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Collisional versus collisionless resonant and autoresonant heating in laser-cluster interaction
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When a hot cluster expands, a transient matching between the plasma frequency and the laser frequency has
been predicted, observed, and analyzed recently. The associate energy transfer to the electrons has been
described as an enhanced collisional absorption. However, for hot plasmas the collision frequency is small and
a collisionless resonant heating is more efficient. We set up and solve the problem of resonant collisional and
collisionless cluster heating taking into account cluster expansion, laser pulse duration and pulse chirping.
Moreover, we identify an efficient autoresonant mechanism of collisionless heating with a chirped laser pulse
when the crossing between the plasmon frequency and the laser frequency is degenerate and the time deriva-
tives of these two frequencies are equal at the crossing time. Transition between collisional regime of cluster
heating and collisionless one is discussed.

DOI: 10.1103/PhysRevE.67.066405 PACS number~s!: 52.38.2r, 36.40.Vz
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I. INTRODUCTION

High-power laser-plasma experiments usually use th
types of targets: solid, gaseous, and clusters. Cluster ta
have many advantages over solid and gaseous targets.
targets provide dense expanding plasma but suffer from
intrinsic drawback due to the geometry of the coupling,
conductive cooling, and the overdense part of the expand
plasma. On the other hand, the coupling to a gaseous targ
realized through the full volume of the media, but, beca
of the low density does not provide an efficient transfer
energy from the laser to the plasma. In between these
extremes, clusters offer the advantage of a volume pene
tion of the laser at a rather high density and give rise t
strong coupling of laser energy to the particles, much str
ger than that seen with isolated atoms or molecules.

The irradiation of atomic clusters by short (<1 ps) in-
tense (.1015 W/cm2) laser pulses leads to formation of
hot dense plasma and to the manifestation of new high e
getic phenomena. Explosions of noble-gas clusters h
given rise to ions with energies up to several MeV@1# and
tens keV electrons@2#. X-ray emission from exploding clus
ters has been investigated and the yields seen to be co
rable to that of solid targets, with x rays in the keV ran
observed@3#. Therefore, the hot dense plasma produced
laser-cluster interaction is a promising, compact source o
rays for applications including next generation extreme ul
violet lithography@4#, extreme ultraviolet and x-ray micros
copy @5#, and x-ray tomography@6#. Recently, nuclear fusion
has been demonstrated using collisions of fast ions produ
in the rapid expansion of laser-heated deuterium cluster p
mas @7#. It was also shown that rare-gas clusters can e
high-order harmonics with a significantly higher efficien
than that produced from atomic samples with the same d
sity @8,9#.

‘‘Nanoplasma’’ model is used to study laser-cluster int
action @10#. This model describes laser-cluster interaction
spherical expanding plasma in laser field. It suggests
1063-651X/2003/67~6!/066405~6!/$20.00 67 0664
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there is a resonance between the laser field and clu
plasma oscillations when cluster plasma density is equa
three times the critical electron densityncr . The critical elec-
tron density is defined as the density at which the plas
frequency equals the laser frequency. There are two mom
when this resonance can occur: the first moment is during
rapid ionization in the leading edge of the laser pulse, as
electron density increases through 3ncr up to solid density,
and a later moment as the expanding cluster plasma de
decreases back through 3ncr . The laser field in the cluster is
strongly enhanced at the resonance. This leads to the
matic enhancement in collisional absorption@10#.

It is clear that there is the optimal laser pulse durat
when the laser peak is near the resonance point. Since
cluster size determines the cluster expansion dynamics,
optimal pulse width depends on the cluster size. This fact
been confirmed in experiments@11,12# that can be also
viewed as the evidence of the resonance phenomeno
laser-cluster interaction. Another experimental evidence
that the heating of atomic clusters can be enhanced by u
a correctly timed sequence of two high-intensity pulses@13#.

At the initial stage of interaction, when the cluster dens
is high and the electron temperature is low, the heating
caused by inverse bremsstrahlung~collisional absorption!
@14#. Moreover inverse bremsstrahlung absorption is sign
cantly enhanced in cluster plasma because of the collec
effects, which are absent in ordinary plasmas@15#. To calcu-
late cluster heating, the collisional absorption of laser ene
in a cluster is considered in the nanoplasma model@see, e.g.,
Eq. ~19! in Ref. @10# or Eqs.~2! and~3! in Ref. @13##. How-
ever electron temperature growth and cluster expansion
to the suppression of the inverse bremsstrahlung and c
sionless heating becomes dominant. Contrary to the c
sional heating when the laser energy is directly absorbed
the interparticle collisions, collisionless heating means tha
part of the laser energy is converted into the energy of
cluster nanoplasma oscillations. Collisionless resonant
sorption in plasma has been well studied@16,17#. There are
©2003 The American Physical Society05-1
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some generalizations of the nanoplasma model@18,19# but
complexity of the generalized models makes the anal
treatment difficult. The motivation of our work is to exten
the simple analytic estimates for the rate of collisional a
sorption in the framework of the nanoplasma model@10# to
the regime of collisionless absorption and to include sev
important effects: cluster expansion, laser pulse duration,
laser pulse chirping. Another objective of the paper is
estimate the threshold of transition from collisional to co
sionless regime of cluster heating.

The paper is organized as follows. In Sec. II the expr
sion for the rate of collisional absorption in cluster plasma
derived in the framework of the ‘‘nanoplasma’’ model an
the effect of laser pulse duration and pulse chirping on
absorption is studied. In Sec. III, the collisionless absorpt
in expanding cluster plasma is analyzed. The energy
sorbed in cluster plasma is calculated in the resonant
autoresonant regimes of collisionless absorption in Secs
and V, respectively. In Sec. VI the transition from the col
sional regime of cluster heating to the collisionless one
discussed and a summary discussion is presented.

II. COLLISIONAL ABSORPTION

After ionization the atomic cluster can be considered a
nanoplasma and the free electrons of this plasma drop o
late in the electric field of the laser pulse. Following t
nanoplasma model@10# let us consider a small quasineutr
spherical plasma with densityn. If the electron sphere is
displaced with respect to the ion sphere, this charge sep
tion creates an electric field inside the sphere. As the elec
field inside a homogeneous charged sphere is proportion
the distance to the center of the sphere, the electric fiel
space charge,Esc , resulting from the relative displaceme
between the two homogeneous electronic and ionic sph
is proportional to this displacement between the two sphe

Esc5
ne

3«0
r , ~1!

where 2e is the electron charge. These polarization fie
add up to the incident laser field. As the cluster size
smaller than the laser wavelength, we can use the dip
approximation to describe the laser wave:E cos(vt). The
electron population will respond to the sum of the spa
charge and laser field,Esc1E cos(vt), through inertia and
will generate a driven plasmon oscillation:

d2r

dt2
2n

dr

dt
1V2rÄ2

e

m
E cos~vt !, ~2!

wherem is the electron mass,V5vp /A3 is the frequency of
cluster plasma oscillations,vp is the plasma frequency, an
n is the momentum transfer frequency. This laser driv
plasmon oscillation gives rises to both a reactive current
determines the dispersion of the cluster media and an ac
current that determines the absorption of the cluster me
We consider the density of laser energy
06640
ic

-

al
nd
o

-
s

e
n
b-
nd
IV

s

a
il-

ra-
ic
to
of

es
s:

s
s
ar

e

n
at
ve
ia.

dU

dV
5«0

E2

2
. ~3!

The density of absorbed powerd2U/(dVdt) is given by the
work done by the laser fields on the electron population
eraged over one period of the oscillation

d2U

dVdt
52neK E•

dr

dtL 5ReF ivvp
2

V22v22 ivn
G«0

E2

2
. ~4!

This finally leads to the classical result used to study las
cluster interaction@10#:

d2U

dVdt
5

9

2

nv2vp
2

vp
2~vp

226v2!19v2~v21n2!
«0E2. ~5!

This absorbed power is maximum whenv5V. On the other
hand, collisional heating is efficient whenv;n. Thus the
most favorable ordering for heating would bev;n
;A3vp . Unfortunately the ratiovp /n is a fundamental
characteristic of the plasma and is proportional to the num
of electrons in the Debye sphere, so the ordering of clu
plasma isvp@n. Nevertheless, efficient heating of the clu
ter with short intense laser pulse has been observed and
lyzed in terms of collisional heating according to the fo
mula. The main feature of this collisional heating is t
occurrence of a transient resonance whenv;A3vp(t) as the
plasma expansion leads to a continuous decrease of
plasma frequency. Laser field and energy absorption
strongly enhanced at the resonance.

The variation of laser field is neglected in above calcu
tions. However the real laser-cluster experiments deal w
laser pulses. To take into account laser pulse duration
laser pulse chirping we write the laser field as follows:

E~ t !5E expS 2
t2

2T2D cosS vt1v̇
t2

2 D , ~6!

whereT is the laser pulse duration and, we take into acco
pulse chirping using parameterv̇. The Fourier transform of
E(t) is given by the expression

Ep5EH expF2
~p2v!2

2T2222i v̇
G

2A2pAT222 i v̇
1

expF2
~p1v!2

2T2212i v̇
G

2A2pAT221 i v̇

J .

~7!

The density of absorbed energy in the cluster can be ca
lated as

dU

dV
52neE

2`

1`

E•
dr

dt
dt5 i2p«0vp

2E
2`

1`

dp
pEpE2p

V22p22 ipn
.

~8!

Assuming that the laser pulse is not too sh

(vAT211/v̇@1), we can rewrite last equation as follows
5-2
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dU

dV
.

«0nvp
2T2E2

2A11v̇2T4
E

2`

1`

dx

x2expF2
T2~x2v!2

11v̇2T4 G
~V22x2!21x2n2

. ~9!

As the laser field enhancement and effective collisional
sorption occur at the resonance we assume thatv.V and
the collisionality is weakv@n. Then we get

dU

dV
.

«0nvp
2T2E2

2A11v̇2T4
E

2`

1`

dx

expF2
T2x2

11v̇2T4G
4x21n2

5
p«0vp

2T2E2

4A11v̇2T4
@12erf~m!#exp~m2!, ~10!

where erf(m) is the probability integral @20# and m

5Tn/(2A11v̇2T4).
Function @12erf(m)#exp(m2) is monotonically decreas

ing from 1 for m50 to 1/(mAp) for m→`. Value
(dU/dV)/(TAp) reduces to the density of absorbed pow
defined by Eq.~5! at the resonancev.V in the limit T
→`,

dU

dVdt
5

vp
2«0E2

2n
. ~11!

In the reverse limitm!1 the laser energy absorbed in un
cluster volume does not depend on collisional frequency

dU

dV
5

3p«0E2~vT!2

4A11v̇2T4
. ~12!

It follows from Eq. ~12! that the absorption regime is coll
sionless. More general results for resonant collisionless
sorption will be derived in the following sections by use
the Hamiltonian approach. It follows from Eq.~10! that for
short laser pulse the collisional absorption rate can es
tially differ from the standard result, Eq.~5!.

III. COLLISIONLESS RESONANT ABSORPTION

Let us now consider resonant collisionless absorption
cluster plasma. This absorption is caused by the reson
excitation of the plasma oscillation by the laser field. In t
following, except the final results, we use the system of u
e5m5c51. In the nanoplasma model the electron dyna
ics in weak laser field can be described by the Hamilton

H~p,q,t !5
p2

2
1

V2~ t !q2

2
1qE~ t !cosw~ t !, ~13!

wherep andq are the momentum and coordinate of electro
in the cluster,E(t)cosw(t) is the laser field. We take into
account the fact that frequency of the cluster plasma osc
06640
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tions, V(t), depends on time because of the cluster exp
sion. To introduce more convenient canonical variables,
can perform canonical transformation by generating funct

F~q,Q,t !5
iQ2

2
2 iA2V~ t !qQ1

iV~ t !q2

2
. ~14!

The relations between the old canonical variables (p,q) and
new one (P,Q) are

P52
]F

]Q
5 i

AVq

2
1

p

A2V
, Q5

AVq

2
1 i

p

A2V
,

p5
]F

]q
5AV

2
~P2 iQ !, q5

1

A2V
~Q2 iP !. ~15!

The Hamiltonian in new canonical variables can be writt
as follows:

H52 iVPQ2
i V̇

4V
~P21Q2!1

Q2 iP

A2V
E~ t !cosw~ t !.

~16!

The dynamics of the electron population in the cluster
defined by the Hamiltonian equations

dQ

dt
52 iV~ t !Q2 i

E~ t !

A2V~ t !
cosw~ t !2

i V̇

2V
P,

dP

dt
5 iV~ t !P2

E~ t !

A2V~ t !
cosw~ t !1

i V̇

2V
Q. ~17!

The time of plasma frequency variation in the cluster is
the order of the cluster expansion time that is approxima
equal to the inverse plasma ion frequency@7#. This time is
much less than the period of plasma electron oscillations
we can conclude thatV̇/V2!1 and can neglect the last term
in Hamiltonian equations. Then the equations can be sol
and the amplitude of the excited oscillations can be cal
lated:

Q~ t !52 i expS 2 i E t

Vdj D E
2`

t E~t!cosw~t!

A2V~t!

3expS i E t

Vdj Ddt,

P~ t !52expS i E t

Vdj D E
2`

t E~t!cosw~t!

A2V~t!

3expS 2 i E t

Vdj Ddt. ~18!

The change in the energy per electron is equal to
5-3
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DU5VU E
2`

1`E~ t !cosw~ t !

A2V~ t !
expS i E t

Vdj DdtU2

. ~19!

Using the obtained expression we will analyze two regim
of cluster plasma heating: collisionless resonant heating
collisionless autoresonant heating.

IV. COLLISIONLESS RESONANT HEATING

Let laser pulseE(t)5E exp@2t2/(2T2)#cosw(t) interact
with an expanding ionized cluster. At the resonance mom
t5t0 whenV.ẇ.v we can expand both cluster plasmo

frequency

V~ t !5V1V̇~ t2t0!1••• ~20!

and laser field phase

w~ t !5w01V~ t2t0!1v̇
~ t2t0!2

2
1•••. ~21!

Using Eq.~19! the absorbed energy per unit cluster volum
can be calculated and written in usual units as follows:

dUres

dV
5neDU5

3p«0E2~Tv!2

4Aa211
expS 2

2a2j0
2

a211
D , ~22!

wherej05t0 /T and parametera5T2(V̇2v̇).
It follows from Eq.~22! that the absorption is significantl

reduced when the resonance does not occur at the maxi
of laser field. Notice that if the resonance occurs at the la
pulse maximum (t050) and the cluster expansion is n

glected (V̇50), then Eq.~22! turns in Eq.~12! derived in
electrodynamic approach.

V. COLLISIONLESS AUTORESONANT HEATING

Let us now consider an autoresonant regime of clu
heating. Autoresonance~adiabatic nonlinear phase lockin
and synchronization! is a remarkable phenomenon of nonli
ear physics when a driven dynamic system stays in re
nance with the driving oscillation or wave continuously d
spite variation of system’s parameters. In our proble

FIG. 1. Schematic of the resonance regime~1! and autoreso-
nance regime~2! in v-t plane.
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autoresonance means that not only the laser frequency
the frequency of cluster plasma oscillations are close to e
other at the resonance, but also the first derivatives of th
frequencies with respect to time are close to each other.
difference between the resonance and autoresonance is
trated in Fig. 1. If the autoresonant condition is fulfilled

V2v.0, V̇2v̇.0, ~23!

then the next term in expansions~20! and ~21! has to be
taken into account. Using Eq.~19! the absorbed energy pe
unit cluster volume can be calculated for the autoreson
regime

dUauto

dV
5

«0E2~Tv!2

2b2
expS 2

3b2D K1/3
2 S 1

3b2D , ~24!

where b5T3(V̈2v̈). To derive Eq.~24! we assume for
simplicity that the resonance occurs at the laser pulse m
mum (t050). It should be noted that in the case of the sh
laser pulse (a!1 andb!1) Eqs.~12!, ~22!, and~24! reduce
to the same expression

dUauto

dV
5

3

4
p«0E2~Tv!2. ~25!

In this limit, cluster expansion and pulse chirping do n
affect cluster heating. In the opposite limitb@1, Eq. ~24!
reduces to the form

dUauto

dV
5

«0E2p2~Tv!2

61/3b2/3G2~2/3!
, ~26!

whereG(x) is the gamma function@20#. To compare heating
efficiency in the resonant and autoresonant regimes we
assume t050, v̈50, b.T3v/texp

2 , and a.T2v/texp,
where texp is the characteristic time of cluster expansio
Then using Eqs.~22! and~26! the ratio of absorbed energy i
the autoresonant regime to that in the resonant regim
given by the relation

h5
Uauto

Ures
.2.5~vtexp!

1/3. ~27!

As vtexp@1 for typical laser-cluster experiments then a
toresonant regime of heating is more effective than the re
nant one.

VI. CONCLUSIONS AND DISCUSSIONS

Let us now discuss the transition from the collisionle
regime of heating to the collisional one. The general solut
of Eq. ~2! for slowly varying V(t) can be presented in th
form of the Duhamel integral@21#

r ~ t !5E
2`

t E~ t8!en(t82t)

AV2~ t !2n2
sinS E

t8

t
AV2~j!2n2dj D dt8.

~28!
5-4
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Using the Duhamel integral the density of absorbed ene
in cluster can be written as follows:

dU

dV
52neE

2`

1`

E•
dr

dt
dt

.2neE
2`

1`

dtE
2`

t

E~ t !•E~t!en(t2t)cosS E
t

t

V~j!dj D dt,

~29!

where V@n and V̇/V2!1 are assumed. Taking the las
field in form ~6! and expanding cluster plasmon frequen
near resonanceV.v1V̇t, the density of absorbed energ
can be rewritten in the form

dU

dV
.2

neE2

2 E
2`

1`

dtE
2`

t

dt expS 2
t21t2

2T2 D
3en(t2t)cosF ~v̇2V̇!

t22t2

2 G , ~30!

where nonresonant terms are neglected. It is seen from
~30! that the cluster expansion rate can be taken into acc
as a correction to the rate of laser chirpingv̇ through param-
eter (v̇2V̇) @as in Eq.~22! for collisionless resonant hea
ing#. Therefore we can replacev̇ with parameter (v̇2V̇) in
Eq. ~10! to include the cluster expansion effect in the expr
sion for the absorbed energy per unit cluster volume. T
the general formula for collisional and collisionless reson
heating in the expanding cluster can be rewritten in the fo

dU

dV
.

p«0vp
2T2E2

4A11T4~V̇2v̇ !2
@12efr~m!#exp~m2!, ~31!

wherem5(1/2)Tn/A11T4(V̇2v̇)2.
It follows from Eq. ~31! that in the limitm@1 collisional

absorption is dominant. The expression for power den
absorbed by collisions in the expanding cluster reduce
Eq. ~11! in this limit. In the opposite limit of collisionless
resonant heatingm!1, Eq. ~31! reduces to Eq.~22! for t0
50. We have numerically solved Eq.~2! using approxima-

tion V(t)5v@11arctan(V̇t/v)# for the frequency of the
y,
ur

n

s

.
er
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cluster plasmon oscillation. The results are presented in
2. It is seen from Fig. 2 that relation~31! is in fairly good
agreement with numerical simulation. Neglecting laser chi
ing v̇50 we can rewrite the criterion for collisionless a
sorption in the expanding cluster asm.n/(2TV̇)!1 in the

limit T2V̇@1. As for typical laser-cluster experimen
(Tv.100–200, n/v.0.03, vtexp;200 @11,13#! m
.(n/v)(texp/T)!1 we can conclude that collisionless a
sorption of laser energy in the cluster plasma is more e
cient than the collisional one for the late stage of interacti

In conclusion we have considered collisional and co
sionless heating in a cluster plasma in the framework of
nanoplasma model. First we have studied the dependenc
the collisional absorption on the laser pulse duration a
chirping. Then collisionless resonant absorption in an
panding cluster is considered. An efficient autoresonant
gime of collisionless heating is identified and analyzed.
simple analytic estimate for the threshold of the transit
from a collisional regime to a collisionless one is derived
is shown that the collisionless regime of absorption is do
nant for the late stage of laser-cluster interaction.
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FIG. 2. Density of absorbed energy normalized to the density
laser energy«0E2/2 versus normalized collisional frequencyn/v
for vtexp5103, Tv5100 ~curve 1!, Tv5300 ~curve 2!, Tv
5600 ~curve 3! in the collisional regime (m.1, dashed lines! and
in the collisionless regime (m,1, solid lines!. The same depen
dence calculated by the numerical solution of Eq.~2! ~circles!.
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