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ABSTRACT

We report on experimental results from a high-intensity laser interaction with cone targets that increase the number (�3) and temperature
(�3) of the measured hot electrons over a traditional planar target. This increase is caused by a substantial increase in the plasma density
within the cone target geometry, which was induced by 176 9 mJ prepulse that arrived 1.5 ns prior to the main high intensity (>1019 W/cm2).
Three-dimensional hydrodynamic simulations are conducted using HYDRA which show that the cone targets create substantially longer and
denser plasma than planar targets due to the geometric confinement of the expanding plasma. The density within the cone is a several
hundred-micron plasma “shelf” with a density of approximately 1020 ne/cc. The HYDRA simulated plasma densities are used as the initial condi-
tions for two-dimensional particle-in-cell simulations using EPOCH. These simulations show that the main acceleration mechanism is direct-
laser-acceleration, with close agreement between experimentally measured and simulated electron temperatures. Further analysis is conducted
to investigate the acceleration of the electrons within the long plasma generated within a compound parabolic concentrator by the prepulse.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0127580

I. INTRODUCTION

The interaction between a high-intensity laser (>1018 W/cm2)
and a solid target and the subsequent acceleration of electrons to rela-
tivistic energies is a non-linear and complex process and depends
on many laser and target parameters. One of the key parameters is
the extent of the preplasma that forms on the front surface prior to
the main pulse of the laser arrival.1–5 In a laser–solid interaction, the
laser-pedestal courtesy of amplified spontaneous emission (ASE) or a
prepulse of the main laser is often intense enough to ionize the front
surface of the target, forming an expanding plasma. If the density gradi-
ent of the plasma is steep, then the electrons in the plasma are exposed
briefly to the laser fields before the laser reaches the critical density,

nc ¼ e0cmex2
L=e

2, at which point the laser cannot propagate further.
The c factor here is when the electron mass is increased due to its rela-
tivistic velocity within the laser field. The energy exchange between the
electrons and laser in this regime is dominated by the ponderomotive
force. This leads to an electron distribution whose temperature can be

described by the ponderomotive scaling,6 Tpond ¼ mec2ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a20=2

p
�1Þ, where a0 is the normalized vector potential given as

a0 � 0:85
ffiffiffiffiffiffiffiffiffiffi
I18k

2
l

q
, I18 is the intensity in units of 1018 W/cm2, and kl is

the wavelength of the laser in micrometers; for reference, an electron
temperature of �1MeV would require a laser intensity of just over
1019 W/cm2 for a laser wavelength of 1lm. Numerous empirical and
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analytical electron temperature “scaling laws” exist in the literature,7,8

which all share similar relationship to I18k
2. Intensity scaling studies

have been conducted and broadly agree with these scaling laws.9–12

Constrained by these scaling laws, achieving electron temperature
greater than a few MeV requires intensities above 1020 W/cm2 for a
laser wavelength of 1lm.

However, while some experimental observations followed the
ponderomotive or similar scalings very closely, some did not.
Experimental campaigns where the pulse duration is long13,14 and/or
where there is an induced scale length1–3,15 measured electron (and/or
protons) energies that far exceed the limits set by the ponderomotive
scaling.

If the extent of the plasma is much longer than tens of micro-
meters, the electrons can be directly exposed to the laser field over
multiple laser cycles. An electron that is injected into the propagating
laser field can accelerate to much higher energies than described by
the free electron ponderomotive limit and yield much higher tempera-
tures for modest laser intensities. This is often referred to as Direct
Laser Acceleration (DLA).4,16–19 As well as the plasma playing a signif-
icant role in the generation of these electrons, the duration of the laser
pulse is also important. In the multi-picosecond regime, the front sur-
face plasma can evolve during the duration of the pulse leading to the
expansion20 and/or modifications to the plasma.4 Furthermore, longer
laser pulse can give rise magnetic fields that aid in the injection of elec-
trons into the laser field20,21 to undergo DLA.

Although the electron temperature from DLA can vary for a
given laser intensity, the scaling generated via simulations by Pukhov
et al.19 can be used to demonstrate the increase in electron tempera-
ture compared to the ponderomotive scaling. For example, the elec-
tron temperature from the ponderomotive scaling for an intensity of
1019 W/cm2 and a laser wavelength of 1lm is �0.95MeV, whereas
the Puhkov scaling yields an electron temperature of �4.7MeV:
approximately five times the ponderomotive scaling.

The capability of generating multi-MeV electron temperatures
that far exceed the scaling laws for 1018�19 W/cm2 intensities is of par-
ticular interest for fixed geometry/intensity limited systems, such as
NIF-ARC, or secondary source generation. For example, the genera-
tion of MeV x rays for nondestructive imaging of high areal density
objects is both dependent on the electron temperature and the laser
energy coupled to the electrons.22–26 Furthermore, the maximum
achievable proton energy from Target Normal Sheath Acceleration
(TNSA) is proportional to the electron temperature27–29 and DLA
electrons can sustain the maximum proton energy at modest laser
intensities.15 The experimental study and optimization of DLA are,
therefore, of much interest.30

Target geometry can be used as an effective method to increase
the plasma scale length. Cone targets have been investigated under
many different laser conditions and are a promising method of
enhancing the electron production through a variety of methods10,31

and as such were of great interest for electron fast ignition research.32,33

However, cone or conical targets can be highly effective at creating
longer scale lengths due to a confinement up of the plasma by restrict-
ing the plasma expansion laterally. The plasma growth and subsequent
acceleration of high energy electrons were seen as a problem as it led to
energy being deposited far from the targeted region. Nevertheless, the
plasma growth within the cone targets can lead to much longer plasma
scale lengths which can be used to optimize the DLA process.

We have chosen to use a Compound Parabolic Concentrator
(CPC) as the target for this experiment.34,35 The CPC is designed to
reflect laser energy that enters the opening aperture toward the tip via
a single bounce. As the tip of the CPC is much smaller than the open-
ing aperture, this leads to a higher laser intensity at the tip. In a low
prepulse scenario, the CPCs have been shown empirically to yield hot-
ter electron temperature that is proportional to the increase in the
intensity at the tip.12 In the situation where prepulse/ASE is such that
a preplasma can be generated, a CPC target can increase that pre-
plasma in two ways. In a similar manner to which the main pulse of
the laser will be intensified by the geometry of the CPC, as will any
laser energy that arrives prior to the main pulse, potentially leading to
a hotter sub-critical plasma to form and grow at the tip.36 As the
plasma expands, the lateral expansion will be hindered by the geome-
try of the CPC, causing the plasma to expand further away from the
target. While a similar effect would occur within straight narrow
capillaries, it is much more difficult to direct all of the laser energy in a
narrow tube compared to a CPC which has a large opening aperture.
The intensity enhancement combined with the lateral confinement of
the plasma will lead to a much longer scale length than when using a
planar/flat target. Previous results presented by Williams et al.13 using
CPCs at NIF-ARC show an increase in emitted electrons and positrons
over the planar target case. Numerical, hydrodynamic simulations
show that the CPCs generate a moderate scale length which is longer
than the planar target.

Here, we present experimental results from the Titan Laser at the
Jupiter Laser Facility (JLF), where we induce a long scale length using
a prepulse approximately 1.5 ns prior to the main pulse. We compare
the electron production from three targets: two CPCs with different
tip diameters (25 and 50lm) and a planar target. The two CPC targets
show a substantial increase in the number of electrons above 5MeV
(�� 20) and an overall increase in the electron temperature (�� 2),
with the highest electron temperature recorded from the smaller CPC
tip size, yielding a temperature of �21MeV. The measured tempera-
tures are much higher than the ponderomotive temperature for the
intensity of laser used, suggesting that these electrons at likely the
result of DLA within a long plasma. The expansion of plasma induced
by the prepulse is modeled numerically using the hydrodynamic code
HYDRA, which demonstrates that the CPCs help create a much longer
scale length. In particular, there is a formation of a plasma shelf that
extends for hundreds of micrometers at electron densities of approxi-
mation ne �4� 1019/cc (�0.04nc). Two-dimensional Particle-in-Cell
(2D PIC) simulations between the main-pulse and the modeled
plasma for each of the targets are conducted. The additional plasma
within the CPCs is beneficial to the generation of high energy electrons
which leads to an increase in total electron energy and temperature.
Further particle tracking analysis shows that the self-focusing and fila-
mentation within the plasma aids in the generation of the highest
energy electrons.

II. EXPERIMENTAL PROCEDURE

The experimental campaign was conducted at the Titan laser at
the Jupiter Laser Facility at the Lawrence Livermore National
Laboratory. The Titan laser delivered 1296 21 J on a target during the
campaign. A measurement of the pulse duration was made using auto-
correlation yielding 0.86 0.2 ps. The beam was focused using a F/10
off-axis parabolic to create a large focal spot and narrower angle of
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incoming beam such that a long CPC would be suitable. The measured
vacuum focal spot had a 50% energy enclosed radius of 196 2lm. The
average peak intensity during the campaign was�1.4� 1019 W/cm2.

The aforementioned prepulse was characterized using a pickoff
of the main beam from the laser-compressor and measured using a
water-cell and photodiode.37 The average measured prepulse is shown
in Fig. 1 with the shaded region representing two times the standard
deviation. Integrating under the prepulses only, the average total
energy contained within the recorded prepulses was 176 9 mJ and
arrived approximately 1.5 ns before the diode saturates due to the
main pulse. This equates to an intensity of 5.26 2.5� 1019 W/cm2.

The CPC geometry was initially described by Hinterberger and
Winston in 1966.34 The application of CPC being utilized for high-
intensity lasers was first described by Macphee et al. where they were
used on NIF-ARC.35 Figure 2 has a schematic of the CPC geometries
used here.

The experimental setup of the Titan chamber is shown in Fig. 3.
The primary diagnostics during this campaign are the three electro-
n–positron proton spectrometers (EPPSs) located at 12�, 48�, and 56�

from the laser axis. The EPPS is sensitive to electrons greater than
2MeV and up to 150MeV. The combination of three EPPSs enables a
better diagnosis of the accelerated electrons, providing angular infor-
mation about electron temperature and number. The EPPS utilizes an
image plate that has a well understood sensitivity to electrons.38

Finally, to measure the production of high energy x rays
(>10MeV), an angular nuclear activation measurement was per-
formed using nickel which was only performed on two shots. Further
details on this measurement are provided in Sec. III.

III. EXPERIMENTAL RESULTS

The electron spectra captured on the EPPS positioned at 12�

from the laser axis are shown in Figs. 4(a)–(c) for the planar, 25lm
CPC, and 50lm CPC, respectively. The electron temperature, Te, of
each spectrum is fitted using a single Boltzmann distribution
(Ae�E=Te ) at energies above 15MeV. This value is chosen to start
above the initial bump in the spectra, which is likely caused by the

electrostatic fields that form on the target creating a potential that
restricts the escaping electron population.39,40 The average tempera-
ture recorded on the EPPS 12� from laser axis for the planar, 25lm
CPC, and 50lm CPC is 5.76 2.8, 14.16 7.1, and 13.36 4.5MeV,
respectively. The uncertainty in the electron temperature is taken from

FIG. 1. The dashed shaded region represents two times the standard deviation,
which encompasses all of the prepulses measured. The right of the trace, at
approximately 1.5 ns, the trace saturates. This represents the main pulse of the
laser. The mean prepulse (blue) of the prepulses recorded during this experiment
was 176 9 mJ.

FIG. 2. Illustration of the Compound Parabolic Cones (CPCs) attached to the tanta-
lum substrate. An accurate geometry of the CPC internal walls is plotted with a 1:1
aspect ratio for the two CPC geometries used in this study.

FIG. 3. Schematic of the experimental campaign. The parabolic focusing optic is
positioned external to the main chamber to incorporate the long focal length. Three
electron spectrometers (EPPSs) diagnostics are positioned around the interaction.
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the standard deviation of all the recorded spectra. We observe a large
uncertainty for the 25lm CPC target; from Fig. 4(b), it is clear that for
some shots the electron spectra are similar to the spectra measured
from the planar target. It is likely that for these shots, at least part
of the laser beam did not enter the CPC, possibly hitting the entrance
of the CPC. Unfortunately, no diagnostics were implemented to diag-
nose the on-shot pointing of the laser into the CPC opening aperture;
therefore, we cannot definitely conclude that these spectra are caused
by mispointing. We include these shots in our results as such.

Angular plots of the average temperature and number of elec-
trons per steradian are created using the three EPPSs shown in Fig. 5.
The error bars on each plot represent the standard deviation of the
data. While it may not be true that there is no electron emission at
�90� and 90�, we observe that the data electron yielded measured at
the larger angles is typically lower than the data recorded at 12�.
Therefore, to anchor the Gaussian fit (dashed lines), the electron tem-
perature and number are set to 0 at �90� and 90�. The electron tem-
perature appears much broader/more uniform as a function of angle
than the number of electrons, whose distribution is narrower. The
Full-Width-Half-Maximum (FWHM) of the average fits for the inte-
grated number of electron for the planar, 25lm CPC, and 50lm CPC
are 70.6�, 72.4�, and 88.4�, respectively. Previous experimental data
using diagnostics with far more angular sensitivity have shown similar
measurements for the angular distribution of the high energy electron
beam.41,42

While the average data suggest that the electron beam points
along the laser axis, some individual shots demonstrate this not to be
the case always. Pointing variations in the electron beam within the
CPCs can be caused by the pointing fluctuations of the laser relative to
the CPC. This has been shown previously using PIC simulations.12

Additionally, long plasma (see Secs. V and VI) can cause hosing insta-
bilities in the laser which can steer the electron distributions.41

Two shots were taken to diagnose the high energy x rays using
58Ni(c,n)57Ni photo-nuclear reactions which has a threshold of
>10MeV. Six nickel samples are placed around the target separated
by 15� to enable an angular measurement of the high energy x rays.
57Ni emits several characteristic lines, primarily 161, 511 (via annihila-
tion), and 1377 keV. The samples are counted at the Lawrence
Livermore Nuclear Counting Facility, using calibrated Sodium Iodide
(NaI) scintillators. This setup was deployed during a planar target and
50lm CPC shot. The measured number of 57Ni atoms at T0 is plotted
as a function of angle in Fig. 6. The error bars on the angular

distribution are from the size of the sample and the uncertainty of the
counting. As these activation data are primarily sensitive to x rays with
energies greater than 10MeV, this shows that there are many more
high energy x rays produced when using the CPC target which is

FIG. 4. Electron spectra obtained at 12� from laser axis on the EPPS. (a)–(c) show the spectra taken on 1 mm tantalum, 25 lm CPC with 1 mm tantalum, and 50lm CPC
with 1 mm tantalum.

FIG. 5. Angular plots of the (a) mean electron temperature and (b) mean electron
number for all data recorded on three EPPSs positioned at approximately 12�, 48�,
and 56� from laser axis for the three different target types. The dotted lines repre-
sent a Gaussian fit of the mean data and the solid line represents the standard
deviation of the data. The points are slightly offset from the measured locations in
order to display the extents of the uncertainties.
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consistent with the electron spectral measurements. A Gaussian distri-
bution is fit to the data and the Full Width Half Maxima (FWHM) is
55.36 9.2� for the CPC and 60.06 8.8� for the planar target, respec-
tively. These angular measurements are similar those measured from
previous experiments that have performed x-ray measurements using
nuclear activation.5,43,44

IV. EXPERIMENTAL RESULTS DISCUSSION

The electron temperatures observed from the experiment are
much higher than the ponderomotive scaling for the input laser inten-
sity. For the planar target, our measured temperature 5.76 2.8MeV is
close to the predicted temperature for the Puhkov scaling, 6.7MeV.
Previously, for CPCs without a significant prepulse, the observed tem-
perature enhancement could be calculated by using a simple geometric
focusing equation, similar to that shown for focusing plasma mirrors.12

This equation considers both the increase in intensity via the focusing
and the utilization of the energy of the beam captured by CPC geome-
try and is expressed as Ienhance ¼ ðR2

FocalSpot=R
2
TipÞ � ðECPC=E>I18Þ,

where RFocalSpot is the size of the focal spot, RTip is the CPC tip size,
ECPC is the energy that enters the opening aperture of the CPC, and
E>I18 is the original proportion of the energy above the approximate
relativistic limit for electron oscillations. The electron temperature then
follows: Te / IL � Ienhance, where IL is the estimate of the laser intensity.
The intensity enhancement is expected to be approximately 8 for given
the focal spot and the 25lm tip CPC. Applying this enhancement to
the intensity and using the Puhkov scaling yield a temperature in the
region of 18MeV, similar to the experimentally measured value for this
CPC 14.16 7.1MeV. However, as Williams et al.13 showed using
hydro and PIC simulation, the intensification of the CPCs can be
almost completely nullified by the presence of a pre-formed plasma.
We will, therefore, perform a similar investigation to determine the
effect of focusing and plasma within the CPC.

Typically, a transverse optical probe is used to measure the
plasma density. However, as the CPC wall material is opaque, an opti-
cal probe cannot diagnose the plasma at the CPC tip. An analytical

approximation, similar to that applied by Simpson et al.,15 can be
applied here assuming that the CPC intensifies the prepulse via a simi-
lar methodology demonstrated previously for CPCs.12 However, while
this is applicable to planar targets, predicting a scale length of
1466 12lm, it does not consider the geometric confinement from
the walls of the CPC. Instead, we use the massively parallel, three-
dimensional (3D) radiation-hydrodynamics code HYDRA to model both
the increase in intensity due to geometric focusing in 3D and plasma
growth due to the geometric confinement.

V. HYDRA SIMULATIONS

Our hydro simulations of the prepulse were chosen to closely
mimic the experimental recorded prepulses (see Fig. 1). The prepulse
had a 700 fs FWHM temporal profile with an integrated energy of
24 mJ. The plasma is allowed to expand for 1.5 ns as experimentally
the prepulse was consistently measured to arrive 1.5 ns before the
main pulse. Both CPCs and a planar were simulated and initialized as
solid density plastic with a small hydrogen preplasma.

To reduce simulation time, radiation and electron conduction
were not employed and a single temperature model was used for ions
and electrons. There are 20 angular bins for an angular resolution of
18� per bin; the simulation extends approximately 1100lm past the
cone opening.

Electron density maps for the three simulations are shown in Fig.
7. The simulated density of the planar target appears relatively uniform
over the laterally extent of the focal spot and can be fit using multiple
scale lengths. The longest of the scale lengths can be fit using a scale
length of approximately 125lmwhich is similar to the predicted value
from the analytical estimation used by Simpson et al.15 The densities
within the two CPCs appears much denser. Lineouts of the density,
averaged angularly within a 100lm radius, are shown for all cases in
Fig. 8. The results from the two CPC targets have vastly different den-
sity profiles to the flat target case. Rather than the typical decaying
exponential often observed from planar targets from both experi-
ments1,2,5 and hydrodynamic simulations,14,45,46 the density profiles
appear to have plateau profile at a density of roughly 4� 1019 ne/cc.
After the density plateau, the density quickly drops to densities similar
to that of the planar target.

There are differences between the two densities from the CPCs.
The density plateau is approximately 100lm longer for the 25lm
CPC. This is likely due to the additional geometric confinement of the
plasma not only within the smaller CPC but also within the HYDRA

there is a higher temperature observed within the 25lm plasma.
These two effects likely lead to a longer plasma.

VI. PARTICLE-IN-CELL SIMULATIONS

The plasma densities shown within the black dashed boxes in
Fig. 7 are used as the initial density conditions for 2D Particle In Cell
simulations. The PIC simulations are performed used code EPOCH,
an explicit, relativistic PIC code. The simulation box for the flat target
is smaller than the two CPC boxes. The flat simulation starts at -
300lm and the CPC simulations start at -550 lm. The resolution of
the simulation in the x-direction is �k=20 and in the y-direction is
�k=16, where k is the laser wavelength, 1.056lm. Due to the large
size of the simulation box and number of cells (�2.9 � 107) and in
order to make the simulations computationally viable, only ten par-
ticles per cell are used and the density is limited to 5�ncrit. The laser

FIG. 6. Angular distribution of the nickel activation measured from two shots: a
50 lm CPC and a planar target. The activation is induced by greater than 10 MeV
x rays from the interaction. A Gaussian fit is calculated for both sets of data. The
Full Width Half Maxima (FWHM) is 55.36 9.2� for the CPC and 60.06 8.8� for
the planar target, respectively. There is approximately four times more activation
when using the CPC target. The angular uncertainty represents the angular size of
the samples.
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pulse has a peak intensity of 2� 1019 W/cm2 with a Gaussian tempo-
ral profile with a FWHM of 700 fs and a Gaussian spatial profile with
a FWHM of 38lm in the y-direction.

Snapshots of the intensity profiles for the three simulations are
shown in Fig. 9 at the time the laser reaches the critical surface. We
observe no intensification due to the geometry of the CPC in Figs. 9(b)
and 9(c), but we do observe self-focusing and filamentation effects that
yield higher intensities than the input intensity. We observe intensities
up 6� 1019 W/cm2. The filamentation growth within the CPC plasma
is much greater than the planar target case. Observing the intensity
maps through the simulation, these filaments form as the laser reaches
plasma densities of roughly ne¼ 1� 1019/cc. For the CPC simulations,
this locates to where the plasma plateau begins.

The electron spectra for all three simulations are plotted in
Fig. 10 with the temperatures of the electron distributions listed in the
legend. Also, for reference, the ponderomotive scaling predicted electron
temperature for the input peak laser intensity of 2� 1019 W/cm2 is also

FIG. 8. Central lineouts of the HYDRA simulations in Fig. 7 showing the electron den-
sities of the three different targets.

FIG. 9. Intensity maps of the three simulations: (a) flat, (b) 50 lm CPC, and (c)
25lm. The laser within the plasmas of the two CPC targets filaments much more
than the planar target. Within these filaments, the peak intensity is much higher
than the input peak intensity.

FIG. 7. Slices of HYDRA simulations showing the electron densities of the three differ-
ent targets using a 24 mJ prepulse. The CPC confine the plasma, yielding to a high
on-axis electron density leading to a higher density within the CPCs. The longest
scale length on the planar target has an electron density similar to the analytical
prediction from Simpson et al.15 The boxes represent the regions used to conduct
2D particle-in-cell simulations (see Sec. VI).
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FIG. 10. Electron spectra from flat and cone targets. (a) Simulated spectra recorded at x > 50 lm. (b) Measured mean escaping electron spectra. Note that simulated spectra
do not experience a self-consistent potential building up around the target, see the “bump” at 10MeV.

FIG. 11. The maximum energy that an electron obtains is plotted as a function of that electrons starting location for the flat target, 50lm CPC, and 25lm CPC simulations in
(a), (c), and (e), respectively. Also, the plots are the initial locations of the densities ne¼ 1018;19;20;21/cc taken from the horizontal lineouts in Fig. 8. The electrons that gain the
highest energies are the electrons that start further away from the target and roughly after ne¼ 1019/cc. The locations where the electrons gain energy are plotted in (b), (d),
and (f) for the flat, 50lm CPC, and 25 lm CPC simulations, respectively. Labeled density contours are also plotted. The labels represent the orders of the initial electron den-
sity. Much of the energy gain by the electrons occurs within long narrow regions which represent the locations of the filaments within the simulation.
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plotted and matched to the amplitudes of the spectra. Due to the fila-
ments and the self-focusing within the plasma, where the local peak
intensity can exceed 5� 1019 W/cm2, an additional line is plotted that
is two times the ponderomotive temperature that closely matches the
spectra up to 25MeV. At the highest energies, we observe that all three
simulations yield electrons temperatures much higher than the ponder-
omotive temperature. The temperatures for the planar, 25lm CPC,
and 50lmCPC are 9.5, 13.4, and 16.5MeV, respectively.

The average experimentally measured electron spectra is plotted
in Fig. 10(b). The trend in the temperature is similar between the
experimental and simulated electron spectra. However, the vast
increase in the experimentally measured electron yield between the
planar and CPC targets, particularly between 10 and 50MeV, is not
well reproduced in the simulations.

To better understand the acceleration of electrons, further analy-
sis using particle tracking is used. As the highest energy electrons are
likely to be generated via the DLA mechanism, we expect that the
highest energy electron is accelerated over multiple laser cycles and
there should be a relationship between where an electron begins accel-
erating and the energy it can achieve before entering the target. 105

electrons that reach energies greater than 15MeV are tracked back to
their starting location (the location that they first appear in our out-
puts). The final energy each electron achieves is plotted as a function
of its starting location for each simulation in Figs. 11(a), 11(c), and
11(e) for the planar, 25lm CPC, and 50lm CPC, respectively.
Between the densities of 1018 and 1019 ne/cc, particularly for the 50lm
CPC case as this is approx. 100lm longer, the number of electrons
that reach the highest energies appears to grow. The highest energy

FIG. 12. Each line represents a tracked electron with the color of the line representing the energy. The plots are split into two columns, separated by the energy
thresholds> 10MeV [(a), (c), and (d)] and> 100MeV [(b), (d), and (f)], and three rows, separated by the simulations of the flat [(a) and (b)], 50lm CPC [(c) and (d)], and 25lm
CPC [(e) and (f)]. The electrons that reach the highest electron energies mostly travel along the regions of filaments. The right column of Fig. 11 shows the areas within the simu-
lation box that the electrons gain energy. The long narrow regions in the right column of Fig. 11 correspond to the locations of the tracked electrons with the highest energies.
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electron comes from the region after the density reaches 1019 ne/cc.
This demonstrates that the electrons further away from the target are
capable of gaining the most energy.

As the tracked electrons travel through the simulation, they will
lose and gain energies at specific locations. The energy difference and
mean location between two outputs for each electron over the course
of the entire simulation is calculated. The results are plotted in
Figs. 11(b), 11(d), and 11(f) for the planar, 25lm CPC, and 50lm
CPC, respectively. The electrons in each simulation are gaining much
of their energy at the locations of the filaments. The accelerating
regions also begin at the point of the density shelf for both cases.

Finally, we plot in Fig. 12 the electron energies (color of line) for
300 randomly selected electron as a function of position within the
simulation for two conditions: electrons with energies greater than
10MeV [(a), (c), and (e)] and greater than 100MeV [(b), (d), and (f)].
For the flat target simulation, there are less than 300 electrons above
100MeV; therefore, all are plotted instead of a random subset. The
acceleration of the electron begins at densities between 1018 and 1019

ne/cc, but the bulk of the acceleration occurs after 1019 ne/cc. The elec-
trons that remain within the regions of the laser filaments are capable
of the gaining the most energy. We observe this for all simulations.
However, it is much more likely that electrons can leave the region of
acceleration gaining a modest amount of energy, which for all the elec-
trons shown in Fig. 12 is much greater than the ponderomotive scal-
ing/limit.

It is clear that the electrons that gain the most energy from these
simulations all follow a few criteria. These electrons must be exposed
to the highest intensities, which reside within self-focused filaments.
Second, they must start accelerating as far away from the target as pos-
sible. This second criteria seems to suggest that the highest energy elec-
tron should, therefore, come from the densities prior to 1018 ne/cc.
Arefiev et al.16 showed that there is a threshold for the DLA to occur
within the plasma that is described as G � a0xp=x, where a0 is the
normalized laser potential and x and xp are the laser and plasma fre-
quencies respectively. Here, G is referred to as the “gain” parameter. In
a simple model where an electron is present in different plasma densi-
ties and exposed to different values of a0, the threshold for acceleration
can be shown to be approximately G¼ 1. For a more realistic scenario,
where the electron can be injected at any laser phase, the threshold is
much lower, G � 0:5. For a laser intensity of 2� 1019 W/cm2, G¼ 0.5
at an electron density of 2� 1019 ne/cc. This density agrees with the
threshold at which we observe the starting locations of the highest
electron energies. The simulations will also include many other effects
that enhance the acceleration of the electrons such as the self-focusing
of the laser to higher intensities with would lower the density limit in
the gain equation.

VII. CONCLUSION

We have shown experimentally that large scale length plasma,
generated, for example, by the intrinsic prepulse on Livermore’s Titan
laser system in cone targets, is beneficial to the generation of electrons
with energies much higher than the ponderomeoitve potential in the
interaction of a picosecond scale relativistic laser pulse. Compared to
the planar target, where the on-axis electron temperature was 5.7MeV,
the two CPCs, 25 and 50lm tips, yield temperatures of 14.05 and
13.3MeV, respectively The number of on-axis electrons recorded has
also increased by up to a factor of 3 from the planar to the 25lm CPC.

CPCs have been shown previously at the Texas Petawatt to provide
enhancement via intensification of the laser pulse.12 However, at the
Texas Petawatt, the pulse duration was short (150 fs) and the contrast,
the difference between the laser peak power and laser pedestal was large.
This led to little preplasma growth. Here, it was hypothesized that the
average 17 mJ prepulse, 1.5 ns prior to the main pulse, generates a long
enough plasma to nullify any focusing effects. Hydrodynamic and PIC
simulations were conducted using the prepulse and target geometry to
test this hypothesis. Using 3D HYDRA simulations with the experimen-
tally measured prepulse into the CPC geometry, we observed the
growth of a plasma that is denser than that of a planar target. This was
due to combination of prepulse intensification and geometric confine-
ment of the expanding plasma. The structure of the plasma within the
CPCs was vastly different from a typical preplasma as it had a plateau
at around 0.02nc. The simulated plasma densities were used as inputs
for 2D PIC simulations. The simulated electron spectra for each target
showed similar trends to the experimental data. The intensity at the tip
of the CPCs showed no signs of geometric intensification, instead, the
laser self-focuses and filaments into long channels. The combination of
a long plasma and long filaments led to ideal conditions for DLA, lead-
ing to high energy electrons.
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