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Brief Summary

This workshop has discussed recent experimental and theoretical work related to fast ignition
of fusion targets. After the workshop at Berkeley in March 1997, it is the second of its kind to
respond to the rapid progress driven by the development of lasers with intensities above 10*
W/cm?. The present goal is to check the physics basis of the fast ignitor scheme, proposed by
M. Tabak et al. (Phys. Plasmas 1, 1626, 1994). The workshop had 50 participants, including
the leading laboratories in Europe, Japan and USA. This volume contains the viewgraphs
presented at the workshop.

Fast ignition of ICF fusion targets relies on sudden heating of a small amount of compressed
fusion fuel by an external trigger. One has to deposit a specific energy of about 10°J/g to ignite
thermonuclear fusion in deuterium-tritium fuel. With a 10 kJ heating pulse, one can ignite 10
pg of fuel. For a spherical volume, this implies a pR = 0.6 g/cm’ with a density of p = 300

g/em’ and a radius of R = 20 pm. Under these conditions, the hydrodynamic disintegration
time is about 10 ps such that fast ignition requires heating powers of 10"* W and, even more
important, specific deposition powers in the order of 10%° W/g.

High-power lasers, using the method of chirped pulse amplification (CPA), may for the first
time provide a real option to achieve such power levels and to use it for target ignition. This
would significantly relax ICF driver requirements, constrained so far by the condition of
forming the hot spot for central ignition hydrodynamically. For external ignition, the ignitor
pulse has to be transported through highly overdense ablated plasma surrounding the imploded
fuel core. This implies hole boring and relativistic electron transport.

In Session 1 of the workshop, Max Tabak reviewed the promise of fast ignition for ICF, G.
Laval explained the plasma physics involved, and A. Migus highlighted the lasers required. K.
Mima and H. Nishimura from ILE/Osaka reported on 100 TW interaction pulses obtained from
the new 13th laser line of GEKKO XII and first attempts to shoot it on a core imploded by the
other 12 beams. A. Caruso reminded the workshop that external ignition had been considered
at Frascati already in the 1960's, though with no practical tool at hand to do it, and G. Logan
from LLNL opened the discussion on fast ignition reactor issues.

Session 2 was devoted to simulation and theory. Several groups are now running two- and
Fhree—dimensional particle-in-cell (PIC) codes to obtain insight into relativistic laser plasma
interaction. Results show consistently self-focusing of the incident laser light when propagating
in near-critical plasma, hole boring into overcritical plasma, drive of relativistic electron
currents in laser direction and corresponding generation of magnetic fields in the order of 100

MG. Results from MPQ indicate up to 40% conversion from laser power into forward electron
power.

It beca{ne clear that complete PIC simulations of the fast ignition scenario are out of range,
?;’:élemth the large_st foresz_aeable computers. Also PIC codes, not treating collisions, may be
evolu(tlilgfe Ito describe heating t;y return currents and the correqunding temperature and_ field
required t tdaPP?ars that hybrid schemes including hydrodynamic and MHD‘ codes will be
ey deoo t?s_crlbfa the electron transport _through the highly cqmpressed regions as well as
Simulationpd sition into the core and_ﬁ]t_al. ignition. The Frascati work based on 2D-hydro-
. il_:lonstr.:ated impressively ignition of non—sphericgl fuel conﬁgurat'ions. and non-DT
expe;‘imentgﬁ On unique to the fast. ignitor scheme. Sessions 3 and 4 highlighted recent

results obtained at Limeil, Livermore, Osaka, Oxford, Garching, Jena, the




university of Michigan, and other places. There is now ample evidence for (the onset of) hole
boring, self-focusing and formation of single light channels and the generation of directed
MeV-electron beams. Also the first measurements of multi- MegaGauss magnetic fields were
reported from the Imperial College. Unexpected levels of light transmission through very thin
(sub-micron) foils at intensities above the relativistic threshold stimulated intense discussions.
Observations of transmitted light on the rear side from spots smaller than the focus and
sometimes shifted relative to it seem to correlate with some of the simulations, but more work
is needed to substantjate and explain these results.

Electron spectra were reported from interaction experiments at Limeil with the P102 laser at
intensities of some 10'° W/cm?; they show a two-temperature distribution with temperatures in
the MeV range similar to PIC results. These hot electrons penetrate into solid material much
less than expected, as several groups conclude from low K, emission of deep layers. This may
be explained by large electric fields building up at the surface due to charge separation.
Probably of different kind, but certainly most puzzling are the electrons jets seen by J.C.
Gauthier when irradiating metal surfaces at lower intensities; he finds them sharply collimated
into the direction of specular reflection, and nobody had an explanation.

Electron transport is also a central topic for fast ignition, that was discussed in Session 5.
Transport of a petawatt pulse by 2 - 5 MeV electrons to the core implies a current of 200 - 500
MA. Such currents exceed the Alfven current by 3 to 4 orders of magnitude. In order to
transport this current, it needs to be compensated almost completely by return currents.
Though the relativistic forward electrons may be described as collisionless, the slow electrons
forming the return current are certainly collisional, and the question of conductivity and ohmic
heating becomes of central importance. Corresponding investigations were reported from Los
Alamos, Livermore and the Imperial College. Another aspect is current filamentation due to
Weibel instability. PIC simulations from Garching for ten times overcritical plasma show
phases of current filamentation and filament coalescence into a single electron jet.

Ton acceleration represents another intriguing aspect, that leads to beam fusion reactions in
deuterium plasma. Such neutron production in deuterated plastic targets was reported from
joint Rutherford/Livermore experiments and from Garching. Electric fields generated by
electron expulsion from the self-focused laser channels drive ions radially to several 100 keV
energies, just the region of peak DD-fusion cross-sections. This is concluded from 3D PIC
simulations of the Garching experiment.

In Session 6, smaller and larger facilities presented their parameters and plans for future work.
Max Tabak presented the corresponding Livermore viewgraphs, since Mike Key and other
LLNL experimentalists could not attend the workshop. This was because a major experimental
campaign with the LLNL petawatt laser had been scheduled just for the same week. In
conclusion, the three-day workshop was actually too short for a thorough discussion of the
abundance of new results and ideas. This viewgraph collection may help to study the results in
a more relaxed atmosphere and to trace relevant references.
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1. SESSION: CONCEPTUAL OVERVIEW TALKS

Max Tabak :
Inertial fusion with fast ignition

Guy Laval :
Plasma physics of fast ignition

Amold Migus :
Lasers for fast ignition

Kunioki Mima :
Overview on ILE Activities on Experiment and Theory

Angelo Caruso :
Ignition of Fusion Targets by External Triggers

Grant Logan :
Fast ignitor reactor integration issues
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The final gain curves fold together the burn model
with a simple implosion model LLg

First we prepare the ingredients:

1. Burnh model gives optimum M(nE) = Vimp = (2nE/M)1/2

2. Need vy (I,A) for rocket equation. Heuristic derivation:
a. PAVa = Ps Vexh = dm/dt continuity

b. Pr = dm/dt veyn = m dvjpp/dt rocket equation

1l

= Ps \"exh2
C. laps s PrVexne PsVexh’ Vesh K°
Scaling agrees with more rigorous derivations if sonic point
critical point at same spot. Also agrees with Lasnex
calculations of Pollaine and Lindl.
d. Vegn o< (1IR3 5 Pre<(l 1228 ; dmidt o (1/2)7

" 3. Integrate rocket equation:Vimp/Vexh = In(X) = In(m/myg)

Gain curves and all that,ll

C
4. Integrate rocket equation in time again to find distance travelled in
time required to reach vjn,. Require that this distance is half of initial

radius.
R = (9.2e7 13 228)my/(dm/dt) x (1-X(1-In(X))

5. Shell density comes from ablation pressure:

Pr=2a ps""3

6. Shell thickness, AR = mg/p = (dm/dt)/p X mg/(dm/dt)
7. In-flight-aspect-ratio(IFAR) = R/AR =

1.2e3 104 316:0:8(1-X(1-In(X))

8. The initial mass, My = M/X = 4n R3p/(X x IFAR)

We now know R.

9. CR (convergence ratio) = R/(relevant converged radius)

Gain curves and all that,lll

&
10. ny = Hydrodynamic efficiency = kinetic energy/absorbed energy
=M Vimp?/2l t = dm/dt vy, 2/21 (X/(1-X))

11. Assume couple 70% of laser light because capsule implodes
n= 0.7 X My
Zooming removes this inefficiency. Our estimates below those of
NRL group. ny probably <<njgpitor and implosion dominates energy
budget for total gain calculation.

12. Gain = n x core gain(nE)

13. Calculations above assume critical radius/ablator radius = 1.3

Mocks up effect of inverse Bremsstrahlung absorptio
n f
wavelength lasers. 9 P or short

Gain curves and all that,IV : simple comparisons
between isochoric and isobaric properties LU5

Pick intensities so that X and hence 1 are the same for both models
IFAR = R/AR = Vi, 2(Pr/pAR VAR = Vi 2/(PY/p) = Vimp /(0p?3)

But for fixed X, Vimp > Vexh = " and Pr Vimp 2ec ap®®

or IFAR « p o< a-o'svimp 1.2
Comparing coefficients: IFAR ratio = (230/19/3)%6 = 2.3

M, <« RS
|agger)R SIIFAR. <R3 or Re<Mjy ' and radius ratio is 2.3 (isochoric
+ CR ratio is then 1200/190/2.3 = 2.75 (isobaric larger)
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