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Fast ignition of an inertial confinement fusion target by an energetic proton beam is here re-examined. We
put special emphasis on the role of the transverse dispersion of the beam induced during its travel between the
proton source and the compressed deuterium-tritium(DT) fuel. The theoretical model and the computer code
used in our calculations are presented. Different beam initial energy distributions are analyzed. We found that
the beam exhibits small collective effects while multiple scattering collisions provide a substantial transverse
dispersion of the beam. Therefore, the nuclear dispersion imposes severe restrictions on the schemes for fast
ignitor even considering an ideal monoenergetic and noncorrelated proton beam.
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I. INTRODUCTION

We attend in the world to a rapid increase of the number
of subpicosecond high intensity laser facilities. In recent
years, it has been demonstrated that these lasers can gener-
ate, with good efficiency, short bunches of energetic
s1–100 MeVd particle beams[1–6]. This rapid development
of short-pulse laser beam technology has allowed an alterna-
tive approach to inertial confinement fusion(ICF): the fast
ignitor (FI) [7].

The fast ignitor concept consists of dissociating the fuel
ignition phase from its compression phase. The fuel is pre-
viously compressed according to the “traditional” scheme[8]
and then it is brought to ignition by means of an external
energy source, which should deposit inside the fuel<10 kJ
of energy in less than few picoseconds in order to heat a part
of the compressed DT to a temperature above 5 keV. At the
final compression phase, the ICF target shows a very sharp
density gradient along its radial direction. Its central part has
a density up to 1000 times the solid density, whereas the
outer part is a low density plasma. A high intensity laser
beam focused onto the target will be strongly absorbed at the
critical density which, even in highly relativistic regime, is
much less than the solid density. Thus the transport of energy
from the critical density domain up to the central part of the
DT target is one of the main problems for achieving fast
ignition of the nuclear fuel.

In the first FI scenario[7] it was suggested that the highly
energetic electron beam, generated by the interaction of the
laser beam with the target at the relativistic critical density,
can propagate up to the compressed DT and then heat it up to
the ignition temperature. Several theoretical works and nu-
merical simulations have shown that strong instabilities
quickly develop in the early stage of the electron beam
propagation, thus reducing to a large extend the amount of
energy that can be deposited inside the DT[9]. It has led
Rothet al. [10] proposed a new scheme in which the electron
beam is replaced by a proton one. It has to be noted that the
efficiency of energy transport by an electron beam in the first
FI scenario is still an open question, in particular concerning
the influence of strong density gradient.

In recent experiments[5,6,11] it was demonstrated that
proton beams generated by a laser proton source(LPS) have

indeed several properties well suited for fast ignition of ICF
targets:(i) The energy deposition profile of an energetic pro-
ton exhibits a strong peak(the so-called Bragg peak) at the
end of the range. Therefore by adjusting the initial proton
energy, one can deposit the maximum energy at the required
place.(ii ) In contradiction to the electron case and due to the
large proton mass, the instabilities cannot play a significant
role during the beam propagation.(iii ) The local emittance of
a beam accelerated by a LPS has an extremely low value.
That is, all ions coming from a given point of the source
have, with a high level of accuracy, the same direction. It is
thus possible, by giving the appropriate shape to the source
surface to focus the beam to a focal spot with a radius of
only a few microns.(iv) The protons are emitted on a short
time scale(few picoseconds) compared to the hydrodynamic
and diffusion time scale of the target. Thus the LPS can be
efficiently used for isochoric heating of dense targets, as it
was recently demonstrated[12].

Two important issues of FI with LPS have been recently
considered, regarding the influence of the transport between
the LPS and the DT on the efficiency of FI. In[13,14] it has
been stressed that the distancedDT between the LPS and the
DT is limited by the initial energy spread of the proton beam.
To induce a large burning ratio of the DT, the proton energy
has to be deposited inside the nuclear fuel during the so-
called ignition timeti, during which the density of the central
part of the DT keeps its maximum value. The typical value
for ti is 20 ps, while the value of the initial duration of the
proton bunch is abouttLPS=10 ps. Thus we obtain the rela-
tion

DE

E
ø 2sti − tLPSd

Vp

dDT
s1d

that connects the spread of energyDE with dDT, E and Vp
being the average energy and velocity of the beam, respec-
tively. Taking E=15 MeV anddDT=3 mm (see below) we
get DEø5.4 MeV. The experimental results obtained with
present LPS, show that a large part of the beam protons in
fact do not satisfy Eq.(1). It has led the authors of[13,14] to
recommend placing the LPS closer to the DT that is inside
the indirect drive capsule. However, LPS are fast evolving,
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new techniques are being considered for reducing the beam
initial energy spread[15]. So it seems reasonable to assume
that Eq.(1) will be more easily satisfied using the next gen-
eration of LPS. A second important issue for the LPS is the
influence of collective beam-plasma effects during the pro-
tons transport. Numerical results of the transport of a neu-
tralized proton beam in a low density plasma using param-
eters relevant for FI has been presented in[16]. They show
that the critical parameter is the ratioj=nP/nB between
plasma and beam densities. Whenj,1 the beam pinches
whereas forj.1 the beam propagates almost ballistically, so
that collective effects become less important. In case of a
density gradient, when the beam encounters a plasma having
first j,1 and thenjù1, the beam diverges quickly because
of the transverse velocity acceleration induced during the
pinch. The results of[16] have two consequences. First they
indicate that the beam should not interfere with a low density
plasma and secondly that the LPS should be as large as pos-
sible to increase the beam radius and to reduce the initial
value of nB. A beam radius,RLPS, ranging above 100mm
seems to be appropriate.

The work presented here supplements those of
[10,13,14,16] by considering the influence of transverse dif-
fusion due to binary collisions, which have not yet been
treated. Thus we consider an LPS, which is already opti-
mized with respect to energy spreading and beam-plasma
interaction, to determine the remaining main factors that
limit the LPS efficiency for fast ignition. Therefore we will
first consider an ideal LPS that generates a proton beam,
which is optimized to deliver the maximum energy inside the
compressed DT target.

As stated before, the FI scenario consists of two consecu-
tive phases. The first one is the compression of the capsule
that contains the DT fuel. This compression is obtained on a
nanosecond time scale using MJ beams. Both laser and
heavy ions beams have been considered for this phase. The
crucial point here is to obtain a high level of irradiation uni-
formity to prevent the growth of hydrodynamic instabilities
[9]. A high level of irradiation uniformity can be obtained
either by irradiating directly the target by a large number of
beams uniformly distributed in the 3D space(the direct drive
scenario) or by inserting the DT target inside a blackbody
hohlraum(the indirect drive scenario[8]). In the direct drive
scenario, it seems difficult to introduce the LPS close to the
target without perturbing the homogeneity of the irradiation
during the compression phase. Therefore, we will follow the
work of [10] and we will consider the proton beam FI within
the indirect drive scenario. In order to not interfere with the
efficiency of the compression phase, we will first consider
that the LPS is put outside the hohlraum capsule. Then our
results will concern the same “standard” indirect drive cap-
sule as described in Figs. 1 and 4 of[10]: the diameter of the
hohlraum is 5.5 mm, the capsule is made of gold with a
thickness of 30mm and the LPS is placed outside the cap-
sule at a distance ofL=220mm from the gold foil. We will
consider the most optimistic situation for the FI: the beam is
monoenergetic, the protons energy beingE=15 MeV, more-
over all protons are focused onto the center of the DT target.
The hohlraum plasma is constituted only of low density
s1017 cm−3d DT plasma. The compressed DT fuel density is

931025 cm−3, its temperature is 1 keV and its radius is
aboutRc=16 mm.

The LPS accelerating field is generated by the hot elec-
trons created, through laser-target interaction at high inten-
sity, in the front side of the solid foil. These hot electrons
penetrate the foil and by extending past the rear surface pro-
duce a strong space-charge field. The acceleration of the tar-
get ions during the plasma expansion in the vacuum is simi-
lar to ambipolar diffusion in collisionless plasmas, an
analysis of this process has been studied for a long time
[17–20] (see also references therein). The acceleration pro-
cess is a rather delicate one. It is highly sensitive to the state
of the foil surface and no plasma should be present around
the LPS in order to not perturb the acceleration phase. Also
the LPS should not be preheated by radiation coming from
the capsule, otherwise the hydrogen atoms will be desorbed
from the target, generating a density gradient that will greatly
affect the acceleration mechanism. The capsule wall in front
of the LPS should absorb the x-ray radiation coming from
the hohlraum, which has a temperature of more than 200 eV
during several nanoseconds. Moreover the inner part of the
wall has to be made of high-Z material, otherwise it will
expand quickly and interact with the target containing the
DT during the compression phase. Therefore, our first con-
sideration is to place a rather thick gold foil in front of the
LPS. Its thickness is 30mm, which is the standard value for
the indirect drive capsule. We show below that this foil in-
duces a too large transverse dispersion. Then we analyze the
dependence of the transverse dispersion with the beam en-
ergy distribution and with the position and thickness of the
protecting gold foil.

In previous works[10,13,14], the FI scenario with protons
was investigated without considering transverse dispersion
of the beam. This assumption is generally valid when de-
scribing the transport of beam ions generated by standard
accelerators for which the transverse beam size is of the or-
der of millimeters. However, in the case of an LPS, and more
particularly for FI application, the transverse dimension of
both the source and the target is so small that even a small
transverse dispersion can greatly affect the density of the
deposited energy inside the target. In[16] it is shown that
collective beam-plasma effects can lead to a large transverse
dispersion. Here we consider that the surface of the source is
large enough so that the beam will encounter only overdense
plasmasj.1d in which collective beam-plasma effects are
greatly reduced. In any case, the collective effects will
mainly add an additional transverse dispersion to the micro-
scopic collisions. So the value of transverse dispersion that
we obtain can be considered as the minimum one within the
considered configuration.

Our theoretical model is detailed in Sec. II, then we
present the basic ingredients of our numerical code MBC-
ITFIP (Sec. III), whose results within the fast ignitor scenario
are analyzed in Sec. IV.

II. THEORETICAL MODEL

A. Electronic collisions

We can distinguish two different kinds of collisions with
the target material: the interaction with the target electronic

BARRIGA-CARRASCO, MAYNARD, AND KURILENKOV PHYSICAL REVIEW E 70, 066407(2004)

066407-2



medium and the interaction with the target nuclei. At ener-
gies .1 MeV the electronic stopping dominates over the
nuclear one, whereas nuclear interactions are the main cause
of the projectile angular dispersion[21].

For protons withE.1 MeV, the perturbation parameter
h=vB/Vp, wherevB=2.193108 cm/s is the Bohr velocity, is
much smaller than one. So the electronic stopping force can
be determined using the first order quantum approximation.
We take into account collective effects of plasma electrons
through the dielectric formalism[22,23]. Thus the stopping
force acting on the proton is then given by

Sp0 =
e2

e0s2pd3Vp
E d3q

q ·Vp

q2 ImF − 1

esq,q ·VpdG s2d

and the energy loss straggling per unit path length is

V2 =
e2

e0s2pd3Vp
E d3q

sq ·Vpd2

q2 ImF − 1

esq,q ·VpdG . s3d

The target electron fluid is characterized by its energy loss
function, Imf−1/esq,q ·Vpdg, which contains relevant infor-
mation about its response to electronic excitations with mo-
mentumq induced by the passage of the swift charge.

A direct evaluation of Eqs.(2) and(3) within the numeri-
cal simulation of the proton transport process will require an
excessive amount of computer resources. To solve this prob-
lem, we use analytical formulas in the limit of low and high
projectile velocities from which an interpolating expression
is derived for intermediate velocities.

Let us consider a target with an atomic numberZn and an
atomic densityN. Using the average atom model[24], we
can determine the mean ionizationQ, the free electron den-
sity n=QN and the bound electron density for each shell
ni =PiN, wherePi is the number of electrons in thei shell of
the average atom. Then Eq.(2) is put in the form

Sp0 =
e4N

4pe0
2meVp

2Le, s4d

me being the electron mass. The stopping numberLe is de-
fined as

Le = QLF + o
i

PiLi , s5d

whereLF is the stopping number for free electrons andLi is
the stopping number for bound electrons. We calculated each
Lx by interpolating between the asymptotic formulas valid
either for low or for high projectile velocities compared to
the average electron velocity[25]:

LxsVpd =5LHsVpd = lnS2meVp
2

Ī
D −

2K

meVp
2 for Vp . Vint,

LBsVpd =
aVp

3

1 + GVp
2 for Vp ø Vint,6

s6d

Vint =Î3K + 1.5Ī

me
, s7d

where G is given by LHsVintd=LBsVintd, K is the electron

kinetic energy,Ī is the mean excitation potential anda is the
friction coefficient at low velocities.

For free electronsĪ ="vp="Îne2/ se0med, vp being the
plasma frequency; K.kBT+EF, where EF
=0.5s3p2nd2/3"2/me is the Fermi energy,T is the target tem-
perature,kB is the Boltzmann constant anda is determined

from Fermi functions [25]. For bound electrons Ī
=Î2KaB

2 / sEBkr2ld, where EB=27.2 eV and aB=0.53
310−8 cm are the atomic units of energy and length, respec-
tively. The kinetic energyK and the average of the square of
the radial positionkr2l for each shell are determined by solv-
ing the Schrödinger equation within the average atom. The
friction coefficient for the bound electrons is found using the

impulse approximation, yieldinga=1.067EB
3/2ÎK / sĪ2vB

2d
[26].

In the same way, the electronic straggling is written as

V2 =
e4N

4pe0
2meVp

2LVe, s8d

with

LVe = QLVF + o
i

PiLVi . s9d

EachLVx has the form

LVxsVpd

=5LVHsVpd = meVp
2 +

2K

3
lnS2meVp

2

Ī1
D for Vp . Vint,

LVBsVpd =
aVVp

3

1 + GVVp
2 for Vp ø Vint,6

s10d

whereGV is given byLVHsVintd=LVBsVintd and

aV = aĪ lnS1 +
2Vp

Î2Kme

Ī
D . s11d

For free electronsĪ1= Ī, defined before, and for bound elec-
trons

Ī1 =
4K

3

s, + 3/2d
Îs, + 5/2ds, + 1/2d

, s12d

where , is the orbital quantum number of the electronic
level.

B. Nuclear collisions

Nuclear interactions are treated within the classical dis-
persion theory. In the center of mass frame, the angleussd
with which a proton with energyE and impact parameters is
scattered from a target nucleus with atomic numberZn and
massMn is given by[27]
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ussd = p − 2sE
Rmin

` dr

r2Î1 − Vsrd/Er − s2/r2
, s13d

whereEr =4MpMnE/ sMp+Mnd2 is the maximum transferable
energy, andRmin is the distance of minimum approach. The
potential energyVsrd is written as

Vsrd =
Zne

2

4p«0r
FS r

a
D . s14d

For a cold target,F is the Thomas-Fermi screening function
anda is the universal screening length[21]:

a = 0.8854aB/s1 + Zn
0.23d. s15d

For a fully ionized plasmaF is the Debye potential
Fsr /ad=exps−r /ad anda is the dynamical adiabatic screen-
ing length, which depends on temperature:

a = sÎvth
2 + Vp

2d/vp,

wherevth=Î2kBT/me is the plasma thermal velocity. For a
partially ionized plasma,F anda are obtained from the av-
erage atom model[24].

The elastic collision induces an energyET transferred to
the nucleus, and therefore lost by the projectile. It is related
to the scattering angleu by

ET =
4MpMnE

sMp + Mnd2 sin2su/2d, s16d

so the greater the scattering angle, the greater the energy
loss. In our energy regime, Eq.(16) introduces only a small
correction to the inelastic proton energy loss, Eq.(2).

The presented theoretical model has been implemented in
our simulation code. This code describes the propagation of
independent ions, given their initial energy and radial distri-
butions.

III. NUMERICAL CODE

We have constructed a simulation code, named MBC-
ITFIP, to follow the trajectories of energetic light ions inter-
acting with dense plasmas. This code is derived from a pre-
vious one which had been used and checked for cold targets
[28–30]. Here it is summed up in a few main points related
with the present work.

The simulation code uses a standard 3D molecular dy-
namics method to follow the evolution of the protons. The
electronic stopping forceSp, acting on a proton during a time
stepDt is obtained from a draw of a Gaussian distribution
whose mean value is the electronic stoppingSp0, Eq. (4), and
with a varianceV2/Dz, whereV2 is the electronic straggling,
Eq. (8), andDz=VpDt:

PstopsSpd =
1

Î2pÎV2/Dz
expF−

1

2

sSp − Sp0d2

V2/Dz
G . s17d

The method used for the nuclear scattering is based on the
binary collision model described by Mölleret al. [31] and on
the Monte Carlo simulation method developed by Zajfmanet
al. [32]. In our code, only rare events corresponding to large

scattering angles,u8ùuc, will be considered in the Monte
Carlo draw and multiple scattering small angles,u8øuc, will
be treated as a continuum process. Large and small scattering
angle events are also called hard and soft collisions, respec-
tively. To take into account the effects of the multiple soft
collisions along the distance to the next hard collision, we
use the same method as for the electronic force. The result-
ing angleu is obtained from a draw of a Gaussian distribu-
tion whose mean value is the hard collision angle,uh (se-
lected by the Monte Carlo method), and whose variance is
the straggling due to soft collisions

Pnsud =
1

Î2pÎku2ls

expF−
1

2

su − uhd2

ku2ls
G , s18d

where

ku2ls = NdhE
0

uc

u82ds

du
du 8 , s19d

dh being the distance between the considered two hard col-
lisions. The proton energy lost in the elastic collision is given
by Eq. (16). This method for nuclear scattering improves
computer simulation time more than 103 times, compared to
the full Monte Carlo method.

IV. RESULTS

In this section we apply the MBC-ITFIP code to study the
beam radial distribution and energy deposition in the com-
pressed fuel for the FI scenario described in Sec. I.

First we consider an ideal monoenergetic proton beam
without initial angular dispersion, which is focused onto the
DT target. The initial beam energy is 15 MeV for which
there is a maximum energy deposition in the compressed fuel
for the specified FI scenario. Figure 1(a) represents the pro-
ton distribution arriving to the core in thexy plan perpen-
dicular to the beam propagation axisz. The energy deposi-
tion profile in the compressed fuel is represented in Fig. 1(b)
along z and y directions. From Fig. 1(b) we conclude, in
accordance with previous works[10,13,14], that the beam
spread in the longitudinal direction induced by the straggling
in the energy loss is compatible with the FI, as the ions
arriving to the DT fuel are stopped in the first fewmm.
However, the main feature exhibits by Fig. 1 is thatmost part
of the incoming protons does not interact with the com-
pressed DT fuel. The mean beam radius at the core is in fact
much greater than the core radius. The deposited energy is
therefore mostly outside the compressed fuel. The standard
deviation of the beam radial distribution is found to be about
sr=80 mm whereas the radius of the core is 16mm. In this
situation,less than 1% of the beam energy is used to heat the
fuel. Therefore we can conclude that the efficiency as an FI
of an LPS placed outside a standard capsule is greatly re-
duced by the large angular diffusion induced by the interac-
tion with the protecting gold foil. Moreover, this conclusion
remains valid even with an ideal monoenergetic beam with
zero emittance. Therefore, either a specific window has to be
put in front of the LPS or, the protecting gold foil has to be
closer to the DT target.
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To get a better insight on the influence of the relevant
parameters, we have determined the evolution of the trans-
verse dispersion of the beam with some factors related with
the specific FI scenario. Figure 2(a) shows the radial distri-
bution (r distribution) of the 15 MeV protons for the same
case as in Fig. 1, but varying the gold wall thicknesssdd
from 3 to 30mm. As we can see, the width of ther distri-
bution becomes similar to the radius of the compressed fuel
only for the thinnest thickness.

The evolution of the transverse dispersion with the dis-
tanceD between the protecting gold foil and the center of the
DT target is reported in Fig. 2(b) for a gold foil thickness
d=30 mm. We see in this figure, that the part of the protons
that does not penetrate the compressed fuel becomes negli-
gible only below the smallest considered distance of 70mm.
It indicates that it is better to reduce distanceD than the gold
foil thickness. Finally, we have reported in Fig. 3 the evolu-
tion of the standard deviation,sr, of the r distribution with

FIG. 1. (Color online) (a)
15 MeV proton beam perpendicu-
lar distribution and(b) proton en-
ergy deposition in the coresz
=2720mmd.

FIG. 2. (Color online) r (perpendicular) dis-
tribution of 15 MeV protons arriving to com-
pressed fuel(a) at D=2690mm and for different
gold thicknesses,d, (b) at differentD distances
and ford=30 mm.
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the proton energyE. As we can see,sr depends almost in-
versely on the proton energy. The initial distribution of en-
ergy is fixed by the condition that the Bragg peak should be
located within the compressed DT, so the maximum of the
proton energy cannot be much larger than 15 MeV. The re-
sults reported in Fig. 3 indicate that a broadening of the
energy distribution toward lower energy will lead to a reduc-
tion of the efficiency of FI due to a larger transverse disper-
sion.

We can sum up all former results in just one formula:

srsmmd < 0.07
ÎdsmmdsD + ddsmmd

EsMeVd − 0.15dsmmd/EsMeVd
. s20d

This relation is valid forEù5 MeV and for a reasonable
value of d, so that the energy lost within the gold foil re-
mains small compared to the initial energy. Equation(20)
indicates the transverse dispersion at the target center due to
the interaction of the beam with the gold wall. The additional
transverse dispersion induced by the plasma around the core
gives only a small contribution compared to the gold one
because it is made of light material. We retrieve in this equa-
tion that ku2ls increases linearly with the number of colli-
sions, Eq.(19), i.e., with the wall thicknesssdd, and thatsr

increases with the distance from the gold foil to the target
centersDd, asr=sD+ddtansud.

From Eq.(20), we can estimate the value ofD where the
protecting foil has to be situated in order for most protons to
penetrate in the core radius, i.e.,sr,16 mm, keeping the
other parameters unchanged. ForE=15 MeV and d
=30 mm, we getD,500 mm, so the LPS window should
not to be placed far away from the compressed fuel core. In
[14] it was found, neglecting the transverse diffusion, that
due to the energy distribution of the present LPS, the capsule
must have a specific design, in which the LPS can be put
close to the DT. Here we conclude that also the protecting
gold foil should be placed closer to the DT because of the
beam transverse dispersion in this foil. This statement re-
mains true even in the case of a substantial improvement of
the beams generated by LPS.

To get a realistic result according to present technologies,
we have analyzed the influence of the initial energy spread of
the beam to the transverse diffusion using a distribution ob-
served in recent experiments[33], which is reported in Fig.
4. Our results, using the values of Fig. 4 and situating the
protecting foil at the maximum recommended distance from
the DTsD<500 mmd, are reported in Figs. 5. In Fig. 5(a) we
observe that the final proton radial distribution width at the
core is larger than the value obtained for a 15 MeV monoen-
ergetic beam with the protecting foil at the same distance
from the DT. This is because the average value of the proton
energy distribution is lower than 15 MeV and, assr is al-

FIG. 3. (Color online) sr as a
function of gold foil thickness for
protons of different energies,E,
arriving to compressed fuel atD
=2690mm.

FIG. 4. (Color online) Typical
example of the energy distribu-
tions of a proton beam with radius
R generated by a LPS created by
the 30 J, 300 fs pulse of the
100 TW laser, at LULI, Palaiseau,
France[33].
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most inversely proportional to the proton energy, Eq.(20),
the transverse diffusion of this beam is larger. In Fig. 5(b) we
have reported the energy deposition in the core alongz andy
directions for the initial beam energy distribution from Fig.
4. Obviously, we observe a larger transverse spreading for
the density of the deposited energy than the calculated for a
monoenergetic beam, since the beam energy distribution in-
troduces an additional increasing of the beam transverse dis-
persion due to the LPS protecting wall.

As stated in the Introduction, putting the LPS outside the
capsule has the great advantage of not perturbing the com-
pression phase inside the capsule. Therefore, it is important
to determine the configuration which can provide an efficient
protection of the LPS together with a low transverse disper-
sion of the proton beam. The parameters to be determined
are the distances between the LPS and the protecting foilsLd,
and between the foil and the DT coresDd, and also the thick-
nesssdd and the composition of the foil. A detailed analysis
of this configuration will require an investigation of the
transport of heat and plasma between the capsule and the
LPS, and also of the types of perturbation that are acceptable
for the LPS without reducing significantly its efficiency.
Here we present a preliminary analysis of this problem, us-
ing the MULTI code of Ramiset al. [34], and considering the
protecting gold foil thicknesssdd as the only parameter to be
optimized.

For the LPS to be able to produce a high quality proton
beam at high energy, it must be operated within specific con-
ditions. In particular, the rear surface of the LPS, which is in
front of the capsule, should not be preheated by radiation or
polluted by a plasma coming from the capsule. Moreover, it
has been shown that the efficiency of the proton acceleration
mechanism is highly sensitive to an ion density gradient at
the rear surface[6].

Using the MULTI code, we have investigated the evolu-
tion of a gold foil, whose inner side is irradiated by the
hohlraum black-body radiation. For the evolution of the
hohlraum radiation temperature with time, we have consid-
ered a National Ignition Facility(NIF) type target, the values
of which being given in the MULTI package. This evolution
is reported in Fig. 6. We see in this figure that the ignition
time, that is the time at which the LPS should operate, is
17.5 ns. First we have a 8 ns prepulse of<80 eV, then the

temperature reaches 150 eV during 3 ns, and finally the main
pulse yields a radiation temperature of 300 eV inside the
hohlraum during 2 ns. When considering a 30mm thick gold
foil, we observed that only the first prepulse has enough time
to propagate up to the outer wall of the foil. In this case the
temperature of the external surface of the gold foil is about
10 eV. Thus, even for a 30mm thickness, the LPS should
not be put too close to the capsule wall. Furthermore, during
the 17.5 ns of irradiation, the inner gold wall expands up to
1.3 mm inside the capsule. Thus the radius of the protecting
window RW in front of the LPS should be about 1 mm larger
than the radius of the beam,RLPS.

We have seen that a reasonable value of the transverse
dispersion is obtained for a gold thickness of less than 3mm.
At this thickness value, the shock wave induced by the main
pulse arrives at the outer surface of the gold foil well before
the ignition time. The evolution of the temperature at the
outer surface of the gold foil is reported on Fig. 6. We see in
this figure that during the last 3 ns before the ignition time,
the temperature is above 100 eV.

To estimate the distanceL at which the LPS should be put
from the gold foil, a 100mm thick carbon foil has been

FIG. 5. (Color online) Results
obtained with the energy distribu-
tion of Fig. 4: (a) perpendicular
distribution of the beam and(b)
proton energy deposition in the
core sz=530mmd.

FIG. 6. Temperature evolution time for a NIF-type indirect
driven target. Dashed line: radiation temperature inside the hohl-
raum; solid line: radiation temperature from the outer wall of a
3 mm thick gold foil, calculated by the MULTI code[34].
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irradiated by a thermal radiation, whose temperature is equal
to the capsule’s outer surface one. The thermal flux at the
carbon foil has been reduced by a factorF to simulate the
decrease withL of the thermal flux interacting with the LPS.
Our calculations showed that the temperature of the carbon
surface at the ignition time is smaller than 1 eV only whenF
becomes less than 10−4. The radiation flux at the LPS de-
creases asf1−cossudg with tansud=RW/L, taking RW

=1 mm, we getLù7 cm. Using Eq.(1), this value ofL
requires an energy spreadDE less than 0.25 MeV, which
seems quite demanding. The obtained numbers should not be
considered as definitive values. In particularRW at the outer
surface, will depend on the actual value ofRLPS, which in
turn depends on the LPS efficiency and also on the impor-
tance of the transverse dispersion during the transport. Nev-
ertheless, the above analysis demonstrates that transverse
dispersion induced by multi-scattering collisions imposes se-
vere constraints that should be considered to design a realis-
tic configuration for fast ignition by a proton beam.

V. CONCLUSIONS

The main conclusion of this work is that realistic applica-
tions of energetic proton beams generated by high flux laser
irradiation cannot be investigated without taking into account
the angular dispersion of the beam. In more conventional
accelerators, the emittance of the beam is in the range of
mm.mrad so that the angular diffusion is generally not an
important process. However laser proton sources generate

beams with an emittance several orders of magnitude smaller
than in conventional accelerators. To take full advantage of
this low emittance for depositing more than 10 MJ/g in a DT
target, it is necessary that the transverse dispersion remains
at a very small value during the transport of the proton beam.
Concerning the influence of multi-scattering, the main tech-
nical problem seems to be protecting efficiently the laser
source, without introducing a large amount of heavy ele-
ments in the path of the proton. The largest distance between
the protecting gold foil and the DT can be determined from
Eq. (20).

More generally, when investigating the interaction of an
energetic beam generated by an LPS with a dense target, the
longitudinal dispersion will be mainly due to the energy dis-
tribution of the source while the transverse dispersion will
reveal the statistical distribution of the microscopic mi-
crofield fluctuation inside the target. The LPS source can
then be used as a very sensitive probe of microfields inside a
dense plasma provided the analysis is sustained by an accu-
rate theoretical modeling of the interaction process. This is
the aim of the model we have presented in this paper, which
through the use of simple analytical formula can be easily
implemented in a simulation code to analyze quantitatively
experimental situations.
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