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Electron and nuclear dynamics of molecular clusters in ultraintense laser
fields. lll. Coulomb explosion of deuterium clusters
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In this paper we present a theoretical and computational study of the energetics and temporal
dynamics of Coulomb explosion of molecular clusters of deuterildy){, (n=480—7.6x 10*,

cluster radiusRy=13.1-70A) in ultraintense laser field$aser peak intensity = 10°-10%°

Wcm ?). The energetics of Coulomb explosion was inferred from the dependence of the maximal
energyE,, and the average energy, of the productD * ions on the laser intensity, the laser pulse
shape, the cluster radius, and the laser frequency. Electron dynamics of outer cluster ionization and
nuclear dynamics of Coulomb explosion were investigated by molecular dynamics simulations.
Several distinct laser pulse shape envelopes, involving a rectangular field, a Gaussian field, and a
truncated Gaussian field, were employed to determine the validity range of the cluster vertical
ionization(CVI) approximation. The CVI predicts th&t,,, EMocRS and that the energy distribution

is P(E)<EY2 For a rectangular laser pulse the CVI conditions are satisfied when complete outer
ionization is obtained, with the outer ionization timgbeing shorter than both the pulse width and

the cluster radius doubling time,. By increasing,,;, due to the increase &, or the decrease of

I, we have shown that the deviation Bf, from the corresponding CVI valueEf)") is (ES."
—Ea\,)/EaC\)"z(toilz.glrz)z. The Gaussian pulses trigger outer ionization induced by adiabatic
following of the laser field and of the cluster size, providing a pseudo-CVI behavior at sufficiently
large laser fields. The energetics manifest the existence of a finite range of CVI size dependence,
with the validity range for the applicability of the CVI beify<(Ry), , with (Ry), representing an
intensity dependent boundary radius. Relating electron dynamics of outer ionization to nuclear
dynamics for Coulomb explosion induced by a Gaussian pulse, the boundary Bgjusuid the
corresponding ion average enerdy,(), were inferred from simulations and described in terms of

an electrostatic model. Two independent estimatesRgj,(, which involve the cluster size where

the CVI relation breaks down and the cluster size for the attainment of complete outer ionization,
are in good agreement with each other, as well as with the electrostatic model for cluster barrier
suppression. The relatiorEg\,),oc(Ro),2 provides the validity range of the pseudo-CVI domain for

the cluster sizes and laser intensities, where the energeti€s" ofons produced by Coulomb
explosion of ), clusters is optimized. The currently available experimental data
[Madisonet al,, Phys. Plasmagdl, 1 (2004)] for the energetics of Coulomb explosion dDJ,
clusters E,,=5-7 keV atl=2x10*Wcm?), together with our simulation data, lead to the
estimates oRy,=51-60A, which exceed the experimental estimatdRgf45A. The predicted
anisotropy of theD ™ ion energies in the Coulomb explosionlat 10'*W cm™2 is in accord with
experiment. We also explored the laser frequency dependence of the energetics of Coulomb
explosion in the range=0.1-2.1 f§ 1 (\=3000—140 nmy which can be rationalized in terms of the
electrostatic model. €2004 American Institute of Physic§DOI: 10.1063/1.1772366

I. INTRODUCTION fields trigger well-characterized ultrafast dynamics of elec-

Features of light-matter interactions emerge from the inirons(on the time scale of-1-50 f9, of nuclei or of highly
teraction of clusters with ultrashofpulse temporal length charged iongon the time scale of 10-100)fs these large

7=10-100 3 and ultraintense (peak intensity | finite system$ >’
=105-107°Wcm2) laser fields. While the coupling of On the basis of our recent analyses and simulatiois,

macroscopic dense matter, e.g., liquids and solids with ulthe electron dynamics of clusters in ultraintense laser fields
traintense laser fields, is blurred by inhomogeneous dendavolves three sequential-parallel coupled processes of inner
plasma formation, isochoric heating, beam self-focusing, anébnization, which results in the formation of a charged, ener-
radiative continuum production effects® the response of getic nanoplasma within the clustéor its vicinity), and
large molecules or clusteréwhose size is considerably in the (partial or complete outer ionization of the nano-
smaller than the laser wavelengttvith ultraintense laser plasma. The vyields and time-resolved dynamics of these
three coupled electronic processes, which depend on the la-
dElectronic mail: jortner@chemsgl.tau.ac.il ser intensity and pulse shape, the cluster size, and the elec-
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tronic level structure of the constituents, were recentlyyltraintense (= 10— 10?°W cm?) laser fields, using clas-
explored®®*' The electron dynamic processes trigger nucleasical dynamics simulation€:283637 Several distinct pulse
dynamics, with the outer ionization being accompanied byshape envelopes, involving a Gaussian laser fisitPa rect-
cluster Coulomb explosion, which results in the productionangular laser field, and a truncated Gaussian laser Feld,
of highly energetiakeV-MeV) multicharged ions on the ul- were employed. From the point of view of methodology, we
trashort (10-100 f$ time scalé'"8283*When the time shall determine the validity domain for the CVI
scales for both inner ionization and outer ionization elec-approximation®#! for the cluster inner/outer ionization.
tronic processes are considerably faster than the nuclear prgubsequently, we shall study the nuclear energetics of Cou-
cess of Coulomb explosion, the cluster vertical ionizationlomb explosion, which occurs in parallel and sequentially
(CVI) approximation becomes valf§*"The CVI approxi-  with outer ionization. In this context we report results for the
mation, which implies that at the temporal onset of Coulombdependence of the energetics of Coulomb explosion on the
explosion the inner and the outer ionizations are alreadpulse shape, the pulse intensity, the pulse temporal duration,
completed, decouples the dynamics of heavy partigtes) and the frequency of the ultraintense laser. These data will
from the dynamics of electrons. When the CVI conditionsreflect on the dynamics of the coupled electron-nuclear-laser
are realized, Coulomb explosion of the highly charged ionicsystem, and are of interest in the context of the control of
cluster, which is stripped of all the nanoplasma electronsCoulomb explosion processes by the shaping of the laser
involves a nuclear dynamic process, which was previouslypulse?~*

addressed®*! The spatially isotropidor nearly so cluster An interesting development involves dd nuclear fusion
Coulomb explosior(resulting in individual iong which re-  driven by Coulomb explosiofNFDCE) of deuterium con-
flects on the instability of multicharged systems, is realizedaining homonuclear[d,),, clusters[labeled as D),], and
for the Rayleigh fissibility parameteX=(Coulomb energy/2 heteronuclear®,0), and (CD0;), clusters, for which com-

surface energy being X>1, while for X<1 cluster fission pelling experimentaP?63%33and theoretical *®3?evidence

into large ionic fragments is manifest&tf® became available. In this context, the exploration of Cou-
An important outcome of cluster Coulomb explosion of lomb explosion of neat deuterium clusters will be of intrinsic

multicharged clusters is the production of energékieV-  interest for the elucidation of the benchmark results for the

MeV) ions. The energetics of the ions produced by Coulomiglynamics of NFDCE.

explosion is of particular interest in the case of deuterium

or/and tritium containing clusters when Coulomb explosion

in an assembly of multicharged ionic clusters drives nucleatl. CLUSTER VERTICAL IONIZATION
fusion2°-28:3033The kinetic energy of the ions can be esti-

mated by classical dynamics simulations of the motion of [N order to utilize approximate analytic expressions for
cluster energetic electrons and iGA€832The treatment of the energetics and the temporal dynamics of Coulomb explo-

. . l .
this problem is highly simplified, sometimes even being re-Sion, we advance the CVI approximatf8i for cluster ion-

duced to the analytic algebraic equations for the ion energD;zatlon, together with its energetic and dynamic implications,

when the CVI conditions are fulfilled and the kinetic energyWhICh W'l,l bg co_nfronted with S,'mUIat,'on results.. The _mullt|-
of the ions is determined by the ion-ion Coulomb inter- electron ionization of clusters is vertical when inner ioniza-

actions?>28:324041The Kinetic energy of ions for the CVI tion and complete outer ionization occur at a fixed cluster
conditions for a fixed ionization level does not depend onf”‘to,mic_ geqmetry_ of the ngutral ground state..VerticaI gl_uster
laser intensity | if one ignores the direct effect of the laser©Nization is realized provided that the following conditions

field on the ions, which is small even at very high laser?'® simultaneously satisfied:
intensities ofl ~10'*~10"*W cm™2. The decrease of the la- (i) Separation of time scales between the electronic
ser intensity to a cluster size dependent lower intensity dot*short”) inner/outer ionization and thé‘long” ) nuclear
main| (of | =10 W cm™2 for moderately large clusters with Process of Coulomb explosion.
R=<50A) results in the violation of the CVI conditions and (i) The outer ionization process is complete on the
in the decrease of the kinetic energy of the i6hén this ~ “short” time scale for electron dynamics.
laser intensity domain the energetics of the ions has to be In the case of CVI, the subsequent Coulomb explosion is
determined by dynamic simulations, which treat not onlydescribed as a spatial expansion of ions with fixed charges
the ions but also the electrons. Our recent papers on exin the absence of the nanoplagmibhis limiting description
treme multielectron ionization and electron dynamics insignificantly simplifies the treatment of the Coulomb explo-
molecular clusters in ultraintense laser fiéfd¥ (referred to  sion process. The dynamics and energetics of Coulomb ex-
as Papers | and Il, respectivglprovide the basis for the plosion can be described by analytical expressions, provided
study of nuclear dynamics of Coulomb explosion. In thethat: (1) the CVI conditions are fulfilled an{®) the ion den-
present papefPaper Il of the serigsthis is explored for sity, charge, and mass are initially uniform. We shall show
deuterium clusters and in the subsequent gf@aper IV that these exploding clusters retain their uniform distribution
of this seriey for elemental clusters consisting of heavy during their spatial expansion. The simplest case of uni-
many-electron atoms and of deuterium containing heteroformly expanding clusters corresponds to homonuclear deu-
clusters. terium clusters, which we describe @), clusters of ion-

In this paper we study Coulomb explosion in molecularized one-electro® " atoms of massnand charge=1. The
clusters of deuteriumi¥,) ,,, (N=480—7.6x 10*) clustersin  dynamics of the ion expansion of the uniformly expanding
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homonuclear clusters was previously addre€s&hnd will E[r(t)]=(4m/3)Bpa?ri[1- &(1)], (4)
be presented and analyzed in detail. The uniform Coulomb
explosion timet of an ion is given by whereB=14.385eV A andé(t) is given by Eq.(2a). The
final (§—0y—x) kinetic energyE is proportional to the
t=Cq (m/p)*?Z(¢), @ square of its initial distance, from the cluster center,
where whereupon
E=rolr(t), (2a E(ro)=(4m/3)Bpqg?r. (5)
(1-5¥2 1 1+(1—§)L2 A numerical solution of Eq(1) results inr(t), which is
2(§)=—FT—+ —In( —> . (2b) substituted into Eq4) to find the time dependence of an ion
§ 2 \1-(1-9? kinetic energy and velocity. Making use of &), the aver-

Herer, is the initial distance of the ion from the cluster 39€ €NergyE,, and the maximal energlgy of the ions are

center,r (1) is the distance of this ion from the center at time 91Ven by

t, pis the initial molecular ion density= (4#r3f/3)" %, with E.~ (47/5)Bpq?R?, (6)
r, being the constituent radius andeing the packing frac-
tion within the neutral cluster. The following units will be EM=(4w/3)qu2R(Z), (7)

used herein: the mass of a constituent atonm amu, the
constituent chargeg in e, the distances in A, the molecular
densityp in A3, andt in fs. The coefficienC of Eq. (1) is
then C=0.931fsA %2 Each ion initially located afr,

whereR, is the initial cluster radius. The energy distribution
P(E;) of the ions is

3
moves tor(t;ro) at time t. As, according to Eq.2a), P(E)=§(E/Ef/|)1/2- (8
r(t;ro) =roé&(t) "1, the cluster radial expansion is uniform.
The Coulomb explosion timg ¢ 1) for the expansion of the From this analysis we infer the following for the ener-
cluster radius from its initial value oR, by a numerical getics, Eqs(6)—(8), of uniformly exploding clusters:
factor of £ 1(>1), is given by Eq.(1). The time, 7, (1) Cluster size dependence. Bdiy, and E,, scale as
=1t(2), for the cluster radius doublind¢é =2, £&=0.5, R3. These relations constitute divergent cluster size equa-
Z(&)=2.296] is tions, which do not converge to the response of the macro-
_ 1 2 scopic system foRy—. This is a unique feature in the

2=2.13% (m/p)™=. ©) context of cluster size equations.

The characteristic Coulomb explosion times Eq. (3), (2) Relation between maximal and average energies.
for uniformly exploding homonuclear clusters reveal the fol- The simple relatiorEy /E,,~=5/3 is applicable.
lowing features: (3) Charge dependence. The relatidgy, E,~q° is a

(1) Charge dependence,q 2, exhibiting a reciprocal consequence of the electrostatic energy in a multicharged
dependence of the ion charges, in accord with previousluster which underwent CVI.
analyses and simulatioR%3? (4) lon mass dependence. The energies, as expressed by
(2) Mass effect, withm,oc(m)¥2 For Coulomb explo- Egs.(6) and(7), are independent af, in contrast with the
sion of homonuclear clusters, e.g., (H, (D*),, and results forr,, Eg. (3). For Coulomb explosion of homo-
(T™),, this result exhibits an isotope effect on the time scalenuclear clusters, e.g., (H,, (D),, and (T"),, the aver-
of nuclear dynamics. age energies are not expected to manifest an isotope effect.
(3) Dependence on the neutral cluster structure, with  (5) Dependence on initial cluster configuratioBy,,
% (p) ~ Y2 (r,)%¥2 This result reflects on the lengthening E,<p>r >, reflecting on the decrease of the ion energies
of 7, for a larger size of the initial homonuclear cluster con-for a larger size of the cluster initial constituents.
stituents. The analytic results for Coulomb explosion lifetimes and
(4) Cluster size independence. No cluster size depenenergies, Eq93) and (6)—(8), provide benchmark reference
dence ofr, is expected. The absence of size scaling is exdata, which can be used to define the domain of cluster size
pected to prevail for sufficiently large clusters where the conand laser parameters, where the CVI conditions for uni-
tinuum approximation for the derivation of E@l) holds. formly exploding clusters are applicable. When are the CVI
From numerical simulations of Coulomb explosion of and/or uniform explosion conditions violated? For uniformly
(Xe9%), clusters =1---8) under CVI condition® we in-  exploding clusters, encompassing%(*l—)mz [also denoted as
ferred that the size invariance af sets in forn>35. Ac-  (H"),], (D§+)n,2[E(D+)n], and ('|§+)n/2[z('r+)n], the
cordingly, all our calculations and simulations for Coulomb CVI approximation will break down at low laser intensities.
explosion of multicharged molecular clusters were per-Under these circumstances we expect inner/outer ionization
formed for sufficiently large clusters, with>>55. For suffi- processes to occur on a slower time scale than at the higher
ciently large D), clusters,7,=13.5fs. intensities(Paper 1), with the outer ionization process being
We now turn to the energetics of ions from uniformly incomplete(on a time scale of-50 fs) (Papers | and )l This
Coulomb exploding A%"),, homonuclear clusters. On the results in screening effects of Coulomb repulsions by nano-
basis of simple electrostatic arguments the kinetic energplasma electrons, which retard the energetics of Coulomb
E[r(t)] of the A%* ion, which is located at the distancét) explosion. These interesting effects of the violation of the
from the cluster center at timtg is given by CVI model will be explored by molecular dynamics simula-
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tions of the energetic electron dynamics and of nuclear dy- 24— T——— T T T 1
namics, using the computational schemes previously ad- - ovI 8
vanced by ugPaper ). .
Il. EFFECTS OF LASER PULSE SHAPE s :
AND WIDTH ON THE ENERGETICS AND DYNAMICS &
OF COULOMB EXPLOSION JFLr Dyor . ovi
. . r =34 Qe Rectangular 1=1016 n

The laser pulses used in the exp_erlméﬁfsr’ are mostly ? o8k © Ro a R:m?u,ar =107
of Gaussian shape, and in our previous Papers | and Il the & | - — m—Gaussign =107 |
cluster ionization processes were studied for such Gaussian 04k —A—Gaussian  [=10% |
shaped pulses. In the present work we will also mainly deal ) i —-0— Truncated |_jg17 |
with the Gaussian shaped pulse. However, in order to estab- o Gaussian
lish how the pulse shape affects the ion energy, we per- 0 20 40 60 80 100 120
formed some additional simulations using a rectangular pulse ™fs)

and a strongly truncated Gaussian shaped pise.

o FIG. 1. The d d f th dfions from Coulomb
The laser electric field was taken as e dependence of the average energp ofions from Coulom

explosion of D)go Clusters induced by rectangular, Gaussian, and trun-
F.(t)=F.,(t)cod 2mvt + 9 cated Gaussian laser pulses with pulse width&—100 fs and peak inten-
et) co(t)cog ¢o) ©) sities 1 =10~ 10 W cm™2. The characteristic times for complete outer

(for — oo<t<oo) with the frequencyu:O.SS fs! (photon ionization ;)¢ and for the cIuGSter doﬁuzbling2 are marked on the curve for
energy 1.44 ey All the results presented in Secs. 1l1-VI for ]E:‘c?mreECta(”é)’”'ii'afstgsneqaar‘;eldo; V\;Cdrgshé dﬂl‘i‘;ecv' energyEa,=2.04 eV,
electron and nuclear dynamics were obtained from this laser a- ) y '

frequency. In Sec. VII the treatment is extended to explore

the laser frequency dependence. The laser phase is taken®ge electron and nuclear dynamics of the clusters subjected
$o=0, andF (1) in Eq. (9) is the laser field envelope. The to the Gaussian, the truncated Gaussian, and the rectangular
Gaussian shaped envelope function of the pulse is pulses were treated by the simulation methods previously

Foo(t)=Fy exd —2.773t/7)2], (10) de;cribed py usPape_r J, with the central output informgtioq

being the ion energies, as well as electron dynamics, i.e.,

whereFy, is the maximal electric fieldwhich is related to  time scales for outer ionization, and ion dynamics, i.e., time
the laser peak intensity bjeFy|=2.75<10""1"?eVA™!  gcajes for Coulomb explosion.
whenl is given in Wem'®), and 7 (in fs) is the pulse tem- Simulations were performed for electron dynamics and
poral width. For simulationgPapers | and )l with the  coulomb explosion energetics and dynamics of homonuclear
Gaussian pulse, Eq10), we have used a weakly truncated (p)  clusters. In view of the complete inner ionization of the
Gaussian shaped pulse whose initial laser field amplitude igeuterium clusters in the laser intensity domain used herein
Fo(ts) =Fs>0 and whose initial time;<<0 has to be speci- (see above we represented the molecular structure of
fied. In Paper | we determined the initial laser fieldRs  (a,), ., clusters A=H,D,T) in terms of a uniform initial
=(F""+F%)/2, whereF" is the threshold field for the first gjstribution ofA atoms[ (A,),,=(A),], which is character-
(single electropionization of each molecule, while®isthe  jzeq by the atomic density of liquid deuteriurp=0.05
laser field for complete one-electron ionization of all the con-A 328 Figure 1 provides information on the pulse shape,
stituent atomstypical F values are presented in Table Il of width, and intensity dependence of the energetics of Cou-
Paper ). The pulse, Eq(10), which is weakly truncated ac- |omb explosion ofD gy clusters, where we portray the de-
cording to the foregoing recipe, will be referred to as apendence of the averag@® ion energiesE,, on the pulse
Gaussian pulse. The initial laser field for the Gaussian pulsgigth r (in the ranger=5-100 f§ for rectangular and
interacting with deuterium clustereF;=6.0eVA™* (Table  Gaussian shaped pulseén the intensity domain |
Il of Paper ), results in complete inner ionization dPg),  =10%- 108 W cm 2). The CVI energyE,,= 2.04 keV, cal-
clusters att=t; for the laser intensity range of  cylated from Eq.(6), is also included in Fig. 1. This CVI
=10"W cm 2, used herein. As the inner ionization processenergy is in good agreement with the enerdss,
is instantaneous for the Gaussian pulse, as well as for otherp g3 kev, obtained from molecular dynamics simulations
pulse shapes, only outer ionization is relevant for electromf Coulomb explosion of al *)ga7 Cluster for the rectan-
dynamics in D), clusters, which affects the ion dynamics. gylar pulse at the higher intensity bf 107 W cm™ 1.

Two additional pulse shapes were utilized: First, we usedg The effect of the rectangular pulse width at thewer)
a (strongly truncated Gaussian pulse whose sRaechar-  intensity domain off =10"W cm~2 (Fig. 1) reflects on the
acterized by a Gaussian pulse, witg=—17/2 and Fs  interplay between electron and nuclear dynamics in deter-
=0.5Fy, so thatFo(t)=0; t<ts, andF(t) is given by  mining the ion energies. At=10"Wcm 2 (Fig. 1), the
Eq. (10) for t>t5. Second, a rectangular pulse was usedenergy of the ions generated by a rectangular pulse(Ig3.

being defined by the envelope function markedly increases by a numerical factor of 3.5 with increas-
Foo()=Fy: —rl2<t<7/2 ing the pulse width in the range=5 fs to =25 fs, and
(11) subsequently reaches a saturation valuerfo25-50 fs. This

Foo(t)=0; t<—7/2 andt>7/2. dependence of the ion energy on the rectangular pulse width
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LT . T = 3.0 In Region (I) of the incomplete outer ionization, Eq.
322;4 A 2 (123, the early termination of the outer ionization process
0.8- 12101 Wem-2 125 leaves a substantial population of electrons inside the cluster
e 1 in the time domaint> 7 after the termination of the pulse, as
el B A o ENEERENENe 7_2'“ is the case for)goo7 at| = 10**Wcem2 and 7=10 fs (Fig.
B 2). This persistence of the electron population of the nano-
ol s g plasma at the intensity of=10**Wcm 2 enhances the
0.4- =501fs ] screening of the ion-ion Coulomb interactions, and results in
RECTANGULAR =~ =10fs '_1‘0 th_e decrease .of the ion energy Wi.th decreqsing the pulse
02k PULSE width, as manifested by the simulation resufsg. 1). The
T (to)s s saturation of thek,, versusr dependence occurs in Region
o , f e (Il of complete outer ionization, E¢12b). Indeed, the satu-
0 5 10 15 20 25 30 ration of E,, versusr at | = 10**W cm™?2 is manifested when

) 7= (141)s (Fig. 1). Whether the CVI prevails in this case is

FIG. 2. Electron dynamics for outer ionization db)ga; clusters, repre- ~determined by relative magnitudes of the outer ionization
sented in the time dependence of the outer ionization level per atgfior time t,; and the time scale for Coulomb explosion, which is
a rectangular pulse, &t=10'°W cm™2. For a pulse width 0f=50 fs com-  characterized by the cluster radius doubling tire Eq. (3).
plete outer ionization occurs at)s=25 fs, which is marked on the time Whenr.<t. . deviations from the CVI are manifested. even
scale, while forr=10 fs the saturation of incomplete outer ionization occurs T2~ Loi ! . . !
at ty=11fs<(t,)s, With ny(t,)=0.6. Coulomb explosion dynamics, ex- When saturation oE,, versusr is exhibited. Indeed, for the
pressed by the time dependenceR(t)/R,, is also presented for the two case 0fDggo; at | =10 W cm™ 2 the saturation energy level
pulse widths, with the cluster radius doubling timgbeing marked on the g |ower by about 20% than the CVI ener@g_ 1. Such a
time scale. deviation from the CVI energy is due to the long complete
outer ionization time ;) ;= 25 fs (for 7=25-50 fg, which is
longer thanr,=13.5fs estimated from E@3). Accordingly,

at1=10"W cm™2 can be rationalized on the basis of simu- 72<toi (Fig. 1), whereupon the outer ionization process oc-
lations of electron dynamics for outer ionization induced bycurs in parallel with Coulomb explosioffig. 2), violating

a relatively longr=50 fs pulse(Fig. 2). For the subsequent the CVI conditions.

discussion it will be convenient to define the time scale with ~ The increase of the laser intensitylte 10""W cm™? for

the onset of the rectangular pulsetat0. For the rectangular @ rectangular pulsgfor 7=5-50 f9 drastically decreases the
pulse we shall define the outer ionization tirhg, when complete outer ionization time for aD(goo; Cluster to
Nei(t>to) =No(te), for both completdny(ty)=1] and in-  (to)s=2.5fs. This time scale is lower than the minimal pulse
complete [ n,(t,)<1] outer ionization, wheren,; is the  Width of 7=5 fs used herein, so theg= (t,)s< 7 and all the
number of outer ionized electrons per atom. In gendgal, data of Fig. 1 for this intensity correspond to Rargje of
depends on the pulse intensity, the pulse duration, and théomplete outer ionization, witt,=(t.)s=2.5fs, Eq.(12b).
cluster size. When complete outer ionization is achieved durThet,; value is considerably lower than the Coulomb explo-
ing the rectangular laser pulse at the ting)( (defined in ~ sion time, i.e.t;<,. In this case the CVI conditions are
Chap. Il of Paper Il as the time required for the attainment ofatisfied and the CVI energies are obtained in the simulations
95% of the saturation level of the outer ionizatipit,)  for the rectangular pulsg-ig. 1). We note in passing that the
provides a good approximation of the time scale for com-proportionality (u)s*! for Dgyg; clusters in the range
plete outer ionization. In the time domaim (t,)s the cluster 1 =10°~10""Wcm™? is probably not universal.

outer ionization process is complete, so that the laser-ionized The dependence d&,, on the pulse widthr is more
cluster interaction does not affect the ion energy. The parancomplicated for the Gaussian shaped puBg. 1). At the

eter (,)s is intensity dependent and also manifests clusteintensity of | =10'"W cm™ 2 the dependence of the average
size dependence. The simulation of the electron dynamics ienergyE,, versusr for (D) ggo7 €xhibits a weak maximum at
(D)goo7 at | =10**W cm~2 and 7=50 fs (Fig. 2) shows that 7=10 fs, where the ionization is complete afg, is very
(to)s=25fs. We expect that for the pulse lengths of close to the CVI valu¢Fig. 1). The decrease d&,,, whenr
>(ts)s=25fs at 1=10"*Wcm 2, the ion energy from decreases to=5 fs, has the same origin as in the case of the
(D)goo7 becomes independent of the pulse width, in accordectangular pulse, as for this Gaussian pulse width the time
with the simulations of Fig. 1. On the other hand, when of the laser field action is not sufficiently large to induce
<(t4)s. the outer ionization process is incomplete, and iscomplete outer ionization. The decrease of the ion energy
terminated at the end of the pulse, as demonstrated in Fig. ®ith increasingr, manifested at=10'"W cm™ 2 for 7>10 fs

for 7=10 fs, where the outer ionization timé,=12fs) be- and at a larger intensity df=10'*W cm™ 2 for 7>5 fs (Fig.
comes nearly equal to the pulse width. From the foregoindl), has no analogy in the case of the rectangular pulse. In the
analysis we infer the existence of two temporal domains focase of the Gaussian shaped pulse, (0), the increase of

outer ionization induced by a rectangular pulse the laser fieldF,q at t<O becomes slower with increasing
the pulse widthr. When the Gaussian pulse width is compa-
Region (I):  ty=7; 7<(toi)s» (128  rable with the timer,=13.5fs of the cluster radius doubling,
the cluster radius may significantly increase in the domain of
Region (I):  to=(te)s; 7> (to))s. (12b  the field increasdat t<0) where outer ionization still oc-
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4.0 Do R(t) dependence. At the beginning of the pulse, when the
R:f;"A i o (N laser field, Eq(10), is low, the cluster radiuR(t) increases

351 Gaussian - 2] much more slowly than predicted by E€L). Only in the

3.0'_ Rectangular}FZst ({." I=1f)‘1?" ] vicinity of the pulse peaktE21.5fs in Fig. 3, does the

cluster radius velocity R/dt begin to increase significantly,
approaching the velocity given by E@L.). At the lower laser
intensity of| =10 W cm™? the cluster expansion is signifi-
cantly retarded due to a slower and incomplete outer ioniza-
] tion process, which was already alluded to. The time of the
J cluster radius doubling for the rectangular pulse 7g

] =19.6fs, which is almost 50% larger than the theoretical
& value 7,=13.5fs inferred from Eq(3) under CVI condi-
tions. In the case of the Gaussian pulB&g. 3), the cluster

0.50 — {0 15 20 25 30 35 ionization initially stgrt; .a_t low laser field§ and the cluster
t-t (fs) Coulomb explosion is initially slow. For this coupled laser-
cluster system, the doubling time of the cluster radiys
FIG. 3. Coulomb explosion dynamics, expressedR{y)/R,, of (D)ggo7 =27fs (Fig. 3 is determined by the initial timé for the

clusters induced by rectangular and Gaussian pulses w6 fs and in- . . . P
tensities] — 10W cm 2 and | —1018W cm2. For the rectangular pulse simulation onset. A physically significant value of the cluster

the pulse onset occurstt t,=0 (t.= — 12.5 fs), while for Gaussian pulses doubling time can be obtained from the time gap=r, _
the peak occurs at=0, which is marked on the curves. The simulation data — t(R/Ry=1.05) between the onset of cluster expansion,

are confronted with the CVI result, Eqél) and (2). For the rectangular e g., t(R/Ry=1.05), and ofr,. For Dggyy; Subjected to a

pulse atl =108 the time dependence &{t)/R, practically coincides with Gaussian pulse at=10"8W cm2 72: 12.7fs While72

the CVI results, while at the lower intensity ¢f=10'°*Wcm 2 marked 16 5 ' —
deviations from the CVI are manifested. For the Gaussian shaped pulses, 17.71s atl= 1_01 Wem™e. We note thatr,=10.9fs for
R(t)/R, manifests a considerably slower initial increase than predicted bythe CVI expression, Ed2). As expected, the CVI expression

the CVI. for a Gaussian pulse provides a lower limit foy.

IV. BEYOND THE CVI APPROXIMATION

curs, thus decreasing the ion enef@aper I). For example, We now consider electron and nuclear dynamicsn,(
at1=10"Wcm 2 and 7=100 fs, half of the electrons are clusters, where inner ionization is complete for moderately
removed at=—93fs(on the time scalé=t;<0), when the low laser fieldd =10 W cm™2 used hereirisee Sec. I). In
cluster radius is~1.7 times larger than the initial cluster this case the deviations from the CVI conditions are solely
radiusRy. Such ionization conditions are obviously far from manifested by the outer ionization process, as discussed in
corresponding to the CVI limit. The energy,, for the  Paper | and in Chap. Ill of the present paper. Distinct fea-
7=100 fs laser pulse dt=10"W cm™ 2 intensity manifests a tures of the outer ionization electron dynamics and of the
weak isotope effec&,,=1.56, 1.67, and 1.72 keV for (H) ~ Coulomb explosion nuclear energetics will be manifested for
(D)n, and (T), (n=8007) clusters, respectively. This weak different laser pulse shapes, which control the laser-cluster
isotope effect, obtained from the simulations, which marksinteractions.
competition between outer ionization afriass dependent A Rect lar | |
Coulomb explosion, is in contrast with the energetics in the - ectanguiar faser puises
CVI limit for homonuclear clusters, Ed6), which implies Rectangular laser pulses provide a simple, although
the lack of isotope effects. The decrease of the ion energgversimplified, picture of laser-cluster interactidi@ec. IlI).
with increasingr (Fig. 1) indicates that for the Gaussian The use of the rectangular pulse provides insight into the
shaped pulse with a fixed peak intenditythe shorter pulses time scales for the applicability of the CVI. The CVI condi-
in the width intervalr—10-30 fs are preferable to the longer tions are expected to be satisfied when complete outer ion-
pulses of7=50 fs. The truncated laser pulsg€ —7/2, F;  ization is obtained, i.e., the outer ionization time ftig
=0.5F),) for =10 W cm™?2 providesE,, energies which =(t,)s, with the complete outer ionization time,() being
are only slightly lower than the CVI energi€Big. 1). shorter than both the pulse width, i.e,)s< 7, and the clus-
The shape of the laser pulse significantly affects theer radius doubling timer,, i.e., (ty)s<7> (Sec. lll). With
nuclear dynamics of cluster Coulomb explosion, as demonthe increase of the outer ionization tireith decreasing the
strated in Fig. 3 for th® gyy7 cluster subjected to rectangular laser intensity or with increasing the cluster $inee expect
and Gaussian laser pulses with a width ©f25 fs. The larger deviations of the simulated average ion endegy
initial time ist,= — 0.5r= — 12.5 fs for the rectangular pulse, from the CVI average enerdys, , Eq. (6).
Eq. (11), andts=—21.5 andt=—31fs atl=10'" and at Table | presents the cluster size effect on the complete
10" Wem?, respectively, for the Gaussian pulse. At a highouter ionization timety [ 7=t,=(t.)s] and the effect of,
laser intensity ofl =10*®Wcm™ 2 for the rectangular laser on the simulated energyE,, for (D), clusters @
pulse, the time dependence of the cluster radi(ty almost =459-8007) subjected to a rectangular laser pulse with
coincides with the theoretical CVI result for tiRét) depen- pulse width 7=25 fs and intensityl = 10"*Wcm 2. From
dence, inferred from Eql). However, the Gaussian shaped these data it is apparent thgf increases with increasing the
pulse at the same laser intensity manifests a very differentluster radiu€R,. The conditiont,< 7, (wherer,=13.5 fs)
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TABLE 1. Cluster size dependence of outer ionization dynamics and Cou-Substituting Eq(15) into Eq. (14) and solving the equation
lomb explosion energetics ofX),, clusters subjected to a rectangular laser of motion. while retaining the first term in theexpansion

pulse (=10"*W cm™2 and r=25 fs). The temporal onset of the rectangular . . . .
pulse is taken at=0 and the outer ionization timeg; is inferred from the results inx=5/2 The ion distance from the center is then

time of the attainment of 95% of the complete outer ionization level.tfhe t5 1/2
data should be compared with the cluster radius doubling tigsel3.5 fs — + -t .
andr,=39.9 fs estimated from the CVI relation, E¢8) and(17). TheD* r(t)=ro| 1+6 At st (16)
ion average energie€(,) are obtained from the simulations and the esti- vol
mated energiesHS,") are obtained from the CVI relation, E¢6). where the CVI time parameter is
n 459 959 1961 3367 8007 7,=6.22 (m/p)*?
Ro (A) 13.1 16.6 21.1 25.4 34.0 =2.91r,. (17)
ES) 0300 0484 0785 1135 2036 _ _

(keV) The CVI time parameterr, for (D), clusters is 7,
(Ekavv) 0.294 0.477 0.748 1.040 1729  =39.9fs. 7, exhibits the same pattern as for the charge
e .

(ESVV/E,)—1 0.02 0.015 0.05 0.09 0.18 depsndenceu, t_he rEanGeﬁECt} anddthre] Iaf<_:k (I)f cluster size de

to; 32 73 10.5 14.4 25.0 pendence. uUsing q ) we found the fina average ion
(fs) energy to be
_eCVvi 2
Ea=Eav [1—(toi/7,)], (18)

where ES)' stands for the CVI energy, E@6). From this
analysis we infer that the interplay between outer ionization
and Coulomb explosion yield€,,<ES), with (ES)
—Ea)/Ea=(tsi/7,)%, in semiquantitative agreement with
the results of Table I. According to EqL6) and (18) the
CVI approximation is valid when the ionization tintg, is

gshorter than the CVI parametey, i.e.,

is well satisfied foID 459 and forD g5 Clusters, where for both
cases the deviation betweéh, and ES) is small (~2%).
For largerD ;951 andD 3347 Clusters, wher¢,~ 75, the devia-
tion between the simulated value &, and ES)' is still
rather small, being 5%—9%. Only for t&g,,; cluster, with
toi~27,, the deviation becomes of some importance, bein
about 18%(Table ). From these data it is apparent that the  t,<r,. (19

CVI appr_oxw_natlo_n is valid over a mu_ch yvlder dqmaln O.f The condition given by Eq19), with 7,~37,, significantly
outer ionization times than those satisfying the inequality .. . ' o
N extends the validity domain of thg; values for the applica
Oi 2 . ape . . . _
We were able to account fefirst-orde) deviations from bility of the CVI approximation for the energetics of Cou

. . . _lomb explosion. This conclusion concurs with the data pre-

the CVI equations for the energetics of Coulomb explosion : S .

. . sented in Table | for the modest deviation of the energetics

of a homonuclear or uniformly expanding heteronuclear ; .

. from the CVI result over a widd, domain of up tot,;
cluster induced by a rectangular pulse, where the pulse onse

. _ . . . . . "’27’2.
was defined at=0. The outer |on|zat|qn levelper |or? 'S Simulations of the energetics of Coulomb explosion
Noi(1) =qo(t). We present the net positive chargeer ion were conducted for rectangular pulses in the intensity range
for the cluster am(t)=q#6(t), with the inner ionization 9 P y 9

o . i : I=10%-10°Wem 2. The E, and E, data for |
being instantaneous with the char@eer ion being n;;=q —10W cm 2, while obeying a{’heoc RS S(;\Aaling law show

foo(rt jl(l))t :>8 ' [;I:I) ?Ig)thillj)sl:;errsn'?ilzazt'inﬂ;fatl:na:ﬁithe;izgeby ~10% deviation from the CV(Fig. 4), due to retarded outer
) n i =4 : ionization. In the highest intensity domainl

of complete outer ionizatiord(t) =1, and no unbound elec- — 101_10°°W cm 2, the simulation data foE ., andE,, for

trons are left inside the cluster. We define the outer ionizatiortlhe rectanaular bulse are intensity independent. beina close
time t; by the conditiond(t)<1 for t<t, and #(t)=1 for 9 b y P ' 9

t=t,;. The analysis of our simulation results for a rectangu—t0 the CVI. The intensity independence of the ions energy in

; _1018_1 R0 —2 ; ;
lar pulse(see, e.g., Fig. )2shows that thed(t) function can this range ofl =10"°-10"W cm * provides evidence for a

be approximately representedtatt, as a power lawé(t) minor effect of the direct acceleration of ions by the laser
bp 12 y rep ol P field. The same negative result is expected to apply also for
=(t/ty) 4, so we take

other pulse shapes.
noi(t):q(t/toi)llza tgtoi- (13)

An ion with a chargeqg, initially located at the distance, B. Truncated Gaussian pulse
from the cluster center, is subjected to a screened interaction

with the other ions of an effective Char%i(t)' According These model calculations will be useful to establish the
to Eq (13), the force acting on the reference ion is Val|d|ty domain of the CVI approximation for Coulomb ex-
plosion of D,, clusters, which in this case can be practically
F(t)=(4m/3)r5pa(t/te) Y r (t). (14 explored by simulations for very largen&8x10% R,

=80A) clusters, while such large clusters cannot be simu-
lated for Gaussian laser pulses. The avef@geon energies,
generated by a truncated Gaussian pulse, are presented in
Fig. 4 over a broad size domaim£459—-76429). At the
r(t)=ro(1+cts), ct<<1. (150 lower intensity ofl =10"*W cm™2 and at the cluster size of

Assuming the cluster spatial expansion to be small tfor
<t, we present the ion distance from the center at tirire
the form
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FIG. 4. Cluster size dependence of the averagg)(and maximal Ey;) . .
energies oD ions from Coulomb explosion of), clusters induced by FIG. 5. Cluster size dependence of the avefageenergies from Coulomb

rectangular, truncated Gaussian, and Gaussian laser pulses for laser interfPlosion of D), clusters (=459-33 573) induced by Gaussian pulses in
ties| =101 W cm 2 (a) and| = 10 W cm 2 (b). The CVI results, Eq(6) the intensity rangé=10'"-10°W cm~? (the numbers 20 x=15-20, on

and(7), are also presented in the figures. Note the deviations from the Cvfhe curves mark the intensities in units of Wt The result of the CVI
approximation at =10 W cm~2, which are manifested at low values of 2PProximation, Eq(6), is also marked. Note the overall agreemiee text

R, while atl=10W cm 2 a good overall agreemergee text with the between the simulation results of the CVI approximation for the highest
CE\)/'I approximation is exhibited. intensitiesl = 10— 10°W cm™2, and the intensity dependent onset of de-

viations from the CVI approximation for lower intensities df

=10"-10"W cm 2 (see text The left-hand side inset shows the size de-
2

_ ~ pendent energetics at these lower intensities| 8f10">~10*W cm™2,
n==8000, the simulated average eneigy,, and the maxi- where a break from the CVI approximation for105W cm™2 is already
mal energyE,, for the truncated, the rectangular, and theexhibited forRy=8-10A. The right-hand side inset shows the intensity

; ; ihi ; 2 dependence of the Coulomb explosion energy D) gho;, which nearly
Gausszlan pulsesFig. 4(a)] e,XhI,bIt a linear Eq* RO and converges to the CVI result fd=3x 107 W cm™2,
En>*R; dependence, in qualitative agreement with the CVI
size equations, Eq#6) and(7). However, the slopes of these
Ewm, Ea>R3 curves atl =10'°W cm 2 are lower by 16%-— _ _ - _
24% than the slope expected for the C\Aig. 4(a)]. At n explosion, which exhibits a marked cluster size and pulse
>8000 a break of the lined,, andE, versusR?2 relation is ~ Intensity depender;ce of Ehze energeliel. 5. At the lowest
exhibited. Forn>8000, E,, and E,, (induced by the trun- intensity of |=10"Wcm? the energy initially increases
cated puls continue to increase with increasirigg, al-  and then saturates at very small cluster sizeRgt10A,
though the increase is slower than for8000[Fig. 4@]. ~ corresponding tam=200 (left-side inset to Fig. b At the
This trend reflects on the quantitative breakdown of the Cviintensity of! =10**Wem %, a more effective outer oniza-
for the ion energetics at the lowes 10°W cm™2 intensity. ~ tion for somewhat larger clusters allows for the increase of
At the higher intensity ofl =10'Wcm 2, the Ey, E, ~ h€ energy with increasing,. At !:10_16W‘3m_22 Eay in-
«R3 relation is well obeyed over a broad cluster size domairfréases with increasing the size, ieq*Ry for n
of [n=1961—76 429, Fig. @)]. The simulated average en- ~400-3000, and thett,, tends toward saturation fom
ergy E,, nearly coincides with the CVI equation, E@), for _>8000 (Fig. 5. qu m(_)derate_ly S'ZedD_som clusters,E,,
the entire range of cluster radii studied heréner the size mcrezsises 7fast Y"Z'th increasing lbgin the range |
domain of n=459-8x 10%), quantitatively confirming the = 10°-10"Wcm™? due to enhancement dtomplete or

validity of the cluster size dependence of the CFig. 4(b)]. incompl_ete outer ionization with incr7easingi(2right-side in-
The simulated maximal energsy, is again close to the CvI St t0 Fig. 5. Subsequently, for=10""W cm™? a saturation
maximal energy, Eq(7). of E,, versusl is exhibited, nearly converging to the CVI

result(right-side inset to Fig. b

The marked features of the energetics of Coulomb ex-
plosion in the intensity range of= 10—~ 10°W cm™ 2 over

The exploration of the energetics of Coulomb explosionthe cluster size domain studied herékig. 5 are (a) the
induced by Gaussian laser pulses is of considerable interesixistence of a finite, laser intensity dependent, rangg of
From the practical point of view, these results are relevantx Ré cluster size dependend@) the applicability of the CVI
for the sake of a comparison with experiment. Simulationsfor the E,~<R3 size dependence is realized f85<(Ro), ,
using Gaussian puls€Big. 5 allow us to establish the con- and the breakdown of the CVI occurs f&>(Ry),. The
vergence of the simulation results to the CVI results for theapplicability range of the CVI is characterized by the bound-
energetics of Coulomb explosion dD{, clusters in the in- ary radius Ry), at intensityl; and(c) the near-convergence
tensity range ofl =10"°-1°Wcm~2 (with pulse width of E,, to the CVI result, Eq(6), for a fixed sized cluster is
=25 f9. The intensity range ofl=10"-10°Wcm 2 realized with increasing the peak intensity of the Gaussian
marks the onset of effective outer ionization and of Coulombpulse.

C. Gaussian shaped pulses
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Coulomb explosion oD, clusters subjected to a Gauss- 10
ian pulse of a high =10"®W cm™? intensity providesD "
average energies, which are somewhat lower than the CVI
energy (Figs. 1 and & The relative differences between 0.8
these simulated and CVI energies correspond 566 for the
pulse width of =25 fs (Fig. 5 and ~20% for 7=100 fs
(Fig. 1). Although the Gaussian pulseslat 10'*W cm™? do
not provide CVI energies, in the high intensity domain they
do demonstrate two features typical for such CVI energetics, = |
Eq. (6): First, the scaling lawE,=R3 is exhibited over a
broad cluster size domain. However, the slope of the linear
E.*Rj curve exhibits some deviations from the CVI. Sec- 02

0.6

noi(t)

" Gaussian Pulse

5 ; Simulations 7|
ond, theE,~Rj relation does not depen@r only weakly Electrostatic
depends on the laser intensityFig. 5. Thus for Gaussian | 4 o 7777 Model ]
puls_es in the high |nte_n5|ty domain, the CVl is r_10t rlgorously_ R, T T T R —TN
applicable, but constitutes a reasonable working hypothesis t(fs)

over a well defined, broad cluster size domain. We shall refer
to this high intensity regionl=10"¥Wcm™?) for D, clus-  FIG. 6. Electron dynamics for the outer ionization level Bf)goo; clusters
ters subjected to Gaussian pulses considered herein asinguced by Gaussian pulses withr=25 and 50 fs and |

. . : . =10"%-10W cm~? (the numbers 10 x=16—-20, represent intensities in
pseudo-CVI domain, which will subsequently be dISCUSSGdW cm™2). The simulation results for the outer ionization leyeér atom are

confronted with the prediction of the electrostatic model, §).
V. OUTER IONIZATION DYNAMICS AND THE
BOUNDARY RADIUS FOR THE CVI DOMAIN
Such an outer ionization process involves ionization induced

We shall now relate to the electron dynamics for outer ) . . .
y fby adiabatic following of the laser field and of the cluster

ionization and nuclear dynamics for Coulomb explosion of": . :
D, clusters subjected to Gaussian pulses. The outer ionizz?—'ze(HIAFIC‘jS)' FOL_ar??USS'an puls_,e, thleoiglb\;\l;LS_n;echamsm
tion dynamics in the pseudo-CVI domain can be described i reaiize at a hig aser_lnten_snyz(’ cm ) pro-
terms of a simple electrostatic motfet® for cluster barrier V|des. a psgudo-CVI behavior, .W'th the resulyng nuclear en-
suppressiofiEq. (13) of Paper 1. This model implies that the ergetics being close to th.e strict CVI behawqr. The nucllear
total (positive cluster charge isQ,(t)=qNg(t), with dynamics and energetics induced by a Gaussian pl_JIse will be
Ngi(t)=nng(t), being the total number of outer ionized referred to as a psgudo-C‘(/ﬂather thap (.:\/)' .behav'lor, a_s
electrons, where[ = (47/3)pR2] is the number of constitu- the electron dynamlqs and the outer ionization gdlabatlcally
ents andh,(t) is the outer ionization levelper constituent fOIIOV\é the _Izaser f|eld._ A.t a lower l_nter?SIty ofl

Q,(t) is determined by the relation eF(t) =10 Wem = the outer ionization dynamics in thegoo

= \/§BQ,(t)/[R(t)]2 whereR(t) is the cluster radius at time cluster induced by a_Gau§S|an pu_lse s_|gn|f|cantly differs from
tandF,o(t) is the laser field envelope amplitude at this timethe IAFLS mechanisn(Fig. 6), violating the pseudo-CVI

. . L energetics(Fig. 5. According to the simulation results for
(ggpﬁr ](.tffsczris;nnglg),/durlng outer ionization, wheli(t) | =10"Wcm 2 (Fig. 5) the deviation from theE ,,»R2 re-
noe lation sets in for small clusters, and becomes notice@btg,
Ngi(t) =eFyo(t)[R(t)]%/V2Bqn. (200  about 7% for R,=21A (n=1961), when the outer ioniza-
tion is almost complete.

The condition for nearly complete outer ionization can
pe obtained from the electrostatic model, E20), and will
provide alternative estimates for the boundary radigg) (
(Sec. IV). When outer ionization is complete, we expect that
(at the laser intensity) the CVI relation is applicable for
Ro<(Rp), and breaks down foR,>(Ry), . Thus Ry),, de-
fined on the basis of electron dynamics, marks the boundary
radius for the applicability of the pseudo-CVI behavior. To
L\J/%rovide a quantitative characterization for this boundary ra-

The time evolution of the fraction of outer ionization
(per D atom and of the cluster radius is obtained from mo-
lecular dynamics simulations for the electron-nuclear-lase
system(Paper ), which provides the time dependence of
ni(t) and of R(t). Using Eq.(20) (with g=1 andp=0.05
A73), together with the numerical simulations B{t), we
obtained the results fony(t). In Fig. 6 we confront the
results forn(t), as obtained from Eq20) and from the
simulations of electron dynamics Digqg7 Clusters, using dif-
ferent laser Gaussian pulse parameters. When the laser p
parameters fall in the range appropriate for the pseudo-C
behavior, i.e.,| =10%¥-1F°Wcm 2 and =25-50 fs, the
outer ionization is completgngi(t)—1 with increasingt].
Under these circumstances good agreement between t
electrostatic model, Eq.20), and the simulation results is
obtained over the range 0.4%(t) <0.95(Fig. 6). The de-

12 . . L
ius, we shall define the cluster sizRq, as the initial ra-

diusR, of a cluster where, at the peak of the Gaussian laser
field, Eq.(10), F,o (t=0)=F,,, the outer ionization level is
}%3%, i.e.,ny (t=0)=0.95. Equation(20), together withq

=1, n=(47/3)pR3, eF,(t=0)=eFy, and the relation
eFy=2.75x 10 "1*2, results in the following relation:

scription of the outer ionization process by E80) implies (Ro)=eFy/\2(47I3)Bpqé?
that the ionization of the nanoplasma adiabatically follows Co1p 5
the laser fieldF ,,(t) and the increase of the cluster radius. =3.3x10 "1 pqéy, (21)
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where 250~y ; .
Persistent
Nanoplasma
50: Ro/R(t = 0) . (22) 200 ), regime
HereR(t=0) is the cluster radius at the peak of the Gauss- leoé ELECTROSTATIC MODEL -10¢
ian laser intensity. The simulation results demonstrate a weak = 't EnERrGETICRELATION
laser intensity dependence of the paramégefor clusters of 4 A COMPLETE OUTER gAg;S z
the size Ry),, at least forl =10**W cm™ 2. This parameter 100~ TONIZATION ¢
is £,=0.55 atl=10Wcm™? and &,~0.54 [found by ex- I 105
trapolation of theé,(R,) dependendeat | =10 W cm™2. sol
Very rough extrapolation providest;~0.45—-0.6 at | [ —10¢
=10"W cm™2. Provided that the cluster size expansion pa- [ . . e
rameteré, exhibits a weak intensity dependence, we expect 001 107 107 107

that (Ro), 12 UWem?

Two mdgpendent estimates Of the boundary radRig(( k. 7. The boundary cluster radirg), for the applicability of the pseudo-
can be obtained from our simulation results: CVI for Gaussian pulses in the intensity rangd sf1015— 108 W cm™2. We

(1) Simulations for the energetics provide the ranges opresent the simulation results for nuclear dynamics, marking the breakdown
Ro where theEavoc R(Z) relation breaks down. These ranges ofof the CVI energy relatiorE RS (presented by the range | and by the
R. i h timat int(b) in S Vi lower limit 1), and the simulation results for electron dynamics, marking a

o give rou9_ es ”_na es ofRp), [see pQIn( ) in Sec. complete(95%) level of outer ionization(open triangles The solid line

abovd. Our simulations for the energetics foDJ,, clusters  presents the prediction of the electrostatic model, (B8), which separates
induced by a Gaussian pulégec. IV and Fig. baccordingly  between the IIAFLS regime and the persistent plasma regime.
give (Ry),~5-8A for I=10"Wcem 2, (Ry),~20-30A

for 1=10"%Wcm 2, (Ry),>43A for I=10"Wcm 2 and _ _ _
(Ro),>60 A for | =10¥W cm ™2, electrostatic model and the simulation results for both ener-

(2) Simulations of the outer ionization levelR§), is getics and electron dynamics inspires confidence in our

obtained from the simulation results for the attainment ofPhysical picture. o
complete outer ionization, i.eny(t=0)=0.95. The Ry), Another interesting result for the characterization of the

radii defined this way can be provided directly from our IIAFLS reg.ime involves the relation be.tween the bqundary
simulation results for the electron dynamics at the two lowecluster radius Ro), and the corresponding average ion en-
intensities only, i.e.l = 10"W cm™2 with (Ry),=5.8A, and  €r9Y (Eay), for Coulomb explosion of this cluster at the same

| =10'W cm™2 with (Ro),=20.4 A. For the larger intensity laser intensity. In the pseudo-CVI regime our simulations
of | =10"W cm2 we found the laser fields,, which pro-  (Fig: 9 atRo<<(Ro), result in the relatiorE Ry, where-
vide an almost completé95% ionization level f,;=0.95)  UPON at thezboundary ra_dlus we expect the quadratic relation
for different cluster radiiR,, and extrapolated this depen- (Ea)i%(Ro)i to hold. Using Eq(21) for (Ro), and the CVI
dence toF ;o=F,. Using such an extrapolation procedure "€Sult, EQ.(6), as a reasonable approximation fd£(), ,

we found Rg),=76.5A for I=10Wcm 2. At | leads to the relation

=10"Wcm™? the (Ry), radius is so large that no extrapo- (eFy)?

lation of our simulation results can be conducted. (Eav)=(9/40m) T (24)
To provide a rough estimate for the boundary ragi) Bpéo

we utilize the simulation result Ry);=20.4A for | Taking again&,=0.55 andp=0.05 A3 results in the ap-

=10"*Wcm 2 (from the simulation of the outer ionization proximate numerical relation

level). This value of Ry), is then consistent with the corre- B )

sponding result inferred from Ed21), provided thaté&, (Ba)i=8.2x10°, (25
=0.55. We now invoke the assumption that the paramigger where E,,), is presented in eV antin W cm 2. The pro-

is independent of the laser intensity. Using E2{l) with g portionality relation E,,),! is well obeyed for the simula-
=1, p=0.05 A3 (per D atom and &,=0.55 results in the tion data for the average energies @), clusters, which

following numerical relations: correspond to 95% of the outer ionization levels. These
simulation results giveK,), values of 0.053, 0.67, and 6.8
(Ry),=2.2x107 7112, (23)  keV for =10 10'°, and 16’Wcm™2, respectively. These

simulation values of ,), are lower by about 17%—-35%

where Ry), is presented in A antlin Wcm 2. The values than those estimated from E@®5). To establish the interre-
of (Ry), evaluated from Eq(23) are presented in Fig. 7, lationship betweenK,,), and R),. (Fig. 8, we have used
where we also display the values of the cluster sizgs ( an extrapolation procedure by taking a single pair R§)(

= (4713)p(Ry)? that correspond to the boundary radii. In =20.4A and E,)7=0.67keV values af =10"°Wcm 2
Fig. 7 we compare the analytical results &,j, for (D), obtained from our simulations, together with othBg); val-
clusters based on the predictions of the electrostatic modeWles inferred from the electrostatic mod€ig. 7) in the in-
Egs.(21) and(23), with the estimates ofR,), inferred from  tensity rangel =10"-1G°Wcm™?, to estimate the corre-
simulations of the energetics as well as from simulations ofponding E,,), values from the quadratic relatiorE),
the outer ionization level. The overall agreement between the- (EaV)T(RO),Z/(RO)TZ. In Fig. 8 we present the results for the
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FIG. 9. Energy distribution oD™* ions from Coulomb explosion ofY),,
FIG. 8. The relation of the boundary cluster radii); for the applicabil- (n=8007 and 19 8611 clusters induced by a Gaussian laser pulse (
ity of the pseudo-CVI and the corresponding average ion eneggy,(for =10"-108¥Wcm 2). The simulation results ak=10Wcm 2 and |
Gaussian pulses in the intensity rarige10°-10°°W cm™2. The simula-  =10%W cm™2 are in accord with the prediction of the CVI, E®). At the
tion results, marking a complet85%) level of outer ionization, are repre- low intensity ofl =10 W cm™2, marked deviations from the CVI are ex-
sented by black dots. The predictions of the electrostatic model, scaled atybited.
cording to the (Ea\,),oc(Ro),2 relation (see text, are represented by open
squares. The solid line, which connects the data of the electrostatic model,

separates between the IIAFLS regime and the persistent nanoplasma regim&milar to the CVI distribution of Eq(8), i.e. P(E)OCEl/Z
(Fig. 9. Only when the IIAFLS conditions are strongly vio-
lated, as in the case of tHRgy, cluster atl =10Wcm 2

quadratic relation betweerE(,), and (Ry), incorporating [Ry>(R,),=7 A], the energy distribution strongly deviated

(Ro), data from the electrostatic model and from our simu-from the CVI distribution and roughly followed the thermal

lations, together with theHj,), data from extrapolation and distribution of the formP(E)=E~Y?exp(-E/E,,) (Fig. 9).
from simulations. The data of Fig. 8 are useful to assess the

validity range of the pseudo-CVI size domain for the produc-~/; cONFRONTATION WITH EXPERIMENTAL DATA

tion of energetid * ions from Coulomb explosion of),,

clusters at different laser intensities. The currently available experimental data for deuterium
Another prediction of the electrostatic model pertains toclUSter sizes used in multielectron jonization and Coulomb

the saturation oF,, toward ECY' with increasing at a fixed ~ €xplosion are not very reliabfé:* in view of the E»Rg

cluster radiusR,. Such data are presented in Fig(rfght- cluster size dependence of the aver&geion energy in the

side inset for R,=34 A. This saturation is expected to be CVI and in the pseudo-CVI domain&haps. IV and V,

exhibited at the intensity which correspondsRg<(Ry); . even a moderate uncertainty in the cluster radius may lead to

From the intensity dependence of the boundary radRig,( @ significant variation in the Coulomb explosion energies.

(Figs. 7 and Bwe infer that the simulation data for a fixed Furthermore, the lack of reliable parameters, which describe

Ro=234 A value should exhibit a saturation Bf,/ES)'—1 the distribution of the cluster radii, hampers the comparison

for 1=3x10Wcm 2. Indeed, this conclusion concurs ©f our simulation results with the experimental data.

with the simulation resultgright-side inset to Fig. b Our simulatiqn results for thB ™ average energies from
From the present analysis we conclude that the violatiof-oulomb explosion of ), clusters(Fig. 5 will be con-

of the IIAFLS conditions, which is caused by incomplete fronted with the experimental data of Madisenal®* The

outer ionization and by the screening of the interionic repul-€XperimentaD ™ average energies at the laser energy of 0.1J

sion by nanoplasma electrofsee Paper )| is manifested by ~ (P€ak mtensﬂgoofl ~2X ?OlBW cm~?) lie in the interval

the breakdown of th&,,=R2 pseudo-CVI relation at fixett ~ Ea=5—7keV™" According to our simulations atl

with increasingR, and by the deviation of the simulated = 10*®Wcm 2 (Fig. 5), this energy interval corresponds to

value of E,, from the CVI result. It is satisfactory that the the cluster radii r"1“19@0:524—64'8‘ (where theR, value

electrostatic model accounts for the validity range of thewas obtained from the,,=R; extrapolation. Using the log-

pseudo-CVI for the size dependence of the energetics dormal size distribution of Madisoet al,** we estimated

fixed | and for the intensity dependence for the attainment othat the average cluster radiy, which provide thek,,

the CVI energy at a fixed cluster size. =5-7 keV energies, correspondRg=51-60A. The aver-
The character of the outer ionization process signifi-age cluster radius found in Ref. 30 by fitting the time-of-

cantly affects the energy distribution of the product ions in-flight signals of the ions waR,=45 A. This value is lower

duced by a Gaussian pulée=25 f9) (Fig. 9). In the IAFLS  (by 10%-25% than our estimate, which rests on the ener-

domain atl=10"Wcm 2 (whereRy<(Ry);=220A) and  getic simulation data.

even when the IIAFLS conditions are noticeably, but not ~ Our simulation results may underestimate Bé ion

very strongly, violated as in th®gg cluster Ry=35A  energies. However, the simulat&, data are only slightly

>(Ry), at 1=10%Wcm™?), the ion energy distribution is lower (by less than 5%than the CVI energiesFig. 5),
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TABLE Il. Anisotropy of D" ion velocities for Coulomb explosion o)),
clusters. The anisotropy paramet@+2(v,)/({v)+(v,)) is expressed in
terms of the mean square averaged velocity comporenjsalong thej

=X, Yy, and z axes. The laser pulse propagates along ztexis and the
polarization direction is along theaxis. Simulations of electron and nuclear
dynamics were performed for the Gaussian puitse25 fs), while simula-
tions of nuclear dynamics were performed for vertically ionized clusters
subjected to a rectangular laser fiéte=25 fs). The velocity components are

identical along they andz axes.
6 for Gaussian pulse 6 for CVI
mi(Wem™?) 10  10%  10Y 0% 10%° 1070ab
959 1.092 1.069 1062 1.057 1.047 1.000
3367 1.103 1.086 1.070 1.063 1.053 1.000

aSimulations for vertically ionized clusters subjected to a rectangular lase
field of | =10°°W cm ™2,

bTest simulations were also performed for vertically ionized clusters at zero

field, which resulted irP=1.000.

which provide the maximal ion enerdy,, for a given value

of Ry (or a minimal value ofR, for a given value ofe,).
Using the CVI energie$Eq. (6) and Fig. § and, after cor-
recting the log-normal size distribution, we obtained the
mean cluster radii ranges &,=49-58A, which are still
higher than theR, value reported in Ref. 30. The discrep-
ancy between the simulated and the experimeRgavalues

most probably indicates that the experimental average cluste 5130 in

Clusters in ultraintense fields Il 3041
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FIG. 10. Laser frequency dependence of the energetids ‘ofons from
Coulomb explosion of D), (n=459-8007) clusters induced by Gaussian
pulses in the intensity range=10'°~ 10" W cm™2. The characteristic fre-
quenciesv,, which represent the upper limits for a nearly flat frequency
dependence dE,,, are marked by arrows.

by the laser field is negligiblésee also Sec. IV A The pre-
diction of the 12% anisotropy of the kinetic energy Df

ions energy at =10"W cm™2 (Table 1)) fits well with the
~15% in the experimental ion energies detected by Madison
the explosion of D), clusters at I=

radiusR, of Madisonet al*° may have been underestimated. — 108w cm~2 (see Fig. 4 of Ref. 30 A further experimen-

Our simulation results exhibit anisotropy in the angulartal search for this angular anisotropy will be of interest.
distribution of theD™" ions. The anisotropy parameter

=2(v,)/ + for the velocities oD * ions from the
Coéllz))%lg%;)plofsli)é?\) of D), (n=959, 3367 clusters(Table Vil LASER FREQUENCY DEPENDENCE OF THE
n ' ENERGETICS OF COULOMB EXPLOSION

I, is expressed in terms of the mean squared velocity com-
ponents (vj)(j=x,y,z) with the laser pulse propagation In Chaps. IlI-VI of the present paper, as well as in the
along thez axis and the polarization direction along tke previous Papers | and Il, the simulations of electron and
axis. The anisotropy parameters for a Gaussian pulse in thauclear dynamics have been performed for a fixed laser fre-
intensity rangel =10"%-10°W cm™? reveal a velocity in- quency of »=0.35 fs'! (laser wavelength oh=860 nm,
crease of 5%—10% along the polarization axes of the lasewhich corresponds to a typical IR frequency of ultraintense
field with #=1.05-1.10, relative to the ions moving along lasers. The dependence of the cluster electron and nuclear
the other two perpendicular axé$able 1l). Consequently, dynamics on the laser frequency is of inherent and practical
the kinetic energy will reveal an anisotropy of 10%—-20%interest. To address this issue, we performed simulations of
along the laser polarization axes. From the results of Table ICoulomb explosion of D),, (n=459-8007) clusters, which
the cluster size effects in the narrow size domain exploredvas induced by ultraintense laser fields | (
therein are small at a fixed intensity. They are somewhat=10'°-~10"¥W cm™2) over a broad laser frequency range of
lower (#=1.04-1.06 for the highest intensities ofl »y=0.1-2.1 f§* (\=3000-140 nm

=10"®-10°Wcm 2, where the pseudo-CVI behavior pre- The dependence of the average energigsof D™ ions
vails, than for the lower intensities bf=10"°-10* Wem 2 on the laser frequency is portrayed in Fig. 10 By clusters
(6=1.07-1.10, where the persistent nanoplasma prevailswith n=459, 1961, and 8007R,=13.1, 21.1, and 34.0 A,
The anisotropy parameter increases with decreasing the laserspectively, subjected to laser intensities ofl
intensity, demonstrating the effect of the enhancement of the= 10'W cm™2 and 1 =10"¥W cm 2. In all cases presented
outer ionization of the nanoplasma in reducing the anisotin Fig. 10, with the exception of the large€d)gqq7 Cluster at
ropy of the angular distribution. For the CVI limit in the the lowerl =10"°W cm™ 2 intensity, theE,(») versusv de-
presence of a laser field &t 10°°Wcm 2, no anisotropy pendence is nearly flat with increasimgup to a character-
effects are manifesteable Il). Accordingly, the complete istic frequency ofv,, with E,(») decreasing with increas-
simulation of the anisotropy in the angular distribution, ve-ing v for »>w,. This characteristic frequency, was
locities and kinetic energies & " ions in the highest inten- (arbitrarily) defined as the frequency for whidh,(v) is

sity range of I=10%-10F°Wcm 2, manifest deviations lower by about 15% than the maximal value Bf, (v
from the CVI, marking the role of the response of the nano-<v;). The », values, which are marked in Fig. 10, depend
plasma in the pseudo-CVI domain. The lack of anisotropy invery weakly on the laser intensityncreasing ag®?’, with

the CVI limit demonstrates that the effect of driving the ionsincreasingl), and decrease with increasing the cluster radius
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(roughly angO'Z— R80'4)- The flatE,(v) versusy depen- this high intensity domain the CVI picture requires some
dence atv<w, is in accord with the electrostatic model extension and modification. These are manifested by the fi-

(Chap. IV of Paper | and Sec. V of the present papEhis nite cluster size domain for the near applicability of the CVI
hgnergetics and in the anisotropy of the ions angular dis-

model describes the cluster outer ionization process in thg!™~'" - UHY ~
pseudo-CVI regime, with the transient nanoplasma withintribution, velocities, and kinetic energies in Coulomb explo-

the cluster being of a sufficient short lifetime on the timeSioN- The introduction of the boundary cluster radi&)(
scale of Coulomb explosion. According to our simulations@Nd the corresponding Coulomb explosion energy,X
for all the clusters studied herein, which exhibit the flatcharacterizes the upper limits f;)r the applicability range of
E.[v) versusy dependence, the transient nanoplasma is inthe Cluster size erenderiéoc Ry of the energetics of Cou-
deed observed and the dependenci gfon the laser inten- 10MP explosion in the rangBy<(R,), . The breakdown of
sity I and the cluster radiug, is typical for the pseudo-CVI the quadratic size equation for the energetics is manifested
regime (as in Fig. 5 fory=0.35 fs %). The domainy< v by a weaker cluster size dependence. From the practical
seems to correspond to the laser peripet 1/v, being con-  PoInt of view our analysis of the pseudo-CVI domain for
siderably longer than the timec, of an electron moving Gaussian pulses establishes the applicability range and the
through the cluster, whereupon wheg <7, E.(v) is maximal cluster size for the pseudo-CVI energetic size equa-
nearly independent of. e tion. For a given D), cluster sizeR,, the optimal laser
The situation is quite different for thB g, Cluster att  Intensity | of a Gaussian pulse to be used corresponds to
=10'W cm~2 (Fig. 10, whose characteristics markedly de- Ro~(Rp); - Sugh optimization of the laser |n_ter_1$|ty will pre-
viate from the pseudo-CVI behaviéFig. 5). In this case, the _clude energy disposal tp electron_s and maximize t'he energet-
E.(v) versusv dependence demonstrates a wide maximumiCS of C'Zoulomb.explosmn for this clus'ter size. Finally, we
which most probably indicates some quasiresonance ionizdvould like to point out that from the point of view of future
tion procesgChap. IV of Paper Il and Ref. 16Under these developments, pulse shaping in Coulomb explosion, which
circumstances a persistent nanoplasma exists within the cludtilizes the complete picture for laser-electron-nuclear dy-
ter. Whenv=w,, 7¢c,>7,, the electron removal from the n_amlcs],c will L?e 0‘; mterlest for th\(jvcr:](.)lntro:]of Qoulombfexpllo-
cluster via outer ionization is hampered, with a long livedSion ©f molecular clusters. lle the issue of pulse
nanoplasma being expected to prevail. The introduction o?hap'”é " of ultraintense femtosecond pulses is fraught
the laser frequency dependence of the electron and nuclefith experimental difficulties, progress has recently Peen
dynamics provides a new dimension in the exploration of"@de for pulse shaping in the intensity range | ef10"

5 —2 45
outer ionization and Coulomb explosion. —10®Wcm - _ _
The foregoing analysis of the energetics of Coulomb ex-

plosion of multicharged clusters provides the conceptual ba-
VIil. DISCUSSION sis fordd (anddt) nuclear fusion driven by Coulomb explo-
dsion of deuterium (or tritium) containing homonuclear

clusters produced by extreme multielectron ionization in uI—(DZ)”/2 7[_22 3§£§)“/2] clusters}®~*% as we_II as hetero-
traintense laser fields transcends the CVI approximation. Th@”de,a? —**"molecular clusters. The optimization of the
present study addresses some important aspects of Coulorfgction yield for these nuclear fusmp reachr)s requires the
explosion of multicharged clusters. First, the effects of elecMaximization of the energetics of te" (or T") ionic frag-
tron dynamics on the nuclear dynamics is manifested by thaents for rgallstlc laser |njtenS|t|es. Thls physical situation
interrelation between outer ionization dynamics, Coulombc@n be realized for Gaussian pulses in the pseudo-CVI re-
explosion energetics, and angular distribution. These effectd/M€- Ourg analy§|zs forRz) ne2 gluste_rS(Flg. 8 reveals that
established the features of laser intensity on the nuclear e’ | =10"*Wcem the E,=Rj scaling law applies foR,
ergies. Second, the effects of the laser pulse shape on ttie(Ro)1=600A for which (E,)=700keV. According to
energetics of Coulomb explosion revealed quantitative char@Ul Previous calculatiori$ the neutron yieldY per laser

acteristics of electron and nuclear dynamics in the couple@ulse fromdd fusion driven by Coulomb explosion of such
laser-cluster system. (D) clusters, under the experimental conditions of the Lau-

Some novel implications of the interplay between elec-TéNce Livermore Laboratory expenméﬁﬁ‘a is expected to
tron outer ionization and nuclear dynamics, and of the IaserbﬁY_z 10°. Finally, we note the dramatic enhancement of the
electron-nuclei coupling, emerged from our analysis. For & 10N energies and nuclear fusion yields driven by Cou-
rectangular laser pulse shape, which provides insight into th@mb  explosion of molea%uglglr heteroclusters of deuterium
applicability of the CVI approximation, the CVI picture pre- Pound to heavier ator§ ****proposed by us. This will é)e
vails when complete outer ionization is attained, ig;,, discussed in the subsequent paigaper IV in this series’
=< 7, and when outer ionization is faster than nuclear dynam-
ics, i.e. tyi=7,, EQ.(19). The most important features of the ACKNOWLEDGMENT
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