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Abstract

Hole boring and fast ignition seem to exclude each other: When there is hole boring, no ignition occurs, and vice versa.
The laser beam pressure only causes a more or less deep cone-shaped critical surface that leads to better guidance of the
beam and to improved laser–plasma coupling.At laser wavelengths of the order of 1mm, successful fast ignition requires
strong anomalous laser beam–pellet coupling.
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1. INTRODUCTION

For inertial confinement fusion~ICF! to work successfully
a sufficient amount of precompressed DT fuel must be
brought up to a temperature of 6–10 keV to induce a self-
sustaining nuclear burn wave. This is either accomplished
by central spark ignition, where the fast heating is provided
by a converging spherical shock wave, or by fast ignition
~FI!, with a superintense laser beam during a time interval
of 10–30 ps. The extensionR of the hot spot is determined
by the densityr of the compressed fuel throughrR $ 0.3
gcm22 ~Lindl, 1995!.

The concept of FI is attractive because it offers several
advantages:~1! high burn efficiency~25%!, ~2! no special
symmetry constraints, and~3! reduced growth of hydro-
dynamic instabilities. However, they contrast with the fact
that the laser can deposit its energy at densities not exceed-
ing the critical densityrc, respectively particle densitync.
As a consequence, electrons of relativistic energies must
provide for the energy transport to the dense compressed
fuel in an efficient way, that is, good collimation, and on a
time scale of several tens of picoseconds~e.g., 70 ps; Hain &
Mulser, 2001!. Essentially three scenarios have been pro-
posed to achieve the goal:~1! fast beam ignition~FBI! by
converting the relativistic electron beam into a focused
beam of ions that is absorbed in a controlled way in the
compressed pellet core;~2! cone-guided fast ignition~CFI!,

where a hollow high-Z cone ~e.g., gold! is placed in the
fusion pellet with its top reaching the core to bring the
absorbing critical region very close to the ignition region
~Kodamaet al., 2001!; ~3! fast coronal ignition~FCI!, with
the critical density brought as close as possible to the
compressed core by hole boring. This appealing scheme
came up nearly 10 years ago and has meanwhile apparently
been accepted as a realizable FI scenario. It is therefore
surprising that a detailed study of FCI combined with hole
boring has not been undertaken so far. The advantages of the
scheme are evident. If, for instance, a laser beam can drill a
hole in the pre-compressed pellet up to the densityr . 200
gcm23 the energy spread of the hot electron beam could be
significantly reduced and perhaps better coupling of the FI
laser beam, now being guided by the walls of the hole,
would be an additional advantage. By deep hole boring, the
use of a cone could be avoided and CFI would reduce to FCI.
In this article we show that, unfortunately, hole boring in
connection with FI cannot work properly: FI and hole bor-
ing nearly exclude each other.

2. HOLEBORING IN COLD MATTER

Imagine impinging a laser beam of intensityI 5 e0c ZE202
onto the critical density of a pre-compressed pellet of local
pressurep0. The laser beam acts like a piston under pressure
PA, which is the sum of the light pressurepL 5 ~11 R! I0c,
whereR is the reflection coefficient andc is the light speed,
and the ablation pressurepA 5 pc 1 rcvc2 5 pc~1 1 Mc

2!;
hence, withm 5 I02cpc,
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PA 5 ~11 R!
I

c
1 pc~11 Mc

2! ~1!

Mc 5 5
m

exp~m 1 0.5! 2 2
m . 1

12M0.4m m # 1

~Mulseret al., 2003!. pc andMc are the plasma pressure and
Mach number at the critical point. Equation~1! is obtained
for a one-dimensional~1D! plasma flow andTe 5 const in
the evanescent region whose extension, owing to profile
steepening, is less than a quarter laser wavelength. Under
the action ofPA, a bow shockS traveling at speedv0 forms
~Fig. 1a!. In the infinitesimal timedt, the amount of matter
r0v0dt undergoes the velocity change fromv5 0 to v5 v1,
the density change fromr0 to r1 and the pressure change
from p0 to p1 when crossing S. With the compression ratio
k 5 r10r0 holds along the symmetry axisv1 5 v0~12 k21!,
and hence, the momentum balance reads

PA 5 r0v02~12 k21! 1 p0. ~2!

First pA 5 nckTe~1 1 Mc
2! must be evaluated in relation to

pL. The intensity interval of relevance isI 5 1019–1021

W cm22. The wavelengths considered arel 5 800 nm
~Ti:Sa! andl 5 248 nm~KrF!. The effective~i.e., relativ-
istic! critical densitync5geffnc0 is calculated from formulas
given in the literature~Mulser & Bauer, 2003!:

geff 5
pgth

E
0

2p

dj cos2j$11 ~a0gth!2 cos2 j%2102

~3!

a 5 e ZA0mec, ZA 5 ZE0v.

gth is defined by Eq.~4!. For a0gth 5 1 resultsgeff 5 ~1 1
0.5!102gth, fora0gth. 2 followsgeff5~110.8~a0gth!

2!102gth;
for ~a0gth! . 5 geff approaches the asymptotic valuegeff 5
0.785a. This behavior is of great help in preparing Table 1.
The relativisticg-factor used here is considerably different
from simple standard expressions generally used.

Fig. 1. Holeboring in cold matter: alternative models for matter displacement. a: Laser acts as impermeable piston;PA: piston pressure,
r0: undisturbed pre-compressed pellet density,v0: hole boring speed. Oblique shock~b! is determined from the shock polar~c!. Beyond
limiting angleu shock detaches from cone~d!.
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A lower limit of the electron kinetic temperatureTe is
obtained from the requirement that under steady-state con-
ditions the absorbed photon flux~12 R! I must equalize the
electron energy fluxqe into the pellet. We set

~12 R! I 5 qe 5 5
1

2
kTencS kTe

me
D102

, non-rel.

kTencve 5 Sgth 2
1

gth
Dncmec3, rel.

kTe 5 ~gth
2 2 1!102mec2

~4!

Depending on the divergence of the electron beamqe, there
is an uncertainty factor of order unity in this definition ofTe.
For comparison, if in the nonrelativistic expression forqe an
isotropic Maxwellian distribution is used, the correct numer-
ical factor is 2~20p!102 5 1.6; instead for a collimated, that
is, one-dimensional~1D!, Maxwellian, it is~2p!2102 5 0.4.
For the critical pressure we setpc 5 nckTe. In the nonrela-
tivistic case the pressure in one dimension is twice the
internal energŷE&, in three dimensions~isotropic! it is two
thirds of it, regardless of whether the electron distribution is
a Maxwellian or any other distribution. The relativistic case
is more complicated. Fortunately it becomes simple again
for superrelativistic electrons, that is,qe5kTencc if mec2 ,,
kTe. Furthermore, in one dimension,p 5 n^E& and in three
dimensions,p 5 1

3
_n^E& holds~e.g., see the photon gas!.

In Table 1nc0, geff, Mc, Te, andpA0pL are given for the
intensitiesI 51019, 231020, 231021 W cm22 and forR5
0.5. An absorption of 50% is a realistic assumption~see,
e.g., Feureret al., 1997; Ruhlet al., 1999!. The plasma
pressure in the undisturbed pellet before the laser beam
arrives is set equal to zero.

From Table 1 important information is extracted regard-
ing the temperatureTe, its dependence on the laser wave-
length, and the pressure ratiopA0pL. Numerical FI studies
do not give much chance to successful ignition for energy
flux densitiesqe significantly less, for example, by a factor
of 3, thanqe 5 1021 W cm22 ~Mulser & Bauer, 2003!. At
Ti:Sa wavelength and 1021W cm22 absorbed laser intensity,
Te amounts to 5.3 MeV, even though the relativistic increase
of nc0 is the considerable factor of 20. Because no effect is
known so far which would lead to overdense light beam

penetration, this temperature is a very reliable lower limit.
Unless there occurs very anomalous collective coupling of
such energetic electrons to the cold background, the electron
beam is not stopped by the pre-compressed pellet and FI
fails atl * 1 mm wavelength.

Table 1 underlines the importance of transport and col-
lective deposition research at relativistic intensities. Switch-
ing to KrF lasers is a remedy; however it bringsTe down
only by a factor of 4 instead of the wavelength ratio squared,
that is, 10.4, because with shorter wavelength the relativis-
tic a-factor reduces also and hencegeff lowers fromgeff520
to geff 5 9. One has to bear in mind thatTe51.29 MeV is a
lower limit. Future experiments have to show whether absorp-
tion takes place atnc, increasing according to Eq.~3!, or
whether, due to enormous profile steepening at the critical
point, laser beam penetration follows a more modest density
increase.

Another important aspect is that the hole boring bow
shock always runs into a preheated region of pressurep0 $
pc because the electron energy transport is faster thanv0.
Therefore the maximum effective pressure determining the
hole boring speedv0 is PA 2 p0 5 pL 1 pc~11 Mc

2!. For all
intensities considered in Table 1PA 2 pc is very close topL .

The efficiency of hole boring in a cold background plasma
~almost no energy exchange of the electrons from the criti-
cal region! may be studied by assuming a pellet density
profile of the formr05 h~x0L!s. From the pressure balance
~2!, PA 5 fr0v02 1 pc, f 5 ~1 2 k21!, the depthx0L as a
function of t is given by

x

L
5 S s1 2

2L
tD20~s12!S PA 2 pc

fh
D10~s12!

. ~5!

The pressure balance~2! also holds in the absence of a
shock, that is,f 50. ChoosingI 5231021, R50.5,h5400
gcm23, t 5 20 ps, f 5 0.5 ~corresponding tok 5 2, typical
compression in numerical simulations!, L 5 0.01 cm and
s5 2, one finds withPA 2 pc 5 1.53 1.05pL ~see Table 1!
x0L 5 0.45,r0h 5 0.21,r 5 83 gcm23. With the exponent
s5 3,x0L 5 0.53,r0h5 0.15,r 5 59 gcm23. Now a typical
“hole boring prepulse,” frequently quoted in the literature,
of I 51019 W cm22, PA 2pc51.531.2~Table 1!, s52, and
t 5 50 fs is considered:x0L 5 0.23, r0h 5 0.055, r 5
22 gcm23. After 20 ps, the laser has penetrated up tor 5
8 gcm23 only. Thus, at such an intensity hole boring is rather
modest even in the most favorable case of cold plasma.

There remain some uncertainties originating from the
laser pulse transverse intensity distribution and beam width,
in the bow-shock model all summarized by the factorf. It is
therefore illuminating to use an alternative model that is
also accessible to an analytical treatment. As soon as the
bow shock invades a density regionr0 * 1 gcm23 ~i.e., 5
times solid DT! the mass flowspcMc and r0v0 obey the
inequalitypcMc ,, r0v0. As a consequence, there is nearly
stagnation on the axis in front of the piston P. This means
that the laser acts nearly like an impermeable piston, devi-

Table 1. Ratio of ablation pressure pA to light pressure pL
as a function of laser intensity I

Laser nc0 @cm23# I @W cm22# geff Mc Te @MeV# pA0pL

Ti:Sa 1.83 1021 13 1019 2.2 0.44 0.39 0.72
2 3 1020 9.0 0.23 1.26 0.30
2 3 1021 20.0 0.21 5.29 0.28

KrF 1.83 1022 13 1019 1.2 0.46 0.12 0.84
2 3 1020 3.0 0.31 0.49 0.41
2 3 1021 8.8 0.23 1.29 0.30
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ating almost all plasma laterally. Therefore a solid cone-
shaped piston of narrow aperture angleu propagating at
speedv0 is considered. From the vertex of the pistonP a
coaxial conical shock of aperture anglea originates~Fig. 1b!.
Under the assumption of negligible pressurep0, the possible
states behind the shock cone~region 1! can be determined
from the shock polar, which in Fig. 1c is given fork 5 4.
When normalized tov0 it readsVy

2 5 ~1 2 Vx!~Vx 2 k21!.
From the continuous transition of the tangential component
through the shock front, that is,v05 5 v15 ~see, e.g., any
textbook of gas dynamics!, one derives

PA 2 p0 5 r0v0v1 sin2 a cosu 5 r0v02 sin2 u
cosa

cos~a 2 q!
. ~6!

For anglesu such that the straight line starting from the
origin does not have any point in common with the shock
polar, the shock S forms at a finite distance from the cone
with finite curvature on the axis~Fig. 1c!, and Eq.~2!
applies again. For a strong shock, equivalent top0 5 0, the
limiting angle is given by tanu 5 ~k 21!02k102. Fork 5 4
results, tanu 5 3

4
_ andu 5 378. The corresponding anglea

follows from Figure 1, that is,u5648, and the angular factor
in Eq. ~6!, corresponding to thef-factor of Eq.~5!, assumes
the value 0.32. For the cone and shock angles ofu 5 288 and
a 5 408 indicated in Figure 1, the angular factor is 0.29. The
factor decreases monotonically with decreasing aperture
angle of the cone and, at givenPA 2 p0, v0 increases. For a
strong shock of Figure 1a,c the factor becomesf 512 1

4
_ 5

0.75. The comparison of the two models shows that a laser
beam with a narrow cone-shaped intensity profile acceler-
ates hole boring owing to anf-factor less than 0.5 in the
denominator of Eq.~5!: with f 5 0.29,x0L increases by a
factor of 1.15~s5 2! and 1.11~s5 3!. The conclusion, also
to the authors’ surprise, is that even in the most favorable
situation of cold matter, that is, collimated hot electrons
interacting with the dense pellet core only, hole boring at all
relevant laser beam intensities is not very efficient.

3. HOLEBORING IN HOT MATTER

3.1. Numerical results

First of all, there is the experience with computer simula-
tions of FI on the absence of any hole boring. Specifically, a
5-mg DT pellet, pre-compressed to 350 gcm23, was success-
fully ignited by a 75 kJ laser beam of absorbed intensity of
I 5 1021 W cm22, deposited at the densityr 5 4.6 gcm23

during 20 ps~Mulser & Bauer, 2003!. The energy transport
was accomplished by flux-limited Spitzer-diffusive heat
conduction, andR5 0, that is, no reflection, was set. During
the entire time of irradiation no indication of hole boring or
concave deposition surface deformation could be observed.
It can be concluded with certainty that in a diffusive model
for qe any hole boring under the above conditions stops at a
densityr not higher than 5 gcm23. The reason is that, due to
pellet heating, the pressurep0 balances the light pressurepL .
From other computer runs~Hain & Mulser, 2001! with 3-mg

DT pellets, successfully ignited byI 5 2 3 1020 W cm22,
12–16 kJ “free ignition energy,” deposited at 3–5 gcm23

over 20 ps and diffusively transported to the dense core
without a flux limiter~therefore the low ignition energy!, it
can be safely concluded that hole boring or crater formation
stopped at densitiesr , 3 gcm23. It was a common experi-
ence of the authors that, rather than a tendency to crater
formation, there was a tendency to push the laser piston
back, away from the deposition region, owing to a fast
increase of the counterpressurep0.

3.2. Analytical considerations

From the ignition conditionrR5 0.3, atr 5 400 gcm23 a
radiusR5 7.5mm results. The energy needed for ignition is
typically 15 kJ~Atzeni, 1999; Mulser & Bauer, 2003!. Let
us now assume that the compressed core is heated by an
electron beam of energy flux densityqe through one spot
hemisphere during the timet 5 20 ps. The energy balance
2pR2qet 5 15 kJ leads toqe 5 2.1 3 1020 W cm22.
Surprising enough, this value agrees with the hydrodynamic
beam calculations without flux limit~Hain & Mulser, 2001;
see Fig. 2 therein!. The comparison with the ignition energy
of 75 kJ when the heat flux limit is introduced shows that in
a diffusive model, most of the FI energy is not supplied to
the compressed core during the phase of high compression.
The location where the flux limit plays its decisive role is
the high density jump behind the laser deposition region. To
transport the necessary FI energy fluxqe 5 2.1 3 1020

W cm22 to the compressed core of radiusR5 7.5mm with

qe 5 k0Te
5026¹Te6 . k0Te

7020R21, k0 5 2 3 1026 @cgsK# ~7!

for DT ~Z51; Braginskii 1966!, Te must be as high asTe5
34 keV, in good agreement with the numerical simulations.

Direct heating of the pellet core by electrons produced in
the critical region requires a mean free pathle5 ~2nDTs!21,
wheres is a Coulomb cross section, of the order of 2R.
Because the moderately relativistic differential cross sec-
tion sV is sV 5 g22sR ~Sakurai, 1967!, wheresR is the
Rutherford cross section, the total cross sections for momen-
tum transfer is

s 5
Z2e4

4pe0
2mev4g2 ln L, L 5

lD

lB

, ~8!

wherelD is the Debye length,lB is the reduced de Broglie
wavelength, and

v 5 bc, b 5
u

~11 u2!102 , u 5
kTe

mec2 , lB 5
\

gmev
. ~9!

For the ratiosu 5 1.0, 1.5, and 2.0,mec2 5 511 keV, the
Coulomb logarithms forrDT 5 400 gcm23 ~corresponding
to nDT 51026 cm23! andTe540 keV are lnL55.6, 5.2, and
4.9, and the mean free pathsle amount to

le~1.0! 5 5.5mm, le~1.5! 5 18.4mm, le~2.0! 5 40.2mm.
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Hence, it can be concluded that electrons ofkTe . 1.5
mec25 770 keV are not stopped by an ICF pellet of standard
dimensions~here: 5 mg mass andrmax 5 400 gcm23! and
direct FI with fast electrons produced by a laser ofl * lTi:Sa

fails ~see Table 1! if binary collisions with cold electrons
and ions are the only interaction mechanism. Atl 5 lKrF

there seems to exist a possibility for FI on the basis of binary
transport mechanisms as considered until now. However,
one must be aware of the fact that the estimates forkTe in
Table 1 are minimum values. In addition, numerical FI
studies with collimated electron beams show that the required
beam energies are closer to 100 than to 10 kJ~Hain, 1999!.

Owing to the lack of knowledge on energy transfer from
the critical region to the target interior, hole boring can be
analyzed only on the basis of more or less reasonable
assumptions which, at the same time, are basic enough to
allow us to come to valid conclusions.

3.2.1. Flux-limited Spitzer model
It is assumed that the energy transport from the absorp-

tion region occurs diffusively. Owing to the low collision-
ality qe is nonlocal and strongly inhibited. The evolution of
p05 n0kTe0 is evaluated forqe5 I ~12 R! 51021 W cm22 5
const overt 5 20 ps atl 5 248 nm~KrF!. In a plasma of
constant density, the heat diffusion equation

]Te

]t
5

k0

cV

]

]x
Te

502
]Te

x
; cV 5

3

2
nk, ~10!

can be integrated forqe 5 k0Tmax
502]Tmax0]x 5 const under

the approximation̂ Te& 5 Tmax. By observing thatqe 5
cV^Te&xF, a straightforward calculation leads to the evolu-
tion of the heat front positionxF~t ! as follows:

xF~t ! 5 S 9

28D209 k0
209

cV
709 qe

509 t 709. ~11!

Interestingly enough, if]Te0]x is approximated byTe0xF~t !,
an expression forxF~t ! is obtained in which only the numer-
ical factor~9028!209 50.78 is replaced by 1.0~Zel’dovich &
Raizer, 1967!. Owing to the strong temperature dependence
of qe, the rectangular temperature profileT~x, t ! is approx-
imately preserved~or, at least, remains self-similar! when
the plasma is inhomogeneous. By setting, for convenience,
n0~x! 5 [n exp~kx!, with k 5 ln~h0 [nmDT!0L ~h, L from ~5!!,
[n5 geffnc, and integratingxF 5 7xF09t, xF~t ! is deduced for

variable specific heat:

xF~t ! 5
9

7k
lnH11

7k

9
S 9

28
D209

k0
209

qe
509

~3k [n02!709 t 709J
^Te& 5

kqet

~3k02! [n~exp~kxF! 2 1!
. ~12!

Its derivative _xF is consistent with_xF 5 7xF09t if the second
term in the bracket is much larger than 1. This is generally

fulfilled except for irrelevant, very short times~t , 2 3
10213 s in the following!. xF~t !, ^Te&~t !, and p0~t ! are
evaluated now forqe 5 1021 W cm22 at KrF wavelength.
From Table 1 and Eq.~8!, the ratiokle 5 le0Lc . 103 is
found~le is the electron mean free path,Lc510k is the scale
length at critical density,k 5 640 cm21! for which, accord-
ing to Tahraoui and Bendib~2002! a heat flux inhibition
factorfq 51.231024 results, that is, in~12! k0 5 231026

@cgsK# has to be replaced byk05 231026fq5 2.4310210.
With these parameters, Table 2 is obtained. In the neighbor-
hood of the critical density the shock wave propagates at a
speedv0 . c020 if f 5 0.5 is set. Thus, the heat wave
preheats the undisturbed pellet density creating in this way
the counterpressurep0. From Table 2 it follows that hole
boring stops at a time below 0.5 ps at the negligible depth of
approximately 4–5mm.

The hole boring pressure here isPA . pL 5 ~11 R! I0c51
Tbar.PA scales likeI, p0 roughly likeaqe0xF ; I 102I 409 , I.
Owing to the monotonic decrease offq with decreasing laser
flux density, p0 ; I d, with d , 1

2
_ 1 4

9
_ , 1, hole boring

reduces with decreasing intensity of irradiation. Hence, in
agreement with the numerical simulation forI & 1021

Wcm22, hole boring is suppressed when flux-limited Spitzer–
Braginskii-type energy transport takes place. It should be
noted thatfq used here~and all similarfq from the published
literature! is strictly valid for electron distribution functions
close to equilibrium, a condition which may not be fulfilled
at superhigh laser intensities.

3.2.2. Anomalous electron beam stopping
At laser wavelengths of the order of 1mm ~Nd, Ti:Sa,

iodine! and beam energies in the multikilojoule range the
bulk of the electrons acquires energies too high to be slowed
down by a standard-size ICF pellet. The situation may
change only if strongly enhanced collective stopping occurs
somewhere in the pellet. Fortunately there are indications of
such an anomalously intensified energy exchange, from
numerical simulations~Ruhl, 2002; Sentokuet al., 2002!, as
well as from analytical and semianalytical modeling~Das &
Kaw, 2001; Jainet al., 2003!.Anomalous effects are expected
to be bounded to the neighborhood of the critical region and
to decay in the more remote dense zones of the pellet owing
to collisional damping and the absence of forces driving
instabilities to a high saturation level.

Table 2. Thermal wave front xF, electron temperaturêTe&, and
electron pressure p0 near xF for absorbed laser flux qe 5 1021

W cm22 (KrF)

t @s# xF @mm# ^Te& @MeV# p0 @Tbar#

13 10213 14.7 1.2 0.7
5 3 10213 31.3 1.5 2.4
13 10212 40.3 1.6 4.6
13 10211 73.8 1.7
2 3 10211 84.3 1.7
7 3 10211 104.0 1.9
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The alternative model in this section assumes that the
more or less collimated electron jets from Table 1 are
subject to collective stopping over a length of perhaps a few
tens of microns. According to Das and Kaw~2001! and Jain
et al. ~2003! a quasilinear friction termneff of the order of

neff

vc

. 1022, vc 5
eB

me

, ~13!

acts on the fast electrons. At intensitiesI . 1021 W cm22 a
self-generated magnetic field of 1 GGauss, corresponding
to an electron cyclotron frequencyvc5231016 s21, may be
assumed. Henceneff * 1014 s21 will result and a relativistic
electron moving at speed c thermalizes over a fewle .
3 mm, typically 3le 5 10 mm. On the basis of present
understanding this means that Eqs.~12! are applicable with
a flux inhibition factorfq . 1024, after thermalization has
been achieved, to fluxesqe51021 at Ti:Sa laser wavelength
too. Owing to the short thermalization timet , 10213 s21

Table 2 does not change for KrF. For Ti:Sa beams, slightly
higher values forxF, ^Te&, andp0 are calculated, for exam-
ple,xF 5 43.6mm, ^Te& 51.7 MeV,p0 5 2.7 Tbar att 5 53
10213 s21.

4. CONCLUSION

The foregoing analysis on fast ignition of a fusion pellet
with super-intense laser beams has revealed two important
aspects:

1. The energy requirements are such that the average
kinetic energy of the electrons, created at laser wave-
lengthsl . 1 mm ~Nd, Ti:Sa, iodine!, is too high to
allow stopping in the pre-compressed pellet by binary
collisions. In this situation of weak electron–pellet
interaction, moderate hole boring, induced mainly by
light pressure, takes place but pellet ignition fails. At
laser beam wavelengthsl & lNd04 ~KrF! pellet igni-
tion cannot be categorically excluded on the basis of
collisional interaction only. However, then very quickly
a thermal pressure exceeding the light pressure is
generated and hole boring is stopped. Numerical stud-
ies confirm the analytical findings.

2. Fast ignition with acceptable laser energies in the
infrared ~and perhaps in the near UV too! requires
anomalous, that is, collective, electron beam–pellet
interaction somewhere in the moderately compressed
pellet region, with the consequence that hole boring is
suppressed again.

Hence, on the basis of present knowledge on electron
beam–plasma coupling, we conclude that with fast ignition
with energies not exceeding 100 kJ considerably, fast igni-
tion and hole boring exclude each other.
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