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Modified hydrodynamic model and its application in the investigation of laser-cluster interactions
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By solving the Maxwell equations, an effective plasma dielectric constant is obtained to replace the quasi-
static plasma dielectric constant derived from the Drude model. In the vicinity of resonance absorption, the
electron density and temperature undergo such a rapid change that the quasistatic dielectric constant is no
longer appropriate to describe the behavior of resonance absorption. Using this effective dielectric constant to
modify the hydrodynamic model developed by Ditmire and co-workers, we studied the interaction between
different-sized atomic clusters and high-intensity laser pulses of different wavelengths. Reasonable agreement
between the calculated results and published experimental results was found.
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I. INTRODUCTION nition model” which was proposed by Rose-Petruekal.
[6] to describe the ultrafast electron dynamics and inner-shell
In recent years the interaction of clusters with high-ionization in laser driven clusters. The ionization ignition
intensity laser pulses has been studied by a number ahodel indicated that the ionization enhancement is driven by
groups. McPhersort al. [1-3] observed anomalous x-ray a combination of the laser field and the strong field originat-
line emission from high Kr and Xe charge states when ang from the ionized cluster atom@his is to some extent
high-intensity [(0.5-80)<10"" Wcm 2] 248 nm laser similar to the hydrodynamic model to be mentioned below
was focused on Kr and Xe clusters. Zweibatkal. [4] re-  However, this model employed classical trajectory Monte
ported the observation of nuclear fusion from the explosiorCarlo simulation and can only simulate the dynamics of
of deuterium clusters driven with a compact high-repetition-small clusters; it cannot describe the collective behavior of
rate table-top laser. Many studies on the interaction of a cluselectrons. Third, Ditmire and co-workers proposed a hydro-
ter target with laser pulses have shown that these interactionynamic model that treats the expanding cluster as a spheri-
can be very energetic. Very bright x-ray emission in the 100—cal nanoplasma. Although the hydrodynamic model cannot
5000 eV range, extremely energetic ions with energy up to kxplain the energy spectrum of the highly energetic ions re-
MeV, and keV electrons have been observed in these inteteased from the driven clusters, recent experiméntsi(]
actions; these are the signatures of the efficient coupling diiave shown that the model can explain the expansion process
the laser light with the cluster medium. To explain the ob-of the clusters, the resonance absorption, and the production
served anomalous x-ray line emission from highly chargeaf highly charged ions and highly energetic ions. In this
states of Kr and Xe, McPhersat al. suggested that it was model, each cluster was considered as a small ball of high-
the result of inner-shell vacancies produced by collisions otlensity plasma; the cluster size should therefore be so large
laser driven electrons with atoms in small clusters. If enoughhat the majority of electrons will stay in the cluster during
of these inner-shell vacancies can be produced in the intethe expansion. From this point of view, the hydrodynamic
actions, the cluster will become a promising lasing mediummodel is a better model for large-size clusters . However,
to achieve a short-wavelength x-ray lasexd nm) [5].  near resonance where the electron density is nemg;3
However, this interaction picture is far from being under-(n,; is the critical electron density of the corresponding
stood in either theory or experiments. driving laser wavelengihthe electric field in the cluster will
Until now, three models have been developed to explairbe enhanced to become much larger than the laser field if the
the interaction of clusters with ultrashort pulse high-intensityquasistatic plasma dielectric constant is employed. This
lasers. First, McPhersoet al. proposed a coherently driven model seems to overestimate the enhancement of electric
multielectron model in which the coherently driven multi- field in clusters. In this paper, an effective plasma dielectric
electron motions can greatly increase the ionization strengtbonstant is proposed to replace the quasistatic plasma dielec-
of the inner-shell electrons. The group of coherently enertric constant. The resonance enhancement is found to be
gized electrons acts like a quasiparticle with a chatgeand  weakened when the proposed plasma dielectric constant is
a massZm, where Z denotes the number of field ionized employed in the hydrodynamic model. Using this modified
electrond 3], hence presenting a sharply augmented couplingyydrodynamic model, we investigate the interaction between
resembling that associated with energetic ion-atom colliclusters of different sizes and laser pulses of different wave-
sions. However, the model is not able to give a quantitativdengths.
description of the interaction. Second is the “ionization ig-  This paper is organized as follows. In the second section
we describe the modified hydrodynamic model developed in
this work. In Sec. lll we describe the simulation model and
*Corresponding author. Email address: ruxinli@mail.shcnc.ac.cnpresent simulation results of the interaction between clusters
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of different sizes and laser pulses of different wavelengthsHere the electron density, is given in nm 3, the pondero-

In Sec. IV we discuss the unresolved problems of the hydromotive energyU, and electron temperatui®, are given in

dynamic model, and we summarize this work in the finaleV, and InA is the standard Coulomb logarithm which gen-

section. erally varies between 5 and 20. Ancan be calculated by the
following formulation[12]:

Il. HYDRODYNAMIC MODEL 3/2

) 1/2 .
=1.55x 101 . 3
Znl?

K3T3

TNe

3
The hydrodynamic model treats the cluster as a dielectric A= 2763
sphere which becomes a microplasma sphere after being il-
luminated by an ultrashort high-intensity laser pulse. The
electric field in the cluster is a combination of the laser flelddensity in the cluster is much higher than3,, the field

and the polarization field originating from the free electronsinSide the cluster is weaker than the laser field in vacuum.

|n5|_de the cluster. The main processes involved m_the N3 1d this shielding results in a slow heating rate. However,
action of the clusters with the laser field are optical field

oo > o when the electron density decreases g3 owing to the
ionization (OFI), collisional ionization by thermal and laser y Q3 g

: : : expansion of the cluster, the field and the heating rate inside
driven electrons, heating through inverse bremsstrahlunqhe cluster are evidently enhanced, which leads to a rapid

?n% .exrzﬁns'?n tOf the clustehr. E?r?ancl:err:ent gf th.f e.le(;[t_]”&crease in the electron temperature and the expansion veloc-
I€ld In the cluster occurs when the electron density In ty of the cluster. A simple estimation may be made of the

clu_ster dr_ops to three_ times t_he critical electron density, a egree of this enhancement. At the resonance point, the elec-
which point the electric field in the cluster becomes larger,

- = R “'tron density is set asie=3n.;;=4.8x10?* cm 2 (the
than the laser field in vacuum. Here in this paper the heatm%/avelengthyof the laser ise 800 Crilrtnhe electron temperature
mechanism of the cluster is discussed only briefly in order t

9s assumed as 1000 eV, the average charge state of the ions is

introduce an effective plasma dielectric constant. A more dekrs*, and the Coulomb logarithm is set as 10; the electron-

:iacljllr?sdvx?aessgil\zlr??n ()ert{llel]dynamlcs in laser-cluster mterac-ion collision frequency is thus calculated as-0.007 fs*.
s The field inside the cluster is therefofe=3E,/|e+ 2|

~300E,. If the resonance point occurs exactly at the peak

A. Heating mechanism intensity of the lasefit can be controlled by adjusting the

The cluster is approximately treated as a uniform miCro_cluster size or the laser pulse durabiothe intensity of the

plasma. For laser pulses at intensities less thah Yo/cr? electric field inside the cluster will be increased to

7 ~ 5 . L . )
it is reasonable to assume that the laser primarily deposits i 8126 wcmiz fgr ?]n |Irl]yrE|n?t|r;g I?S?dr at tg? n’;tlensmé of
energy into the free electrons in the cluster and that thi cm *. such a hign elecic Tield can directly produce

energy deposition is through collisional inverse bremsstrah- i_ghly charged ions such as Rf by OFI. However, ions

lung. The heating rate is the same as the laser deposition ra\f‘@th S.UCh high charge numbers have not been observed n
in a dielectric sphere and can be given as experiments. Moreover, such enhancement of the electric

field in the cluster will unavoidably make the laser deposi-
ouU tion much larger than the laser flux. This absorption model is

w
e %Im(s)|E|2=7312.50 Im(e)|E[> evnm 3fs™!,  obviously unreasonable and should be improved.
D

At the early stage of the interaction when the electron

B. Effective plasma dielectric constant

where the electric fielE is given in atomic units and the In fact, the enhancement of the electric field inside the

laser frequency is given in fs 1. Since the diameter of the cluster at the resonance point was significantly overesti-

cluster considered here is much smaller than the wavelengtimated. Owning to the resonance heating and expansion of
of the laser, the field distribution in the cluster can be treatedhe cluster in the vicinity of resonance absorption, the elec-

as uniform. The electric field in the cluster is given By tron density and temperature undergo such a rapid change
=3Eq/|e+2|, Ey being the amplitude of the laser field in that the quasistatic plasma dielectric constant derived from
vacuum. The plasma dielectric constant derived from ghe Drude model is not suitable to describe the absorption.
simple Drude model iss=1— w;/w(w—{—iy), where w,, We can solve the Maxwell equations in the plasma to under-
= J4me’n,/m, is the plasma frequency and is the Stand the absorption procefss3]:
electron-ion collision frequency which is described by the

following formalism[11,12: VxH- 9= 4_7TUE' (4)
c c
4 ( 277) V2 Zn.e* I "
V=< (= ——=In X — _H=
9\ 3 me(Te+ Up)3l2 VXE CH 0, (5)
05632 A fst 2) 4m
' (Te+Up)3/2 ' V-E= <P and V-H=0, (6)
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whereeg is the vacuum dielectric constant. From the above 2
equations(4) and (5), E satisfies the following equation on
the elimination ofH:
1
VX(VXE)Z—Z[(80E+80E)+477(0'E+o-E)]. (7) >
Cc 0 ~—
| ¢
If E=Ege ' is used to simplify the above equation, it
may be transformed to 1
V X (VXE)——[( 1) 80—|w80)+4'n'( —iwo)]E .15(52

po?

CZ

.
80+|47Tz)/(1)

- O- .
gotidm—| +i
w

30

-, ®)

20}
where we have used the usual plasma dielectric constant
=go+idmolo=1-wj/w(w+iv). From the above wave
equation, we can define an effective plasma dielectric con-

stant for a rapidly expanding plasmagg=¢ +i el w. When
the change rate of the dielectric constant is comparable to the

laser frequencyie/w has a considerably large value and can-

not be ignored. At the resonance point, the rapid change of A
electron density and temperature results in the rapid change 075 ' _ 1(')0 : s
of the plasma current density associated with the free elec- () .

trons. This plasma current density will produce an electric Time (fs)

field that to some extent weakens the resonance enhancemen

of the electric field inside the cluster. Figuréjlshows the
development of the plasma dielectric constant and the effec- 08
tive dielectric constant as a function of time in the vicinity of
resonance absorption during the interaction of a 7.5 nm Kr
cluster with a high-intensity laser pul$800 nm, 140 fs, 2

X 10'® Wem™2). It can be seen that the imaginary part of
the effective dielectric constant lmf) has a very large
value in the vicinity of resonance absorption. In contrast to
this, the quasistatic dielectric constant kh(as a minimum
value. Figure b) shows the time-varying electric field in- 02
side the cluster in the vicinity of resonance. The electric field

is given in atomic units. It can be seen that, if the effective 0 . v | SN 00
dielectric constant is employed, the enhanced electric field -50 125 150

(solid I_ine) _inside the cluster is less than I_El@)_(EO is the (© Tlme (fs)

laser field in vacuum However, the electric fielddashed

line) is much higher if the quasistatic dielectric constant is

used. Therefore the introduction of the effective dielectric

constant will weaken the resonance enhancement of the elec- FIG. 1. (a) The plasma dielectric constant and the effective di-
tric field inside the cluster. Figurgd) shows the ion fraction electric constant as functions of time in the vicinity of the resonance
resulting from the interaction of a 7.5 nm Kr cluster with the absorption in the interaction of 7.5 nm Kr clusters with a high-
same laser pulse as a function of time where the quasistatiotensity laser puls¢800 nm, 140 fs, X10'® Wcm™2). (b) The
dielectric constant is used. It can be seen that for a short tim@me-varying electric field inside the cluster in the vicinity of reso-
in the vicinity of resonance very highly charged ions such agiance with(solid line) and without(dashed ling the effective di-
Kr?%" would be produced owing to the OFI of the enhancedelectric constant includedc) Kr ion fraction resulting from the

electric field inside the cluster. This result is obviously un-interaction of 7.5 nm Kr clusters with the same laser pulse as a
reasonable. function of time where the quasistatic dielectric constant is used.
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I1l. SIMULATION RESULTS 0.6
After introducing the effective dielectric constant for the '
rapidly expanding plasma to calculate the laser deposition £
rate, the modified hydrodynamic model is employed to in- ¢ S
. : . . . Ko} 04 ;
vestigate the dynamics of Kr clusters of different sizes driven g &
by ultrashort high-intensity laser pulses of different wave- ®
- 03 O
lengths. - | -
o >
= 02 5
A. Simulation model o
. 01 =
1. The rate equations
—=—TP+T_1Pr_1, k
ot kKPkT L k-1Fk-1 @
ang
=2 TP Wes. (9)
N/‘\
P, is the density of the ions of charge state (k g
=0,1,2...), n. is the electron densityVgs is the escape §
rate of electrons, antl\,=W,,,+W,, whereW,,, and W, S ]
are the rate of OFI and electron-impact ionization, respec- «§ o
tively. & =
LC
= =
2. The kinetic equation o ]
@
9 PetPcou 1 E
r
— _ e Coul -, (10)
at nim; r ) ,
o 4 100 0 100 200 300
where Pcoy=Qe“/8ar” is the Coulomb pressure caused )
by the net positive charg€ginside the clustelPy=nk T, is Time (fs)
the electron thermal pressures the radius of the expanding
cluster, andn; and m; are the ion density and ion mass, 0.7 —r—r—1Tr—rrrTTrrrr T
respectively. i
06 laser pulse T
3. The energy equation I £
gy eq o5l §
3 Te U 3 ar " S ol é
2"t T o v Tegr Gour ) 8 ! o
L o3} =
where gU/dt is the laser energy deposition rate inside the § : 2
cluster, (3f)Pgor/at is the work associated with the expand- — 02f 2
ing cluster, andq,,; is the energy loss caused by the hot I *“E’
electrons that escape from the cluster. 0.1 i -
0.0 = L !
B. Cluster-size effect in the interaction -100 0 100 200 300
Many studies have shown that the cluster size can greatly © Time (fs)

influence the coupling efficiency of laser energy during the , ) . 151 ) ,
interaction of clusters with lasers. A small-sized cluster in a, /G- 2. Krion fraction from KF* to Kr'®" as a function of time
laser field behaves like a molecule: it expands and disasfpr different cluster sizes. The cluster radiugag 5.0, (b) 7.5, and
sembles rapidly, and thus the absorption efficiency decreasé 10 nm.

rapidly. On the other hand, a cluster that is large expands

slowly in a laser field and the electron density is higher thar(800 nm, 140 fs, X 10'® W/cn?) have been calculated. The
3n¢,i; until the end of the laser pulse, so the absorption effitesults are shown in Figs. 2, 3, 4, and 5. Figure 2 shows the
ciency is also low. In order to study the cluster-size effect inion fraction from K" to Kr'® as a function of time for
the interactions, the dynami¢such as the expansion of the different cluster sizes; the cluster radius(& 5.0, (b) 7.5,
cluster, the electron temperature, and the ionization of gtomsind(c) 10 nm. Figure 3 shows the ion velocity as a function
of different-sized Kr clusters illuminated by a laser pulseof time for different cluster sizes. Figure 4 shows the elec-
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sizjs:sl,G. 3. lon velocity as a function of time for different cluster -~ , =04 0n density as a function of time for different clus-

ter sizes.

tron density as a function of time for different cluster sizesat which the signal drops to 16 of its maximum is 1 MeV.

and Fig. 5 shows the electron temperature as a function dfigure 10 in the same reference also examined the scaling of

time for different cluster sizes. the ion energy distribution in Kr clusters. It can be seen that
The following conclusions can be drawn from Fig. 2, 3, 4,the average energy of Kr ions is a little lower than that of Xe

and 5.(1) The larger the cluster size, the higher the ioniza-ions for the same cluster size. Therefore it is to be expected

tion degree of the ions becomes. The average charge statgmt the average ion energy of Kr ions for a cluster size of 5

are K%, Kr'* and Ki?* for cluster sizes of 5.0, 7.5, and nm will be close to or maybe lower than 40 keV. That is

10 nm, respectively. This result can be explained by the ionelose to our calculated results. In Ref&4,15, Springate

ization process where the electron-impact ionization domiet al. compared their calculated results with the measured

nates. The optical field ionization makes a major contributiormaximum energy of ions instead of with the average kinetic

in the early stage of the interaction and plays the role oknergy of ions.

ionization ignition. The electron density increases to become

higher than 8,;; in a short time; the electric field inside the ¢. The dynamics of clusters in driving laser fields of different

cluster is then smaller than the laser field in vacuum. The wavelengths

electrons are heated by inverse bremsstrahlung and the elec-

tron temperature increases. Since there is a high electran The _mod|f|ed hydrodynamic mode_l for the Iaser-clugter
density, the rate of electron-impact ionization is also high.|nteract|0n has also been adopted to simulate the dynamics of

For a larger-sized cluster, the heating and electron—impaéfr clusters in laser fields with different frequenciéise laser
ionization occur for a longer time, so that higher-charge ion avelength c'orrespo'ndlng o the fundgmental frequency re-
can be produced in the interactiof®) The calculated ex- ferred to in this work is 800 nin The radius of the Kr cluster
panding velocities for Kr clusters with radii of 5.0, 7.5, and IS set as 14 nm, but for a laser with a wavelength of 800 nm

10 nm are 0.33, 0.4, and 0.36 nm/fs, respectively. Since 4 is set as 10 nnfotherwise the radius of 14 nm is so large

uniform expansion of the cluster is assumed, the ion radial
velocity linearly increases from zero as the radial position

increases in the cluster, so the average kinetic energy of the . rad_lus=5nm i
. ; > . . radius=7.5nm I
ions is calculated a&;,,=0.3m;v°, wherem; is the ion 10°E -~ radius=10nm

mass. The average kinetic energy of the ions for Kr clusters
with radii of 5.0, 7.5, and 10 nm is 24, 36, and 27 keV,
respectively. Consequently, for a given laser pulse, there ex-
ists an optimum cluster size to achieve the maximum ion
energy.

In [7], Ditmire et al. studied experimentally and theoreti-
cally the high-intensity femtosecond photoionization of iner-
tially confined noble-gas clusters. Figure 9 in that reference
examined the scaling of the ion energy distribution in Xe
clusters. The experimental results showed that the average
energy of ions increased slowly with increasing cluster size.
The average kinetic energy of ions resulting from the inter-
action of a 2500-atom Xe cluster-@ nm in radiugis about FIG. 5. Electron temperature as a function of time for different
41 keV and the maximum ener@y, ., (defined as the energy cluster sizes.

Electron Temperature (eV)
3

10' F

100 200 300

Time (fs)
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05 ] NE
5 [ L the absorption efficiency is higher for a laser pulse with
2 04t ? ; . .
B | & shorter wavelength. This can be explained by the heating
uei osb o mechanism[Eqg. (1)] mentioned above. The laser energy
S 1 A deposition rate in the cluster is proportional to the laser fre-
= ozl 2 quency. Moreover, for a laser pulse with shorter wavelength,
§ the critical electron density is higher and the shielding that
o1l E reduces the electric field in the cluster is weaker; therefore
L the laser and cluster coupling efficiency becomes higher.
00 Lot —l 1 However, owing to the more rapid expansion of the cluster in
b 200 100 0 100 200 800 a laser field with shorter wavelength, the cluster size should
(b) Time (fs) be increased to enhance the absorption efficiency. In Ref.
[16] where a large size (2:91C°) of Xe clusters was ob-
06 tained, the measured x-ray emission from the high charge
Laser Puise 120 states of Xe ions for UV KrF laser irradiation was much
] <« stronger than those for Ti:sapphire laser irradiation. It is clear
£ that the charge states of ions for short wavelength laser irra-
S § diation were higher than those for long wavelength laser ir-
'§ & radiation.
o o
c =
o P IV. DISCUSSION
j2
% Since a uniform expansion of the cluster is assumed in the
- hydrodynamic model and the expansion velocity of ions with

different charge states is also treated as the same, the energy
spectrum of ions cannot be derived. For a uniform expan-
sion, the number of ions is proportional to their kinetic en-

2 . . . .
FIG. 6. Kr ion fraction from KF* to Kr'™* as a function of time ~ €'9Y (©°), which means that the number of ions with higher

for different laser frequencies. The laser frequencyaisw,, (b) ~ €Nergy is larger than that of ions with lower energy, but this
2w, and (c) 3wy is in contradiction with experiments. In our future work, the

ion energy spectrum will be obtained by using particle simu-

that the resonance occurs after the end of the laser )pulsdation. However, from the viewpoint of energy conservation,
The dynamics of the ionization and the expansion of thehe average kinetic enerdinstead of the maximum energy
cluster are shown in Figs. 6 and 7 respectively. It can be seeran be obtained by calculating the expanding velocity of the
that as the laser wavelength decreases from IR to UV, theluster. In our simulations, the calculated average kinetic en-
ionization rate of ions and the expanding velocity increaseergy of ions is near to the observed results, but in Refs.
The corresponding average charge states afé"Kir®* [14,19 the calculated kinetic energy was close to the mea-
and Krt®", and the calculated average kinetic energy of thesured maximum energy of the ions. This discrepancy may be
ions is 27, 74, and 96 keV. The simulation results show thaexplained by assuming that the hydrodynamic model without
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including the effective dielectric constant overestimates V. CONCLUSIONS
the resonance enhancement. This implies that the modified

hydrodynamic model is in better agreement with experl'hydrodynamic model for the interaction between clusters and
ments. , . _a short-pulse high-intensity laser. The cluster-size effect and
The model is reasonable for explaining the productionyyiying |aser wavelength dependence of the interaction dy-
pf hlghly.charged ions. If only the optical f|elq lonization pamics were investigated by using the modified hydrody-
is considered, a laser field at the intensity ofhamic model. The calculated results are in reasonable agree-
2X 10" Wcem™? can produce only K. The generation of ment with the experimental results. In particular, our model
Kri2*, Kri®*, Krt**, Kr'®", Kr'®", and K" ions requires  can explain more reasonably the average kinetic energy of
a laser field at the intensity of 610", 6.2x10", 8.4  jons and the generation of highly charged ions.
X 10Y, 1.1x10'8 1.4x10'% and 1.% 10" Wcm ™2, re-
spectively. Therefore the production of highly charged ions is ACKNOWLEDGMENTS
mainly caused by electron-impact ionization or tunnel ion-
ization by the enhanced electric field. The model has also This work was supported by a special fund of the Chinese
been employed to simulate the dynamics of Ar and Xe clusAcademy of Sciences, the Chinese High-Tech Program, the
ters in a laser field. The simulations have shown that a conchinese National Major Basic Research Development Pro-
siderable fraction of neonlike Af and nickel-like X&%" gram(Grant No. G1999075200the Chinese National Natu-
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