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The transport of energetic electron beams generated from aluminum foils irradiated by ultraintense laser
pulses has been studied by imaging coherent transition radiation from the rear side of the target. Two distinct
beams of MeV electrons are emitted from the target rear side at the same time. This measurement indicates that
two different mechanisms, namely resonance absorption and j�B heating, accelerate the electrons at the
targets front side and drive them to different directions, with different temperatures. This interpretation is
consistent with 3D-particle-in-cell simulations.
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It is now well known that the irradiation of a solid target
plasma with a high intensity laser leads to the production of
beams of hot electrons �1–4�, and these MeV electron beams
have been often observed in various short pulse laser-plasma
experiments with focal intensities above 1018 W /cm2 �5–7�.
Because of the generation of strong magnetic fields �3� and
the behavior of return currents in the laser target material �8�,
the transport of these hot electrons is a complex subject and
is still under investigation in many laboratories.

There are numerous ways hot electrons can be generated
by an intense laser. These include resonance absorption, �9�
in which the laser drives a plasma wave at the critical density
surface in a plasma density gradient, and Brunel absorption
�or vacuum heating�, in which electrons are directly acceler-
ated in the field of the laser at a sharp subwavelength-scale
plasma-vacuum interface �10�. Hot electrons can also be
driven ponderomotively by the j�B acceleration mechanism
�1�. The former mechanisms will tend to accelerate electrons
in a direction along a plasma density gradient �normal to the
target surface�, while the j�B mechanism will generate
electrons in the direction of the laser’s propagation. Santala
et al. observed indirect evidence for these two mechanisms
by measuring hard x-ray generation from irradiation of solid
targets �11� finding that a hard x-ray beam was generated
normal to the target surface when the plasma scale length
was short ��10 �m�, while x-rays along the laser propaga-
tion direction were created when a longer scale-length
��10 �m� preplasma was illuminated. Using Cerenkov ra-
diation as a diagnostic �12� Ter-Avetisyan et al. observed two
distinct beams of hot electrons traversing a transparent layer
on the back side of their solid target �13�.

A more direct way to measure the emergence of hot elec-
trons from the back side of a target is by observing the tran-
sition radiation that is emitted when the hot electrons transit
an interface in the dielectric function as they cross from the
target material into vacuum. Santos et al. showed that by
imaging this transition radiation, the electron spatial distribu-
tion emerging from the target can be accurately measured
�14�. When the emerging hot electrons are bunched in a se-
ries of short pulses at multiples of the laser frequency, the
emitted transition radiation can assume a narrow optical
spectrum �15�. This coherent transition radiation �CTR� was

observed by Zheng et al. at the laser wavelength which led
them to conclude that the electron bunches were emitted at
the laser frequency, a clear signature of resonance absorption
�16�. Baton et al. and Popescu et al. observed CTR at the
second and higher harmonics of the laser wavelength sug-
gesting that this emission arose from hot electrons produced
by j�B acceleration �17,18�.

In this Rapid Communication, we present measurements
of CTR emission from the rear surface of aluminum foils
irradiated by 40-fs laser pulses at intensities up to 2
�1019 W /cm2. We observe two distinct lobes emerging si-
multaneously in the CTR emission pattern, which we at-
tribute to resonance absorption and j�B heating. With this
technique we have measured the relative efficiency of these
two heating mechanisms, finding that about one order of
magnitude more hot electrons were driven by resonance ab-
sorption than by j�B heating and that the hot electron tem-
peratures of each population were 0.78�0.02 MeV and
1.47�0.22 MeV respectively. These results are compared
with three-dimensional particle-in-cell �3D-PIC� simulations.

Our experimental data were acquired on the THOR laser
at the University of Texas at Austin. This laser delivers
pulses of 0.7 J with duration of 40 fs at a wavelength 800
nm. The p-polarized pulses were focused in the vacuum
�2�10−5 mbar� with an f /2.8 off-axis parabolic mirror to a
spot size of 7 �m �full width at half maximum� onto flat
aluminum foils with 45° angle of incidence. Peak intensity
was 2�0.5�1019 W /cm2. THOR has prepulses which ar-
rive 20�50 ps prior to the main pulse generating a pre-
plasma of about 3 �m �measured previously in the work of
�19��. To measure CTR emission, the experimental setup de-
scribed in �20� was employed. With a 20� achromat and 45°
beam splitter, the target rear side was imaged onto a charge
coupled device �CCD� camera and the slit of a spectrometer
simultaneously. Optical signals were filtered with bandpass
filters to select specific CTR wavelengths.

A typical CTR image at 400 nm and spectrum of optical
emission from the rear surface of 10-�m-thick aluminum
foil are shown in Fig. 1. The narrow-band spectrum around
400 nm, which is the half of the laser wavelength, confirms
that this emission was CTR from microbunched electrons.
Two bright spots �designated A and B in Fig. 1�a�� were
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observed at the same time, which we surmise to be the result
of electron emitted in two different directions from a com-
mon source: the laser focal spot. Spot A arises from an elec-
tron beam propagating close to the target normal direction
and spot B arises from an electron beam traveling in a direc-
tion close to the axis of laser. Emission from spot A is
25 �m in diameter and light in spot B is 10 �m. We also
observe strong CTR emission at 800 nm, the fundamental
wavelength of the laser. In this case only one spot is ob-
served arising from an electron beam propagating normal to
the target surface �21�. We attribute the emission from lobe A
with electrons bunched at the laser frequency consistent with
resonance absorption and emission in lobe B to arise from
electrons bunched predominantly at twice the laser frequency
indicating j�B acceleration. Measuring the emission size
from different thickness of targets gives direct information
on the divergences of the two electron beams. Electrons from
resonance absorption exhibit a greater divergence ��6°� than
the j�B driven hot electrons ��4°�, which emerge from the
back side with a size nearly the same as that of the laser focal
spot. These small opening angles may be attributed to colli-
mation of the electron beams by the self-generated magnetic
fields �4�. Despite a longer traveling distance, the smaller
divergence of the j�B case indicates that stronger magnetic
fields and higher energy of electrons are produced pondero-
motively than resonantly. The separation of the two spots is
11.7�3.1 �m, consistent with the difference in angle be-
tween normal and forward directed electrons passing through
a 10-�m-thick target.

To characterize these two electron beams, we measured
the fluence at the center of each CTR spot from 10-�m-thick
targets as a function of on-target laser intensity �changed by
varying laser energy�. The peak fluence of these spots is
presented in the Fig. 2�a�. We observed a sharp increase in
CTR fluences from both lobes as laser intensity increased,
with faster scaling in lobe B �the emission from electrons
emitted along the laser axis�. We fitted the scaling of CTR
fluences in spots A and B to �I�, finding that �=4.6�0.3
and 5.4�0.2, for A and B, respectively.

In order to understand the distinction in the two emission
spots, CTR spectra were calculated using formulas devel-
oped by Zheng et al. �21�. The configuration for the calcula-
tion is depicted in the inset of Fig. 2�b�. In the model, we
consider hot electrons to originate from a point at the center

of the laser focus on the target surface. We take the electrons
to move ballistically on a line, which has an angle of � with
respect to the z axis. The CTR spectrum εCTR is then given
by

d2εCTR

d	d
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n=1




��� − �n − t0/��

�
� cos ��sin � − � sin ��fv���

��1 − � sin � sin ��2 − �2 cos2 � cos2���2

,

�1�

where Nb is the electron number in each electron bunch, 
 is
a total number of electron bunches, � is angle of observation,
t0 is the time when the fastest electron reaches the target rear
side, �n is the time when the nth electron bunch is generated,

FIG. 1. Typical �a� image and �b� spectrum of 400 nm CTR
optical emission from the rear side of a 10 �m aluminum foil �tol-
erance of thickness 10%�. Two emissions in the images are denoted
by spot A, which is elliptical, and spot B, which is circular. The
separation of two spots in �a� is 12.6 �m.

FIG. 2. �Color online� Dependence of CTR fluence around 400
nm on laser intensity: �a� experimental data and fitting lines and
�b� theoretical calculations and fitting lines, where 10 �m alumi-
num foil was irradiated with incidence angle of 45°. Each data point
in �a� is an average of at least five shots and error bars represent the
standard deviations. CTR fluences in �b� are calculated with several
laser intensities and fitted. For clarity, data and fitting for A and
resonance absorption have a slight offset of +0.1 in x axis and data
and fitting for B and j�B heating have an offset of −0.1. �Inset�
Configuration of the CTR calculation. Effective target thickness
d=13 �m, laser incidence angle and observation angle �=45°.
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� is speed of electrons in the units of c, and fv��� is the
electron velocity distribution. We assume that the hot elec-
trons in each electron bunch have a relativistic Boltzmann
velocity distribution with temperature T.

The scalings of the CTR emission at the second harmonic
frequency of the laser with laser intensity I have been calcu-
lated for the two lobes and are presented in Fig. 2�b�. To
calculate the CTR fluence scaling of resonance absorption,
each electron bunch is spaced one per laser cycle and is
assumed to have a temperature given by the empirical for-
mula of Beg et al. �22� Tres=0.1 �I17��m

2 �1/3 MeV, where I17
is the laser intensity in units of 1017 W /cm2 and ��m is the
laser wavelength in �m. 
 is set to 15 for the 40 fs laser
pulse employed in the experiment. Using this theory, we cal-
culated the CTR spectrum and find, consistent with our data,
that it is dominant at the laser frequency 	0 but also has
significant radiation at 2	0. To estimate the electron tem-
perature arising from j�B heating, where two electron
bunches per laser cycle are injected along the laser propagat-
ing direction ��=45°�, we use the formula of Wilks �1�
Tpm=0.511 �	1+ I17��m

2 /11.3−1� MeV and set the number
of bunches 
 to 30 �twice the number of optical cycles in our
pulse�. In this case, there is no significant radiation at 	0
�also consistent with our experimental observation�. Calcu-
lated values were fitted to the scaling I� and yield exponen-
tial indices of 4.9 for resonance absorption and 5.9 for j�B
heating, remarkably close to those found experimentally for
the two lobes, lending strong evidence that lobe A arises
from resonance absorption and lobe B arises from j�B
heating.

When the electron number Nb is set the same for both
cases, the calculated 400 nm CTR fluence for the resonance
absorption lobe is about two orders of magnitudes lower than
from the j�B emission lobe. As shown in the experimental
data, the two CTR signals have the same strength at a laser
intensity of �8�1018 W /cm2. Using Eq. �1�, we derived
the ratio of the electron numbers in a single bunch generated
by resonance absorption Nb,RA and j�B heating Nb,j�B. The

best agreement between the calculated and measured CTR
fluences in the range of laser intensities shown in Fig. 2 was
obtained for Nb,RA=10.6�Nb,j�B, indicating that our laser
interaction drives about one order of magnitude more hot
electrons by the resonance absorption mechanism than by j
�B acceleration.

In order to determine the temperature of each electron
beam experimentally, the CTR fluences of the two spots from
both 10 and 20 �m �effectively 13 and 23 �m, including
the 3 �m plasma length� thick aluminum foils were mea-
sured and compared. The CTR strength will decrease as elec-
trons propagate further since velocity dispersion of the finite
temperature bunches causes a spread of each bunch. There-

FIG. 3. �Color online� 2	0 CTR ratios from different thickness
of targets, 10 and 20 �m. Squares and rounds are calculated values
for resonance absorption and j�B heating. The solid horizontal
lines depict measured ratios for spots A and B in the experiment and
the verticals represent corresponding electron temperatures. Dotted
lines are the errors generated from twelve 10 �m shots and ten
20 �m shots.

FIG. 4. �Color online� �a� Energy phase spectrum of the hot
electrons coming out of the target rear surface. The color bar de-
notes the logarithm of density of the hot electrons. �b� Angular
divergence of the hot electrons of the two different time regimes of
�a�. �c� Energy spectrum of the two streams of electrons as shown in
�b�. The scale around the circumference denotes the angle of emis-
sion and the scale on the left shows the radial scale of electrons
emitted per unit angle.
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fore a drop in CTR fluence with increasing target thickness
can be used to determine the hot electron temperature �20�.
For spots A and B at a laser intensity of 2�1019 W /cm2,
CTR fluences from 20 �m targets were 0.120 and 0.186
times that from 10 �m targets, respectively. Predicted CTR
ratios �20 �m /10 �m� as a function of temperature for the
two electron beams were calculated using Eq. �1� and are
plotted in Fig. 3. These calculations are compared with our
measured ratios, which are depicted by the horizontal lines in
this figure. This analysis indicates that the electron beam
generated by resonance absorption had a temperature of
0.78�0.02 MeV, while the j�B beam exhibited a higher
temperature of 1.47�0.22 MeV. At a laser intensity of 2
�1019 W /cm2, electron temperatures predicted by Eq. �1�
are 0.5 MeV for resonance absorption and 1 MeV for j�B
heating, consistent with our experiment.

As a final confirmation of the interpretation of our data,
we have performed 3D-PIC simulations of hot electron gen-
eration from solid target plasmas with our experimental con-
ditions using the parallelized relativistic code virtual laser
plasma laboratory �VLPL� �23�. In this simulation,
p-polarized laser pulses with a wavelength of 800 nm and a
peak intensity of 5.4�1019 W /cm2 were obliquely incident
at 45° on an overdense plasma layer of 9 �m thickness. The
target density was ramped from 0 to 20 times critical density
over 3.5 �m �simulating our preplasma�. The laser pulse
was simulated as Gaussian in space and time with a duration
of 30 fs and spot radius of 6.7 �m. The entire simulation
box was sampled with a grid of 250�237�20 cells with
eight particles per cell.

The temporal variation in the electron energy spectrum
emerging from the target back surface is plotted in Fig. 4�a�.
This shows hot electrons emerging at two different times
�roughly separated by 40 laser periods�. Hot electrons emerg-
ing at the earlier time are greater in number but have lower
maximum energies than the electrons coming later �attrib-
uted to resonance absorption�. The angular divergence of
these two streams of electrons, illustrated in Fig. 4�b�, shows
that these two bunches emerge in two distinct angular cones,
one along the target normal on the rear surface and the other

along the laser propagation direction �though at two different
times�. This distribution is remarkably similar to the experi-
mental findings of Fig. 1. �It is interesting to note that the
earlier electron population is emitted at a central angle which
deviates somewhat from the normal. This may simply result
from the fact that the early time bin used to distinguish these
electrons may also include some j�B electrons emitted in
the laser direction, distorting the angular distribution in that
direction.�

In Fig. 4�c� we have plotted the energy spectrum in each
electron emission cone, integrated over the time of the full
simulation. The electrons following the laser propagation di-
rection have an electron temperature of 3.3 MeV, which is
about twice as high as the temperature of electrons emitted
normal to the target surface �where Thot=1.4 MeV� and are
about four times as numerous as the normal direction elec-
trons. These trends are in good agreement with the experi-
mental findings. The reason for the temporal difference be-
tween the two hot electron production mechanisms is not
clear and requires further simulations. It may result from
ponderomotive steepening of the plasma such that resonance
absorption occurs earlier in the pulse before much steepening
has occurred while the j�B heating predominates once the
scale length has been steepened.

In summary, we have observed optical CTR from the tar-
get rear surface of aluminum foils irradiated with ultraintense
laser pulses. We observe two distinct lobes in the CTR emis-
sion spots with narrow-band spectrum at the half wavelength
of the laser. The analysis indicates that the two emission
lobes are correlated with resonance absorption and j�B
heating. We find that resonance absorption dominates the hot
electron production by about an order of magnitude although
with a temperature which is about half that of the electrons in
the j�B peak. These findings appear to be completely con-
sistent with three-dimensional PIC simulations of the experi-
ment.
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