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Laser Hole Boring into Overdense Plasma and Relativistic Electron Currents
for Fast Ignition of ICF Targets
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Laser hole boring and relativistic electron transport into plasma of 10 times critical density is studied
by means of 2D particle-in-cell simulation. At intensities/pA?> = 10° W cm ™2 um?, a channell2A
deep and X in diameter has formed after 200 laser cycles. The laser driven electron current carries up
to 40% of the incident laser power. When penetrating the overdense region, it breaks up into several
filaments at early times, but is channeled into a single magnetized jet later on. These features are
essential for fast ignition of targets for inertial confinement fusion (ICF). [S0031-9007(97)04145-8]

PACS numbers: 52.40.Nk, 52.65.Rr

The concept of fast ignition of inertial confinement [5—7], (b) the generation of hot electrons at solid surfaces
fusion (ICF) targets with lasers [1] involves hole boring by laser pulses above ¥0W/cm? with temperatures
into overdense plasma and the generation of relativistiabout 1 MeV and peaked in forward (laser) direction [8],
electrons that heat the ignition spot in the precompresse@) light channeling [9—12] and fast electrons [13,14] in
fuel core. Such external ignition may strongly relax driverunderdense plasma, (d) the observation of x rays produced
requirements for ICF. Still, the underlying physics is notby these relativistic electrons through bremsstrahlung and
well understood. The aim of this paper is to provide moreK, emission [15-17], and (e) the detection of MeV
detailed insight, based on two-dimensional (2D) particledions [18].
in-cell (PIC) simulation. Electromagnetic, relativistic PIC simulations [19] pro-

ICF targets are compressed by ablatively driven implovide detailed kinetic information about the laser plasma
sion on a nanosecond time scale. At ignition time, thenteractions. However, they demand extreme computing
core is surrounded by ablated plasma, falling in densitypower and push existing computers to the very limits
from 10° times overcritical to critical over a distance of [20,21]. Simulating overdense plasmas, one has to re-
a few 100um. The ignition pulse has to drill a channel solve at least the plasma skin depth = ¢/w, and the
through this plasma toward the core. One expects that goeriod of plasma oscillations, = 27 /w,, wherec is
energy of about 10 kJ has to be deposited within 10 pshe velocity of light,w, = (47e?n,/m,)"/? is the plasma
into a 10 ug fraction of the fuel, provided it has been frequency. is electron densitye andm, are the charge
compressed 2000 times to 40@cgn® [2]. This implies  and rest mass of the electron. For ignition configurations
a power of 16° W for the heating pulse. Such petawatt as described above, one finds = 1.6 X 107> um and
powers have been achieved recently with chirped pulse, =3 X 10~!7 s. A complete simulation would need
amplification (CPA) lasers [3]. more than 16 particles (0° X 10* cells in a 2D mesh)

Notice that the final transport of this power to the coreand 10 time steps, and require a year on a 1024 pro-
is by relativistic electrons, forming a current of 200 MA, cessor CRAY T3E. Therefore only model problems can
if carried by 5 MeV electrons. This corresponds to 1000presently be treated. Nevertheless, they provide important
times the Alfvén limit. Certainly, such a current cannotinsight and a basis for more approximate treatment. Pre-
be transported as a simple beam, but it involves collectivgious PIC simulations on laser hole boring are reported in
plasma transport. [1,4] and on electron heating and absorption in [22—24].

Key issues discussed below include (1) the speed dElectron transport and stopping in the core are discussed
ion cavitation driven by the ponderomotive force, (2) thein [25].
efficiency of laser energy conversion into fast electron In the present 2D(x,y) simulations, light polarized
currents, (3) magnetic field buildup together with self-in the y direction is normally incident on a plasma
focusing of electrons and light, (4) current filamentationlayer 201 wide and 30X thick, with uniform density
in the overdense region and eventual formation of a single, /n. = (w,/w)? = 10, wheren, is the critical density,
magnetized electron jet, as well as (5) the directionakw = 277 ¢/A the laser frequency, andl the wavelength.
stability of this jet. In these aspects, the present papeAs boundary conditions, we enforce constant electron and
goes beyond the pioneering paper published by Wilkson density aty = +10A and allow particles to escape
et al.in 1992 [4]. Since then, a number of experimentalat the rear and also the front. Pulses have a Gaussian
papers have appeared confirming (a) the onset of holgansverse profile of & width and peak intensity, in
boring under the action of light pressure observing inwardracuum. They are semi-infinite in time and rise linearly
motion of the critical surface via redshifted reflected lightover 2G- with 7 = 27 /w. The interaction physics scale
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with IyA%. For convenience, we set = 1 um in the light has punched a-shaped crater into the overdense
following, corresponding to a cycle time of = 3.3 fs.  plasma about 4 in depth [Fig. 1(a-l)]. At 660 fs, it has
Intensities/,/(10'° W/cm?) = 0.5, 2.2, 10, and 15 are changed its shape to a straight holeAl@eep and 3
considered such that electrons are driven to relativistic erin diameter [Fig. 1(a-r)]. Hole boring is driven by light
ergiesEy, = (y — Dm.c? with y = 1/(1 — BY)Y/2 >  pressure. It expels electrons from the interaction volume.
1 and B8 = v/c. This enhances electron mass,y, This builds up an electric field that drags the ions. The
and decreases plasma frequeney{y ~')!/2, where(---)  hole boring velocity and its scaling with is found to be
denotes a cell average. A 2D version of the PIC codén fair agreement with the formula given by Wille al.
VLPL (Virtual Laser Plasma Laboratory) [26] was run on [4]. Particle density and energy distributions at 660 fs
32 processors of CRAY T3D at Rechenzentrum Garchingare given in Figs. 2 and 3. Electron and ion densities are
We use a spatial mesh 500 X 1200 cells with7 X 10  almost identical except for the channel center.

electrons and.8 X 10° ions. The mesh step corresponds In Fig. 1(a-r), one sees a collisionless shock of conical
to the Debye length at temperatufe = 7; = 25 keV.  shape corresponding to ions running outwards from the
The ions are protons with mass = 1836m, andZ = 1.  channel region. They appear in Fig. 3(a) as a hot

The highest rate of channel boring and the mostomponent in the ion spectrum with = 0.5 MeV. At
effective conversion of the laser power into the fastthe shock front, one observes a peak compression of
electrons is obtained fafy, = 10** W/cm?. The results about 1.8 times the background density which somewhat
of this simulation are shown in Fig. 1 in two columns decreases toward the channel boundary and then sharply
of snapshots, taken after 330 and 660 fs. At 330 fs, thelrops toward the channel core. This is best seen in
Fig. 2(b). Inside the channel, the electron density is
n./n. = 2. Nevertheless, the laser light can propagate
due to relativistically induced transparency. In order to
make this evident, we have also plottedy ~')/n. which
indeed falls well below one. In the rest of the plasma,
n.{y~'/n. = 5 such that the third and higher harmonics
10 can freely propagate all over the volume.

Light intensity is plotted in Figs. 1(b) with the bright
vertical lines corresponding to the wave crests. At 330 fs,
the incident light just fills the crater; after 660 fs, it is
funneled into the density channel, seen in Fig. 1(b-r) as
a single light filament with 2 width and 1Q. length.
Actually, the width of the filament oscillates, similar to
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FIG. 2. Transverse profiles of (a) a cycle-averaged magnetic
field and (b) an electron density cutting the light channel at
FIG. 1. Channel boring in the,y plane by aA = 1 um laser x = 7\ (solid lines), and the electron jet at= 161 (dashed
pulse incident inx direction and polarized iy direction with  lines) at 660 fs. The thinner lines in (b) give({y ')/n.,

Iy = 10 W/cm? at times 330 fs (left column) and 660 fs showing the effect of relativistic mass increase. (c) Power of
(right column): (a) ion density:; /n., (b) instantaneous light forward electron flown in percent of incident laser power,
intensity | (102 W/cm?), (c) cycle-averaged magnetic field and (d) average energy) defined in text, both given versus
B/By, and (d)x component of the electron energy flux in units incident intensityl, and taken at 660 fs in front of the chan-
of 10'°* W/cm? Grey scales are given on the right side. nel head.
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T T T Y The filaments are also seen as an imprint in the ion density
‘ [see shocked region in Fig. 1(a-l)].

The pattern changes when the channel gets deeper
and elongated. At 660 fs, only one strong filament
is left. The azimuthalB field then traps all electrons
below a certain transverse momentum in the channel.
Nonetheless, they can propagate in the vicinity of the axis,
where the magnetic field vanishes. Laser acceleration
of these trapped electrons [30] leads eventually to a
well-collimated electron beam, which is injected into the
o overdense plasma at the channel head. This may explain
FIG. 3. (a) lon and (b) electron distribution versus energy ake formation of the single jet observed in Fig. 1(c-r). The
660 fs, including all particles. S . f . -

jet is somewhat tilted relative to theaxis. We find that

this tilt changes with time and decreases as the channel

becomes longer. Obviously, the directional stability is
what has been observed recently in underdense plasnaa important issue for fast ignitor applications. From the
[12]. In addition, electromagnetic energy is seen as whit@resent results, we cannot exclude that the direction may
points scattered all over the simulation plane, more so atary a bit statistically from shot to shot. The formation
660 fs. It may correspond to harmonic light and also toof filaments and the subsequent coalescence of these
electromagnetic fluctuations of thermal nature, indicatindilaments is also discussed in [31]. In passing, we mention
plasma heating. At 660 fs, the electron energy distributiorthat the third harmonic light propagates along the jet,
in Fig. 3(b) shows two populations with temperatures 0.Avhich acts as a waveguide [32].
and 2.0 MeV which are attributed to heated background An important aspect of the physics studied here is
plasma and laser-driven fast electrons, respectively. the transfer of energy flux from photons to electrons.

The magnetic fields plotted in Figs. 1(c) give evidenceThis is highlighted in Figs. 1(d) in terms of the electron
for the electron currents driven by the incident light.energy flux F, = Y ; s;v,;/AV. Here, we sum over
These plots are cycle averaged in order to suppresdl electrons in a cell and divide by its volum&V;
the laserB field and to highlight the quasistationary v,; is the electron velocity in the& direction ande; =
component. We distinguish three regions. The largesty; — 1)mc? is the electron kinetic energy. The electron
field occurs in the channel (region I). It is an azimuthalenergy flux reaches values up to220W/cm?, equal
field which corresponds to a strong current of relativisticto the peak of the incident photon energy flux. Notice
electrons comoving with the laser light from left to right. that F, is strongly modulated with bunches of electrons
It has been described before [20,27,28]. Its transversngitudinally separated by about a laser wavelength.
profile at x = 7A is given in Fig. 2(a); the unit is Inside the channel, we interpret these bunches as Brunel
By = mcw/e = 107 MG for 1 um light. Within the electrons [33] extracted from the channel wall by the
chosenx, y geometry, it corresponds to a channel currentt, field of the laser wave and then accelerated by the
J/Jo = (B/Bo)L/A per lengthL in the z direction with  v,B, force in thex direction. Contrary to the energy
Jo = mc?/e = 17KA. TakingL = 21 andB/B, = 1.5,  flux distribution, the electron density distribution inside
we findJ = 3Jy = 50 KA. Apparently, it is close to the the channel shows no pronounced wave structure, i.e., we
Alfvén current, defined ag, = Jo(By). find no indication for electron acceleration by means of

Region Il of the magnetic field is seen in Figs. 1(c) plasma waves.
along the plasma surfada/A = 2-3). It corresponds Electron flow in the jet region close to the channel
to surface currents which first of all feed the channelhead is further analyzed in Fig. 2. Quantities are cycle
current. It reaches values 6f5B, at 330 fs and falls averaged. The ratio of electron power per unit length
to (0.1-0.2)B, at 660 fs. Currents are allowed to flow in in the z direction over that of incident lightn =
through the sides due to the lateral boundary conditions. [nv.edy/ [I; dy, is plotted in Fig. 2(c) as a measure

Region Il of the magnetic field is located to the right of of the conversion efficiency. The corresponding average
the channel in the overdense part of the plasma. It appeaesectron energye) = [nv.edy/ [nv, dy carrying this
to be the most interesting one in the context of this papempower is shown in Fig. 2(d). Botlmp and (g) rise to
In Fig. 1(c-l) at 330 fs, one observes a bunch of currenpeak values ak, = 10°° W/cm? and then fall again. The
filaments emerging like rays from the crater region, eachlecrease fof, > 10%° W/cm? is attributed to insufficient
marked by its magnetic field. The pattern corresponds tanagnetic trapping of electrons in the channel such that
electrons accelerated by the laser field into a cone thahore energy is flowing to the sides rather than in
opens to the right. The electron current penetrates thtéhe forward direction. At 660 fs, the maximum power
overdense plasma, where it induces a return current amgsiding in electrons amounts to 40% of the incident
breaks up into filaments due to the Weibel instability [29].laser power and drops along the jet to 20% at the right
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{0 B v e o e e magnetically collimated transport of relativistic electrons
viul 3 with peak current densities as high ast18/cm?  Both
[ current filamentation and formation of single jets should
5 ,J ) be detectable in near-term experiments. Evidently, this
OF also opens a new field for basic plasma physics and other
i nonfusion applications.
L " 1 This work was supported in part by BMBF (Bonn) and
ol an A, Sk - 110 by EURATOM.
-100 0 100
o (degree)

FIG. 4. Electron energy flux distributiof'(x, y, , ) in the *Permanent address: Moscow Institute for Physics and
y,a plane forr = 660 fs and x = 16A, showing electron

L ; e : Technology, Dolgoprudnyi, Moscow Region, Russia.
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