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The effects of laser polarization on super-hot electron (> 100 keV) generation have been studied in the interaction
of femtosecond laser light (800 nm, 150 fs, 6 x 10*®* W-cm™2) with a pre-formed plasma from a slab Cu target. For
p-polarized laser pulses, high-energy ~y-rays of the energy ~400keV were detected. The electron temperatures
deduced from the y-ray spectra were 66 and 52 keV, respectively, in normal and reflective directions of the solid
target, and hot electrons were emitted out of the plasma mainly in the normal direction. In contrast, there were
nearly no ~y-rays >100keV found for s-polarized laser pulses. The hot electron temperature was 26 keV and the
emission of hot electrons was parallel to the laser field. The superposition of resonant field with electrostatic
field excited by escaping electrons may contribute to the high-energy ~-ray or super-hot electron (> 100 keV)

generation.

PACS: 52.40. Nk, 42.55. Ve, 52. 50. Jm, 34. 80. Qb

With the development of femtosecond (fs) laser
systems,] hot electrons of the temperatures from
sub-keV to several MeVI?~7] have been found in fs
laser—plasma interactions. The mechanism of hot elec-
tron generation is closely related to the laser inten-
sity. At relatively strong laser fields (¢ = posc/mc =
8.53 x 10710 (I\?)1/2 > 1), where pyg. is the momen-
tum of electrons oscillating in the laser field, m is the
electron mass, cis the speed of light, and I and A\ are
the laser intensity and wavelength in units of W.cm™2
and micrometres, respectively, the relativistic effect is
so strong that the Lorentz force —eV x B and pon-
deromotive potential play important roles in the pro-
duction process of hot electrons of several MeV.[8:9]
This is in addition to the relativistic channelling effect
which greatly increases the laser intensity'%-!!] result-
ing in hot electrons with very high energy (super-hot
electrons).

However, at relatively low fs laser intensity (¢ <
1), the relativistic effect is not obvious, and there
are also high-energy ~-rays and super-hot elec-
trons (> 100 keV) found in fs laser and plasma
interactions.['>'3] There are several possible mech-
anisms, such as resonant absorption,'+!%! Raman
scattering'41%! two-plasmon decay instability,14 in-
verse bremsstrahlung¥ and vacuum heating,[17:18]
that can be responsible for the generation of hot elec-
trons, so that the study of mechanisms of hot electron
generation in laser—plasma interactions is still a hot
topic in both theory and experiment.

In this letter, we have experimentally studied
the possible mechanism of the high-energy v-rays or
super-hot electron (> 100keV) generation by chang-
ing laser polarization. Among the possible mecha-
nisms, only resonant absorption and vacuum heating

are directly related to the laser polarization. In the
measurement, we detected the vy-ray spectra in or-
der to deduce the temperature of hot electrons and
the emission direction of escaping electrons. Based on
the hot electron temperatures and emission direction
in p- and s-polarized laser interactions with plasma,
we found that super-hot electrons (> 100keV) found
only in p-polarization may be accelerated in the su-
perposition resonant and electrostatic field excited by
escaping electrons.

Our Ti:sapphire laser system delivered 150fs
pulses at 800 nm and was operated at a repetition fre-
quency of 10 Hz. The maximum output energy of this
laser was about 4mJ in a 12 mm diameter beam. The
beam was focused on solid targets with a 5cm focal
length lens. A diameter less than 25 ym has been de-
tected and the corresponding focal laser intensity was
6x10' W.cm™2. Laser pulses were incident at 45°
from the target normal direction. The targets used in
the experiment were 1 mm thick Cu plates. The target
surfaces were polished to ensure that the roughness of
the surface was less than 1 um. The target was moved
50 um after each shot so that a fresh surface inter-
acted with the laser pulses. A pre-pulse was intro-
duced by a dog-leg system, similar to Ref. [19], where
the pre-pulse was produced by splitting the laser pulse
into two pulses, separated 50 ps. Using mirrors with
different reflectivity, the ratio of the pre-pulse to the
main pulse could be adjusted. In our experiment here,
the ratio of the pre-pulse to the main laser pulse was
about 8% and the time interval between them was
set to be 7T0ps. A 20mm diameter hole in a 50 mm
thick Pb block was used to collimate the ~-ray radi-
ation and shield the vy-ray detector, a Nal crystal de-
tector, shown in Fig.1. The detector apertures were
located 360 mm from the plasma, hence collecting a
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solid angle of 2.4 x1073sr from the source. These
two detectors were connected with ~y-ray spectrome-
ters, which consisted of a photomultiplier, an ampli-
fier and a multi-channel energy analyser. The Nal
detectors were partially enclosed by Pb blocks and
cylinders to eliminate the background noise caused by
the random v-ray scattering. The spectrometers had
been calibrated using a vy-ray source 2?Na (511 and
1270 keV).PO} An electronic gated shutter in front of
each detector was synchronized with the main laser
pulse to eliminate background events and enhance the
signal-to-background ratio. These Nal detectors were
placed in the normal and reflective directions (Fig.1).
The ~-ray spectral distribution was determined us-
ing single-photon pulse height analysis. To avoid any
overlap of photons in detectors, the distance between
the detectors and the plasma and the diameter of the
hole in the Pb block in front of each detectors were
carefully adjusted so that the probability of detect-
ing a y-ray photon by the detectors for each shot was
about 0.2.
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Fig. 1. Schematic diagram of the experimental set-up.
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Fig. 2. Detector counts for v-ray photons versus photon
energy.

The emission direction of escaping electrons was
detected by placing a direct-exposure film (LUCKY)
in an 8 cm diameter cylinder around the laser focus,
similar to Ref.[21]. An Al foil of thickness 0.1 mm
was used to prevent the film from scattering light and
lower energy electrons.
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Fig. 3. Cutaway view of angular distribution of hot elec-
trons generated from a solid target irradiated by (a) p-
polarized laser pulses and (b) s-polarized laser pulses.

Figure 2 shows the ~-ray spectra produced by p-
and s-polarized lasers in the normal and reflective di-
rections. The spectra are continuous without any ob-
vious line structure. This implies that the y-ray radi-
ation was due to the bremsstrahlung of hot electrons
when they propagate inside the target. An appar-
ent effect of polarization is shown in Fig.2. As ob-
served in our earlier experiment,'3] the y-ray spectra
consist of two parts: the high-energy and low-energy
part. We are mainly interested in the high-energy -
ray photons. The interaction of the plasma with the
s-polarized laser pulses did not produce high-energy
~-ray photons above 100keV in both normal and re-
flective directions. In contrast, the high-energy ~v-ray
radiation in both directions was greatly increased for
the p-polarized laser pulses. The temperature of hot
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electrons for both s- and p-polarization can be de-
duced from the vy-ray spectra on an assumption of ex-
ponential spectral distribution of «-ray radiation. The
deduced results are also shown in Fig.2. Clearly two
groups of hot electrons can be divided into both p-
and s-polarization cases and, for convenience, we de-
fine them as the low-T" group and the high-T group.
The temperatures of low-T', 6 keV and high-T', 26 keV,
groups are the same for s-polarization in both direc-
tions, while the temperatures of those groups are obvi-
ously different in comparison in p-polarization cases.
For p-polarized laser pulses, the temperatures of high-
T groups are 66 and 52keV in the normal and reflec-
tive directions, respectively. For the p-polarization
laser, the temperatures of these two groups in the
normal direction are always higher than those in the
reflective direction. Each curve presented here repre-
sents over 10000 laser shots.

Figure 3 shows the cutaway view of hot electron
emissions in p- and s-polarization lasers. Electrons
emitted mainly in the normal direction of the solid
target in p-polarization laser interaction with plasma
while their emission was basically parallel to the di-
rection laser field in the s-polarization case.

We have studied the effects of polarization on the
generation of high-energy ~v-ray radiation or hot elec-
trons (> 100keV) in the interaction of fs laser pulses
(~ 6 x 10¥W-cm2) with a pre-formed plasma. From
the results we found that the temperatures of high-
T hot electrons produced in the interaction of the
plasma with the p-polarized laser pulses were much
higher than those of the s-polarized case in both di-
rections. All the high-energy «-rays or super-hot elec-
trons (> 100 keV) occurred in the p-polarization case,
while escaping electrons emitted in the normal direc-
tion of the solid target. Among all possible mech-
anisms of laser absorption, including resonance ab-
sorption, vacuum heating, Raman forward scatter-
ing and two-plasmon decay, only resonance absorp-
tion and vacuum heating are closely connected with
the polarization. It can be deduced that the escaping
electrons were driven out of the plasma by the electric
field and the direction of electron emission represents
the direction of the driving field both in s- and p-
polarization cases. The direction of the electric field
excited by the resonance of laser and plasma waves
on the plasma critical surface is just in the normal
direction. Therefore our results clearly suggest the
dominant role of resonance absorption in super-hot
electron (> 100keV) generation.

In comparison with the scaling law for the hot elec-
tron temperature produced by resonance absorption
[15]

0.33
Th =6 x107° [T (W/cm) A (pm)? (1)

at the laser intensity of ~5x10'® W-cm™2, the hot
electron temperature was about 9keV. This is nearly
consistent with the first hot electron (low-T") temper-
atures in the p-polarization case.

However, the temperatures of high-T" hot electrons
in our experiment were much higher than the scal-
ing law value. The existence of escaping electrons

suggests that, in addition to the alternative resonant
field, there is an electrostatic field caused by the spa-
tial charge separation between escaping electrons and
“stationary” ions. In our previous experiment,??
using target voltage measurements, the total charge
quantity of escaping electrons in p-polarization laser
and plasma interaction was 107°C. In order to esti-
mate the strength of this electrostatic field, we as-
sumed the escaping electrons and ions form two elec-
trodes of a capacitor C. The charge quantity @@ and
electric energy W of this capacitor satisfied Q = CV
and W = 0.5CV2. If the energy W is the potential
energy of these escaping electrons and possesses 0.3%
to 0.5% of the total laser energy in the p-polarization
case, the corresponding electric potential difference V'
between these two electrodes is 24 to 40kV. How-
ever, the 0.3%—0.5% energy conversion of the total
fs laser energy into high-energy ~-rays have been ex-
perimentally detected!"23:24] and these high-energy ~-
rays composed so-called “high-energy tail” of the spec-
trum. Therefore in our experiment, high-energy ~-
rays or super-hot electrons (> 100keV) may be gen-
erated in an electric field which is the superposition of
the electrostatic and alternative resonant fields.

We have experimentally studied the effect of po-
larization on super-hot electron generation in the
interaction of a fs laser (150fs, 6x10'° W-cm2)
and a pre-plasma, produced by a pre-pulse (150fs,
5x 1014 W-cm~2, 70 ps ahead of the main pulse). From
the obvious difference of hot electron temperature and
emission direction of escaping electrons for the s- and
p-polarized lasers, we deduce that the superposition
of electrostatic and resonant fields may be responsible
for the generation of high-energy ~y-rays or super-hot
electrons (> 100keV).
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