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Abstract

Multiple ionization of large clusters when they are irradiated by an intense ultrashort laser pulse is investigated.
Different mechanisms, responsible for cluster ionization, are investigated. Itis found that the ionization of large clusters,
irradiated by a strong intense ultrashort laser pulse, is realized by means of the surface thermoemission.
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1. INTRODUCTION Experimental results are adequately explained by a theo-
retical model that regards the cluster as a small plasma
The exposure of large clusters comprising several thousphere. The cluster is ionized by the laser field and internal
sand atoms or molecules to the field of a short intenseollisions and then starts to expand. As the cluster expands,
laser pulse(~100 fs long or some 30 periods of laser the electron concentration decreases and at the some pointin
field) produces highly excited matt€Bullivanet al, 1996;  time the frequency of the laser field comes into resonance
Boehly et al, 1997). The heating of conduction electrons with the frequency of the surface Mie resonance. This leads
in the case of metal clusters or primary ionized electrongo a rapid transfer of electromagnetiEM) energy to the
in the case of clusters of inert gas atoms on the one hanelectrons, causing a sharp peak in the electron temperature.
and the absence of a fast heat sink mechanism like that iAt this instant the atomic ions of the cluster are vigorously
an ordinary plasma on the hand allow the achievement o$tripped to high charge numbers by the hot electrons and the
a state of much greater excitation of the electron subsyseluster explodes. Such collective phenomena are very im-
tem as compared with the excitation of isolated atoms angortant in the case of a cluster, while being absent in the
molecules. In this case, atomic ions remain practically unevent of the interaction of a laser field with individual atoms.
heated. Following the fast initial multiple ionization, for ~ We consider here the models of the cluster plasma, which
the rest of the duration of the laser pulse, the matter of thallows us to analyze properties of this system in the process
cluster ion is an ideal plasma composed of electrons andfthe production of the dense plasma by a laser pulse. These
multiple charged atomic ions. models describe the heating of the cluster when the average
There are different mechanisms of expansion pertaininglectron energyi.e., electron temperatufi) increases to a
to clusters of noble gases when exposed to a laser puldew kiloelectron volts and tens of kiloelectron volts, and the
(Leziuset al,, 1998. The energy distribution of electrons in collision processes dominate. The electron—electron colli-
the exploding cluster includes electrons with kinetic enersions establish the Maxwell distribution with an electron
gies up to 30 keV, which is several orders of magnitudetemperaturd that grows with time. Depending on the laser
greater than the energies observed in the case of abovetensity, the classical thermal electron energy3can be
threshold ionization of individual atoms or molecul@&@e-  larger or smaller than the average ponderomotive electron
lone & Krainov, 2000. energyU, = F%4w?, whereF and » are the laser field
strength amplitude and laser frequency, respectively. Here
Address correspondence and reprint requests to: B. Shokri, Physi and below the atomic SySte.m of unds: me.: h=1is use(.j'
hrar ’ :C?he electron temperaturk increases until the cluster ion
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Besides the heating, some electrons are ejected from the The thermal equilibrium is realized because timgof
cluster by the laser field by means of the thermal evaporaelectron—electron collisions is small compared to the dura-
tion from the surface of the cluster and by other wésee  tion 7 of the laser pulse. This time can be estimateGam,
below). Accordingly, the charg&’ of the cluster ion in- 1965
creases with time during the laser pulse. We find a simple

relation between the growth of the electron temperaiure 3732
i = ———~1fs. 1
and the cluster ion chargg. Tee = NZANLIN A 1)

Simple estimates confirm that the cluster plasma is ideal.
The condition for being an ideal plasmaNg® < T 3, where

N is the concentration of atoms in the clustéis the mean Here, InA ~ 10 is the typical value of the Coulomb

charge of the typical multicharged atomic fon inside they 35T TR, o S008 BORTE B N v thermal
cluster, andr is the electron temperature. equilibrium

This work is organized in three sections. In Section 2 the W that the cluster | Il ol h
differentionization mechanisms are studied and in Section %ucr? Z?\naassssuunr?petionais ree;suosng\[):Z i\:r?c?ngp:stsr?haesslui;:r
a summary and conclusion is presented. radiusRis large compared with the Debye radigs that is,

R > rp, where the Debye screening lengthlat 1 keV is
2. IONIZATION OF CLUSTERS

T
o=/ =4.5x108%cm. (2)

2.1. Internal ionization 47N,

For our analysis, we take a cluster consistingnof 10° Let us first consider the internal ionization, that is, the

atoms. The kind of atoms is really unimportant at the irradi-process when electrons are removed from their host atoms
ation by intense laser pulse. Letus choose Naat@msll) byt remain bound to the cluster. In the clusters, the inner
and a linearly polarized laser pulse with the peak field in-ipnjzation is produced by inelastic electron—ion collisions.
tensity ofl =10'*Wem™2 light frequencyw =1 eV, andthe  The equilibrium concentratioN, of different atomic ions
pulse duratiorr = 50 fs. Such a cluster has the radRs=  \ith the chargeZ is given by the statistical Saha equation

100x 10°% cm. (when the equilibrium is established only by collisions; Lan-
At first, the laser pulse induces a dipole excitation thatqay & Lifshitz, 1982:

causes the center of mass of the valance electron cloud to
oscillate about the ionic background. The oscillations are N, N, < T )3/2 E, ,
— exp<— ) ©)

dominated by the Mie surface plasmon whose period for Na N 2 5
71 T T

clustersis about 1.5 fs. However, very soon these collective
oscillations get perturbed because of the cluster atoms ion-
ozation. The latter process is analogous to Landau damping,
that is, the attenuation of the plasmon in an electron gas.
typical relaxation time due to Landau damping is 10 fs,
roughly valid for clusters witin = 50—1000 atoms. It shrinks
again~n~Y/3 for very large values of.

We shall assume that the collisions inside the cluster ar
high enough that no thermal or other gradients exist withi
the cluster. The electron temperature of the cluster is high"® form(Ne = ZN)
during the laser pulse, of the orderb£ 1 keV and uniform
due to high thermal conductivity; the electron distribution is N = 2(2)” exp( z? ) @
isotropie and described by a classical Maxwell distribution. 2w 2T*

Hereur = \T is the electron thermal velocity and = F/w

is the field velocity. The Maxwell distribution is valid inthe  In the case of Na atoms, we obtain from this equation
region of a weak laser fieldr > \Zve and in the region T*=0.34 keV. Hence, atthe electron temperaflrel keV,

v > Zvt of avery strong laser fiel@Chichkovet al., 1992. we have bare Na nuclei and electrons only. Hé@rejs the

The heating of an electron subsystem occurs mainly duéemperature required for complete internal ionization. In
to the elastic electron—ion collisiorigverse bremsstrah- addition to the inelastic electron—ion collisions, the internal
lung) and because of other processes as well. We will se®nization may also be produced due to the above-barrier
that the atoms in the cluster are fully ionized under suchonization of atomic ions inside the cluster by an intense
conditions due to the inelastic electron—ion collisions. Then]aser pulsdsee below.
the electron concentration ¥, = ZN where the atomic The results for the production of highly charged atomic
concentration for liquid Na metal N = 2.44x 10%?cm 3  states(e.g., X&%*, Kr8") resulting from the interaction of

ere,E,_,isthe ionization potential for the atomic ion with
e chargez — 1.

The condition of the total ionization of all atomic shells
can be approximated in the forly = N,_; = N/2, whereZ

is now the nuclear charg&Z = 11 in the case of sodium
gtoms). Then, the hydrogen-like ionization potentigl ; ~
2/2, and the condition of total ionization of an atom is of
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intense laser fieldaup to~ 10> Wem™2) with atomic clus-  of F/w = 4.5 < Z = 11; hence, below a threshold we have
ters are giveriSynderet al,, 1996. the only mechanism of thermal ionization which is deter-
mined by Eq(7). For total ionization of the Na cluster from
Eq.(7) we getw = 0.22 fs'%. Thus, electron—ion collisions

2.2 lonization at the inelastic electron—ion occur very often during the ultrashort laser pulse.

collisions

Tota! internal ioni_zation ingide the clugter Con§idereq in Fhez.s. Penetration of the laser field inside the cluster
previous subsection requires some time for its realization.

This time should be less than the duration of the ultrashorThe electromagnetic field of the laser radiation penetrates
laser pulse. Let us make in this subsection some estimatethirough the cluster and is damped within it. The depth of
The multiple ionization occurs due to the inelastic collisionspenetrations, connected with the excitation of plasma os-
of hot electrons with multicharged ions. The cross sectiortillations, can be identified with the imaginary part of the
for this process is given by the well-known simple semi-wavelength inside the clustéKrainov, 2000:

empirical Lotz formula(Landau & Lifshitz, 1984

In(E/E,) o= ATl 9

o =217 EE, (5)
where the dielectric permittivity is

Here,E is the kinetic energy of the incident electrdsy, is
the ionization potential of the atomic ion, agds the num- B 47ZN
ber of electrons in the atomic shell being ionized. We use e=1- w?
further the value o, = Z%/2 for hydrogen-like ions. Hence,
the rate of the process in question is obtained from&qn In our case of the Na cluster for the visible light we have
the form |e| =370 andd = 100X 108 cm, implying that this part of
damping of the laser radiation within the cluster is small. We
conclude that plasma oscillations cannot be excited as a rule
(except for resonance conditions

Another part of the damping is connected with the
Here,v is the velocity of the incident electrom, is the  electron—ion collisions. Ir approximation, the stationary
electron concentration, ardlis the concentration of atoms kinetic equation for this process is of the fofatw < v;)
in the clusteri.e., of bare nuclei in the considered case of
the total ionizatioi The electron velocity has two compo- df ,
nents: the thermal velocity T and the induced field veloc- Fcosat do, BCIK (D
ity F/w. In more typical casa/T > F/w, we should average

Eq. (6) over a Maxwell distribution. Assuming < Z%2,  Here,f’ is the small perturbation to the equilibrium Max-

<0. (10

17.34N
vZ

v
W = Ngvo = In 7 (6)

we find well distribution functionf, for electrons, andF andw are
the laser field strength amplitude and laser frequency, re-

we 138 NAT exp<_2_2> @) spectively. We have directed the field strengtlalong the
Tz 2T )" axis x (the laser radiation is assumed to be linearly polar-

ized). The ratev, of the elastic electron—ion collisions is of
In the opposite limitVT < F/w, we can simply substitute the well-known form(Landau & Lifshitz, 1982; see also

v = F/w into Eq.(6): Eqg.(1)
173N F 4\27Z*N .
w = £7 In o7 8 Vei = 3Tz InA=25fs1 (12

Naturally, we assumed here that the impact ionization takek is seen that this quantity is on order of the laser frequency
place in the vicinity of the maximum of the alternating field v ~ 2 fs™%.
strengthF coswt. It should be noted that in this limit, the  Itshould be noted that this well-known expression is valid
ionization has a threshold, and the conditiow > Zshould  for rapid electrongT > Z?2). In the case of slow electrons
be fulfilled. This condition is stronger than the above con-(T < Z?), the situation is more complg8ilin, 1965. This
dition F/w > \Z. expression is valid under the conditida < T¥?2 only. It

In the above example =1 keV, laser intensity=10'>  corresponds to the scattering of electrons on small angles. In
Wcm 2 (the field strengtiF = 0.166 a.u), laser frequency the opposite cas&w > T¥?2, the rate of electron—ion col-
w=1eV, we find that the rati@\T /F =1.35. But the value  lisions depends on the laser frequency:
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47%2N  T(1/3) (222>2/3 to the size of the cluster. These results are valid only for
Vei

T 15.3/642T T'(2/3) 13 homogeneous cluster plasma.

Multiple internal ionization can also be produced by the
In this limit, the scattering of electrons on large angles isconduction electrons near the surface of the cluster which
important, and therefore the Coulomb logarithm is absent.from the electromagnetic field, obtain the energy of order of

We derive first the averaged energy that an electron obthe ponderomotive enerdy, = F 2/4w?. This mechanismis

tains from the laser field per unit time at the conditior< effective in the case of long wavelength laser radiation
Veis (LaGattuta, 1998 Hence, we can conclude that the laser
radiation does not penetrate deep inside the cluster and is
absorbed in a thin layer on the surface of the cluster. Of
course, most of the laser radiation is reflected from the
cluster. Absorption is caused by the effective electron—ion
We substituted herécos’ wt) = 1/2. Deriving the simple  collisions.
integral with the Maxwell distributiofy, we find the power

densityP, = N.dE/dtabsorbed per unit of the plasma volume:
2.4. External ionization

0]

dE (o F & 1 F2 vy dfy (14)
— = coswt) = = — — ).
de OV TS UL do,

F2 [2T\32
P, = (—) . (15 Let us now consider the ionization of the cluster, that is, the
ZInA\ 7 . . .
removal of electrons to infinity with the formation of a

The intensity of the laser radiatidn= cF%/8x decreases cluster ion. In the case of the metallic clusters there are
with the depthz of its penetration inside the cluster. The conduction electrons inside the cluster. The first mechanism

corresponding equation is of the form is the field(cold) ionization of electrons from the surface of
the cluster. This process ends when the attraction of an
di Sr  /2T\3/2 electron to the cluster ion will be stronger than the force
dz —Pa=— cZIn A (;) (180 from the external laser field. Thus, we find, according to the
Coulomb law,
Its solution is
Z' = FR2 (22)
1(2) = lgexp(—2z/1), (17)

Here,Z' is the charge of the cluster ion. In the case of laser
intensity | = 10> W/cm? (field strengthF = 8.5 x 108
vem 1) andR = 215X 10 8 cm, we findZ’ = 27,200. The
cZINA [/ 7 \3/2 number of electrons released by means of this mechanism is
I = Py (E) . (18 very small compared with total number of electrons in the
hot sodium clustegthe latter isZn=1.1x 107). The mech-
In the case of an Na cluster and a temperatur'é:gﬂ_ keV, anism of a Xe cluster ionization with = 1100 atoms in a
this depth id = 1.7 x 108 cm. This quantity is very small laser field of 13° Wem™2 was studied in a one-electron,
compared to the cluster radifs one-dimensional approximatighast & Jortner, 1998 The
In the Opposite limitw > Vei, the power density that is initial above-barrier ionization is realized up to the total
absorbed within the cluster per unit of the plasma volume igharge ofZ” = 1200. Then, another ionization mechanism
given by the well-known relation of the induced bremsstrah-nas to be responsible for the further loss of electrons. The

where the depthof penetration of laser radiation inside the
cluster is

lung at the electron—ion collision&edorov, 199F equilibrium state of the resulting cluster ion may be re-
garded as a conducting sphere whose charge is located in a

F2 32727 Z3N2 thin surface layer. The strong Coulomb field in this layer

Pa= 2%eiNe=l— rgz—INA. (19 knocks out additional electrons from the atomic ions toward

the cluster center. These electrons are accelerated to a high
It should be noted that the quanti?/w? is the energy that  velocity and then leave the cluster. The= 2600 ionization
an electron obtains from the electromagnetic field at eactbecomes possible. This is the so-called ignition mechanism
collision with an ion. In this case, the penetration length ofof ionization(Rose-Petruclet al, 1997). For example, the

laser radiation inside the cluster is field at the surface of a cluster of 25 Ne atoms when all of
the atoms are singly ionized is on the ordeFof 5 X 10%?
3cw?T3? Vem™L This large field lowers the ionization barrier and

|’ =15x10"%cm. (20

T 320\N2mZNZIn A enables subsequent ionization events to occur, which in turn

further increases the field and lowers the ionization barrier.
Thus, itis seen that in both limits, < v¢; andw > v, the  Hence, the fields created by the initial events “ignite” the
penetration length of laser radiation is very small comparedluster to undergo further ionization.
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In the case of an inert gas cluster, the situation is ratheintensity | = 10> Wem™2, we find that nearly 270,000
similar to that of the metallic clusters. Of course, no con-electrons are ejected from the Na cluster witf BHioms
duction electrons exist within the cluster before the lasef1.1 X 10’ electron$ during the laser pulse. This shows
pulse. But the barrier-suppression ionization of the rare gathat the ionization degree of the cluster is very low.
atoms occurs quickly at the surface of the cluster. The Bethe
condition for this ionization iqBethe & Salpeter, 1977; 3. SUMMARY AND CONCLUSION
Brunner, 1997

The present article deals with the large clusters exposed to
E2 intense ultrashort laser pulses. The cluster is excited be-
F>— (22} cause of the interaction of the electron subsystem with the
field of the laser pulse. Both experimental and theoretical
whereE, is the atomic ionization potential of an atomic ion Studies of the evolution of clusters exposed to the intense
andZ is the charge of this ion. For example, for Ne atomsultrasho_rt laser pulse are currently still at thel_r initial stage.
(Z =10), we findE, = 21.5 eV, and single ionization of all I_Expenmental results are adequately explained by a theo-
atoms in the cluster takes place when the field strengtﬁet'ca| model that considers the cluster as a small plasma
reache§ = 8.0x 108 Vem—L Hence, such ionization takes sphere. The cluster is ionized by the laser field and internal
place very quickly(during the atomic time-0.01 f§. How- collisions, and then starts to.expand. As the cluster ex-
ever, according to E¢22), the barrier-suppression ioniza- Pands, the electron concentration decreases, and at a special
tion of the resulting Né ion by such a field is impossible, time the frequency of the laser field comes into resonance
because the ionization potential of this iorBg= 41.0 ev,  With the frequency of the surface Mie resonance. This leads
and the required field strength should Be= 1.5 x 10° 0 arapid transfer of EM energy to the electrons, causing a
Vem~ L Of course, the tunneling ionization is possible in theSharp peak in the electron temperature. At this moment, the
latter case, but it takes a very long time. atomic ions of the cluster are stripped to high charge num-
According to Egs.(21) and (22) we find the external bers by the hot electrons and the cluster explodes. Such

ionization degre@’ of the cluster through the ignition mech- collective phenomena are very important in the case of a
anism. Eliminating the field strengffrom these, one can cluster, while being absent in the event of the interaction of

find relations: a laser field with individual atoms.
The laser field does not penetrate into the cluster, being
7' = (RE,)¥4Z (23) absorbed on its surface. When the cluster explodes, how-

ever, its density is much reduced and more of the laser
. . radiation gets into the cluster. This leads to additional inter-
::?ihgsiirgﬂe of thed)fce c:utstle;W|tl)r1l 1900_ at?ms, \fl\{[(:]ok;:alr}]al ionization in the expanding cluster. The explosion re-

N cm and for fotal double tonization OTIe A€ 0 31 the shell structure of the clusters, so the separate layers

at(_)rrrr]]s we ?avé h: 3.30' for the elect ission f th of the cluster explode in succession. The first ions have
€ next mechanism for the electron emission rom e, o large kinetic energies because of Coulomb repulsion
surface of the cluster is the usual thermoemission. We us

§nd the efficient energy transfer from hot electrons to the
the well-known Richardson—Dushman formula for the cur- gy
t density of the th ssion f th herical outer layer of the cluster.
rent density of the thermoemission from he sSpherical sur- Different mechanisms, responsible for cluster ionization,

face of the clustefNeuman, 1987; Hoyax, 196& atomic were investigated. It was found that the ionization of large

units: clusters, irradiated by a strong intense ultrashort laser pulse,
is realized by means of the surface thermoemission. Further-
4z _ AT 247R? exp<_£>. (249 ~ More, it was proved that the degree of ionization is low.
dt T Moreover, electron evaporation from the hot cluster surface
was treated by the well-known Richardson formula, disre-
Here,A, = 1/277 is the Richardson parameter. The quan-garding the cluster charging in the course of evaporation. In
tity Jz» = Z'/Ris the ionization potential for the cluster ion addition, the role of the cluster ion surface in the electron
with the chargeZ’ > 1, when the work function may be heating was studied and it was shown that elastic reflection

disregarded. of electrons takes place due to the large charge of the cluster
Integrating Eq.(24) over the laser pulse = 50 fs, we  jon, caused by the strong external ionization. Further analy-
obtain the final charg&’ of the cluster ion(J; > T): sis showed that the plasma oscillation cannot be excited as a
rule except for resonance conditions. Moreover, taking into
Z' = RTIn(2TRr/m) > RT. (25 account ionization mechanisms, it was concluded that the

laser radiation does not penetrate deep inside the cluster due
In the above case of the Na cluster, we fid= 240,000. to the strong absorption at its surface in a thin layer. This
Thus, the thermoemission is a much more effective way taneans that electrons absorb the electromagnetic energy in
ionize clusters than the fiel@old) ionization. With a field  the course of the elastic collisions with ions.
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