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We report on the increase in the accelerated electron number and energy using novel compound
parabolic concentrator (CPC) targets from a short-pulse (~150 fs) high-intensity (>10'® W/cm?)
and high contrast (~10%) laser-solid interaction. We report on experimental measurements us-
ing CPC targets where the hot-electron temperature is enhanced up to ~9x when compared to
planar targets. The temperature measured from the CPC target is (Te) = 4.4+1.3 MeV. Using
hydrodynamic and particle in cell simulations, we identify the primary source of this temperature
enhancement is the intensity increase caused by the CPC geometry that focuses the laser, reduc-
ing the focal spot and therefore increasing the intensity of the laser-solid interaction which is also
consistent with analytic expectations for the geometrical focusing.

Intense short pulse laser driven production of bright
high-energy sources, such as x-rays [IH4], neutrons [5H7]
and protons [8], has been shown to be an invaluable tool
in the study of high energy density science. However, to
address some of the most challenging applications, such
as x-ray radiography of high areal density objects for in-
dustrial and national security applications [1H3] @], both
the yield and energy of the sources must be increased be-
yond what has currently been achieved by state-of-the-
art high intensity laser systems.

The yield and energy of secondary particles is typi-
cally dependent on the production of hot electrons whose
distribution is commonly parameterized by f(E)
Aexp(—F/T.). Here A depends on the amount of
laser energy that is coupled into a population of highly
energetic and high-current electrons (known as hot-
electrons), E is the kinetic energy of the hot-electrons
and T, is their temperature. High values of both A and
T, are important for high-energy Bremsstrahlung pro-
duction; one can optimize the target thickness to achieve
the most dose, however in order to create the highest
energy x-rays, the highest energy electrons achievable is
desirable [10].

When interacting with a solid target, both of these
scale with the normalized vector potential of the laser,
ag, [TTHI6] which is proportional to the incident inten-

sity of the laser, ag ~ 0.85, /118)\%“ where I;g is the in-

tensity in units of 10'® W/cm? and )\, is the wavelength
of the laser in microns. To control and/or enhance the
yield and energy of secondary sources, much work has
gone into research methods to increase A and T, through
the use of pre-formed plasmas[I7HI9], advanced nano-
wire[20H23] or focusing plasma mirrors[24]. Targets as or
with cone structures can be used to guide and/or confine
the laser and plasma [25H28].

While several numerical studies have been performed
on high intensity laser-cone interactions [25], 28H3T], there
have been relatively few experimental studies [26] 27,
32, 33]. The target used in this study, which is of par-
ticular interest, is a Compound Parabolic Concentrator
(CPC)[34]. CPC targets are unique compared to other
iterations of cones, typically straight walled cones or cap-
illaries, as they are specifically designed to focus light into
a smaller area, enabling concentration of light and uti-
lization of the energy at the extremities of a focal spot
distribution. While CPCs can be applied to larger fa-
cilities such as NIF-ARC or LMJ-PETAL [35] where the
facility design requires that large F-number optics must
be used, they can also be used more generally on smaller
laser facilities to enable access to regimes previously in-
accessible.

Here we investigate the interaction between a high-
intensity laser and the novel CPC target in a regime not
previously studied; that of a short pulse (~150 fs) and
high contrast (~10%) where plasma expansion within the
cone target is minimal. Previously presented experimen-
tal results on CPC targets [34} [36] used much longer pulse
durations (10’s ps). For shorter laser pulses, the evolu-
tion of the plasma over the duration of the pulse is not
critical to the interaction between the laser and the sub-
critical density plasma (< 1 x 102! cm™3), whereas for a
longer pulse the plasma can fill the CPC. For such long
pulses and plasma filling, the hot-electrons are acceler-
ated super-ponderomotively [37, B8]. Therefore, due to
our relatively plasma-free cone, under our experimental
conditions we are able to operate the CPCs as geomet-
ric focusing devices. This allows us to focus the laser
light using this micro focusing target and increase the
intensity of the laser solid interaction which leads to an
enhancement in electron acceleration via the ponderomo-
tive acceleration mechanism [14]. The enhancements in
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FIG. 1. A top down schematic of the experimental setup
showing the target, laser and electron-spectrometer. A 3D
drawing of the CPC, Tantalum substrate and the incoming
laser is also shown.

the hot-electron temperature that we observe, up to ~9x
higher than when using a planar target geometry, are con-
sistent with an analytical analysis of the geometric focus-
ing. We also conclude, due to the enhancements we see
in the electron distribution, that CPC targets are ideal
candidates as a future target design for many areas of
secondary source development where intensity/electron
temperature is critical to scaling [10, [39]. Finally, we
show that this conclusion is consistent with 2/3D Parti-
cle In Cell (PIC) simulations.

The experimental campaign was conducted on the
Texas Petawatt (TPW) Laser system at the University
of Texas in Austin[40]. The TPW laser is 1.054pm laser
that delivered 109.2+7.6 J on target with a pulse du-
ration of 153.0+13 fs during the experiment. We used a
F /40 spherical focusing optic where the Rayleigh range is
~14.9 mm, therefore the size of focal spot does not vary
over the length of the 2mm long CPC. The focal spot
has a 50% enclosed energy at a radius 89.6 + 7.4 ym and
90% at 291.0 4 16.6um. An example focal spot is shown
in Figure[2[a) on a logarithmic intensity scale. All values
and uncertainties given are averages and standard devi-
ations from the experimental shots. The average peak
intensity is 4.640.5x 101¥W/cm?, an ag of 3.940.4. The
power contrast of the TPW laser system[41] is ~5x10%
and ~107 at 200 ps and 20 ps respectively. There is
also an intrinsic pointing instability introduced from the
laser. From recording the centers of 50 focal spots, this
instability is 62.3 pm and 75.3 pm in the horizontal and
vertical directions respectively.

The original description of CPCs are given by H. Hin-
terberger and R. Winston in 1966 [42]. The inner surface
of the CPC is a rotated parabola that is tilted about
a point below the tip. Light that enter the opening
aperture of the CPC within the tilted angle are trans-

ported to the tip of the CPC. The CPC targets used
in this study leveraged novel fabrication methods utiliz-
ing two-photon-polymerization (2PP). This production
technique provided the means to produce many nearly-
identical CPCs with a tip diameter of 65 pm, which is
smaller than the focal spot, and an opening aperture of
805 pum. The 2PP-printed CPCs were then attached to
a 2 mm tantalum disc. The CPC here is specifically de-
signed for the final F/40 focusing optic. The focal spot
and CPC dimensions are shown in Figure [2[ a) and b)
respectively. The focal spot is much larger than the tip
of the CPC, hence the CPC is reducing the focal spot
size. Tantalum discs of the same dimensions are used
as a baseline, and will henceforth be referred to as pla-
nar targets. Previously, the CPCs were produced via a
diamond-turned mandrel [34].

To measure the escaping electron energy distribution, a
electron spectrometer[d3], [44] was deployed at 30 degrees
with respect the laser axis. The signals are recorded on
Fuji MS Image Plates for which extensive calibration ma-
terial exist [45H4g].

Multiple laser shots were performed on both planar
and CPC targets at maximum intensity. Figure [2| ¢),
shows a sample of electron spectra for the planar and
CPC targets from multiple shots. 7 shots were preformed
on the planar 2mm tantalum targets at highest intensity.
The average electron temperature from these shots was
(T.(planar)) = 0.51£0.25 MeV. 10 shots were performed
on the CPC target at highest intensity. The average elec-
tron temperature from the CPCs is ~9x greater than
the planar targets <T8(CPC)> =4.44+1.3 MeV. The un-
certainty for both cases is given by the sample standard
deviation. The calculated incident intensity as function
of measured electron temperature is shown in Figure
d). As shown, additional measurements with lower in-
tensities were taken which is achieved by increasing the
pulse duration up to 5 ps on the CPCs and 2 ps planar
targets. On-shot measurements of the pulse duration for
pulses longer than 500 fs could not be made, therefore
the uncertainty becomes +1 ps.

For high intensity laser-solid interactions with steep
density profiles, the relationship between the inten-
sity and the electron temperature can be described
using the ponderomotive scaling, where Tp,onqg

mec? (x/l +a2/2— 1) [14]. For the peak intensity of

4.6x10'® W/cm? the resulting ponderomotive tempera-
ture is ~0.55 MeV which is in close agreement with the
planar targets. In Figure [2/d), the electron temperature
recorded from the CPCs, at peak intensity and with the
longer pulse durations, is fitted well to a ponderomotive
scaling which is increased by a factor of 9. Hence we can
initially assume that the density profile within the CPC
for all pulse durations is steep.

The focusing geometry of the CPC target and the util-
isation of laser energy that exists in the outer region of
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FIG. 2. a) A sample focal spot on a logarithmic intensity scale. The outer white line represents the acceptance aperture of

the CPC and the inner green circle is the tip of the CPC. The Blue circle represents the radius at which 50% of the energy is
enclosed. b) The geometry of the CPC used on the experimental campaign. The opening aperture is 805 um and the tip is
65um. c) A sample of the electron spectra retrieved from different individual shots using the electron spectrometer on CPCs
(Green) or Planar (Blue) Targets. The dashed line represent the regions where the electron temperature is fitted. There is a
clear enhancement in electron spectra when using CPC targets. d) The hot-electron temperature from planar and CPC targets
plotted against the incident laser intensity. Lower intensity points correspond to the pulse duration scan that was performed.
Both planar and CPC targets follow a ponderomotive scaling, with the CPCs having a factor of 9 enhancement. The shaded
region represents the enhanced electron temperature using the ponderomotive scaling and a purely geometric focusing that

increases intensity.

the focal distribution is hypothesized as the source of this
enhancement of electron temperatures. Analytically, this
can be considered through geometric focusing to estimate
the intensity at the tip and using the ponderomotive scal-
ing to calculate the electron temperature.

For the planar target, we assume that only regions of
the focal spot where the intensity is greater than 1x10'®
W /ecm? is important to the generation of hot-electrons
as this is the intensity at which the motion of the elec-
tron within the electric field becomes relativistic. This
corresponds to approximately a region with a radius,
Rrocalspot, of 106£17 pm and 4243% of the total en-
ergy, F~1s. The geometry of the CPCs will affect both
of these values. The opening diameter of the CPC cap-
tures upto 92+1% of the laser energy, Fcpc, as shown
in Figure[2[a). We then assume that the geometry of the
CPC transports all of the captured laser energy to the
32.5 pum tip, Rrip. Under these assumptions, the CPC
is behaving as initially designed; increasing the energy
and decreasing the area of the interaction. The model
presented here can be used to predict the intensity for
different CPC geometries and lasers. An important con-
sideration is the previously mentioned pointing instabil-
ity of the laser. If the tip of the CPC is reduced, the
opening aperture is also reduce. As well as not capturing
as much of the laser, the affects of pointing instability
will decrease the effectiveness of the CPC.

The total intensity enhancement can therefore be
estimated by taking the ratios of the previously dis-
cussed variables; (REocatspot/ Rip) X%
(Ecpc/FEsn1s). This is similar to the methodology pre-

Ienhance

sented by Wilson et al[24] for the enhancement provided
by ellipsoidal plasma mirrors. The enhancement of this
optic also depends on reflectivity of the plasma mirror
under high intensity conditions. For the CPC at peak
intensity, the majority of reflection are at glancing an-
gles and at intensity between 102715 W/cm?. Using
HYDRA simulations [49] of the laser pedestal that in-
teracts with the CPC walls prior to the main pulse, the
temperature of the walls is calculated to be ~3 eV and
with a scale length of ~ 0.3um. Under these conditions,
particularly with the 150 fs laser pulse where the scale
length isn’t expected to grow vastly over the peak laser
duration, we expect the reflectivity to be high.

For the average focal spot, laser energy and pulse du-
ration, the model yields an intensity increase of ~ x36.
Using the ponderomotive scaling, this would yield a elec-
tron temperature of ~4.9 MeV. This calculation is per-
formed for all record focal spots, as well as variations
in the pulse duration and laser energy to provide upper
and lower values for the estimated temperature enhance-
ment; this is shown as a shaded region in Figure 2 d).
This simple model does not include field enhancements
up to a factor of 4 that will occur due to constructive
interference of the focused laser at the tip which can lead
to further enhancements in the hot-electron temperature
[50], however, PIC simulations in the following section
will take this into account.

Using numerical simulations, hydrodynamic and PIC,
we can consider the role that interference and plasma
have on the accelerated electron population and confirm
our intensity enhancement argument. Firstly we con-
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c¢) and d) show intensity profiles from the 2D and 3D PIC simulations respectively for the same tip size (5 pm). The

intensity achieved in the 3D simulation is greater than that achieved in the 2D simulation due to the extra focusing dimension.

duct HYDRA simulations [49] to estimate the plasma
growth prior to the peak laser arrival within the CPC.
These simulations use the measured focal spot and con-
trast/prepulse of the laser, as well as the geometry of the
CPC, to accurately recreate the focusing condition prior
to the pulse. A small plasma develops at the tip of the
CPC that follows a double decaying exponential that can
be approximated as n(z) = nse~*/Ls 4 n.e~%/Er where,
ns and n. the solid and critical density respectively and
Lg and Lyj, are the ‘short’ and ‘long’ scale length respec-
tively where Lg =0.5pum and L =3um.

The PIC simulations are conducted using EPOCH [51].
In order to investigate the intensity enhancement and
its influence on the hot-electron generation, multiple 2D
and 3D simulations are conducted with varying tips sizes.
Whilst 2D simulations are easier to perform, it is impor-
tant to simulate the CPC geometry in 3D as there will be
an additional focusing dimension. In 2D the CPC more

closely resembles a wedge rather than a cone. Despite
this, 2D simulation will provide some focusing and mul-
tiple simulations can be performed to demonstrate the
focusing nature of the CPCs. Following the analytical
approach earlier, it is expected that smaller tips will yield
higher intensities and therefore hotter electron tempera-
tures. Due to the spatial size of the CPCs, the majority
are conducted at a reduced scale of ~6 in order to make
them less computationally expensive. However, a single
2D PIC simulation was conducted at full experimental
scale in order to validate the spatial reduction approach
and to take into account the effect of large focal spot on
electron acceleration [36].

For the reduced sized 2D simulations, the box size is
105x120 pm with cell sizes of 40 nm and 40 particles
per cell whereas the 3D simulation has a reduced spatial
resolution (62.5nm) and overall box size (90x44x44um)
in order to make the simulation computationally viable.



The spatial profile of the beam is a double Gaussian with
full width half maximums of 20pum and 65um with a in-
tensity ratio of 1:0.17; determined from intensity profiles
of the experimentally measured focal spot. The peak in-
put laser intensity is 5x 10 W /cm? with a pulse duration
of 150 fs full width half maximum and a wavelength of
1.054pm. The soild ion and electron densities are set to
50 x critical density and the initial electron temperature
is set to 50 eV.

The electron spectra from 3 simulations are shown in
Figurea) for a 2D planar target, 2D CPC and 3D CPC
target where the CPC simulations in 2D and 3D have a
tip size of 5um. The CPCs have a clear increase in the
observed temperature of the electrons when compared
to the planar target, with the 3D simulations yielding
the highest energy electrons, a temperature of 2.75+0.4
MeV. This is to be expected as the 3D simulation has
the greatest intensity enhancement due to the additional
focusing dimension. Intensity maps of the two CPC sim-
ulations at roughly peak intensity are shown in Figure []
¢) and d). The peak and average intensity at the tip in
the 3D simulation are ~24x10%° W/cm? and ~7.6x10%°
W /cm? respectively. The electron temperature for this
intensity is below the ponderomotive scaling, as shown in
figure [3| b). This is likely due to the fact that in order to
simulate the system in 3D, the cone (as well as the laser
parameters) had to be scaled down in size, thus dilut-
ing the intensification effect and reducing the transverse
stochastic acceleration effects observed with large focal
spot [36].

The size of the CPC tip is varied and simulated in 2D
to demonstrate the effect of focusing. The tips have di-
ameters of 5 ym, 10 pgm, 15 pm and 25 pm. Each case is
conducted with and without Ly = 3 ym. The case with-
out a longer scale length represents the idealized case
where geometric focusing should be the dominant effect.
The intensity of the interaction is found by measuring the
peak and average intensity at the approximate time that
the peak laser intensity would be interacting with the
surface of the target. The hot-electron temperature and
intensity for the 4 CPC targets and planar target for the
two different Ly, are shown in Figure[3|b). As the tip size
is reduced, the focused intensity at the tip and extracted
electron temperature increases which closely follows the
ponderomotive scaling. For both scale length cases, the
CPCs have higher electron temperatures than the pla-
nar targets. However, the longer scale length planar tar-
get has a 3 times higher electron temperature compared
to when there is no longer preplasma, and hence, the
enhancement from planar to CPC is reduced for longer
scale lengths. Whilst the scale length is still relatively
short, as suggested by the HYDRA simulation for the
condition on the experiment, the dominant enhancement
process is still focusing. For much longer scale lengths
(> 2Lg), the interaction will become more similar to
that shown in simulations performed by Kemp et al [3§]
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FIG. 5. Electron spectra produced when the laser is pointed
in the middle and with 15p¢m and 25pm displacement in a
2D PIC simulation. Inset shows the change in angular dis-
tribution of electrons with energies greater than 1 MeV. The
arrows represent the directions of the experimental detection
of the electron spectrum.

and experimental and simulations results by William et
al[36]. In these cases, the acceleration is primarily due to
bulk plasma interactions and direct laser acceleration.

The full scale 2D simulation is conducted with a tip size
of 65um with a L, equal to 3um. The simulation box is
500x390pum with the same spatial resolution and parti-
cles per cell as before. The temperature of the electrons
were 1.28 MeV and the peak and average intensity are
1.1x10W/cm? and 8.8x10'¥W /cm? respectively. This
data is similar to that of the the reduced size data shown
in Figure [3[ a), hence we can ensure the approach of the
reduced sized simulations are valid.

To understand the sensitivity of CPC focusing and
hot-electron generation to experimental pointing fluctu-
ations, additional 2D simulations were conducted. Ex-
perimentally, the pointing instability is approximately a
spot width, therefore simulations are conduction with
displacements of 15 pym and 25 um into the 5 pum tip
simulation. The hot-electron spectra and angular distri-
butions of greater than 1 MeV are shown in Figure
Whilst the electron temperature of the entire distribu-
tion has changed very little, there is a significant change
in the angular distribution. This change in angular distri-
bution is primarily caused by the laser reflecting off wall
of the CPC towards the opposite corner of the tip. This
caused the interaction to be more oblique than the case
where the laser has no displacement. Experimentally,
the electron spectrum is measured at a single point at
30° with respect to the laser axis, in the simulations this
refers to either -30° and 30°, highlighted by the arrows
in Figure [5| inset. From the three simulations, the aver-
age hot-electron temperature at the angles of interest is
(T.) = 1.304£0.20 MeV. The number of electrons at these
angles also vary by a factor of ~3. The changes in the
simulated numbers of electrons, angular distribution and



temperature induced by mispointing could be a source
of the shot to shot variations observed in the experimen-
tally measured electrons we observe on our spectrometer,
as shown in Figure [2[a).

We have experimentally demonstrated the capability of
focusing cylindrical parabolic concentrator targets that
have significantly increased the production of MeV elec-
trons compared to interactions with planar targets.

Due to the high contrast and short pulse nature of
the Texas laser pulse, we find from HYDRA simulations
that the electron density gradient is steep at the target
surface and thus we can assume that ponderomotive ac-
celeration primary mechanism of acceleration. Therefore
the increase in the intensity due to the focusing of the
CPC directly causes increases in the temperature of the
electrons. The ~9x temperature enhancement observed
between the planar and CPC target here are consistent
with an analytical analysis of geometric enhancement of
the laser intensity at the tip of the CPC. This enhance-
ment is higher than that observed by Macphee et al [34]
and Williams et al [36]. This primarily due to the laser
conditions that form a plasma on the planar target sur-
face and within the CPC, changing the electron acceler-
ation mechanism. This interpretation is supported with
detailed 2D and 3D PIC simulations of the laser plasma
interaction which were largely consistent with enhanced
focusing at the cone tip. The increase in the genera-
tion of hot-electrons, both number and temperature, is
significant as this is a critical requirement for the devel-
opment of bright secondary x-ray sources for radiography
and other applications. A future publication containing
full analysis of the enhancements of the x-ray genera-
tion measured on this experiment are to be published at
a later date. [reference: private communication: P. M.
King et al].
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