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Th e explosion of rare -gas ato mi c clusters in duced by short , intense X -ray
pulses generated by a free-electron laser is studied . A numerical approach for

an explici tly time- dependen t description of small to medium size clusters in
3D is develop ed w ithin the T homas{ Fermi model. Such an approach, though
strongly simpli Ùed in comparison to fully quantum- mechanical schemes, is
nevertheless exp ected to yield a qualitati vely correct descriptio n of the elec-

tronic and ionic dynamics of these systems, at a much lower computational
cost.

PACS numb ers: 36.40.{c, 32.80.Rm, 42.50.H z, 07.05.Tp

1. I n t rod uct io n

Intense X-radi ati on from f ree-electron lasers has opened m any new research
areas in physi cs and chemistry . The abi l i ty to ioni ze matter al lows di rect insi ght
into electro nic structure and chemical compositi on. D i ˜ra cti on of X- rays al lows to
determ ine the structure of com plex elements wi th ato m ic resoluti on. Free-electron
lasers combi ne the advanta ges of synchro tro n radiati on (sho rt wa vel ength) wi th
tho se of lasers (intense short pul ses) and thus open the way to new typ es of ex-
perim ents. Recently, the study of the intera cti on of intense X- rays wi th ato ms and
cl usters has been reported [1].

Abso rpti on of short- wa vel ength radiati on and subsequent ionizati on of clus-
ters di ˜ers consi derabl y from tha t in the opti cal spectra l range. The exp erimenta l
resul ts g ive evi dence tha t after m any unbound electrons are created, a plasma is
form ed. Free-electron laser energy absorpti on in such cluster plasma is stro nger
tha n predi cted by calcul ati ons wi th cl assical m odels. Thus quantum -m echanical
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m odel ing is needed to expl ain the e£ cient energy depositi on seen at these short
wa vel engths.

In thi s paper we further investigate a theo reti cal appro ach to expl osion of
rare-gas ato m ic clusters in intense laser pulsesbased on a ti me-dependent Tho m as{
Ferm i m odel intro duced in our previ ous arti cle [2]. The Tho m as{ Ferm i model is
the earl iest and the simpl est of the density functi onal metho ds. It wa s intro duced
by [3] and [4] in order to describe the self-consistent potenti al of mul ti -electro n
ato m s. The adv anta ge of thi s m odel is i ts sim pl ici ty (a to mic num ber Z i s the onl y
parameter) and uni versal i ty (di ˜erent ato ms di ˜er by scal ing uni ts only). The
ti m e-dependent version of the Tho m as{Ferm i m odel whi ch we use in thi s paper
m ay be consi dered as a semiclassical appro xi m ati on (described by a Bloch-l ike
hydro dyna m ic m odel ) to the ri gorous quantum dyna mics of an electron gas. Let
us begin by recal l ing the basic assumpti ons of the m odel .

The paper is organized as f ol lows. In Sec. 2 a version of the ti me-dependent
Tho m as{ Ferm i m odel is intro duced. Then in Sec. 3 som e relevant calculati ons are
carri ed out. Structure of the m odeled clusters as wel l as properti es of the pul ses
are presented in Sec. 4. Ma in results fol lowing from the model are described in
Sec. 5. Fi na l ly we Ùnish wi th a bri ef summ ary.

2. Ti m e-d ep en dent T h om as{ Fer m i m od el

W ithi n the Tho mas{Ferm i m odel the ground state structure of a rare-gas
ato m ic (v an der W aals) cluster is described by the avera ge electron density £ ( r )

and the positi ons of the nucl ei R a . It can be obta ined by m inim izati on of the
fol lowi ng Tho m as{ Ferm i energy functi onal [2]:

E [ £ ( r ) ; f R a g ] =

Z

d 3 r £ ( r ) U ( r )

+
e

2

Z
d3 r
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a = 1

Z £ ( r À R a ) À £ ( r )
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where the relati ons for the interna l (ki neti c) energy of an ideal electron gas at
tem perature T = 0 are used local ly

U ( r ) = ck [ £ ( r )]
2 = 3

; (2)

and the electro ns and nucl ei intera ct thro ugh the self-consistent Co ulomb potenti al
` ( r ) :
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Here N is the numb er of atom s in the cluster and e i s the elementary charge.
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T o intro duce a ti me-dependent version of the Tho m as{ Fermi m odel we as-
sume tha t the electron density at any point of space is obta ined by summing up
the contri buti ons from n smoothed pseudo-parti cles [2]:

£ ( r ) =
Z N

n

nX

j =1

f j ( r À r j ) : (4)

The functi ons f j are assumed to be spheri cal ly sym m etri c f j ( r ) = f j ( j r j ) , and
norm al ized

R
d3 r f j (r ) = 1 .

The dyna mics of the electro n density (4) and the moti on of the nucl ei is gov-
erned by the fol lowing Ham i l to nian in whi ch the Tho mas{ Ferm i energy functi onal
(1) pl ays a ro le of the potenti al energy term [2]:
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where M denotes the nucl ear m ass.
The resulti ng Ham i lto n equati ons of m oti on for the smoothed pseudo-parti cl es

positi ons r j can be understo od as a di screti zed smooth parti cle hydro dyna mics
[5, 6] version of the Bl och-l ike hydro dyna mic equati ons [7]. Theref ore, by trea ti ng
the Tho mas{ Ferm i energy functi onal as a potenti al energy part of the Ham i lto ni an
of the system we had vi ewed the oscil lati ons of the electron cloud in an ato m ic
cl uster as a m oti on of a Ûuid characteri zed by a density £ ( r ; t ) and a velocity Ùeld
v (r ; t ). A sim ilar hydro dyna mic m odel has been used in the weak- Ùeld l imi t to
study photo absorpti on of an ato m in free space [8] and in plasma [9].

The hydro dyna mic equati ons for the electro n density £ are to be suppl e-
m ented by the Newto n- l ike equati ons of m oti on f or the positi ons of the nucl ei
R a [2].

The intera cti on wi th the laser pul se is trea ted wi thi n the dipole appro xi m a-
ti on by replacing the electrostati c Coulomb potenti al in Eq. (3) by

` ( r ; t ) ! ` ( r ; t ) À r Â F ( t ) ; (6)

where F ( t ) i s the electri c Ùeld of the incoming wave. The l inearly polari zed wa ve
of a pul se used in the simulati ons is assumed to have a Ùeld envelope proporti onal
to sine squared wi th a f ul l wi dth at hal f m axi mum § and an opti cal period §0 :

F ( t ) = F 0 sin 2
±

¤

2 §
t

²
cos

˚
2 ¤

§0

t

Ç

: (7)

The pul se used in the simula ti ons had a wa vel ength 98 nm (or § 0 =

1 3 : 5 2 7 a.u.), tem pora l ful l wi dth at hal f m axi mum of 50 fs (or § =§0 = 1 5 0 ), and
the peak intensi ty of 1 0 1 4 W / cm 2 (or j F 0 j = 0 : 0 5 a.u. ). These param eters were
used in the experim ents by Wabni tz [1]. The energy of a single photo n is 12.7 eV
(or 0.46 a.u. ).
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3. D et ai ls of n um er ical cal cu l at ions

In our previ ous paper [2 ] we uti l ized f j from Eq. (4) in the form of a Gaussian
functi on identi cal for al l pseudo-parti cles

f ( r ) =

˚
˜

p

¤

Ç 3

eÀ ( ˜ r )
2

: (8)

It turned out, however, tha t thi s choice of Ùxed wi dth of all pseudo-parti cl es leads
to som e pro blems in m odel ing the electro n cloud close to the nucl eus. Several
pseudo-parti cles were stacki ng ato p on each other and the smooth parti cle hydro -
dyna mic m etho d was breaki ng down. T o prevent thi s we have chosen a large value
of the param eter ˜ ( ˜ = 7 for Z = 1 8 and n=N = 1 2 5 ) from Eq. (8) whi ch in
turn m ade the num erical code extrem ely slow and turned any real istic sim ulatio ns
nearl y im possible. Theref ore a qui te com pl icated code wi th vari able test- parti cle
wi dth seems to be an obvi ous choice at a Ùrst glance.

On the other hand, however, our experim ents wi th a sim pler consta nt wi dth
code showed tha t in the case of m oderate-intensi t y short- wa ve laser pul se used
in the experim ents by Wabni tz [1], the dyna m ics of core electro ns does not play
any ro le in the laser energy absorpti on pro cess. Theref ore instead of m odel ing the
electron cloud close to the nucl eus wi th a large num ber of test- parti cl es of very
smal l wi dth we m ade a more physi cal choice | the electro n density of an ato m is
m odeled by test- parti cles of two ki nds: one large parti cle origina l ly centered at the
nucl eus whi ch represents the core electrons and a large num ber of smal ler parti cles
m odel ing the outer shells of an ato m
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where f i s given by Eq. (8) and

g ( r ) =
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W ehave chosen Ù = 1 =r 0 where r 0 is the radi us of the Tho m as{ Fermi ion of charge
Z (1 À ¿) (i .e., Z ¿ electro ns rem ain to be bound) [10]:

r 0 = 3 : 1 7 3 6 1

p
(1 À ¿) =¿

Z 1 = 3
: (11)

The param eter ˜ from Eq. (8) was chosen to m odel an isolated Tho mas{ Ferm i
ato m of given Z [2]. At thi s value of ˜ the Tho m as{ Fermi energy relati ons are pre-
served, i .e., 2 E in t + E p ot = 0 [11] where E int i s the interna l energy of the electron gas
[Ùrst term in Eq. (1)] and E i s the potenti al energy of the electron gas [second
term in Eq. (1)] . For exam ple f or n=N = 1 2 5 pseudo-parti cles per ato m (thi s is
the value used later in the paper) and Z = 1 8 (argon ato ms) we have f ound ˜ = 5

for ¿ = 0 : 1 and ˜ = 1 : 5 for ¿ = 0 : 5 .



Expl osion of A tom Clusters . . . 429

4. Cl ust er s i l lu mi nat ed by a laser p ulse

Ground state pro perti es of smal l clusters of rare-gas ato ms have been in-
vesti gated extensi vel y in the l i tera ture (see, e.g., [12{ 15]). The usual theoreti cal
appro ach is to describe the ato m s in a cluster as a system of parti cles intera cti ng
vi a a short- range potenti al such as, e.g., the Lennard{ Jones potenti al . It has been
reported tha t parti cul arl y stable conÙgurati ons of such cl usters are of the f orm
of closed-shell icosahedron. Parti cul arl y stable structures ari se for N = 1 3 ato ms
(one icosahedra l shell and one ato m in the m iddle), and N = 5 5 (two icosahedra l
shells and one ato m in the middl e; the second shell consists of two sub- shells wi th
di ˜erent radiuses).

W e downl oaded from [16] the publ icly avai lable ground state structures
of N = 1 3 and N = 5 5 ato m Lennard{ Jones clusters and used them as the
equi l ibri um positi ons of the nucl ei in the Tho mas{ Ferm i m odel . The positi ons
of the nucl ei were rescaled so tha t equi l ibri um distance between tw o ato m s is
R 0 ¤ 7 a:u: = 3:7 ¡A whi ch is sim i lar to the spacing of ato m s in argon clusters [17].
Next, they were used as an input into the hydro dyna mic calcul ati ons inv olvi ng
the m oti on of an electro n Ûuid. The resulti ng exam ple ground- state structures are
shown in Fi gs. 1 and 2. Let us note tha t in Fi g. 1 the electron clouds of indi vi dual
ato m s are well separated. On the contra ry, in Fi g. 2 we observe the larger radius
of the pseudo-parti cles as compared to Fi g. 1. Thi s al lows us to model the electron
cl oud in between the ato m s wi th greater accuracy.

Fig. 1. Ground- state structure of an N = 55 atom cluster w ith ¿ = 0 : 1. Equili bri um

p osition s of the nuclei f are mar ked by Ùlled circles. Small black dots corresp ond to

the positio ns of the pseudo- particl es mo deling the equili bri um electronic density .

Let us noti ce tha t, as shown by [18], the ground state of a system of in-
tera cti ng Tho mas{ Ferm i ato ms corresp onds to the situa ti on in whi ch al l the in-
ternucl ear separati ons are inÙnite. Thus addi ti onal correcti ons are needed to the
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Fig. 2. Ground- state structure of a N = 55 atom cluster w ith ¿ = 0 :5 . Equili bri um

p osition s of the nuclei f R a g are marked by Ùlled circles. Small black dots corresp ond to

the positio ns of the pseudo- particl es mo deling the equili bri um electronic density £ .

Tho m as{ Ferm i functi onal in order to m odel intera to m ic bonds. Ho wever, i t turned
out tha t in the case of a cluster il lum inated by a short 100 femto second pul se con-
sidered in thi s paper, thi s restri cti on doesnot pose any probl ems.The ground- state
structure of a cluster obta ined by a m inim izati on of the standard Tho mas{ Fermi
functi onal turned out to be stabl e enough duri ng the pulse.

In the next step we make use of the four obta ined ground states (two sizes
N and N as wel l as two bound electro ns rati os ¿ : and ¿ :

to proceed wi th the simul ati ons. W e are concerned wi th the intera cti on of the

Fig. 3. K inetic energy of the electrons per atom in a 13 and 55 atom clusters w ith

illumi na ted by a free-electron laser pulse plotted versus time. An inset show s

the shap e of the pulse used in the simulations.
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Fig. 4. K inetic energy of the electrons per atom in a 1, 13, and 55 atom cluster w ith

¿ = 0 :5 illumi nated by a free-electron laser pulse plotted versus time.

laser pulse wi th these clusters. Cl usters are subjected to the pul se described by
Eq. (7). It turns out tha t the structures correspondi ng to ¿ = 0 : 1 survi ve the pul se
inta ct | no ions appear and, theref ore, no essential m oti on of nucl ei is observed.
The onl y parameter a˜ected by the pul se is ki neti c energy of electro ns, whi ch in
our model is a sum of the ki neti c energies of pseudo-parti cles. It is plotted as a
functi on of ti m e in Fi gs. 3 and 4.

From Fi g. 3 i t is seen tha t for ¿ = 0 : 1 alm ost no laser energy is absorb ed
(about 10% of a photo n per ato m ). There is no di ˜erence in absorpti on by clusters
of di ˜erent size ei ther. Thi s means tha t the ato m s in the clusters behave m ore l ike
indi vi dual ato m s tha n as a col lecti ve system.

Thi s shoul d be contra sted wi th Fi g. 4. Cl earl y for ¿ = 0 : 5 the energy absorb ed
grows wi th the size of the cl uster and corresp onds to about 3 photo ns per atom
in the case of a 55 ato m cluster. The decrease in the energy after the maximum of
the pul se corresp onds to the destructi on of col lective electro n oscil lati ons by the
cl uster expl osion.

5. Io n izat ion an d Co u lom b exp losi on

In Fi g. 5 we present the structure of the cluster just after the pul se is Ùnished.
It shows tha t the ato m s from the outer shells started to m ove. Sti l l the ato m s of
the cluster stay together | the pul se i tsel f was not abl e to to ta l ly disinteg rate
the cluster whi ch is the case for opti cal frequences. Al tho ugh the electro n cloud
exci ted by the pul se is sti ll well wi thi n the spati al structure of the cl uster i t al ready
starts to a˜ect the atom s form ing the inner shells of the cluster. Thi s could lead
in pri nci ple to col lisional ioni zati on. Tha t i t is indeed the case wi l l be seen in the
forthco m ing Ùgures. The size of the cluster is about twi ce larger tha n the ground
state structure f rom Fi g. 2. The inset to Fi g. 5 i llustra tes an isotro pic character
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Fig. 5. Excited N = 55 atom cluster w ith ¿ = 0 :5 at the end of the free-electron laser

pulse at t = 4500 a.u. Positions of the nuclei f R a g are marked by Ùlled circles. Small

black dots corresp ond to the p ositions of the pseudo-particl es mo deling the electronic

density . A n inset show s the electron cloud at a 1:10 magniÙcati on (i. e., the and

coordinates vary from {500 to 500 a.u. ).

of the expl osion (l et us remember tha t the electri c Ùeld of the laser pul se was
polari zed along the axi s).

In Fi g. 6 we see the cl uster structure after longer ti m e, nam ely twi ce as long
as in the previ ous case. The cluster behavi or is thus inÛuenced by the period of
\ wi tho ut- the- pul se" evoluti on. The outer shell is apparentl y m ovi ng away f rom

Fig. 6. Excited atom cluster w ith at the end of the free-electron laser

pulse at a.u. T he size of the cluster is again about tw ice larger than the excited

state structure from Fig. 5.
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the cluster but the ato ms from the deeper located shells are sti l l cl ose to each
other. They conti nue, however, to be ioni zed by the exci ted electro ns.

T o estim ate the rate of tha t electro n-dri ven ionizati on we plot the average
charge of ato m s com ing from di˜erent shells of the cluster. It is depi cted in Fi gs. 7
and Fi g. 8. The ti m escale in these Ùgures is even longer and equal to the dura ti on
of the pul se mul tipl ied by factor three. We see tha t there is l i fe long after the pul se
is gone.

From Fi g. 8 it is clearl y seen tha t the pul se i tsel f ra ther exci tes and not
di rectl y ioni zes the cluster. Appa rentl y there is a room for the col lision-dri ven

Fig. 7. Average charge Q of the ions af ter explosi on of an N = 1 3 atom cluster versus

time t . T he solid line corresp onds to the ions coming from the Ùrst shell of the cluster.

Fig. 8. Average charge Q of the ions coming from di˜erent (sub)shell s of an N = 55

atom cluster from Fig. 2 versus time t .
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ioni zati on. Esp ecial ly the outer shell is arm less against the col l ision ionizati on
caused by all the electrons leavi ng the cluster (as they have to pass thro ugh).
There is also an interesti ng feature of the inner shell behavi or. W e observe the
reasonably rapi d increase in the charge at the end of the recorded ti m e. It is
deÙnitel y not an arti fact. Thi s behavi or is conÙrm ed by our sim ulati ons devoted
to long ti mescale analysis of the cl uster expl osions, whi ch wi l l be presented in the
forthco m ing paper.

The charges obta ined are indi spensable to study the Co ulomb expl osion pro-
cesses of the cluster. W e model the cluster as a system of point charges wi th
ti m e-dependent values ta ken from the above-described Tho m as{ Fermi simulati ons.

Fig. 9. K inetic, potential (C oulomb), and total energy of the ions formed in the explo-

sion of the N = 13 atom cluster from Fig. 7 plotted versus time.

Fig. 10. K inetic, potential (C oulomb), and total energy of the ions formed in the ex-

plosion of the N = 55 atom cluster from Fig. 8 plotted versus time. T he total energy is

about tw ice larger than in Fig. 9.
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These charges are placed at the nucl ei positi ons whi ch enables us to calculate the
energy of the Co ulom b intera cti ons between the ions and to estim ate thei r Ùnal
ki neti c energy.

In Fi gs. 9 and 10 we present the ki neti c, potenti al , as well as to ta l energy of
these charged parti cles model ing the ions. It is interesti ng tha t the ki neti c energy
grows not onl y at the cost of dim ini shing potenti al energy but faster tha n tha t.
Thi s energy excess can be attri buted to the addi ti onal ionizati on caused by the
exci ted electron cloud.

The last remaini ng stage to be done is to estimate the to ta l energy released
from the cluster by the pul se. It can be rel iably estimated as a sum of ki neti c
energy of ions and electrons. Results of thi s analysis are presented below.

As seen from inspection of Fi gs. 4 and 10 the tota l energy absorb ed by a
55 ato m cluster is about 10 photo ns per ato m (3.2 a.u. ). Mo reover, as fol lows f rom
compari son of Fi gs. 9 and 10, the absorb ed energy increased wi th the size of the
cl uster (about twi ce when the radius increased also twi ce). Thus our results may
be consi dered close to the experim enta l result of 30 photo ns per ato m .

6. Br i ef sum m ar y

Using a rather simpl iÙed yet powerf ul approach we have addressed a \ hot"
to pi c in the Ùeld of cl uster physi cs, nam ely, tha t of the rare-gas atom ic clusters
expl osion dri ven by a short X- ray pul se absorpti on. D espite i ts sim pl ici t y our
ti m e-dependent Tho m as{ Fermi model happened to pro vi de qui te real isti c descrip-
ti on of both the ionizati on and expl osion processes. Usi ng the pul se parameters of
the actua l experim ents we have obta ined qui te im pressive qual i tati ve agreement
wi th the m easured quanti ti es. In parti cul ar, we m anaged to di ˜er from experim en-
ta l resul ts onl y by factor of four, whi ch ta ki ng into account the modest resources
empl oyed, seems to us qui te im pressive. Let us emphasize tha t other more ad-
vanced theo reti cal appro aches pro vi de much poorer agreement wi th exp erimenta l
resul ts (by the factor of 10). In our m odel the absorbed energy grows wi th the size
of the cluster. Thi s m eans tha t by studyi ng larger cluster we can hope to m atch
the experim ental resul ts exactl y.
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