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The effects of preplasma on lateral fast electron transport at front target surface, irradiated by ultraintense
��1018 W /cm2� laser pulses, are investigated by K� imaging technique. A large annular K� halo with a
diameter of �560 �m surrounding a central spot is observed. A specially designed steplike target is used to
identify the possible mechanisms. It is believed that the halos are mainly generated by the lateral diffusion of
fast electrons due to the electrostatic and magnetic fields in the preplasma. This is illustrated by simulated
electron trajectories using a numerical model.
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I. INTRODUCTION

The generation and transport of fast electrons are funda-
mental processes in the fast ignition approach to inertial con-
finement fusion �1�. Recently the lateral electron transport
along the target surface at relativistic intensities has attracted
great attention �2–6� due to the important role in the cone
guided scheme for fast ignition �7�. For imaging application
of laser-driven hard x-ray sources �8,9�, the lateral electron
transport has also to be controlled because large source size
reduces spatial resolution.

The lateral energy transport surrounding a focal spot is a
significant and interesting phenomenon, which has attracted
much attention for a long time. For example, in the 1980s,
the investigations with long pulses �several hundreds of pi-
coseconds� at intensity up to �1016 W /cm2, indicate that a
significant fraction ��30%� of the absorbed laser energy is
laterally transported large distance from the laser focal spot
�10–13�. Recently, the experimental and theoretical works
concentrating on this phenomenon, with short pulses �subpi-
cosecond� at relativistic laser intensity, are reported and sev-
eral different explanations are proposed �14–17�. The ion
emission surrounding the central spot measured by Mckenna
et al. indicates a significant lateral expansion of electron
cloud in thin target foils �14�. Langhoff et al. attribute the
reduced reflectivity of a probe beam at the circular area
around the focal spot to lateral diffusion of returning run-
away electrons oscillating across the target surface �15�. Fur-
thermore, Reich et al. observe a large weak K� halo with an
outer diameter of �400 �m surrounding a central peak �16�,
and they believe that the self-generated fields near the target
surface result in the lateral electron transport. However, the
mechanism detail is still not understood well and the effect
of the preplasma is not clear.

In this paper, the lateral electron transport at the front
target surface irradiated by intense laser pulses, when a pre-

plasma is formed, is studied by K� imaging technique. The
results show that the spatial structure of the K� emission is
strongly dependent on the preplasma. Particularly, an annular
halo surrounding a central spot is observed for a proper pre-
plasma condition. Furthermore, we use a specially designed
target to investigate the origin of the measured K� halo. It is
believed that strong self-generated electrostatic and magnetic
fields �E and B fields� in the preplasma are responsible for
the lateral electron transport.

II. EXPERIMENTAL SETUP

The experiments were carried out using the Xtreme Light
II �XL-II� Ti: sapphire laser system at the Institute of Phys-
ics, Chinese Academy of Sciences, which can deliver a lin-
early polarized pulse with energy up to 0.6 J in 60 fs at 800
nm �18�. The laser pulse was focused onto a Cu foil target at
an incidence angle of 45° with an f /3.5 off-axis parabolic
mirror. The diameter of the focal spot was �4.5 �m at the
full width at half maximum �FWHM�, in which contained
�35% of the laser energy. The laser intensity was up to
5�1018 W /cm2. The amplified spontaneous emission
�ASE� was measured to be �10−5 at �10 ps before the peak
of the main pulse. A prepulse, split from the main pulse, with
similar focal spot to that of the main pulse, was used to
generate a preplasma.

The main diagnostic was K� imaging technique. A spheri-
cally bent quartz 2131 crystal was used to image the Cu K�
emission at 8.048 keV onto a 16 bit charge-coupled device
�CCD� with a magnification of �8. The radius of curvature
of the crystal was 380 mm. A 30 mm diameter aperture was
put in front of the crystal, giving an astigmatism-limited spa-
tial resolution �19 �m �19�. The energy bandwidth was
about 11 eV �20�. The crystal viewed the K� emission at an
angle of 48° with respect to the front target normal. The K�
yield was measured with a single photon counting PI-LCX
CCD, which was set in front of the target at 60° with respect
to the target normal. A calibrated magnetic spectrometer with
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1000 G permanent magnets was used to measure the out-
going electron energy spectrum.

III. RESULTS AND DISCUSSIONS

Figures 1�a�–1�c� show the K� images obtained for three
prepulse conditions, when a p-polarized laser pulse was fo-
cused onto a 50 �m thick Cu foil target. The energy of the
main pulse �main are similar. The preplasma scale length in-
creases from the left to right.

Several features can be seen from the images. A large K�
halo surrounding a central bright spot is observed. The K�
yield contained in the halo is �40% relative to the total
value. The half-width of the central spot is about 80 �m,
which is basically constant for the three conditions and much
larger than the laser focal spot. Actually, similar results that
the central K� spot is much larger than the laser focal spot
have been observed by Stephens et al. �21� and Reich et al.
�16�. They believe that this phenomenon is mainly caused by
the spreading of low energy electrons, which laterally drift
up to �50 �m far from the focal spot in the self-generated
fields. Collisionless transfer of energy near the critical den-
sity to a thermal distribution of background electrons and
refluxing of low energy electrons near the front surface also
make contributions to the central K� spot �21�.

The most striking phenomenon is that the halo structure is
strongly dependent on the preplasma conditions. The size of
the halo increases with the preplasma scale length. The outer
diameter of the halo at 1.0 ns is about 1.5 times larger than
that at 0.6 ns. When the preplasma scale length is relatively
large at 1.2 ns, the halo almost disappears. Note that halo
becomes annular with an outer diameter of �560 �m at 1.0
ns, as shown in Fig. 1�b�. Figure 1�d� shows the measured

K� yield at the three delays. The yield for 0.6 and 1.0 ns are
similar. However, for 1.2 ns it is reduced by �30–40% rela-
tive to the values of 0.6 or 1.0 ns. Since the K� emission
from the central bright spot is weak dependent on the pre-
plasma conditions, the reduction is mainly due to the disap-
pearance of the halo at 1.2 ns.

The time-integrated halos must not be excited by the
prepulses or the low intensity wings of the main pulses be-
cause they strongly depend on the delay �t and almost van-
ish when the intensity of the prepulse is relatively high.

Three groups of fast electrons may contribute to the mea-
sured halos. The first group penetrates into the solid target
with an initial angular spread, and excites K� photons inside
the target. The second group is transported laterally as a cur-
rent along the initial target surface due to the confinement of
the surface E and B fields �3,4�. However, this surface cur-
rent is pronounced only when the incidence angle is large
��70°� and the plasma density profile is steep �4�. The third
group is the fast electrons which laterally diffuse in the pre-
plasma above the initial target surface. A specially designed
steplike target is used to distinguish the contribution of the
three groups of electrons. An optical top view and a sche-
matic side view of the target are shown in Figs. 2�a� and
2�b�, respectively. An 18 �m thick Cu layer is partially
coated on a CH plane substrate. The laser pulse is focused
onto the CH surface at a distance of �60 �m from the Cu
step edge. The K� photons are effectively excited only by
the fast electrons that laterally diffuse in the preplasma into
the Cu layer above the CH surface. Figures 2�c� and 2�d�
show the comparison of the steplike target with the normal
Cu planar target. Both halos have similar structures at the Cu
coating region. This indicates that the halo is mainly excited
by the third group of fast electrons.

We believe that the observed halo is mainly excited by the
fast electrons which laterally drift in the self-generated B and
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FIG. 1. �Color online� �a�–�c� Typical K� images for three
prepulse conditions. �main is the main laser energy, �t is the delay
time between the prepulse and the main pulse, and Iprepulse is the
intensity of prepulse. �d� K� yield per steradian measured by the
PI-LCX CCD.
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FIG. 2. �Color online� �a� Optical image �top view� and �b�
schematic drawing �side view� of the steplike target. The arrows in
�b� show the three groups of electrons schematically. K� images of
�c� the steplike and �d� planar Cu target obtained with similar laser
conditions. The main laser energy is 270 mJ, �t is 0.6 ns and
Iprepulse is 3�1016 W /cm2, respectively.
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E fields in the preplasma and deposit energy far away from
the focal spot. In our experiment, a preplasma is generated
when the prepulse arrives at the target surface and then ex-
pands outward. The following ASE continually heats the ex-
panding preplasma. Before the peak of the fs main pulse, a
toroidal, thermoelectric B field can be generated in the pre-
plasma due to the noncollinear electron temperature and den-
sity gradients �Te��ne �22–29�. Moreover, the B field en-
ergy is concentrated on the boundary of the preplasma, and
expands with the hemispherical plasma bubble �26,28,29�.
Previous experimental and theoretical works under various
laser conditions suggest that the self-generated B field
strength is �0.4–1 MG �22–29�.

In addition, the magnitude of the averaged E field in pre-
plasma �13,28,30�, can be estimated from the measured elec-
tron spectrum combined with the 2D K� image. Figure 3
shows a typical energy spectrum of the electrons emitted into
vacuum for the same condition in Fig. 1�b�. The electrons
with energy less than 50 keV are quite few because such low
energy electrons cannot escape from the preplasma due to
the inhibition of the E field. As shown in Fig. 1�b�, the an-
nular gap between the central K� spot and the annular halo is
corresponding to the region with strong B field, where the
plasma bubble boundary locates. Therefore, we take the ra-
dius of this gap as the characteristic length of the plasma
bubble. This gives an estimation of the average E field
�4�108 V /m.

To illustrate the physical picture of this lateral fast elec-
tron transport, we perform a 2D cylindrical relativistic simu-
lation of the fast electron trajectories in specified E and B
fields. In this model, based on the previous results

�23,26,28,29�, the distribution of the toroidal B field B��r ,z�
is parametrized by

B��r,z� = − Bmax��z2 + r2�/R0
2��r/�r2 + z2�,

for ��z2 + r2� � R0, �1a�

B��r,z� = − Bmax�R0
2/�z2 + r2���r/�r2 + z2�,

for R0 � ��z2 + r2� � R1, �1b�

B��r,z� = 0, for ��z2 + r2� � R1, �1c�

where z and r are the coordinates of the 2D space, Bmax is the
maximum strength of the B field, R0 is the radius of the shell
where the B field is maximum, and R1 is outer radius of the
B field region. According to Eq. �1�, the B field is in the
minus theta direction. Moreover, the B field is concentrated
around a spherical shell with a radius of R0, while it becomes
weak near the r=0 axis where �Te is parallel to �ne. Figure
4�a� shows the constructed B field distribution for the case of
Fig. 1�b�. The initial target surface is the z=0 plane. R0 and
R1 are set to be 120 and 200 �m, respectively. Bmax is set to
be 0.5 MG. For simplification, the E field is set to be a fixed
strength of Ez�4�108 V /m in the z direction �13,28,30�.
The fast electrons, with different initial kinetic energy, � f, are
launched near assumed critical surface �r�0 and z
�25 �m� with an angle of 15° with respect to the target
normal into the fields.

Figure 4�b� shows the fast electron trajectories with vari-
ous � f. It is shown that some fast electrons are laterally de-
flected in the B field. After a complex lateral drift in the E
and B fields, they penetrate again into the solid target surface
in an annular region. This can explain the observed annular
K� halo. The gap between the central spot and the annular
halo can be regarded as the region with strong B field. When
the preplasma scale length is increased, the region of the B
field expands with the preplasma �26,28,29�. Therefore, the
fast electrons can drift further from the central spot. When
the scale length is too large, both �ne and �Te become not
large enough at far distance away from the central spot, and
the self-generated fields become weak. Thus most energetic
fast electrons cannot be drawn back to the target surface and
excite K� photons. This results in the reduction of the K�
yield and the vanishment of the halo for large preplasmas.
Moreover, the lower energy electrons are laterally trans-
ported and drawn back into the target surface close to the
center. This may be one of the possibilities for the phenom-
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FIG. 3. �Color online� Electron energy spectrum detected at 10°
with respect to the front target surface, for the same condition as
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enon that the central K� spot is much larger than the laser
focal spot.

IV. SUMMARY

In summary, we have shown that the preplasma conditions
significantly affect the lateral fast electron transport and en-
ergy deposition at the front target surface. A specially de-
signed steplike target is used to identify the origin of the
lateral electron transport. It is suggested that, high contrast

laser pulse should be used to optimize the spatial size of the
K� source. It also shows a new possible method to estimate
the transient B field with an annular halo observed.
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