the C41 ions can survive ionization

r

ter

FIG. 8. Peak profiles resulting from averaging numerical cal
lations run at different intensities, for charge states: 41 ~a!, 51 and
61 ~b!.
4-7
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The fields are also stronger at the surface because of lo
electron density, and the ions from that region are acceler
more. The hottest trapped electrons are found mostly in
center of the cluster. Att5160 fs, 1200 carbon ions are i
the charge state 41, 250 in state 51, and they all fill the
entire volume of, at that time, 5 nm radius~see Fig. 10!. 25
fs later, the cluster radius is twice as large, the C41 ions ~in
number of 470! are located in a shell at least 5 nm far fro
the cluster center, and the 700 C51 ions are now continu-
ously distributed up to a distance of 8 nm from the cen
From the numerical calculations it looks like the ionizati
of the K shell takes place predominantly in the core of t
cluster, which is more or less neutral, and the ions origin
ing there are not accelerated very much. At this time, 185
the average ionic charge state is already 51, the positive-
charge density slightly exceeds the negative one@Fig. 9~a!#,
while the hydrodynamic pressure drives the cluster into
pansion.

The differences between the numerical results and the
perimental ones can be explained by the differences betw
the experimental conditions and the assumptions we mad
the simulations, mainly regarding the focal intensity distrib
tion, the cluster size, and the cluster structure and comp
tion. Note that the cluster used in the calculation still co
tains two orders of magnitude fewer particles that
propane clusters in the experiment. All quantities are
pected to approach some asymptotic value with cluster s
though. Even if the simulation does not reproduce exa

FIG. 9. Positive- and negative-charge densities at two differ
moments of time: 185 fs from the beginning of the laser pulse~a!,
and at the end of the pulse~b!. The pulse intensity is considere
spatially homogeneous with a peak value of 3.531014 W/cm2. r is
the distance from the cluster’s center. In the lower graph~b!, in thin
lines, the contributions of only 41 ions~solid! and 61 ions~dotted!
are also depicted.
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the experimental results, it still gives a valuable insight in
the way the explosion occurs.

V. CONCLUSIONS

We have reported in this paper some results obtained in
experiment of infrared-laser irradiation of clusters of propa
~50 000 molecules on average! and carbon dioxide~4500
molecules!. The determination of the cluster size was do
using the Rayleigh-scattering technique, an indirect met
of measurement, yet the only one available in the absenc
mass-spectroscopy means. Ions of C51 and O61, with kinetic
energies up to 2 keV, were produced starting from
31014 W/cm2, a much lower intensity than is required fo
tunneling ionization. Numerical simulations confirm the o
currence of resonant heating of the electrons by absorptio
laser energy and the importance of this process in the
duction of highly charged ions by electron collisional ioniz
tion. The simulations indicate that the hydrodynamic pr
sure triggers the process of expansion, but it is the Coulo
repulsion that is responsible for the high energies of the io

At 800 nm, it proved to be very difficult to obtain com
pletely stripped carbon ions, even when very large clus
were used. It was not possible to obtain only high-cha
states because of the large dominace of low intensities in
focus that produced a lot of triply or quadruply charged c
bon ions. It might be interesting to do this experiment a
single intensity, using a spatially shaped focus, because
calculations indicate that under this condition it is possible
create predominantly highly charged ions.
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FIG. 10. Number of ions as a function of the distance from
center of the cluster, att5160 fs ~thick lines! and at t5185 fs
~thin lines!.
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