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Electron acceleration by ultrahigh intensity lasers is studied by means of two-dimensional planar particle-
in-cell simulations. It is shown that the full divergence of the fast electron beam is defined by two comple-
mentary physical effects: the regular radial beam deviation depending on the electron radial position and the
angular dispersion. If the scale length of the preplasma surrounding the solid target is sufficiently low, the
radial deviation is determined by the transverse component of the laser ponderomotive force. The random
angular dispersion is due to the small scale magnetic fields excited near the critical density due to the colli-
sionless Weibel instability. When a preplasma is present, the radial beam deviation increases due to the electron
acceleration in larger volumes and can become comparable to the local angular dispersion. This effect has been
neglected so far in most of the fast electron transport calculations, overestimating significantly the beam
collimation by resistive magnetic fields. Simulations with a two-dimensional cylindrically-symmetric hybrid
code accounting for the electron radial velocity demonstrate a substantially reduced strength and a shorter
penetration of the azimuthal magnetic field in solid targets.
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I. INTRODUCTION

The advent of the chirped pulse amplification technique
�1� has led to a significant increase of laser energies and
intensities, allowing acceleration of electrons to relativistic
energies. The characteristics of laser-driven electron beams
have been extensively studied in numerous experiments car-
ried out over more than a decade �2–16�. One of the appli-
cations of those beams is the fast ignition of inertial fusion
targets, in which the mean electron energy has to be rela-
tively low, �1–2 MeV, the experimental measurements are
taken indirectly and their interpretation relies on numerical
simulations. Full kinetic simulations of realistic time and
space scales of fast electron generation and transport cannot
be afforded with the present computing capability. A more
simple way to study fast electron transport in dense matter is
to use hybrid codes with a prescribed electron source
�17–22�. The electron distribution function at the source is
characterized by a few parameters such as the mean electron
kinetic energy, the energy spread and the angular distribu-
tion. Beam divergence is one of the most critical parameters.
Experiments show relatively small divergences that increases
with the laser intensity from ��20° to 40° �half-width at
half maximum �HWHM��. Also, the measured electron beam
radius is generally several times larger than the laser focal
spot size �9,13–15�. One should make a difference between
the macroscopic beam divergence or effective propagation
angle and the microscopic angular spread of the electron dis-
tribution function in the laser-plasma interaction region
�14,16�. The conservation of electron momentum in the tar-
get plane provides that, for a normal laser incidence, the
electron ejection angle � is related to its energy �23,24�: �
=tan−1 �2 / ��−1�, where � is the electron Lorentz factor.
This so-called ponderomotive scaling of the dispersion angle
is used as a boundary condition in many transport codes that
reproduced successfully some experiments at relatively low
laser intensities �9,14,16,25�. However, since the mean elec-

tron energy increases with laser intensity, the ponderomotive
scaling predicts a decrease of the beam divergence with in-
tensity that is not observed neither experimentally nor in PIC
simulations �15�. Moreover, this scaling does not account for
the reflected laser wave. This can be a suitable approxima-
tion for short laser pulses propagating in underdense preplas-
mas, but the reflected laser wave may be important for solid
targets �26�. Here, electrons are mainly accelerated near the
critical density in a standing laser wave coupled with the
induced longitudinal electric field �27–30�. Small scale inho-
mogeneities in the target plane could contribute also to the
beam divergence. To demonstrate this effect, Adam et al.
�31� have considered scattering of accelerated electrons by a
magnetic field randomly generated in a thin layer just behind
the absorption region due to the collisionless Weibel insta-
bility.

Neither the random scattering by magnetic fields nor the
ponderomotive dispersion is sufficient to explain the macro-
scopic beam divergence. Indeed, the random scattering angle
characterizes the local angular spread of the electron distri-
bution function in the laser plasma interaction region. As the
laser intensity varies within the focal spot, in a position dif-
ferent from the spot center, the electrons will have a mean
velocity component perpendicular to the laser propagation
axis. That means that the electron local mean propagation
angle �r depends on the radial position within the laser
plasma interaction region. It represents the second compo-
nent of the full electron divergence that is neglected in the
present fast electron transport codes �17–20,22�. This local
mean propagation angle or transverse beam velocity can
modify substantially the self-generated resistive magnetic
field that collimates the fast electron beam. The effect of
transverse beam velocity on fast electron transport is studied
in this paper.

The article is organized as follows. We begin by showing
that in the case of a high laser pulse contrast, without pre-
plasma, the regular component of the fast electron beam
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transverse velocity is related to the transverse component of
the laser ponderomotive force and can be controlled by the
laser radial profile. In this case, the beam transverse velocity
is small compared to the dispersion angle, which is defined
by the stochastic magnetic fields due to collisionless Weibel
instability �31�. This dispersion angle is sufficient to charac-
terize the fast electron source divergence as in Ref. �16�. We
will show that in this case the self-generated resistive mag-
netic field near the source region strongly contributes to the
beam collimation. When preplasma is included, we found
that the beam divergence strongly increases due to two ef-
fects. First, the Weibel instability develops in a lower density
plasma, that enhances the intensity of scattering magnetic
fields and their spatial size leading to larger deviations of fast
electrons. Second, the relativistic displacement of the critical
density surface and the broadening of the scattering magnetic
fields lead to a significant increase of the regular component
of the fast electron beam. We show that this enhancement of
both components of the beam divergence decreases signifi-
cantly the generation of the resistive magnetic fields and de-
teriorates its transport. This fact must be taken into account
in fast electron transport simulations of experiments with a
strong prepulse �9,10,32�.

II. PARAMETERS OF NUMERICAL SIMULATIONS

Collisionless two-dimensional �2D� particle-in-cell �PIC�
simulations were performed with the code PICLS �33� for a
p-polarized laser pulse propagating along the positive z di-
rection and interacting at normal incidence with a 30 �m
thick gold planar foil. The ionization level of ions is fixed,
Z=40, and the electron density in the target is 80nc where
nc=4�2me /�0e2�0

2 is the electron critical density and �0
=1 �m is the laser wavelength. The cell width is dx=dz
=�0 /56 with 40 electrons and 1 ion per cell, the simulation
box size x�z is 40�50�0

2, and the dense plasma is placed at
z=20�0. The plasma has a length of 30 �m, leaving enough
space to avoid any overestimated return current �34�. Ab-
sorbing boundary conditions were used for fields and par-
ticles. Particles arriving at boundaries are reflected with a
thermal velocity.

The laser pulse has a maximum intensity of I0=5
�1019 W cm−2, a HWHM Gaussian pulse length of �0
=62.5 fs, and a HWHM radius of 6 �m. The local angular
distribution function of accelerated electrons was extracted
1 �m behind the laser interaction region, just after the zone
where the Weibel instability is excited, see Fig. 1. Only the
electrons with energy higher than 255 keV were considered.
The local electron distribution has been characterized by a
Gaussian function,

f l��� =
A

�0
exp�−

�� − �r�2

	�0
2 � , �1�

with �=tan−1�px / pz�, A a constant, and with two parameters
extracted from the simulations: the local electron mean
propagation angle, �r�x�, and the local dispersion angle,
	�0�x�. The local dispersion angle can be related to the trans-
verse electron temperature, while the local electron propaga-

tion angle is related to the beam transverse velocity. Both
parameters were averaged over the laser pulse length.

III. FAST ELECTRON BEAM DIVERGENCE INDUCED
BY LASER INTERACTION WITH SOLID FOILS

A. Characterization of the electron angular spread

Let us discuss first the laser interaction with a solid foil
without preplasma. Figure 2�a� shows the dependence of the
fast electron local mean propagation angle, �r, on the posi-
tion of electron ejection in the transverse direction. The elec-
trons at the beam center, x�0 �m, have zero transverse
velocity ��r=0�, while the electrons sited in the beam wings
propagate outwards the axis, i.e., �r
0 for x
0 and �r�0
for x�0. The black squares represent the propagation angle
for the simulation with a transverse Gaussian shape of the
laser beam. It is evident that the electron perpendicular ve-
locity is due to the transverse component of the laser pon-
deromotive force. At normal incidence, j∧B heating �27� is
dominant and electrons oscillate near the critical density un-
der the action of the laser Lorentz force and the longitudinal
electric field. The ponderomotive force acting on electrons is
�24�

Fx = − mec
2dx	ax

2
/2� ,

where �= �1+ p̃z
2+ p̃x

2+ 	ax
2
�1/2 is the electron gamma-factor

averaged over the laser period, ax=eAx /mec is the normal-
ized laser transverse vector potential, Ax the laser transverse
vector potential and, p̃x and p̃z the transverse and longitudi-
nal electron momentum normalized to mec. Thus, the mean
electron transverse momentum increases with time and
reaches the value of p̃x�dx	ax

2
�0 /2�. The mean propagation
angle is then

�r = tan−1�px/pz� � arctan��0
dx	ax

2

2	ax

2
 � , �2�

which is consistent with the longitudinal dependence of the
electron deviation, �r� tan−1�x�0 /r0

2�, observed in the simu-

Laser propagation axis

w/o preplasma

With preplasma

x
[

m
]

�

z [ m]�

FIG. 1. �Color online� Spatial distribution of the magnetic field
eBy�0 /2�cme at the time of when the laser maximum intensity
arrives at the left boundary of the simulation box. Top panel corre-
sponds to the case without preplasma and bottom panel corresponds
to the case with preplasma.
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lation with a transverse Gaussian laser pulse with the 1 /e
radius r0.

The mean deviation angle from the propagation axis due
to the ponderomotive force is found by integration of the fast
electron density distribution nb in the transverse direction,

	�r
pond = �
−�

�

nb�x��rdx�� nb�x�dx , �3�

which is �15° in this example. This transverse deviation
can be controlled by the laser intensity profile. The result
of a simulation with a transverse super-Gaussian laser
beam of fourth order, ax

2=a0
2 exp�−x8 /r0

8�, is shown by circles
in Fig. 2�a�. The deviation angle in this case is smaller, as it
scales with the ponderomotive force as �r� tan−1�4x7�0 /r0

8�.
Correspondingly, the electron beam mean divergence de-
creases to �9°, that is about 6° less than that obtained with
a Gaussian pulse.

Electron scattering in small scale magnetic fields gener-
ated near the critical density �31� due to the Weibel instabil-
ity also contributes to the beam divergence. In this case, the
electron mean transverse velocity is zero, but its mean square
is not. In Fig. 2�b�, we show the dependence of the electron
dispersion angle on the transverse coordinate with the same
notations as for the deviation angle in panel �a�. The disper-
sion angle apparently depends rather weakly on the laser
beam transverse profile and on the laser intensity. Its value is

of the order of 	�0�60°. It is larger for the super-Gaussian
laser pulse with the same maximum intensity, 	�0
�64° –65°. This result can be explained by the fact that the
mean intensity is higher for the super-Gaussian laser pulse,
that increases the electron dispersion angle according to
Refs. �15,31�.

In order to apply the results of our 2D PIC simulations of
electron acceleration as a source for 3D axially symmetric
electron transport calculations, we define the average elec-
tron angular distribution function fc��� as follows:

fc��� = �
0

�

f l��,x�dx + �
−�

0

f l�− �,x�dx . �4�

Such a definition is different from the standard definition

fp��� = �
−�

�

f l��,x�dx , �5�

used in 2D planar simulations as we want to conserve the
information on the beam transverse velocity. With our defi-
nition of the full electron angular distribution function, all
electrons propagating outwards the laser axis have a positive
angle, �
0.

The combined effect of transverse velocity and dispersion
angle is shown in Fig. 2�d� for the electron distribution func-
tion defined by Eq. �4�. The difference between the Gaussian
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FIG. 2. �Color online� �a� Local mean electron propagation angle �r as a function of the transverse coordinate x. �b� Local dispersion
angle 	�0 versus the transverse coordinate x. �c� 2D full electron angular distribution function defined according to Eq. �5�. �d� “Cylindrical”
full electron angular distribution function defined by Eq. �20�. Legend is shown in �b�.
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and super-Gaussian laser intensity distributions is small as
the mean propagation angle 	�r
pond is small compared to the
mean dispersion angle. Both distributions are centered at �
�0°, especially the distribution obtained with the super-
Gaussian laser pulse. For comparison, we present the 2D
angular distribution function fp defined by Eq. �5� in Fig.
2�c�, in the case of Gaussian laser pulse without preplasma
�black square symbols�. The difference between the defini-
tions �4� and �5� of the angular distribution function is small
because the mean deviation angle is much smaller than the
electron dispersion angle. Such an angular distribution func-
tion corresponds to the boundary condition used in many
electron transport simulations �17–20,22�.

B. Effect of the electron divergence angle on magnetic field
generation

The ballistic propagation of a fast electron beam and its
consequences on the magnetic field generation can be ana-
lyzed in a 3D cylindrically symmetric geometry assuming
the electron distribution function at the injection surface as

fe1 = f���exp�− r2/r0
2 − �2/	�0

2� , �6�

where �=tan−1�p / pz� is the propagation angle and f��� the
electron energy spectrum. The extension of the angular di-
vergence obtained in 2D planar PIC simulations to the 3D
geometry can be justified by as follows. First, the electron
dispersion induced by the Weibel instability acts in both
transverse directions in a similar way �31�. Second, the pon-
deromotive force that induces the transverse electron veloc-
ity acts also in both transverse directions as it is proportional
to the gradient of the laser intensity �24�.

The electron beam ballistic evolution is described by the
stationary kinetic equation,

v cos�� − ���rfe + �v/r�sin�� − ����fe + vz�zfe = 0,

�7�

where �= �xex ,r̂� and �= �px ,p
̂� are the azimuthal angles in

the real space and the momentum space, respectively. The
geometry of electron motion is shown in Fig. 4�a� in Appen-
dix A. The solution of Eq. �7� can be written as
fe�r ,z , p , pz�= fe1�R , p , pz�, where

R = ��r cos�� − �� − pz/pz�2 + r2 sin2�� − �� , �8�

and the function fe1 is defined by the boundary condition �6�
at z=0. As demonstrated in Appendix A, in the limit of small
dispersion angle, 	�0�1, and near the interaction region z
=0, the evolution of the mean beam radius can be written as

	r
 =
2

��

� � r2fedrdp

� � rfedrdp

� r0�1 + z2/z0
2� , �9�

with z0=r0g1 /	�0, and g1 is a factor of the order of unity that
depends on the electron energy spectrum. According to this

solution, a beam without initial transverse velocity propa-
gates parallel to the laser axis and preserves its radius along
the “collimation” length z0�r0 /	�0. It diverges strongly at
distances z
z0. This fact corroborates with the local propa-
gation angle �r, that is defined as

�r =
� dp�p/pz�cos�� − ��fe

� dpfe

=
rz

r0z0
	�0, �10�

see also Appendix A. The parabolic behavior, Eq. �9�, is
valid near the laser-plasma interaction region. Far away from
it, z�z0, the beam divergence becomes linear, 	r
�	�0z.
These results and the geometric interpretation of the beam
ballistic propagation are presented in Appendix A.

A relatively long beam collimation length facilitates gen-
eration of the resistive magnetic field. This effect can be
qualitatively estimated with a rigid beam model �35�. The
magnetic field B and the plasma electron temperature Te are
estimated with a set of simplified field equations,

� ∧ E = − �tB, jb = − je = − �E , �11�

coupled to the plasma electron energy equation,

3

2
ne�tTe = jb · E . �12�

Here, we assume that the beam current jb is neutralized by
the return current je, the Spitzer electric conductivity, �
��0�Te /T0�3/2, is defined by the electron ion collisions with
�0=3�0

2�2�T0�3/2 /Ze2�me ln�2�T0 /��pe�, where �pe
2

=e2ne /me�0 is the plasma frequency, T0 is the initial plasma
temperature, and the plasma ionization level is Z. In the as-
sumption of weak divergence, the plasma electron heating
and the magnetic field generation are mainly due to the cur-
rent longitudinal component jbz=−e�vzfedp�−enb�r ,z�c.
Knowing the evolution of the mean beam radius according to
Eq. �9�, the beam density can be written as

nb�r,z,t� � nb0
r0

2

	r
2exp�−
r2

	r
2� , �13�

and the solution to Eqs. �11� and �12� reads

Te = T0�5

2

�

�T
+ 1�2/5

H��� , �14�

B� =
3nerT0

jbz	r
2 �1 −
�1 + �/2�T�

�5�/2�T + 1�3/5�H��� �15�

with the Heaviside function H�x�, the local characteristic
heating rate �T�r ,z�=3�0ne /2jbz�r ,z�2, and the beam head
position �= t−z /c. The magnetic field, given by Eq. �15�, is
presented in Fig. 3�b�. It has been compared with the results
obtained with the hybrid code �32� describing the propaga-
tion of the electron beam in 3D axially symmetric geometry.
The magnetic field obtained with the hybrid code is shown in
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Fig. 3�a� assuming a source of monoenergetic electrons of 1
MeV with the angular distribution function given by Eq. �6�.
The dispersion angle is set to of 	�0=30°, which is smaller
than the one found in the PIC simulations shown in Fig. 2�b�
in order to enhance the “collimation” effect due to the beam
injection. The initial beam density, nb0�1019 cm−3, is such
that the generated magnetic field does not have a significant
effect on the electron penetration length.

The magnetic fields shown in panels �a� and �b� are very
similar although amplitude is weaker in the hybrid simula-
tion as the beam density varies as a Gaussian function in
time. This similarity demonstrates that the magnetic field
generation is correlated with the beam ballistic propagation
and thus depends strongly on the electron source character-
istics. The transverse position, rm, of the peak magnetic field,
Bm, evolves as

rm�z,t� =
	r

�2

ln1/2�6
�

�T�0,z�� ,

and the peak magnetic field reads

Bm�z,t� �
3�3neT0

8jbz0	r

� �

�T0
ln� �r0

4

6�T0	r
4� , �16�

where jbz0= jbz�0,0� and �T0=�T�0,0�. The magnetic field
penetration length, LB1, can be estimated with the condition
Bm�LB1 , t� /Bm�0, t��1 /2. At later times, t�LB1 /c, the char-
acteristic magnetic field depth, LB1=z0 ln1/4�t /6�T0�, is of the
order of the beam collimation length. That is, the magnetic
field generation is just a consequence of a collimated elec-
tron injection. The larger the beam radius r0 or the smaller

the dispersion angle, the longer the beam penetration depth.
This result is consistent with other simulations �17,19,22,36�,
where one can see this characteristic beam collimation due to
the parallel beam injection. However, such a description of
the local electron angular distribution function with one pa-
rameter, the dispersion angle, is valid only for high contrast
laser pulses, where the preplasma scale length L is much
smaller than the laser beam radius r0.

IV. FAST ELECTRON BEAM DIVERGENCE INDUCED
BY LASER INTERACTION OF SOLID FOILS

WITH PRE-PLASMA

A. Characterization of the electron angular spread

Ultra high intensity laser beams often present a prepulse
with a duration of a few ns, which is sufficiently intense to
generate a plasma in the target front side with characteristic
length comparable or even larger than the laser spot radius.
In this configuration, our PIC simulations of electron accel-
eration show that the preplasma has a strong effect on the
beam divergence for two reasons. First, electrons are accel-
erated in a larger volume around the critical density and the
critical layer is pushed forward by the laser longitudinal pon-
deromotive force and by the relativistically induced transpar-
ency. Thus, the laser-plasma interaction region cannot be
considered as a planar surface. This effect “ballistically” in-
creases the electron transverse velocity behind interaction re-
gion. Second, although the energy of accelerated electrons is
higher in the case with preplasma, the magnetic fields gen-
erated by the Weibel instability are stronger and with a larger
scale because the mean background electron density is lower
�see the bottom panel of Fig. 1�. These fields enhance the fast
electron scattering.

An exponential preplasma profile with a characteristic
length of Ln=1 �m has been considered in the simulations.
The critical layer is sited at a distance of �4 �m from the
maximum plasma density at z=20 �m. In Fig. 2�a�, the de-
pendence of the local electron mean propagation angle on the
transverse coordinate x is plotted by the black solid line and
the red dashed line for the Gaussian and super-Gaussian laser
intensity profiles, respectively. In both cases the transverse
velocity is higher than in simulations without preplasma and
there is no significant dependence on the laser radial shape.
This is due to the small effects of the transverse ponderomo-
tive force and the nonuniform relativistically induced trans-
parency. As already discussed for the case without pre-
plasma, the effect of the transverse ponderomotive force is
small as the laser focal spot is large compared to the laser
wavelength. A small effect induced by bending of the rela-
tivistic critical density surface can be explained by a strong
density gradient. Indeed, with the exponential preplasma
density profile, ne=nmax exp�−z /Ln�, the depth of the critical
density modulation, Ln ln�1+a0

2��2 �m, is small compared
to the beam radius, r0�6 �m. For a larger gradient plasma
scale length comparable with the laser beam radius, the criti-
cal surface bending can induce an electron beam transverse
deviation comparable with the dispersion angle induced by
the Weibel instability.
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FIG. 3. �Color online� �a� Azimuthal magnetic field B� in T, at
time t=700 fs, obtained with the hybrid code for the electron beam
injected without transverse velocity in a plasma of gold �collisions
of fast electrons are neglected�. The beam maximum density nb0

=1.2�1019 cm−3, the beam energy is 1 MeV, and the dispersion
angle 	�0=30°. �b� Azimuthal magnetic field B� in T according to
formula Eq. �15� for the same parameters than in panel �a�. �c�
Same figure as in panel �a� for an electron beam injected with the
mean propagation angle 	�r
=10° and the dispersion angle 	�0

=20°. �d� Azimuthal magnetic field B� in T according to formula
Eq. �15� with the radius defined by Eq. �21� for an electron beam
injected with the mean propagation angle 	�r
=10° and the disper-
sion angle 	�0=20°.
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Under the simulation conditions assumed in this Section,
the major contribution to the electron transverse velocity
comes from: �i� a higher acceleration length, �ii� a larger
coupling between the Weibel instability magnetic fields and
the laser evanescent wave, of the order of the laser wave-
length. Without preplasma, all electrons are accelerated ap-
proximately at the same place and suffer the scattering dur-
ing a very short length, ��0

�nc /ne. With preplasma, the
electrons are accelerated in a volume that depends on the
plasma density gradient at the laser absorption position, sited
between the critical density nc and nc

�1+ax
2. In this region of

underdense plasma, electrons are already scattered by the
nonhomogeneous self-generated magnetostatic fields that can
be seen in bottom panel of Fig. 1. Then, in the underdense
plasma, the electrons are scattered by the Weibel instability
generated magnetic fields coupled with the laser evanescent
wave during a length of the order of ��0. Assuming that
electron scattering occurs during a length L, and that elec-
trons may enter in the acceleration zone at different depths
with an equal probability, the local propagation angle, �r,bal,
after the interaction region is a superposition of the local
propagation angles of all electrons, that is,

�r,bal �
1

L
�

0

L

dz��r�z − z�� , �17�

where �r is defined by Eq. �10�. Note that we can directly
generalize the mean propagation angle to 3D cylindrical ge-
ometry as the Weibel instability, responsible of electron scat-
tering, does not depend on the laser polarization direction.
Then the expression for the local mean propagation angle
reads

�r,bal�z � L� �
rL

2r0
2	�0

2. �18�

This rough estimate shows that a small preplasma length is
sufficient for increasing of the transverse velocity as the in-
trinsic dispersion angle of electrons is large as can be seen in
Fig. 2�b�. The total electron deviation angle after the interac-
tion region can be represented as a sum of contributions of
the transverse ponderomotive force Eq. �2� and the “ballis-
tic” effect Eq. �18�,

�r�r� � arctan� rL

2r0
2	�0

2 + �0
dr	ar

2

	ar

2
 � . �19�

Figure 2�b� shows the dependence of the dispersion angle
on the transverse coordinate for simulations with preplasma.
The values of the dispersion angle are comparable to those
obtained in the simulations without preplasma. This is due to
the contribution of two opposite effects. First, the dispersion
angle generated by the electron oscillations in laser field and
the electron scattering in Weibel-generated magnetic field are
higher than those found in the case without preplasma since
the mean background electron density in the acceleration
zone is much lower �31�. Second, the dispersion angle de-
creases due to electron acceleration from a volume. Indeed,
while the transverse velocity increases with the laser plasma
interaction depth, the dispersion angle decreases. The full

divergence angle fp, defined by Eq. �5�, is depicted in Fig.
2�c� by black line for the Gaussian laser pulse. This distribu-
tion function, which is not relevant for cylindrical geom-
etries, gives however an indication on the initial mean dis-
persion angle because it is an invariant of the ballistic beam
propagation. The mean dispersion angle is much larger than
in the simulations without preplasma, however, this value,
	�0�70°, is overestimated as our simulations are collision-
less. We expect that electron collisions and plasma ionization
will decrease slightly the magnitude of magnetic fields in-
duced by the Weibel instability responsible of electron scat-
tering.

The “cylindrical” full angular electron distribution func-
tion, defined by the Eq. �4�, accounts for both the dispersion
angle and the mean propagation angle, as shown in Fig. 2�d�.
Unlike the simulations without preplasma, the mean angular
deviation angle is of the order of 25° for both Gaussian and
super-Gaussian laser pulses. The electron beam is already
divergent after the interaction region because the length of
the interaction region, L�2–3 �m, is comparable with the
“collimation” length z0�r0�6 �m, giving a mean propaga-
tion angle, according to Eqs. �2� and �18�, 	�r
= 	�r
pond
+ 	�r
bal�25°. Such an angular distribution function is more
appropriate for interpretation of experimental results where
the laser prepulse intensity is sufficiently high to generate a
preplasma of a size comparable with the laser beam radius.

B. Magnetic field generation by divergent electron
beams

Propagation of a radially divergent electron beam has
been simulated with the hybrid code described in �32�. The
angular distribution function of the injected beam was repre-
sented as

f l = f���exp�−
r2

r0
2 −

�� − �r�2

	�0
� , �20�

where �=tan−1�p cos��−�� / pz� is the electron momentum
angle with respect to the local ejection axis defined by the
angle �r given by Eq. �19�. All electrons have the same en-
ergy of 1 MeV. The generalization of the angular distribution
function from planar geometry �1� to cylindrical geometry
Eq. �20�, is discussed in Appendix B. Figure 3�c� shows the
map of magnetic field obtained with this angular distribution
function. Although the sum of the deviation angle, 	�r

=10°, and the dispersion angle, 	�0=20°, is the same as the
dispersion angle in the case without preplasma �	�0=30°�,
the beam diverges more strongly. The magnetic field penetra-
tion depth decreases as well as its strength. The reduction of
the magnetic field penetration can be estimated by assuming
that 	�r
�	�0�1. By solving the ballistic kinetic Eq. �7�
with the boundary condition �20�, one can show that near the
laser-plasma interaction region z�0, the beam radius
evolves as

	r
 = g2	�r
z + r0�1 +
z2

z0
2� , �21�

where g2 is a factor around unity that depends on the fast
electron spectrum f���. The details of calculation are pre-
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sented in Appendix C. In this case, the beam diverges from
the very beginning and its radius, in the ballistic approxima-
tion, increases linearly with the propagation distance. Far
away from laser-plasma interaction region, the radius evolu-
tion becomes linear, 	r
��	�r
+	�0�z.

Figure 3�d� shows the magnetic field obtained from the
analytical solution for the angular dependence of the electron
distribution function Eq. �15� and the electron beam radius
Eq. �21�. The similarity with the numerical solution obtained
with a hybrid code is evident. This confirms the validity of
the ballistic approximation. The magnetic field penetration
depth, LB2, is smaller than that obtained for the case without
preplasma because of the stronger beam divergence. Using
the same approach than that employed to estimate LB1, the
magnetic field penetration length can be written as

LB2 � LB1�1 − 	�r
/	�0� ,

with g1�g2�1. The second term represents a decrease of
several tens of percent, which has a dramatic effect on the
fast electron transport.

V. CONCLUSION

We have shown by means of 2D PIC simulations, that the
angular divergence of electron beam generated in relativistic
laser plasma interactions has two different components. First,
the angular dispersion is due to the fast electron scattering in
the stochastic magnetic fields generated by the Weibel insta-
bility and coupled to the laser field �31�. The dispersion
angle is thus enhanced for stronger laser intensity or lower
background electron density. The second component is the
electron deviation in transverse direction due to the laser
transverse ponderomotive force and propagation effects in
preplasma. For short laser pulses or high density plasmas,
where the laser hole boring �27� is negligible, the initial
transverse beam velocity weakly depends on the laser trans-
verse intensity gradient, but depends strongly on the pre-
plasma scale length and on the dispersion angle. This diver-
gence component must be taken into account in order to
avoid strong overestimations of self-generated fields and
their effects on electron transport. The transverse beam ve-
locity suppresses the resistive magnetic fields generated in
plasma and undermines the beam collimation. The control of
Weibel instability in the laser-plasma interaction region is
one of the key issues for reducing electron scattering. It can
be achieved by lowering the laser intensity or by increasing
the plasma electron density and plasma collisionality.

In closing, we would like to point out the important con-
sequences of the beam collimation decrease for the fast ig-
nition of inertial fusion targets �5,37�. Since the transport
codes used to compute the electron energy deposition in the
compressed core do not resolve the laser-plasma interaction
region, it is typically assumed an initial distribution function
for fast electrons that does not include the net radial velocity
of the beam at injection �38–41�. As we have shown in this
paper, both angular dispersion and radial velocity have to be
included in hybrid codes to reproduce the features of fast
electron transport. If, as in most of the simulations performed
so far, only the angular dispersion is taken into account, the

magnetic collimation of the fast electron beam can be over-
estimated and thus the laser energies required to ignite a
target can be underestimated. This effect will be quantified in
future publications.
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APPENDIX A: BEAM BALLISTIC PROPAGATION
WITHOUT INITIAL TRANSVERSE VELOCITY

The beam ballistic propagation with the boundary condi-
tion given by Eq. �6� can be estimated near the laser plasma
interaction region z�z0. The distribution function
fe1�R , p , pz�, with the radius R defined by Eq. �8�, can be
expanded near z�0,

fe = fe1 +
� fe1

�Rr

dR

dz0

z +
1

2� �2fe1

�Rr
2 � dR

dz0
�2

+
� fe1

�Rr

d2R

dz0
2 �z2.

�A1�

In the small angle approximation, 	�0�1, we find

fe = fe1�r,p,pz��1 + 2
rz

r0
2

p

pz
cos�� − ��

+
z2

r0
2�2r2

r0
2 cos2�� − �� − 1� p

2

pz
2� . �A2�

Then, we calculate the mean radius defined by Eq. �9�, with
the integration limits �0

�rdr�0
2�d��0

�pdp�pmin

� dpz and where
pmin
0 since we are interested in electrons propagating for-
ward. After some algebra, one finds

	r
 = r0�1 +
z2

r0
2g1	�0

2� , �A3�

where

g1	�0
2 �

�
0

� �
pmin

�

�p
2/pz

2�f���exp�− �2/	�0
2�pdpdpz

�
0

� �
pmin

�

f���exp�− �2/	�0
2�pdpdpz

.

�A4�

The local propagation angle near the laser-plasma interac-
tion region can be estimated using the distribution function
expansion of Eq. �A2�. The local propagation angle is de-
fined by
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�r =

�
0

2�

d��
0

�

pdp�
pmin

�

dpz
p

pz
cos�� − ��fe

�
0

2�

d��
0

�

pdp�
pmin

�

dpz
p

pz
fe

. �A5�

Taking into account the expression of fe of Eq. �A2�, and
keeping only the first order term in z, one has

�r =
rzg1	�0

2

r0
2 . �A6�

The parabolic approximation, Eq. �A3�, is valid for z
�z0. Far from the laser-plasma interaction region, the
beam radius becomes a linear function of z. Indeed,
the beam radius, defined by Eq. �9�, can be estimated
as follows. First, the beam density, defined by nb
=�0

2�d��0
�pdp�pmin

� dpzfe1�R , p , pz�, can be calculated with

the substitution: p / pz=tan � and �=�p̃
2+ p̃z

2+1. One finds

nb = 2��
0

�

exp�−
r2 + z2 tan2 �

r0
2 −

�2

	�0
2�I0�2

rz

r0
2 tan ��tan ��1 + tan2 �d�tan ���

�min

� �2 − 1

�
f���d� , �A7�

where we have used �0
2�exp�a cos�x��dx=2�I0�a�, with I0�x�

the 0-order modified Bessel function I �42�. Then, in the
approximation r�r0 and z�z0, and introducing nb0
=����min

� f�����2−1 /�d�, we have

nb = nb0
r0

z
�1 +

r2

z2 exp�− � tan−1�r/z�
	�0

�2� . �A8�

Finally, for small angle 	�0�1, one has

	r
 � 	�0z . �A9�

The beam ballistic propagation without radial velocity, as
defined by Eq. �9�, can be understood geometrically with the
scheme in Fig. 4�b�. If all electrons start to propagate with
the characteristic dispersion angle 	�0, the beam radius di-
vergence is “visible” when the electrons propagating from

the laser/interaction region center �r=0, z=0� with the
propagation angle �=	�0, cross the trajectory of electrons
propagating from the position r=r0 with angle �=0°. There
trajectories are represented by the black dotted line in Fig.
4�b�. Thus, the beam divergence becomes visible after the
characteristic depth, z0�r0 / tan�	�0�.

APPENDIX B: ANGULAR DISTRIBUTION FUNCTION
IN CYLINDRICAL SYMMETRY

According to the 2D planar simulations, the electron local
angular distribution function can be approximated by Eq. �1�.
Here we generalize this angular distribution function to the
3D cylindrical geometry presented in Fig. 4�a�. Electrons in a
small volume around the position �r ,� ,0� in cylindrical co-
ordinates, have propagation angles normally distributed
around the angle �r with the characteristic dispersion angle
	�0. The local propagation angle �r, shown in Fig. 4�d�, is in
the plane �er ,z� due to the cylindrical symmetry of the laser
beam. We present in Figs. 4�a�, 4�c�, and 4�d�, the coordinate
systems used to express Eq. �20�. The momentum reference
frame �pr , p� , pz� is derived from the spatial cylindrical co-
ordinate �r ,� ,z�. �pr� , p� , p�r

� is the momentum reference
frame defined by a rotation of angle �r of reference system
�pr , p� , pz� around the axis p�. In this latter momentum ref-
erence frame, electrons are propagating in the direction p�r
with the dispersion angle 	�0. Therefore, the angular elec-
tron distribution function is written as

f l = exp�− � tan−1���pr�
2 + p�

2�/p�r

2 �

	�0

�2� . �B1�

To simplify the formulation of the beam radius ballistic evo-
lution, we neglect the component p�

2 . This is equivalent to
assume that electrons in the plane �p� , p�r

� have equal prob-
ability to have an angle between −90° and 90°. This assump-
tion does not affect the ballistic evolution of the beam as we
are in cylindrical geometry. Taking into account that pr�

r0 ��0

z0~r0/��0
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�
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p
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�r
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�r
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FIG. 4. �Color online� �a� Cylindrical symmetry geometry in the
real space �r ,� ,z� and in the momentum space �p ,� , pz� used in
the present article. �b� Scheme of the beam ballistic propagation
without initial transverse velocity. �c� Momentum reference frame
�pr , p� , pz� derived from the cylindrical coordinate �r ,� ,z�. �d� Mo-
mentum reference frame �pr� , p� , p�r

� defined by a rotation of angle
�r of the momentum reference frame �pr , p� , pz�.
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= pr cos �r− pz sin �r and p�r
= pz cos �r+ pr sin �r, one finds

f l = exp�− � tan−1�pr/pz� − �r

	�0
�2� . �B2�

Finally, in the cylindrical momentum reference frame
�p ,� , pz�, defined by px= p cos � and py = p sin �, it
comes

f l = exp�− �� − �r

	�0
�2� , �B3�

with �=tan−1�p cos��−�� / pz�.

APPENDIX C: BEAM BALLISTIC PROPAGATION
WITH INITIAL TRANSVERSE VELOCITY

The ballistic propagation with an initial transverse veloc-
ity can be studied similarly to the case without transverse
velocity presented in Appendix A. The kinetic equation Eq.
�7� has two characteristics,

R = ��r cos�� − �� − pz/pz�2 + r2 sin2�� − �� , �C1�

cos�� − �� = −
pz

p

dR

dz
. �C2�

Using the boundary condition �20� and assuming that �r
�	�0, the first order expansion of the distribution function
at z�0 reads

fe = fe2�r,p,pz��1 +
2rz

r0
2

p

pz
cos�� − ��

+
2z

r

p
3/pz

3

	�0
2 sin3�� − ��cos�� − ��� . �C3�

Taking into account that �0
2�sin3 x cos x exp�−�cos x

−a�2�dx=0, one can calculate the dependence of the beam
radius on the propagation distance as

	r
 = r0�1 + g2	�r

z

r0
+

z2

z0
2� , �C4�

where

g2	�r


=
4

��

�
0

2� �
0

� �
pmin

�

cos�� −��
p

pz
fe2�r,p,pz�pdpdpzd�

�
0

2� �
0

� �
pmin

�

fe2�r,p,pz�pdpdpzd�

.

�C5�

In the approximation �r�	�0, the second order term, z0
=r0 /g1	�0, is the same as in Eq. �A3�.
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