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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. Bqyodarized
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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[. INTRODUCTION the angular distribution of the outward-moving fast electrons
from Al targets irradiated by 30 fs laser pulses at different
Since the emission direction of fast electrons plays a critiintensities ranging from the nonrelativistic to the relativistic.
cal role in many applications, such as the laser acceleratiohor s-polarized irradiation of laser light, we observe signifi-
and the fast ignitor schenfé], it has attracted a great deal of cant changes in the emission direction of fast electrons as we
attention in recent yearf2—8|. There are many potential increase the light intensity.
mechanisms for fast electron generation, e.g., the resonance
absorptior]9,10], thej X B heating[11], and the ponderomo- Il. EXPERIMENTAL SETUP
tive force acceleratiofil2—14. Different mechanisms pro-
duce different angular distributions of fast electrons. The The experimental setup is shown in Fig. 1. The experi-
resonance absorption processes are expected to produce fAgnts were performed with the JG-Il home-made Ti:sapphire
electrons mainly in the direction of the density gradient for/@Ser operating at 800 nm with a repetition rate of 10 Hz. The

p-polarized laser, while the other two mechanisms product®Ser is capable of delivering up to 640 mJ energy in 30 fs
fast electrons mainly in the laser propagation direction. pulses. The contrast ratio of the laser pulse was measured to

6 .
In recent years, several experiments were conducted tlae about 10°. The laser beam was focused with &%

study the dependence of fast electron emission on the las Ff-ams parabolic mirror and incident at 45° with respect o

o . e target normal. The targets were 5-mm-thick aluminum
polarization, laser wavelength, and plasma density scale. . .
. . iscs with a diameter of 35 mm. The target surface was pol-
length, etc[2-5]. However, the effect of laser intensity, one

.ished to ensure the roughness less thgnni The target

of the most important factors, on the fast electron emission iS/as moved 0.5 mm per second so that laser pulses interacted

not well understood. With the development of laser technoI—With a fresh target surface for each shot. To reduce the two-

ogy [15-17, the focused intensity of a table-top laser cangimensional2D) or 3D effects of the plasma we deliberately
now eaS|IY2cover a range from the nogrelatl\ﬂsz(mss than  ,gjusted the target off the best focus so that the measured
10" Wem ) to the relativistic(over 10° Wem™?). As the  roguits can be compared directly with our 1D simulations.
laser intensity increases, the mechanisms for laser absorptigfg focal spot size was measured with a pinhole camera by
and electron acceleration also change. As a result, the behaiYﬁaging the x-ray emission. With a 1@m-diameter aperture

ior of the fast electron emission would be different at differ- 5,475 6um-thick Al filter, an average 2@m full width at

ent laser intensities. For relativistic-intense ultrashort lasef,5i¢ maximum focal spot was obtained. For most of the

pulses, one of the significant effects is the presence of a huQﬁ]ots, 500 mJ laser energy was used, in which about 70%
ponderomotive forceF,=mc?V (1+1,50%2.74)"2, which

can accelerate electrons to a longitudinal momentum much Tis snpplite e
higher than the maximum transverse quiver momentum in- (JG-II 20TW30fs) =>
side the pulsenc(lg\%/1.37)"2. Herel 4 is the laser inten- P —
sity in unit of 10® W/cn? and \ is the laser wavelength in

um. Therefore, it is interesting to investigate the evolution

of the angular distribution of fast electrons as the laser inten-

sity changes from the nonrelativistic to the relativistic. Mulitchannel

analyzer

In this paper we present an experimental investigation on
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*Corresponding author. Email address: jzhang@aphy.iphy.ac.cn FIG. 1. The schematic experimental setup.
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FIG. 2. Angular distributions of fast electrons in the polarization 0 1 2 3 4
plane formed by the wave-vector of the incident pulse and the laser Intensity (1 017WCm'2)
polarization. The laser intensity ate) 2x 10 Wem 2 and (b) 4
X 10t Wem™ 2, respectively. FIG. 3. Emission angles of fast electrons vs the laser intensity.

The solid lines are fitting curves.

was found to be concentrated in the focus. The laser intensi-
ties in the range of 6-10'® Wem 2 was used in the ex- electron jets in this case. As the intensity is increased up to
periment to study how the characteristic of the hot electrond 0"’ Wem™2, the fast electron bunches turn towards the op-
change when laser intensity is varied from the subrelativistigosite direction of the incident beam. At the intensity 4
to the relativistic. The laser beam was srpolarization on X 10" Wem™2, for example, most electrons are found to
targets. emit along the direction about 10° away from the opposite

Fast electrons were recorded by Li®¥g, Cu, P thermo-  direction of the incident beam, as shown in Figb)2 The
luminescence dosimeter films with a size ap4.5  relation between the emission angle of fast electrons and
X 0.8mnf. More than 80 pieces of LiF films were uniformly laser intensity is shown in Fig. 3. It is obvious that, with the
mounted on the inner surface of a hemisphere det¢dtgl.  increase of the laser intensity, the emission angle changes
The angular resolution of this system was about 8°. Thdrom the laser polarization direction towards the opposite
center of the hemisphere was superposed with the focal spdirection of the incident laser beam. This suggests that the
of the focusing mirror. The laser beam passed through aponderomotive force of both the incident and reflected pulses
aperture of 25 mm diameter on the hemisphere. The Libegins to play a role in producing the electron jeig].
films were coated with a @sm-thick Al filter so that low When the intensity is increased further up to the relativ-
energy electrons< 10 keV) and the scattered light can be istic threshold, the emission direction is no longer concen-
blocked. In order to confirm the exposure on the LiF film trated in the polarization plane formed with the wave vector
was due to fast electrons, we made null tests by adding &f the incident beam, but close to a plane formed by the
2000 G magnetic field near a LiF film to deflect the elec-wave vector of the reflected beam and the polarization vec-
trons. The recorded data on the LiF film were at least threéor. The angular distribution of fast electrons in incident
orders of magnitude lower than the case without magnetiglane is shown in Fig. 4 for the intensityx210'® Wem ™2,

field. This indicated that x rays angrays contributed litle ~As one can see that the emission of fast electrons, turning
to the exposure on the LiF film. completely away from the incident laser beam, is concen-

trated in the direction about 10° away from the direction of

the reflected beam. This electron jet appears to have higher

energies than those shown above for lower intensities. Since
The angular distribution of fast electrons is measured fothe ponderomotive force is much larger in this case, this

the interaction of obliquely inciderg-polarized laser pulses

with aluminum targets at laser intensities ranging between 90

10*%-10® wem™2. At nonrelativistic laser intensities, it is 120 _— 60

found that fast electrons are concentrated in the polarization Y

plane formed by the wave vector of the incident beam and

the laser polarization vector. Few electrons have been mea-

sured in the incident plane formed by the wave vector of the

Ill. RESULTS

incident beam and the normal of the target surface, in agree- 0
ment with our earlier experiments conducted with similar
conditions[5]. Figure 2 illustrates the angular distribution of 210 330

fast electrons in the polarization plane at the nonrelativistic
laser intensities, where each data point represents a single
shot. At the intensity of X 10'® Wem™?, two bundles of fast 240 270 300

electrons emit along the directions about 80° from the oppo-

site direction of the incident beam symmetrically on both  FIG. 4. Angular distributions of fast electrons in the incident
sides, i.e., they are close to the laser polarization direction glane formed by the wave vector of the incident pulse and the
shown in Fig. 2a). This suggests that the transverse electricnormal of the target surface. The intensity of the incident laser pulse
field of the laser pulse plays a dominant role in producing thes 2x 10'® wem 2.
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electron jet is expected to be concerned with ponderomotivéurther increase of the laser intensity up to over
force acceleration by the reflected beam. The tendency of th&0'® Wem™2, the longitudinal ponderomotive force along
experimental observation is in qualitative agreement with thehe propagation axis of the reflected pulse increases. As a
theoretical prediction given in Ref6], which suggests that result, fast electrons eject away from the polarization direc-
an outward-moving electron beam with very high energiegion towards the direction of the reflected laser pulse. This is
will emit in a direction close to the reflected beam and thosequalitatively in agreement with the theof§]. For a quanti-
with low energies will emit close to the normal to the targettative analysis of the experimental data, three-dimensional
surface. simulations are necessary to take into account different laser
absorption and electron acceleration mechanisms under dif-
IV. CONCLUSION ferent laser intensities in the oblique incidence geometry, as
well as the intersecting laser fields in front of the solid target

In summary we have observed the electron emission frongyrmed by the incident and reflected laser pulses.
a solid target irradiatetilbby 30 1;s laser pulsees8 at inteznsities
ranging from less than $T0Wcm™ < up to over 16° Wem™ <.
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