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Abstract. Theion dynamics in theCoulomb explosion of very large- (10 B 10' atoms) deuterium
clustersirradiated bytwo subsequent laser pulsbaving differet intensitiesis analyzed using an
approxmate one-dimensionaltheory, where a prescribed electron dynamics, related to the pulse
envelope, is assume8uitable sets of pulse intensities and delays between the pudsedrive the
formation of largescaleshock shellsthusleading to intracluster fusion reactioi$e validity of the
results is confirmed with highigealistic,threedimensional partickén-cell simulations.

1. INTRODUCTION

Large deuteriungD) clusters(~ 10° D10’ atoms)irradiated by ultreshort (tens of fs) and
ultra-intense (I~ 10°® B 10 W/cnt) laserpulses explode producing highénergeticD ions
(E ~ 100 keV), capable of driving nuclear fusion reactions Jijnong the various physical
scenarios arising from the lasduster interaton, the formation of multiplerelocity
structures in the ion phaspace, called shock shells [2], is of great interest, @anitlead to
energetic collisions within single exploding clusters. While sis@dle structures may form
spontaneously durindié¢ Coulomb explosion of large clusters hit by a single laser pulse [3],
largescale, pronounced shodkhells can be easily obtained, and controlled, usmg
sequential pulses (e.g. a weak pulse followed by aninligase one, with a proper time delay
I't) [3]. The ability of generating larggcale shock shells and tailoring tiom phasespace
dynamics opens the way to intracluster fusion reactiSosh reactions constitute a novel,
different phenomenon with respect to the intercluster reactiorswaisso far. In particular,
the intracluster reaction rate exhibits a sharp, narrow pedk P 50 fs wide) immediately
after the shock formatios for very large clusterdr{itial radius~ 100 nm) the intraluster
and interclusterfusion yields are compaable an ideal doublgpump experiment should

furnisha clear evidenctr the occurrencef intracluster shockdrivenfusion reactions.

2. ONE-DIMENSIONAL MODEL FOR THE COULOMB EXPLOSION

A proper tuning of the doublpump parameters requires a deep knowded§ their
influence on the explosion dynamics, the shock shell formation and evolatan,
consequently, the intreluster fusion yield. As a direct parameter scan etenplete
numerical simulations of the laseluster interactionwould have been tocomputationally

demanding, we developed a simpleedimensional 1D) theoretical model that allowed us to



investigate the effects of the principal douplenp parameters, namely the time delay
between the pulsekt, and the peak intensity of the first pajl,.

Our model is an extended version of the standard model for the Coulonolsiexpdf a
spherical pureon cluster (cf.[2]), which takesinto account the neutralizing effect of the
electron population in the expanding cluster with a prescribed dgsadetermined uniquely
by the laser pulse features. In these framework, the acoahecdtan ion at a given time
and radial positiom is written, in dmensionless units, as

d’r _ Q()" Qu(r.)
dr? r?

where we normalize mass mo (ion mass), length t&, (initial cluster radius), charge to the

(1)

elementary charge, and time tot =./(mR) (e°N ), being N, the total number of ions

The quantityQ(r) is the ion charge within a sphere of radiusvhile Q.(r,!) describes the
absolute value of the electron charge still present within the sphege at timé. The latter

is then related tohe instantaneous value of the laser envelope functitf), by
E, ()2 =" Q. (r,/)]/R?, whereR is the cluster radius at time and they factor

accounts for the periodicity of the laser electric figdfl. At each time!, the electons
remainingwithin the cluster are assumemfully neutralize the cluster corep that only the
ionshavingradius greater thahatof the electron distributigiR,(!), are allowed to move.

The validity of the resulthias beerconfirmedwith highly-realistic, threedimensional
(3D), particlein-cell (PIC) simulations in the OSIRIS framework [5], treating self
consistently the 3D dynamics of electrons and ions in the laser fieddouter ionization
dynamics, and the full dynamics of both the slowaesion induced by the first pulse and the

sudden explosion driven by the second pulse.

3. INTRACLUSTER FUSION REACTIONS

Largescale shock shells are characterized by a-eedfihed multibranch structure in
phase space, most frequently a tHoegnch structte like the ones ifrig. 3 As the explosion
goes on, the upper branch overlaps the lower branches: the shock shel vadedly,
narrowing its velocity spread, and, meanwhile, the ion density on eadghbdecreases.
Therefore, one can reasonably ectpéhe probability of nuclear reactions between ions
belonging to different branches to be higher in the early stageshaftehock shell formation
and to decrease rapidly at advanced timlgem the solution of Eq. (1), the intracluster

reaction rateR; and the total number of reaction per clustér,are readily evaluated by



summing up all the contributions arising from collisions among amslifferent velocity
branchesBy doing so, one can investigatiee influenceof I, and! t on N,, seeking the

combination of parameters that maximizes it
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FIG. 1: Number of reaction per clusté, vs.l; and! t, for R, = 32 nm (left) andR, = 100 nm (right).
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FIG. 2: Peakvalue ofN, (a), and optimal valuef I, (red)and! t (blug) (b), for different values dR,.
FIG. 3: Phase space profile at timgss 155 fst, = 205 fst; = 255 fst, = 305 fs (a) and history of the
reaction rateR (b), for R, = 100 nm and with the optimal double pump parametérs: 1.4 16°
Wi/cn? and! t =139 fs

Here, we presentesults from parastric studies, with respect 1@ and! t, for several
cluster sizes, with initial radiiR,, in the rangel6-200 nm. For eachR, we consider a
sphericalD cluster ith uniform atomicdensity,n, = 4.56 10> cm®) hit by a pulse sequence
in which a weak laser pulse (peak intensity{variable), central wavelength, = 820 nm,
duration ~35 fs) is followed by an ultrmntense pulse (peak intensity >> |,, central
wavelength', = 820 nmduration ~ 20 fswith time delay! t variable in tle range/0-500fs.
Figurel showsN, as a function of, and! t, for two representative caség:= 32nm FIG a)
andR, = 32 nm (FIG b)With R, = 32 nm N, assumes its maximum valus, = 4.85 10
reactions, foll, = 8.6 10° W/cn? and! t = 236fs, whie, with R, = 100 nm N,” = 5.5810°
reactiongfor I, =1.410"® W/cnr and! t = 139 fs The dependence of the optimal combination






