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Emission direction of fast electrons in laser-solid interactions at intensities
from the nonrelativistic to the relativistic
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The emission direction of outward-ejecting fast electrons generated in laser-solid interactions by 30 fs laser
pulses is measured for laser intensities varying from the nonrelativistic to the relativistic. For ans-polarized
incident laser beam at nonrelativistic intensities, the ejected electrons are close to the polarization direction of
the laser beam. With the increase of the laser intensity, the ejected electrons are still mainly within the
polarization plane, but turn away from the laser polarization direction towards the opposite direction of the
incident laser beam. At relativistic intensities, electrons eject towards the direction of the reflected laser beam.
The increasing ponderomotive force acceleration with the laser intensities might be responsible for the ob-
served changes.
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I. INTRODUCTION

Since the emission direction of fast electrons plays a c
cal role in many applications, such as the laser accelera
and the fast ignitor scheme@1#, it has attracted a great deal o
attention in recent years@2–8#. There are many potentia
mechanisms for fast electron generation, e.g., the reson
absorption@9,10#, the j3B heating@11#, and the ponderomo
tive force acceleration@12–14#. Different mechanisms pro
duce different angular distributions of fast electrons. T
resonance absorption processes are expected to produc
electrons mainly in the direction of the density gradient
p-polarized laser, while the other two mechanisms prod
fast electrons mainly in the laser propagation direction.

In recent years, several experiments were conducte
study the dependence of fast electron emission on the l
polarization, laser wavelength, and plasma density s
length, etc.@2–5#. However, the effect of laser intensity, on
of the most important factors, on the fast electron emissio
not well understood. With the development of laser techn
ogy @15–17#, the focused intensity of a table-top laser c
now easily cover a range from the nonrelativistic~less than
1017 Wcm22) to the relativistic~over 1018 Wcm22). As the
laser intensity increases, the mechanisms for laser absor
and electron acceleration also change. As a result, the be
ior of the fast electron emission would be different at diffe
ent laser intensities. For relativistic-intense ultrashort la
pulses, one of the significant effects is the presence of a h
ponderomotive forceFp5mc2

“(11I 18l
2/2.74)1/2, which

can accelerate electrons to a longitudinal momentum m
higher than the maximum transverse quiver momentum
side the pulsemc(I 18l

2/1.37)1/2. HereI 18 is the laser inten-
sity in unit of 1018 W/cm2 andl is the laser wavelength in
mm. Therefore, it is interesting to investigate the evoluti
of the angular distribution of fast electrons as the laser int
sity changes from the nonrelativistic to the relativistic.

In this paper we present an experimental investigation
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the angular distribution of the outward-moving fast electro
from Al targets irradiated by 30 fs laser pulses at differe
intensities ranging from the nonrelativistic to the relativist
For s-polarized irradiation of laser light, we observe signi
cant changes in the emission direction of fast electrons as
increase the light intensity.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. The expe
ments were performed with the JG-II home-made Ti:sapph
laser operating at 800 nm with a repetition rate of 10 Hz. T
laser is capable of delivering up to 640 mJ energy in 30
pulses. The contrast ratio of the laser pulse was measure
be about 1026. The laser beam was focused with anf /5
off-axis parabolic mirror and incident at 45° with respect
the target normal. The targets were 5-mm-thick alumin
discs with a diameter of 35 mm. The target surface was p
ished to ensure the roughness less than 1mm. The target
was moved 0.5 mm per second so that laser pulses intera
with a fresh target surface for each shot. To reduce the t
dimensional~2D! or 3D effects of the plasma we deliberate
adjusted the target off the best focus so that the meas
results can be compared directly with our 1D simulatio
The focal spot size was measured with a pinhole camera
imaging the x-ray emission. With a 10-mm-diameter aperture
and a 6-mm-thick Al filter, an average 20-mm full width at
half maximum focal spot was obtained. For most of t
shots, 500 mJ laser energy was used, in which about 7

FIG. 1. The schematic experimental setup.
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was found to be concentrated in the focus. The laser inte
ties in the range of 1016–1018 Wcm22 was used in the ex
periment to study how the characteristic of the hot electr
change when laser intensity is varied from the subrelativi
to the relativistic. The laser beam was ins polarization on
targets.

Fast electrons were recorded by LiF~Mg, Cu, P! thermo-
luminescence dosimeter films with a size off 4.5
30.8mm2. More than 80 pieces of LiF films were uniforml
mounted on the inner surface of a hemisphere detector@3,5#.
The angular resolution of this system was about 8°. T
center of the hemisphere was superposed with the focal
of the focusing mirror. The laser beam passed through
aperture of 25 mm diameter on the hemisphere. The
films were coated with a 6-mm-thick Al filter so that low
energy electrons (,10 keV) and the scattered light can b
blocked. In order to confirm the exposure on the LiF fi
was due to fast electrons, we made null tests by addin
2000 G magnetic field near a LiF film to deflect the ele
trons. The recorded data on the LiF film were at least th
orders of magnitude lower than the case without magn
field. This indicated that x rays andg rays contributed little
to the exposure on the LiF film.

III. RESULTS

The angular distribution of fast electrons is measured
the interaction of obliquely incidents-polarized laser pulse
with aluminum targets at laser intensities ranging betw
1016–1018 Wcm22. At nonrelativistic laser intensities, it i
found that fast electrons are concentrated in the polariza
plane formed by the wave vector of the incident beam a
the laser polarization vector. Few electrons have been m
sured in the incident plane formed by the wave vector of
incident beam and the normal of the target surface, in ag
ment with our earlier experiments conducted with simi
conditions@5#. Figure 2 illustrates the angular distribution
fast electrons in the polarization plane at the nonrelativi
laser intensities, where each data point represents a s
shot. At the intensity of 231016 Wcm22, two bundles of fast
electrons emit along the directions about 80° from the op
site direction of the incident beam symmetrically on bo
sides, i.e., they are close to the laser polarization directio
shown in Fig. 2~a!. This suggests that the transverse elec
field of the laser pulse plays a dominant role in producing

FIG. 2. Angular distributions of fast electrons in the polarizati
plane formed by the wave-vector of the incident pulse and the l
polarization. The laser intensity are~a! 231016 Wcm22 and ~b! 4
31017 Wcm22, respectively.
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electron jets in this case. As the intensity is increased up
1017 Wcm22, the fast electron bunches turn towards the o
posite direction of the incident beam. At the intensity
31017 Wcm22, for example, most electrons are found
emit along the direction about 10° away from the oppos
direction of the incident beam, as shown in Fig. 2~b!. The
relation between the emission angle of fast electrons
laser intensity is shown in Fig. 3. It is obvious that, with th
increase of the laser intensity, the emission angle chan
from the laser polarization direction towards the oppos
direction of the incident laser beam. This suggests that
ponderomotive force of both the incident and reflected pul
begins to play a role in producing the electron jets@12#.

When the intensity is increased further up to the relat
istic threshold, the emission direction is no longer conc
trated in the polarization plane formed with the wave vec
of the incident beam, but close to a plane formed by
wave vector of the reflected beam and the polarization v
tor. The angular distribution of fast electrons in incide
plane is shown in Fig. 4 for the intensity 231018 Wcm22.
As one can see that the emission of fast electrons, turn
completely away from the incident laser beam, is conc
trated in the direction about 10° away from the direction
the reflected beam. This electron jet appears to have hig
energies than those shown above for lower intensities. S
the ponderomotive force is much larger in this case, t

er

FIG. 3. Emission angles of fast electrons vs the laser intens
The solid lines are fitting curves.

FIG. 4. Angular distributions of fast electrons in the incide
plane formed by the wave vector of the incident pulse and
normal of the target surface. The intensity of the incident laser pu
is 231018 Wcm22.
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electron jet is expected to be concerned with ponderomo
force acceleration by the reflected beam. The tendency o
experimental observation is in qualitative agreement with
theoretical prediction given in Ref.@6#, which suggests tha
an outward-moving electron beam with very high energ
will emit in a direction close to the reflected beam and tho
with low energies will emit close to the normal to the targ
surface.

IV. CONCLUSION

In summary we have observed the electron emission f
a solid target irradiated by 30 fs laser pulses at intensi
ranging from less than 1017 Wcm22 up to over 1018 Wcm22.
At intensities less than 1017 Wcm22, it is found that the
emission direction of fast electrons is mainly close to
laser polarization direction, in agreement with previous
perimental results@5#. With the increase of the laser intensit
the electron jets turn away from the laser polarization
wards the opposite direction of the incident pulse. With
L.
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further increase of the laser intensity up to ov
1018 Wcm22, the longitudinal ponderomotive force alon
the propagation axis of the reflected pulse increases. A
result, fast electrons eject away from the polarization dir
tion towards the direction of the reflected laser pulse. Thi
qualitatively in agreement with the theory@6#. For a quanti-
tative analysis of the experimental data, three-dimensio
simulations are necessary to take into account different la
absorption and electron acceleration mechanisms under
ferent laser intensities in the oblique incidence geometry
well as the intersecting laser fields in front of the solid targ
formed by the incident and reflected laser pulses.
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