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Recent experiments using Terawatt lasers to accelerate protons deposited on thin wire targets are
modeled with a new type of gridless plasma simulation code. In contrast to conventional
mesh-based methods, this technique offers a unique capability in emulating the complex geometry
and open-ended boundary conditions characteristic of contemporary experimental conditions.
Comparisons of ion acceleration are made between the tree code and standard particle-in-cell
simulations for a typical collisionless “hole boring” scenario in slab geometry. The utility of the
gridless approach is emphasized by a series of simulations in “wire” geometry, in which electrons
are permitted to circulate around the target at arbitrary distances from the focal region. The
simulations reveal a number of features in common with recent experimental observations,
including a disclike emission pattern of the MeV protons accelerated away from the wig00®
American Institute of Physics[DOI: 10.1063/1.1767096

I. INTRODUCTION solution of the Lorentz—Maxwell equations for the electro-
) ] ) o o magnetic fields and plasma electrons and ions, all show an
Since the first experiments measuring ion emission fronkfficient initial transfer of laser energy to MeV electrons,
multl-Tgrawatt laser—solid mtgractloﬁg,Iaser—lnduced ac-  \which proceed virtually unhindered through the target and
celeration of MeV protongfast ion has become one of the peyond. A large charge separation is thus rapidly created on
most contentious issues in the field. Such protons originatg,e rear side, which then tugs ions away from this surface.
from water vapor or other impurities adsorbed onto the target o, giternative school of thought argues that most of en-
surface prior to laser irradiation, and by virtue of their |°Werergetic protons in high intensity interactions must come from
mass, are preferentially accelerated over heavier constitUefie front side of the target, a viewpoint supported by experi-
plasma ions when the laser creates a charge separation eithgtnis performed by the Imperial College London group at

inside or outside the target. The ability to create multi-MeV o Rutherford—Appleton Laboratdf7*and by the Michi-
protons in a relatively cheap and compact manner has 9€%an group's The details of the mechanism for the “front-

erated widespread interest because of its potential in & NUNYjye scenario are still unclear, however, ponderomotively
ber of emerging fields, such as hadron therapgvel neu-  yriyen charge separation and the associated ion shock forma-
tron so_urceé,and advanced fusion conceﬁtExper_lmental tion appears—according to PIC simulations—to be insuffi-
campaigns begun by the Livermore and Imperial Colleg&jent py itself to account for the high number, energies, and
groups some four years ago resulted in two apparently irrec;nq,iar distribution of protons observed. Only at intensities
oncilable pictures of proton acceleratidr. in excess of 1®Wecm 2 and target thicknesses below

~ The first integrpretation, originally put forward by the 5r5ynd 10um is the front-side mechanism predicted to de-
Livermore teanf.® supposes that protons will be primarily liver higher ion energies than the rear-side blow8ff.

accelerated from theear surface of thin(1-100 um) folil It is generally acknowledged that both mechanisms
targets by the space charge setup by the laser-generated Rpbyapy play a role, the real bone of contention is which one
electron cloud. This intuitive scenario, dubbed “target nor-yominates for a particular lasertarget configuration. In or-
mal sheath acceleration,” or TNSA, has since been stronglyer 1 probe the physics of proton acceleration further, recent
supported by two- and three-dimensional part'de"n'Ce"campaigns by the London and Darmstadt groups have been
(PIC) simulations performed by various authors over the last.4rried out using different target geometrté® In particu-

-11 ; i i
three yearS-*! These simulations, based on a self-consistenfy. 4 series of experiments with the VULCAN laser using

wire targets has added fuel to this debate, as well as throwing
dElectronic mail: p.gibbon@fz-juelich.de up new questions concerning the role of “spectator” targets
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which appear to radically alter the field distribution in the The pure FSP method has two immediate advantages
vicinity of the laser-irradiated regiof¥. over PIC in kinetic plasma simulation.

The purpose of this paper is to report on simulations of (i) Collisions are included in a more controllable manner
ion acceleration from wire targets using the parallel tree cod¢hrough the choice of/a, wherea=n"*2is the average
PEPC (Pretty Efficient Parallel Coulomb-solverLike the interparticle spacing, and do not need to be patched back into
particle-in-cell method, this technique also follows the mo-the code in arad hoc(and usually expensivdashion?*
tion of charged particles in self-consistent electfand in (ii) There are no geometrical restrictions on the simula-
principle magnetig fields. In contrast to PIC, however, the tion region; fast(laser-acceleratgdoarticles do not have to
tree code computes interparticle potentials and fodoestly  be artifically absorbed or recycled, and may fly as far as they
rather than by employing a grid to mediate the fields viawish away from the interaction region. This does not pre-
charge and current densities. As will become apparentlude the imposition of periodic or reflective boundary con-
shortly, this mesh free, Lagrangian approach lends itselflitions for special geometries; a fully periodic system for
rather well to the kind of open-ended, complex geometrystrongly coupled plasmas was developed, for example, in
typical of contemporary high intensity laser—matter interac-Ref. 25.
tions. After an introductory description of the tree-code- The drawback of the model is that it is, for the time-
based model in Secs. II-IV, simulations of proton accelerabeing, purely electrostatic; induced magnetic fields are ne-
tion from laser-irradiated wire targets are presented foglected and no electromagnetic wave propagation is sup-
parameters close to conditions in the recent Imperial Collegported. At first sight, this may seem too simplistic to describe
of London (ICL) Rutherford—Appleton LaboratoryRAL)  the kind of highly relativistic, nonlinear phenomena which
experiments. prevail in high-energy-density laser—matter interactions. As
we shall see, however, this ansatz does in fact allow us to
capture the salient features of ion acceleration, including im-
portant collisional physics which has evidently been missing
from the vast majority of PIC simulations of laser—solid in-

The hierarchical tree method upon whiebpcis based teractions to date.
actually has more in common with molecular dynamics than ~ We now proceed with a “formal” description of the elec-
with particle-in-cell simulation. Briefly, this technique makes trostatic FSP model as currently implementedrEPc The
systematic use of multipole expansions to reduce the compghoice of units is somewhat subtle for macroscopic mesh-
tational effort expended in the force summation to a timefree plasma simulation, and contrasts with the microscopic
O(N log N), which for large systems of chargebdlt10%) “Debye” system used, for example in Ref. 21. The base
leads to substantial speed ups over the conventiogal?) normalizations for time, space, velocity, charge, and mass,
algorithm, independently of machine architecture. The techrespectively, are as follows:
nical details of the parallel algorithm used have been docu- o~
mented elsewher®, and we will concentrate on the main t=w,t,
components of the physical model in what follows. An ear-
lier plasma tree codén many respects a sequential forerun-
ner to PEPQ has previously been used to perform micro-
scopic molecular dynamic§MD) simulations of dense,
strongly coupled plasmé&s. 0=N,€T,

In the laser—plasma context of interest here, we use the
tree algorithm to model “macroscopic” plasma behavior in m=NpmeMm.
the same spirit as PIC or fluid simulation. This model is
based on the “finite-size-particle(FSP approach, in which
point particles are replaced by spherical clouds, and are aE
lowed to interpenetrate or cross each other. A detailed theo-
retical basis for this approach was actually laid down over 3(8

II. FINITE-SIZE PARTICLE KINETICS WITH A
PARALLEL TREE CODE

v=Cr,

R
r=cw, T, (1)

The constantN, represents the number of physical
harges contained within a simulatiemacro) particle, to
e determined through the equation of motion, which for a
iven particlei with chargeq; and massn; is given(in cgs

years ago by Langdon, Okuda, and Bird$&f® An impor- nits) by

tant outcome of their work was to show that the collisionality du; ajlij

of FSP plasmas is reduced by orders of magnitude compared Mi5¢ =0iE; =Qii¢j 3 (2
i

to a plasma comprising point particles, so that the plasma
parametem)\% is in some sense replaced Img3, where wherer;;=r;—r; is the separation between particleandj,
n,\p are the number density and Debye length, respectivelyand u;= yv; is its proper velocity;y=(1+ |u|?/c?)Y? the
ande is a measure of the particle size, or cloud radius. Thigelativistic factor. In a tree code, ti@(N) sum over all other
property is implicitly and deliberately exploited in PIC particles is replaced by a sum ovaultipoleexpansiongex-
codes, where the smoothing arises automatically by the impanded here up to quadrupplef groups of particles, whose
position of a spatial grid, with the result that the above pa-size increases with distance from particleThe number of

rameters are typically restricted to values=Ax=N\p. terms in this sum i©(In N), which even after the additional
Henceforth, we will use the term FSP to megnidlesspar-  overhead in computing the multipoles results in a substantial
ticle simulation. saving in effort for largeN (Ref. 26.
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Rewriting Eqg.(2) in terms of the normalized variables
(1), we find

. dﬁl Npezwp~ aj?’lj
Mgt = MeC’ Qi;j =3

which after adding an external fiel® and making use of
the plasma frequency definitiom§=4we2ne/me for elec-
tron densityn,, reduces to

h—=_7 T.EP(r:
Mg = 302 w7 TE), 3
provided we take

c 3
—) . )

@p

41

Np=73"

Ne

Physically, the constam, is just the number of electrons in

a sphere with radius/w,, . Since it has been normalized out,

we do not actually need to knoiN, in order to carry out a

simulation, although it does provide a convenient conversion

factor. Qe=——. (8)
As in classical MD simulation, we cannot use the pure

Coulomb law for point charges because of the finite time

step, which will cause some particles to experience largdjl. TARGET PREPARATION

stochastic jumps in their acceleration, eventually destroying .

the energy conservation. We therefore modify the force law ~ ASSigning charge®)s and —QsZ to the electrons and

in Eq. (2) to include a softening parameter so that the 'ONS. respectively, and massés=|Qs|, My=A|Qg|, where
electric field looks like Z and A are the atomic number and mass, sets up a macro-

scopic plasma system whose internal dynamics is governed

_ qr solely by Eq.(3). Before we can proceed, however, we must
E(r)= (rZ4g2)32: (5) pay some attention to its initial spatial and thermal configu-

] ) ] ration. Whereas a PIC code can be fairly easily initialized
The effect of the softening parameter is to introduce a cutofthroygh a “quiet start’—an orderly placement of particles in
into the potential, and to ensure tig(r) —0 asr—0, which  yhase space—the FSP model suffers the same kind of pitfalls
greatly assists numerical stability in the time-integration  encountered in classical MD simulation, such @s:strong
particle-pusherscheme. Physically, we no longer have pointinitial heating resulting from the system being out of equi-
charges, but rather charge clouds with a smooth charge defiprium att=0, and/or(ii) persistent drift currents and oscil-
sity. Itis instructive to compute the latter by applying Gauss'|ations due to localized random concentrations of ion charge.

law to Eq.(5), giving In the present work, these problems are resolved by a
3qe? two-step “target preparation” phase. First, ions are forced
p(r)= T (r 2+ 252 (6) into a quasicrystalline structure bounded by the target geom-

etry (which could be, for example: cuboid, wedge-shaped, or

Using the same normalizations as before, and taking cylindrical). This is efficiently achieved by allowing the ions
=enyp, wheren, is some number density to be determined,to interact via an artificial Lennard-Jones-type poteritia¢

we find Coulomb interaction having been switched)pthus collec-
s tively seeking out a spatial configuration such that the mean
~ ge distance to each nearest neighbor is maximized. The wire
nop(r)—ne(rz_'_T)s?- (7

targets of the present investigation are constructed from cyl-
inders of lengthH and radiusR, as depicted in Fig. 1. The
laser is focused either at the midpoint along thexis or
ith some offsetzg.
Next, electrons are placed close to the igassuming
Z=1) with a velocity randomly selected from a Maxwellian
distribution with temperaturd,. The whole system is then

To simplify this expression, we choosg=n,, or N.=1.
Charge assignment is then straightforward: the total char
contained within a cuboid volum¥=x, Xy, Xz (in nor-
malized unit$ is

Q=2 6i=PoV=NeQs, allowed to relax with the Coulomb force-law reinstated and
' with the additional thermodynamic constraint that,
whereN, is the total number of simulation electrons aQd =const.(Ref. 2]). This allows the system to seek out its own
is the macrocharge carried by them. Since the initial densityninimum potential energy while maintaining the temperature
Po= —TNe=—1, we simply have desired for the actual simulation.
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T U, FIG. 3. (Color onling. Ponderomotive laser model. A standing wave solu-
o° st er tion for the laser(amplitude ay=2.7) is applied at the plasma—vacuum
5] total interface, giving rise to the intensity patteB} (dotted curvg and a pon-
SQ- » deromotive force(dashed curvje The equivalent fields computed from an
£ 0.0 electromagnetic PIC simulation are shown by the corresponding solid
g curves.
o
5 0.5 . .
S \ deromotive source term, phase matched to the instantaneous

10 - critical density surface at the plasma edge. The appropriate

o
g
o

20 30 40 amplitude and phase of the standing wave set up at the in-
(b) wpt terfacex=x. is determined by the solution of the Helmholtz

FIG. 2. (Color online. Relaxation of a cubic plasma consisting of 10 000 equation fora norma”y 'nCldenB_p(‘)lanzed plane wave on

electrons and ions witte) the total energyy + Up conserved, anéb) with a step profile. Assuming zero absorption, this solution yields
U held constantT,=100 eV) via a heat-bath correction to the equation of the following electric field:
motion up tow,t=20, and thereafter with the total energy conserved. .

sinkkx’ +¢), x'<O0,

sing exp(—x'/lg), x'=0,

E,=2E, coswt ©)

The end result, arrived at after a few plasma periods, is a
configuration with well-defined boundaries, quasiuniformwhere tanp=—Kkls, X’ =x—X., andls=c/w, is the colli-
initial density, and minimum potential energy. The same po-sionless skin depth. This field is assumed to maintain the
tential energyp can also be reached by forcing total energyabove time dependencecoswt, which, after dropping the
conservation o+ Uy), but only at the expense of increas- Prime from the variablex (henceforth taken relative to the
ing the electron temperature to some unpredictable valugacuum-plasma boundarieads to the following expression
>T,=100 eV, as demonstrated in FigaR for the x component of thesxX B force on the electrons:

It is important to note that unlike in conventional explicit fP=u B
PIC codes, the FSP model does not suffer from numerical * ~“”
heating associated with the grid instabiligfter all, there is JE,
no spatial grid here The initial heating seen in Fig(® is - _EZW
physical] not numerical; the total energgcentral ling is
conserved—relative to the kinetic or potential energy ksinM2(kx'+¢)], x'<0,
values—to better than 1%, which is determined as much by =2E? sir? ot 2 ) )
the leap-frog integrator used as by the accuracy of the force - ES'”Z ¢ exp(—2x'/lg), x'=0.
summation.

The temperature-clamped system,{=0—20) in Fig. (10)
2(b) remains in thermal equilibrium when allowed to evolve Note that unlikeE,, the ponderomotive force changes
in the absence of external fields. Note that in this case thgign with x but not t; here it comprises an oscillating com-
potential energy ends up over eight times larger than th@onent at 2 plus a dc componerithe actual ponderomotive
kinetic energy (v t=20—40), a situation normally associ- part, both of which always point in either the positive or
ated with strongly coupled plasmas. For a charge-cloughegativex direction, as depicted in Fig. 3.
plasma, however, the relevant parameter N To make this laser model viable for three-dimensional,
=47/3(ela)®, rather tharlNp=4m/3(\p/a)3, wherea is relativistic interactions, it needs two further modifications: a
the interparticle spacing. Although we still have to take someaadial dependence to allow for a finite focal spot and a cor-
care over the choice of these parameters, the FSP modgiction for large quiver amplitudesay=eE, /mwc>1. The
provides an effective means of modeling plasmas with finiteexpression used in the code therefore takes on the following
variable collisionality. form:

fP=—-Vy,
Yvhere

Because wave propagation within the plasma is not ye
supported by this model, the laser is incorporated by a pon-  y=(1+W¥)Y?

IV. LASER MODEL
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log,o{n; /)

W =4a3X2(x)R(r)T(t), (12)
(@) | 1

siny, x<O0, 1501
X(x)=

sing exp(—x/1,), x=0,

(&)
mr g
R()= co§<5), r<2o, >

0, r>2o, 50 1

T(t):sinz(wﬂpt>. (12

The above expressions are written in terms of normalized &
variables, but for readability we have retained an explicit 1504
frequency ratio ¢/wy), so that the phase factors become:
¢=—tan [(wlwy) ], x= (w/wp) X+ ¢. The skin depth has
been modified to account for enhanced penetration of the 1004
evanescent wave at relativistic pump strengthso thatl,
s, Where y,=(1+4aj3n./n,)Y? corresponds to the
field amplitude at the interface=x., andn, is an averaged 50
upper shelf densityinitially equal tong). Strictly speaking,

this will render the equation fdg, invalid because it is also

implied in ys; a more consistent option would be to use the 0-
formal solution for arbitrarya, and ny/n.>1 given by 0 S0 100 150

Sudar?® Nevertheless, this first-order correction turns out to @px/c

be quite good for the intensities considered heag<(s). FIG. 4. (Color onling. lon density slice in the laser incidence plane at

This is demonstrated in Fig. 3, which shows a comparisorroow, computed with(a) the tree codeepcand (b) two-dimensional PIC
between the fields computed from the ponderomotive modelimulation usingsiris In (a) the density is averaged over the spot diameter

[Egs. (9) and (10)] and a fully electromagnetic, one- inthezdirection.
dimensional PIC cod?

The radial coordinate= (y?+z?)*? is taken relative to
the center of the focal spot, which is given aZsirather
than a Gaussian—form in order to create a sharp radial cuto
at 20 (o is the half-width, half maximum This is found to
give a more physically reasonable modeling of profile defor-and ponderomotive ion dynamics.

mation, avoiding penetration of the low-intensity wings in We illustrate this with a test problem in slab geometry,

the overdense plasma, which would tend to occur for g, 6y collisionless shock formation through pressure

Gau_?rs]lan focalllspgtl. itudinal and radial field imbalance—a hole-boring simulation. Balancing continuity
i e”norma|z§ ongitudinal and radial field components, 4 omentum at the critical surfadaser reflection point
are finally given by gives the well-known formula for the recession velotity

(b)

a,y/c

combined with a rudimentary density-tracking routine to
onitor the position of the critical surface and the mean

g]ensitynu just behind it, it does serve rather well in repro-

ducing some of the main features of hot electron generation

097 _ a_g Up (Zmeng2— 12
E= o™ 5 R(r)T(t) ?h: mil]e n_: Tﬂag cosf| (13
o wherea, is the normalized laser amplitude or quiver veloc-
—sin2y, x<0, . ; . .
wp ity, »is the absorption fraction of laser energy coupled to the
X 2 sirt plasma, and is the angle of incidence.
- exp(—2x/1,), x=0, A simulation to verify this behavior was set up using a
I plasma block with dimensions &0L70X 60 (C/wp)3 and
) Ty initial electron and ion temperatures @f=>5keV andT,
E":ﬁ—y _ @T(t)xz(x) - msmz 0, r<2o, =0, respectively. The other simulation parameters wage:
Yooy vy =2.8,m;/Zm,=1836, = 0=0, andn./n.=10. A total of
0, r=2o, 6.4x 10° particles were used with effective size=2.5 and
where = =t /4o average(ion) spacinga=0.5, giving a smear factoN,

=47/3(e/a)®=600 to ensure reasonably collisionless elec-
tron dynamics.
The shock and rear-side ion blowoff—features typical of
This obviously simplistic model cannot hope to matchthis interaction scenario—can be readily identified in Fig.
the rich array of physical phenomena accessible through 4(a), which shows an ion densityy slice averaged over the
full solution of Maxwell's equations. Nonetheless, when spot diameter in the direction after about 100 fs. For com-

V. HOLE-BORING TEST: PIC VERSUS TREE
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45 —— - Up to 3.2<10° simulation particles were used, with a mass
O  OSRIS ratio m;/m,=1836 and ion charge staté=1. The laser
T thltheon) . wavelength is assumed to beuin, the spot size is 0.5—m

full width at half maximum(FWHM), or 12—24c/w, gen-
erally chosen so that the focal spot just fits within the wire
diameter (2&/wp). The pulse is turned on over five laser
cycles and then kept at constant intensity for around 300 fs,
or until the wire is burned through, at which point the stand-
ing wave ansatz described in Sec. IV is no longer reasonable.
These parameters are still some way short of the experimen-
tal conditions, in which wires with diameters of 20n were

0 200 400 600 800 1000 1200 irradiated ly a 1 pslaser focused to 2@m. The total laser

ot energy converted into hot electrons is therefore 100—-1000
FIG. 5. (Color onling. Hole-boring test: position of critical surface as a iMes less in the simulations than in the experiment, so that
function of time inpPepc simulation (solid curve and 2D PIC simulation ~we concentrate on identifying trends in the interaction be-
performed with osiris (circles for a slab target irradiated at\?2 havior rather than attempting a rigorous quantitative com-
=10 Wem 2 um?. .
parison.

Scaling up the simulations is nontrivial because the sta-
parison, a fully electromagnetigvo-dimensional PIC simu- tistics deteriorate rapidly; doubling the wire radius alone re-
lation using theosIRIS code? is shown in Fig. 4b). In addi-  sults in a quadrupling of the plasma volue- 7RH, and
tion to the filamentary structures in the underdense regiotherefore requires four times the number of particles to main-
arising from propagation instabilitie$which cannot be tain the same particle macro charQg (keepingne/n. con-
handled by the electrostatic model of Seg, the PIC simu- stan} and interparticle spacingwhich is roughly 1c/w,
lation also exhibits faster ion blowoff than the tree code inhere. These parameters determine the maximum timestep
this example. This is partly thanks to the better statisticgpermitted for numerical stability and hence the total simula-
(more simulation particles per unit area and therefore highetion time required. The relatively low density and single ion
dynamic range in the ion densjfybut also an artifact of the species (protong were also chosen for computational
periodic boundaries in thg direction combined with the economy. A “minimal” simulation withNg+ N;=1.44x 10°
large laser spot size, which allows fast electrons to recircuparticles took 50 h on 16 CPUs of thélidh IBM p690+
late across the simulation box. By contrast, the tree cod®egatta. The largest simulation considered in the present
employs open boundaries in all directions resulting here ifyork was actually the hole-boring test considered earlier: a
less space charge in the vacuum regions. 3uXx8ux3u slab with 6.4< 10° particles took over 100 h

Despite these differences in detail, the shock dynamics ign 64 CPUs. For convenience we include a summary of the
very similar; Fig. 5 shows the position of the critical surface gjmylations referred to in Table |.

along the laser axis computed both from the tree code and \ye begin our study by examining some general aspects
from the PIC simulation. We see that both codes show googs the laser—wire interaction for rurC; the 2 um
agreement with the theoretical value given by 1) of (50¢/wp)-radius wire in the table. The large-scale electron
u,/c=0.015, giving us some confidence in the ponderomoy g jon dynamics can be traced in Fig. 6, which shows a
tive laser model described in Sec. IV. sequence of ion density slices in tiez and x-y planes
while the laser is incident. A number of features(a and
VI. WIRE SIMULATIONS (b) are immediately apparent: the strong bow-shock structure
The laser—wire simulations were set up with a quasineuresulting from the ponderomotive push of the laser; the char-
tral plasma withn;=n.=(4,10n.(w/w,=0.5,0.316) and acteristic low-density ion blow-off back towards the laser;
initial electron and ion temperaturds=0.2—1 keV andrT; the electron return current along the wire axis from the tips
=0, respectively, configured in a cylinder with radids=1  towards the centerxfz) and from the wire surface back
—4 um and heightH=10-16 um, as depicted in Fig. 1. towards the focal spotxfy); and ion layers starting to peel

40

Xe

35

30

TABLE |. Summary of simulation parameterE, is the initial electron temperaturB, the particle “smear factor” controlling the collisionality;q the laser
irradiancel A2 expressed in 2§ W cm 2 um?. U__is the incident laser energy2 andU? are the total energies absorbed by electrons and ions, respectively,
at the end of the runy™*is the maximum ion energy) 2’ the median ion energfpeak in spectrum

RUN  Dimensions Te N At I oL U, ue Ul Th ymx o yave
# RXH(clwy) ne/ng  (keV) /16 Ng (0,1 lig  (0,) (cloy) M) M) (M) (MeV) (MeV) (MeV)
A 12x120 4 02 144 2 04 0.5 900 6 19 21 6.6  0.29 2.3 0.8
B 12x120 4 02 144 2 04 25 700 6 80 13 31 1.0 9 25
C 25% 200 4 1 3.2 13 02 25 780 12 314 24 17 0.8 8 15
D 50x 200 4 1 32 125 02 25 1450 12 600 400 120 0.7 6 1
E 25x 200 10 02 144 2 04 25 900 6 21 15 48 033 25 1
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-0.10 T ; ‘
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(a) apx/c (b) opx/c

0 T ; ‘
50 0 50 100 150

FIG. 7. (Color onling. lon phase space at the end of rGnin the laser
direction (x axi9): (a) longitudinal and(b) vertical (p,—along wire axi$
momentum components. The wire is initially located betwaen0 and
x=50.

of Fig. 7(b): the rear-side ionsxt>100) are beginning to
fork at an angle of 5°—10° to the laser axis. At this point
these ions have energies of6 MeV, and are still being
accelerated. Also evident from Fig(bj are the significant
blow-off components ap,= +0.05m;c from the wiretips,
reflecting the fact that the hot electrons have formed a large
plume around the wire. Indeed, the electron phase space
shows that this plume extends more-or-less symmetrically
with a radius of~1200c¢/w,, or 50 times the initial wire
radius. This corresponds to an effective simulation volume of
almost 16 um*—a feat which would be difficult to match
with a grid-based particle code.

The far-field structure of the ion emission in a more
appropriate form for comparison with experimental measure-
ments is shown in Fig. 8. Because the emission pattern in the
y-z plane is not yet fully developed in Ru@ (this would
require another 500 fs or sowve resort to gredictivediag-
nostic; namely, the angular momentum spread in the forward
and backward directions. In other words, we compute the ion
distribution f(«,B), where a=tan‘1(py/px) and B
=tan Y(p,/p,). This is not quite the same thing as placing a
virtual detector plate behind the wire, because the ions may
still be undergoing acceleration—particularly in thie and
z-directions due to mutual repulsion—however, it does offer
an early indication of the emission pattern. In Figa)8nly
the rear-side ions with energies1 MeV are shown; the
front-side ions, which initially form a radially symmetric
FIG. 6. Time-sequence of ion density isovolumgn.=0.1 and electron beamlet with~10° spread, have been f||t_ered out herd_ﬂh
return current, (arrows for a 1/4 wire section sliced along the laser and the ion blow-off back towards the laser is shown, which, as
wire axes, respectively—ru@. Times shown aréa) 240k, , (b) 800kw,,, we see, also exhibits a stripelike emission pattern. These fea-
towards the end of the laser pulse. The laser is incident from the left. tures are consistent with experimental data from the laser—

off the rear side due to hot electrofrsot shown circulating 60

behind and around the wire. This last effect is the familiar
rear-surface acceleration mechanism, but in cylindrical ge-
ometry, ultimately leading to a disclike fast ion emission. )
From Fig. 6 one might expect that rear-surface protons
will dominate the emission spectrum here, yet this is only 307 . v
part of the picture. Inspection of the ion phase spagexX) L
for RunC in Fig. 7(a) indicates that front-side ions are also 60 30 0 30 60 60 30 0 30 60
accelerated significantly via the ponderomotively driven (@) a(®) () of°)
shock, some of which have already emerged _fron_] the req!IG. 8. (Color online. Angular MeV ion emission ofa) rear-side ions X
surface(atx=50) as a beamlet in the forward direction. The g9 c/w,) in the forward direction andb) blowoff back towards the laser
onset of a double-disk structure is apparent inphe< plot  at the end of rurC.

30
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0.15 : : 0.15 : : the total power. The lower value for the dm wire reflects

0.10 L 0.10 / the fact that most of the absorbed energy is either still carried
© 0.05 /{  © 005 / I by hot electrons or has gone into heating a larger bulk of
?E:Eooo— ?/ | %000_ ///’ | wire material at this time. This is in contrast to theuin

’ i ' / wires, for which even after 70&);l (200 f9, around 3< as
e I [ much energy has been transferred to the ions than is carried
-0.10 : . -0.10 , .
50 0 50 100 50 0 50 100 by hot electrons. _ N _

(@) apx/c (b) ayx/c The reason for this enhanced transfer efficiency is not

clear at present. Normally, one would expect a smaller-radius
FIG. 9. (Color onling. lon phase space for the dm wire in runB (IN*  wire to favor acceleration from the rear surface because the
=2.5¢10°Wem ® un) at times () t=600 and(b) t=1080 showing oy alactrons have less material to pass through. However,
enhanced front-side ion acceleration. The wire is initially located between . . .
x=0 andx=25. runsA, B, andE have a far higher collisionality tha@ and
D, implying a lower mean-free-path for the cold electrons.
This in turn leads to inhibition of hot electron transpbend
wire experiments performed at RAL;?® where emission correspondingly more pronounced front-side ion accelera-
was also observed over a large range of angles. tion. This can be clearly observed in the ion phase space of
To get a feel for how these results scale with laser andun B in Fig. 9, which shows the front-side ions emerging
target parameters, and to make a connection with the PI@om the rear side with more than twice the energy than the
simulations in Refs. 9—11, we have included a summary ofear-side ions.
the energy balance statistics in Table I. A detailed analysis of the physics behind this effect will
Although this sample of the available parameter space ibe presented elsewhere; for the time being, we compare the
too small to draw definitive conclusions, some general trend®n dynamics in the Jum radius wire with that observed in
are already apparent. First, the maximum ion en&td*is  Fig. 6 for the 2um wire of runC. As before, we show a
clearly correlated to the laser intensityr I\?) rather than sequence of ion density isovolumes, but this time consisting

FIG. 10. (Color onling. Time se-
guence of ion density isovolume
n; /n.=0.25 and electron temperature
T, slice in plane of laser incidence for
a 1/2 wire section sliced along the
wire z axis—runB. Times shown are
(@ 200/, (b) 400k, (c) 600k, ,
and(d) 800k, .

(b)

(c) (d)
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