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Under classical particle dynamics, the interaction process between intense femtosecond laser pulses and icosahedral

noble-gas atomic clusters was studied. Our calculated results show that ionization proceeds mainly through tunnel ion-

ization in the combined field from ions, electrons and laser, rather than the electron-impact ionization. With increasing

cluster size, the average and maximum kinetic energy of the product ion increases. According to our calculation, the

expansion process of the clusters after laser irradiation is dominated by Coulomb explosion and the expansion scale

increases with increasing cluster size. The dependence of average kinetic energy and average charge state of the product

ions on laser wavelength is also presented and discussed. The dependence of average kinetic energy on the number of

atoms inside the cluster was studied and compared with the experimental data. Our results agree with the experimental

results reasonably well.
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1. Introduction

During the last several years, the interaction of
clusters with high-intensity laser pulses has been stud-
ied extensively. The distinction between the average
and local density of clusters leads to an important dif-
ference between clusters and solids, as well as between
clusters and individual atoms when they interact with
intense femtosecond laser pulses. Some novel phenom-
ena were observed in the experiments, such as the gen-
eration of highly charged ions,[1−4] MeV kinetic energy
ions,[2,5,6] keV electrons,[6] keV x-ray emission[3] and
neutrons from D-D fusion reduced by laser.[7]

Although many theoretical models[8−13] were pro-
posed to explain the experimental phenomena and ex-
plore the interaction mechanism, none of them can ad-
equately explain all the experimentally observed fea-
tures and some of them even conflict with each other.
Ditmire et al [10,11] suggested that ions were ionized
mainly through the impact ionization of hot electrons
driven by an intense femtosecond laser pulse while the
tunnel ionization is secondary. On the other hand, the
ionization ignition model proposed by Rose–Petruck

et al [13] and the recent work by Last and Jortner[14]

assumed that field ionization by the combined field of
laser, ions, and electrons plays a dominant role and
the electron-impact ionization is of the minor impor-
tance. Meanwhile, the dependence of the kinetic en-
ergy and charge state of produced ions on the laser
wavelength was observed experimentally,[15,16] but to
the best of our knowledge, there has been no detailed
theoretical work to study it until now. In this paper,
based on classic particle dynamics, the process of in-
tense femtosecond laser pulses with noble-gas clusters
is carefully simulated to understand the ionization and
wavelength effect. Atomic units are used throughout
this paper unless otherwise stated.

2. Simulation method

A basic idea of our simulation method is to treat
ions and free electrons as classical particles. Bound
electrons do not appear explicitly. Ions and free elec-
trons are driven by the combined field of laser, ions,
and electrons. The influence of the magnetic field
is also taken into account. The initial geometry of
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the clusters is chosen to be a closed-shell icosahedral
structure[17] with an atom spacing of 0.37 nm[11] for
Ar clusters.

In an intense laser field, the cluster atoms may
be ionized by tunnel ionization (field ionization).
This rate can be calculated by using the following
formula[18−20]

Wtun =
l∑

m=−l

(l + |m|)!
2|m| |m|!(l − |m|)!

(
2e
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)2n∗
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and

n∗ = (Z + 1)(2IP )−1/2. (1)

Here, l and m are the angular momentum quantum
numbers, IP is the ionization potential, E is the total
electric field seen by the ion, n∗ is the effective princi-
pal quantum number, and Z is the charge state of the
ion. The probability of ionization during a time step
is given by Wtun∆t. If a random number p ∈ [0, 1]
is smaller than the tunnel ionization probability, the
tunnel ionization immediately takes place and a new
free electron with zero velocity appears near the par-
ent ion in the direction of the ionizing field.

Free electrons may also appear through electron-
impact ionization. If an electron approaches an ion
closer than a certain value Ra, an electron impact
is assumed to occur. The electron-impact ionization
cross section σ is calculated by the following Lotz
formula[21]

σ =
N∑

i=1

aiqi
ln(E/Pi)

EPi

×{1− bi exp[−ci(E/Pi − 1)]} ;E ≥ Pi, (2)

where E is the kinetic energy of the impact electron,
Pi is the binding energy of electrons in the i-th sub-
shell, P1 is the ionization potential, qi is the number
of equivalent electrons in the i-th subshell, and ai, bi,
and ci are individual constants. N in Eq.(2) is equal
to 1 for hydrogen-like and helium-like ions, while it is
equal to 2 for lithium-like through neon-like ions, and
equal to 3 for sodium-like through calcium-like ions.

The probability of ionization per electron impact
is estimated as[13]

Ps =
σ

πR2
a

. (3)

If a random number p ∈ [0, 1] is smaller than Ps, the
electron-impact ionization takes place and a new free
electron is placed with a certain velocity near the par-
ent ion.

In our calculation, the free electrons could be re-
combined with ions, which was treated in the following
way: the free electron is captured by the ion and the
charge state of the ion changes from Q to Q − 1 if
the distance between the ion and electron is smaller
than a certain value Ra and the following relation is
satisfied:[19]

∑

j

[Qj/ |X −Xj | − UQj (|x−Xj |)]

−
∑

i

(
UQ(X − xi)− UQ−1(|X − xi|)− 1

|x− xi|
)

− UQ(|x−X|) + E · (x−X) +
v2

2
< 0. (4)

where x is the electron position, X is the ion position,
E is the laser field, and v is the electron velocity.

In our classical dynamics simulation, the electric
field of electron-electron interaction is modified by a
smoothing term in order to avoid a steep increase in
forces at very small distances:

E(r) = − 1
r2 + r2

0

. (5)

The smoothing parameter is taken as r0 = 0.38.

The laser field in the simulation is given by

E = E0 sin2

(
πt

2T

)
sinωt. (6)

3. Results and discussion

The contribution of tunnel ionization and impact
ionization to the mean charge state of product ions
is shown in Fig.1. From Fig.1 it can be seen that
electron-impact ionization plays a minor role for all
the clusters studied. The mean charge state obtained
for the Ar147 cluster in the present work is 4.6, which
is close to 4.5 obtained in Ref.[19] under the same con-
dition.
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Fig.1. The contribution of tunnel ionization and impact

ionization to the average charge state with the irradia-

tion parameters: laser power intensity 1.4× 1015 W/cm2,

wavelength 780 nm, and pulse width 100 fs.

It can be understood from the mean free path of
electrons inside the cluster. The mean free path of
the electron-impact ionization can be calculated via
the following formula[19]

λ = 1/ρσ(E). (7)

Here, ρ is the atomic density inside the cluster, E is
the incident electron kinetic energy, and σ(E) is the
impact ionization cross section when the incident elec-
tron kinetic energy is E. The mean free path as a func-
tion of the incident kinetic electron energy is shown in
Fig.2. The diameter of the Ar cluster with the num-
ber of atom N = 923 is presented as a dashed line.
As seen from Fig.2, the mean free path drops quickly
to reach its minimum and then slowly increases as the
incident electron kinetic energy increases. The mini-
mum mean free path is about 74 times the diameter
of the Ar cluster (N = 923) when the Ar ion charge
state is equal to 1. Although the free path becomes
larger with the

Fig.2. Electron mean free path inside Ar cluster with re-

spect to the electron-impact ionization Arq+ →Ar(q+1)+

calculated for the incident electron kinetic energy. The

diameter of the Ar cluster (N = 923) (dash line).

increase of the ion charge state, generally at larger
kinetic energy the free mean path is very small and
consequently the electron-impact ionization is small
too. In Fig.3 the experimental results of Ref.[22] and
the present results of the average kinetic energy of ions
as a function of the number of atoms inside the clus-
ter are compared. From Fig.3 it can be seen that our
results match those of Ref.[22] reasonably well.

Fig.3. The average kinetic energy of the ions from clus-

ters as a function of the number of atoms inside the clus-

ter with the irradiation parameters: laser power intensity

2 × 1016 W/cm2, wavelength 780 nm, and pulse width

60 fs.

For a homonuclear cluster, if the cluster expan-
sion mechanism is a Coulomb explosion, the average
kinetic energy Ek (unit in eV) as a function of the
average ion charge state q (unit in e) and the initial
cluster radius R0 (unit in nm) is given by[23,24]

Ek =
4π

5
Bq2ρR2

0. (8)

Here, B is a constant and equal to 1.4385 eV·nm, ρ

(unit in nm−3) is the atomic density inside the clus-
ter. The relation between the mean ion energy Ek and
q2R2

0 in the present simulation is shown in Fig.4(a). It
is revealed that the mean kinetic energy increases non-
linearly with q2R2

0 and faster than q2R2
0 does. This is

because the charge state of ions is higher at the be-
ginning of the cluster expansion and subsequently be-
comes lower as a result of recombination. As shown
in Fig.4(b), the charge state of the ion in the first half
cycle is higher than that in the next half cycle. Simul-
taneously, figure 4(c) tells us that the mean kinetic
energy is roughly linear with R2

0 and suggests that
the expansion process of the clusters after laser irradi-
ation is mainly Coulomb explosion, which is consistent
with the conclusion of Refs.[1], [22] and [25].
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Fig.4. (a) The average energy of the ions from clusters as a function of q2R2
0; (b) The charge state of an ion

inside the Ar147 cluster as a function of time t; (c) The average energy of the ions from clusters as a function

of R2
0. The parameters are the same as those in Fig.1.

In the past study, the kinetic energy of ions as a
function of laser intensity and laser pulse width was
extensively investigated. There has been no detailed
theoretical work on the dependence of the ion kinetic
energy on the laser wavelength. In the present sim-
ulation, the wavelength effect is studied and shown
in Fig.5. As seen from Fig.5(a), the average kinetic
energy of the product ions increases with the increas-
ing laser wavelength. It is understandable if you pay
attention to the fact that the mean charge state of
product ions increases with the laser wavelength as
shown in Fig.5(b). The average energy absorbed by
the electron in a single collision can be given by the
following formula[26,27]

∆E ≈ 2UP

= 2× e2Iλ2

8π2ε0meC3

= 1.86× 10−13Iλ2(eV). (9)

∆E denotes the average energy absorbed by the elec-
tron in a single collision, I is the laser intensity (unit
in W/cm2), λ is the laser wavelength (unit in µm). It

can be seen from Eq.(9) that ∆E is proportional to λ2.
As a result, with increasing laser wavelength, the elec-
trons produced inside the cluster can gain more kinetic
energy to escape from the cluster, and consequently,
the electric field inside the cluster becomes stronger
and the tunnel ionization rate becomes larger. Al-
though these results are in conflict with the simulation
results obtained in Ref.[14], they generally agree with
the experimental results.[15,16] In Refs.[15] and [16],
the clusters were radiated by the intensive nanosec-
ond laser and the phenomenon of higher ion kinetic
energy and charge state obtained with a longer wave-
length laser, was observed. Although the results in
Ref.[28] are under different conditions and it is im-
possible to make a quantitative comparison between
ours and theirs, it should be noticed that in Ref.[28]
the mean ion energy increases and the average charge
state per atom stays the same with increasing the laser
wavelength. This is because when the average charge
state and the ionization potential of the ion are very
high, it is very difficult to get a higher charge state,
consequently, the average charge state will not change
significantly with the laser wavelength.
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Fig.5. The average ion energy (a) and the mean charge state (b) calculated for different wavelengths with laser

intensity 1.4× 1015 W/cm2 and the pulse width 100 fs.

Figure 6 shows the ion energy spectrum of the
Ar clusters with different sizes. It can be seen that
with increasing cluster size the ionic kinetic energy
distribution and its maximum moves to a higher en-
ergy region. This is in agreement with the experi-
mental result of Ref.[2]. The ion distribution exhibits
pronounced oscillations which result from the initial
shells and subshells of the clusters. With the increase
of the number of atoms inside the cluster, the influ-
ence of the initial subshells of the cluster to the ion
energy spectrum is larger. Similar simulation results
are also obtained by Isidore Last[14] and Xia.[29]

Fig.6. Kinetic energy distribution of produced ions. The

numbers indicate the main shell of the clusters. The pa-

rameters are the same as those in Fig.1.

The dynamics of the cluster expansion are shown
in Fig.7. The effective radius Reff is defined as

Reff =

√√√√ 1
n

n∑

i=1

R2
i . (10)

Here, Ri is the atomic distance from the center of
mass. At the timescale of 40–53 fs, the scale of expan-
sion decreases with the number of atoms inside the

cluster, whereas at the timescale of t > 53 fs, the scale
of expansion increases with the increase of the number
of atoms inside the cluster. It is different from the re-
sult of Ref.[14] in which it was suggested that the scale
of expansion decreases with the increase of the num-
ber of atoms inside the cluster during and after the
laser pulse. Since free electrons can escape more eas-
ily from small clusters, the expansion of small clusters
is faster than that of large clusters at the beginning
of expansion. But, because the charge state of an ion
from large clusters is higher, the ions from a larger
cluster can reach a higher velocity than ions from a
smaller cluster. That is why the phenomenon, that
the ionic energy increases as the number of atoms in-
side the cluster increases, was observed in experiments
of Refs.[2] and [25] and the present simulation.

Fig.7. The expanding process of clusters. The parameters

are the same as those in Fig.1.

The general picture of the ionization is displayed
in Fig.8. The outer ionization event is recorded when
the distance R between an electron and a cluster cen-
ter is large enough to ignore the interaction of this
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electron with other electrons and ions. This condition
is given as follows: R > 20Reff . Since the number of
electrons inside the clusters increases very steeply and
reaches the maximum to 2 fs, the ionization ignition
mechanism exists in the ionization process of atoms in-
side the cluster. The number of electrons outside the
cluster increases subsequently and reaches the satura-
tion.

Fig.8. Ionization dynamics inside the Ar309 cluster. The

solid line is the number of electrons inside the cluster. The

dotted line is the number of electrons outside the cluster.

The parameters are the same as in Fig.1.

4. Conclusions

We have studied the interaction between rare-gas
clusters and intense femtosecond laser pulses by using
the classical particle-dynamics simulation. We found
that the ionization proceeds mainly through tunnel
ionization by the combined field from ions, electrons
and laser, while the contribution of impact ionization
is secondary. We also found that a higher charge state
could be reached in the front half cycle, whereas in the
next half cycle, the field inside the cluster becomes
small owing to cluster expansion and the recombina-
tion led to a lower charge state. In our calculation,
the mean kinetic energy of ions generated in the in-
teraction is roughly linear with R2

0, which confirms
that the expansion process of the clusters after laser
irradiation is mainly Coulomb explosion. Further, the
present simulation shows that the increase of the laser
wavelength results in the enhancement of the charge
state and energy of the produced ion. This suggests
a simple, economical way to produce highly charged
atomic ions.

References

[1] Lezius M, Dobosz S, Normand D and Schmidt M 1998

Phys. Rev. Lett. 80 261

[2] Ditmire T, Tisch J W G, Springate E, Mason M B, Hay

N, Smith R A, Marangos J and Hutchinson M H R 1997

Nature 386 54

[3] McPherson A, Thompson B D, Borisov A B, Boyer K and

Rhodes C K 1994 Nature 370 631

[4] Ditmire T, Tisch J W G, Springate E, Mason M B, Hay

N, Marangos J P and Hutchinson M H R 1997 Phys. Rev.

Lett. 78 2732

[5] Li Z, Lei A L, Ni G Q and Xu Z Z 2000 Chin. Phys. Lett.

17 99

[6] Ditmire T, Springate E, Tisch J W G, Shao Y L, Mason

M B, Hay N, Marangos J P and Hutchinson M H R 1998

Phys. Rev. A 57 369

[7] Ditmire T, Zweiback J, Yanovsky V P, Cowan T E, Hays

G and Wharton K B 1999 Nature 398 489

[8] McPherson A, Luk T S, Thompson B D, Boyer K and

Rhodes C K 1993 Laser Chem. 57 337

[9] Boyer K, Thompson B D, Mcpherson A and Rhodes C K

1994 J. Phys. B 27 4373

[10] Ditmire T, Donnelly T, Falcone A M and Perry M D 1996

Phys. Rev. A 53 3379

[11] Ditmire T 1998 Phys. Rev. A 57 R4094

[12] Li H Y, Liu J S, Wang C, Ni G Q, Li R X and Xu Z Z

2006 Phys. Rev. A 74 023201

[13] Rose–Petruck C, Schafer K J, Wilson K R and Barty C P

J 1997 Phys. Rev. A 55 1182

[14] Last I and Jortner J 2000 Phys. Rev. A 62 013201

[15] Niu D M, Li H Y, Liang F, Wen L H, Luo X L, Wang B

and Qu H B 2005 J. Phys. Chem. 122 151103

[16] Luo X L 2005 Anhui Institute of Optics and Fine Mechan-

ics, Ph. D. Dissertation (in Chinese)

[17] Martin T P, Bergmann T, Göhlich H and Lange T 1991
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