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ABSTRACT
Laser-driven relativistic electron beams were investigated experimentally and via 3D
large-scale plasma simulations. These fast electrons mediate the transfer of energy from
the laser to other absorption channels and drive many applications, including bright x-
ray and Extreme ultraviolet radiation (EUV or XUV) sources. The investigation was
carried out in two phases. In the first phase, reduced mass targets were irradiated with
intense ultra-short laser pulses. Bright monochromatic x-rays and broadband XUV
emissions were achieved by optimizing the electrostatic sheath fields surrounding the
target. Electron recirculation in the plasma was identified as a mechanism of emission
enhancement. The study also revealed that this laser-driven source of radiation has a
small source size, short duration, and high photon fluxes suitable for point projection
radiography and for probing matter under extreme environments. In the second phase,
laser-irradiated micro-engineered Si micro-wire arrays were investigated. An order of
magnitude enhancement in the total number of electrons with energy higher than 10
MeV was experimentally demonstrated. The study revealed that these advanced micro-
engineered targets not only enhance the total number of electrons and their kinetic
energies but also behave as an electromagnetic lens that guides and collimates the

electron beam.
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INVESTIGATION OF X-RAYS AND EXTREME ULTRAVIOLET RADIATION WITH
REDUCED MASS TARGETS (RMT):

Goals of the project

The main objective of this first phase of the project is to use reduced mass targets of
various dimensions and geometries to generate hot and dense plasmas in the laboratory
conditions. Of special interest is the investigation of target geometry that maximizes

plasma radiation in the x-ray and extreme ultraviolet spectral range. The end goal is to

achieve a versatile laser-driven radiation source with a small source size, short duration,

and high photon fluxes.

Approach

It is a well-known fact that hot dense plasmas are bright emitters of radiations as
evidenced in nature by the sun, stars, and gamma ray bursters. In laboratory conditions,
bright x-ray sources are routinely produced with high-power lasers. However, due to
their large size and low repetition rate, laser-based radiation sources use is limited. In
this project, we study the feasibility of using a fairly compact high-repetition rate laser
to create a bright radiation emitter in the form of a “miniature star” in the laboratory.
Our approach relies on heating an initially solid density target to temperatures in the
range of 100,000 to 1,000,000 degrees Kelvin. Our simulations predict that fast
electrons, generated by an ultra short-pulse laser, will heat up the target to high

temperatures via electron “recirculation” or “refluxing”. To briefly summarize how the

mechanism works: hot electrons generated from the laser-plasma interaction near the
critical surface are sent into the solid target. If the vast majority of hot electrons have a
range that is greater than the target thickness, a fraction of these electrons leave the
target region. This causes a large space charge to build up on the target at the edges,
and only the most energetic electrons (with energies exceeding the space charge
potential) can leave. Most electrons are attracted back to the target, losing energy to
the background electrons and ions each time they traverse the target. Figure 1 shows

the longitudinal and transverse electrostatic sheath fields induced when an ultra-short
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pulse laser interacts with RMT. The inset shows select electron trajectories in these

sheath fields.

Figure 1: Plasma induced electrostatic sheath fields and electron trajectories affected by
refluxing

Experimental setup

We conducted a systematic study of laser-driven radiation sources using the Scarlet
laser at The Ohio State University. The laser delivered 9J of energy in 150fs pulses,
reaching peak intensity of ~ 10°°W/cm?. A suite of diagnostics was used to characterize
the laser-produced plasma, induced radiation, and charged particle emission. These
include an extreme ultraviolet imager operating at 68 eV photon energy, K-shell
emission imager operating at 8 keV, two x-ray spectrometers based on highly ordered
pyrolytic graphite crystals (HOPG). Figure 2 shows a typical data from these instruments.
The rear and front HOPG x-ray spectrometers allow us to compare monochromatic Cu
characteristic emission in the forward and backward directions. The Cu imager provides
information on electron spatial distribution. The XUV imager provides Planckian

emission patterns.
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Figure 2: Typical data from a short pulse interacting with a Cu target

Accomplishments/New Findings

Effect of target transverse dimensions: To study the effects of the transverse dimension
of the target on laser-produced plasmas, we have used Al/Cu/Al disks with variable
diameters: 500 um, 350 um, and 100um. These targets were irradiated at the best
achievable focus with our F/2.2 off-axis parabola. Cu Ka images are shown in Figure 3.
For the large targets (500um diameter), we distinguish two emission regions: a central
region with strong emission surrounded by low emission zone. This indicates the
presence of gradients in K-shell source. As, the diameter of the target is reduced (350
um); the central spot region increases while the low emission zone decreases. The
presence of an intermediate emission zone indicates that electron refluxing is not
optimal. However, the emission gradients decrease with decreasing target diameter.
Reducing the target diameter to 100 pum resulted in more uniform emission zone,
suggesting that the electrostatic sheath fields surrounding the small disk trap more

electrons, yielding efficient refluxing.
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Figure 3: Effect of target diameter on the uniformity of monochromatic Cu Ka emission

Effect of target longitudinal dimensions: We focused on investigating the effect of
varying the target thickness on plasma radiation by keeping the target diameter fixed at
100 um. Three thicknesses of Cu were used: 1 um, 3 um, and 6 um. In each case, the Cu
tracer layer was coated with 1 um Al on the front surface and 1 um Al at the rear
surface to minimize hydrodynamic expansion and direct laser interaction with Cu. We
observed a correlation between electron refluxing and target heating. For the thickest
target (6 um), the K-shell and XUV maps show that the entire target is heated up by
electron refluxing. However, the region of uniform heating is smaller than that of the
thinnest target (1 um). This indicates that the longitudinal dimension of the target
adversely affects the heating uniformity. The best way to achieve uniform high-
temperature plasma is to keep the thickness of the Cu layer less than 3 um and the
transverse dimension at 100 um or less. Figure 4 shows a summary of data obtained in a
single laser shot with a 3 um thick 100 um diameter disk. The peak XUV brightness was
determined to be ~ 2x10' ph/s/mm?/mrad®/0.1% BW. This is equivalent to the

brightness of NSLS X1 beamline at BNL and this source could potentially used for
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material science research and lithography. The monochromatic K-shell emission, from
the same shot, had a peak brightness of ~ 2.4x10™ ph/s/mm?/mrad?/0.1% BW
(equivalent to Spring-8 wiggler brightness). A bright hard X-ray radiation (up to 1MeV
photon energy) was also achieved and used to radiograph objects through one inch
thick Al. Furthermore, the radiation source size is less than 100 um which makes this
versatile source ideal for a point projection radiography and Thomson scattering

characterization of matter under extreme environments.

Figure 4: All in one laser-driven radiation source: the interaction yielded 80 eV
temperature hot dense plasma. The radiation source characteristics are: 1) less than 100
KUm source size. 2) 1.5 x 10" photons per pulse at 8 keV. 3) 2.8 x 10" photons per pulse
at 68 eV. 4) Intense Bremsstrahlung emission with photon energy as high as 1 MeV.
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RELATIVISTIC ELECTRON BEAM ENHANCEMENT & GUIDING WITH SILICON MICRO-WIRE

ARRAYS

Goals of the project

The objective of the second phase of the project is to use structured interfaces to

enhance and control laser-driven electrons.

Approach

Many exotic phenomena have been predicted and experimentally observed in laser
solid-matter interactions in the relativistic regime. These include the production of
relativistic electrons, the acceleration of protons and heavy ions, the synthesis of
attosecond pulses from plasma-induced harmonics, and the creation of electron-
positron jets. The investigation of these processes has been focused on exploring their
dependence on various laser pulses as well as target parameters (spatial dimensions,
density, and atomic number). More recently, another target degree of freedom is being
introduced to enhance laser matter interactions. Structured interfaces including
nanoparticles, snowflakes, and nanowires have been reported to enhance laser

absorption and proton acceleration. Our approach relies on using periodic highly

ordered Si micro-wires to enhance and guide laser-driven electron beams.

Target fabrication

Our collaborators at California Institute of Technology undertook the Si micro-wire
arrays fabrication. The overall process can is describe by the flow chart in Figure 5. Si
wafer were used as a growth substrate. Si {111} is commonly used to grow vertical
tower structures. In this project, we also used the inclined structures where wires are
uniformly tilted 20° off normal. These targets were fabricated using a Si {211} substrate.
The surface of the substrate is oxidized so that there is a layer of SiO, that is a few
hundred nm thick. Then a thin layer of photoresist is applied using spin coating. Creating
circular holes on the photoresist layer using photolithography sets the position and

diameter of the wires (the wires will end up growing in these holes). Using a buffered HF
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etching, the uncovered SiO, under the holes is removed so that pure Si is exposed inside
the holes. The holes are then filled up with a few hundred nm of Cu via thermal
evaporation onto the photoresist, followed by liftoff to dispose of the photoresist layer.
The substrate is then annealed and Si wires are grown at the location of the Cu balls
through vapor-liquid- solid growth while other portion of the surface is still protected by
the SiO2 layer. The simple mechanism for vapor-liquid-solid growth is shown in Figure 6.
Introducing a gas flow of SiCl4 and H2, the wire growth is carried out. The Cu balls work
as a metal catalyst. They are melted during the growth, forming a solution of SiCl;. Once
the solution is supersaturated, the Si substrate acts as a seed crystal and the Si in the

solution starts to crystallize on it. The Cl" ions are bound to hydrogen, forming HCl gas.

Figure 5: Flow chart describing overall process of Si micro-wire arrays fabrication

Figure 6: Mechanism for growing Si towers using vapor-liquid-solid technique with

Cu catalyst
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Four types of targets were fabricated and used in the experiment: the 700 um thick
target with vertical structures, the 400 um - 450 um thick target with inclined structures.

The SEM images of the structured targets are shown in Figure 7.

Figure 7: A scanning electron microscope (SEM) images of Si micro-wire targets: a, top view
showing wire spatial distribution. b, side view showing the orientation of the wires with respect

to the 450 um thick at Si substrate.

Accomplishments/New Findings

Acceleration and guiding mechanism identification: The mechanism of light interaction
with micro-wire arrays is investigated with the particle-in-cell (PIC) code VLPL in three-
dimensional geometry. A high-contrast laser pulse with an intensity ~10** Wem2 is
normally incident on a structured interface. The target consists of highly aligned periodic
carbon wires 20 um long, 1.5 um thick attached to a 5.6 um thick aluminum substrate.
Snapshots of the interaction and electron beam energy distributions from simulations
are shown in Fig.8. As the pulse enters the micro-wire array (Fig.8a), electrons are
pulled out of the wires by the laser field. These electron bunches are periodic and they
are separated by one laser wavelength on the same wire. The electron bunches on two
opposite wires are separated by a half laser wavelength reflecting the oscillatory nature
of the driving laser field. The laser pulse has a phase velocity approximately equal to the

speed of light as it propagates between the wires (Fig.8b). Consequently, electrons
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pulled from the surface of the wires are injected into the laser pulse and accelerated via
direct laser acceleration mechanism (DLA). Finally, when the laser beam reaches the flat
interface, electrons originating from the wires have acquired significant kinetic energy.
They propagate in the forward direction and escape the target as indicated by the green

periodic bunches at the rear side of the target (Fig.8c).

It is worth noting that lower energy electrons are produced as well when the pulse
irradiates the flat surface holding the wires. The most energetic electrons are the ones
that originated from the wires and experienced acceleration via DLA. Fig.8d shows the
electron energy distribution for the micro-wire array target. As a baseline comparison,
we have carried out simulations of a flat interface without the wires using the same
laser and simulation parameters. It is clear from these results that the performance of
micro-engineered targets is superior to that of a flat target in producing and
accelerating electrons. In the micro-wire array target, electrons with energies as high as
90 MeV are produced compared to 20 MeV maximum electron energies in flat targets.
An exponential fit to the electron energy distribution from the micro-wire array target
yields kT.= 16 MeV, much higher than the ponderomotive scaling at the same intensity
(kTe =7 MeV). The total number of relativistic electrons with energies higher than 1 MeV
is enhanced by a factor of 25 with the structured interface compared to flat targets. The
electron beam from the Si array carries a charge of 8 nC. We also observe that the
accelerated electrons travel forward in the vicinity of the wires. This suggests the
presence of a guiding mechanism induced by laser plasma interactions. We examined
the electric and magnetic fields in the neighborhood of the wires. Fig.8e (left) shows a
vector plot of the electric field surrounding one representative wire. The electric field is
radially oriented and points away from the wire. This is consistent with fields induced by
a distribution of positive charge. In our case, this field is induced by charge separation as

the electrons are pulled from the wires by the laser, leaving the ions behind.
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Figure 8: Three-dimensional PIC simulations of an intense short-pulse laser interacting with micro-
wire arrays: Laser pulse (I = 10*Wcm2) is polarized in the y direction and propagates along the x
direction from right to left. The target consists of highly aligned periodic carbon wires 20 um long,
1.2 um thick attached to 5.6 um thick aluminum substrate. a, b, and ¢ are snapshots of the
interaction at t=30 fs, t= 60 fs, and t=93 fs respectively. d, electron beam energy distributions from
micro-wire array (red) and at Al target (black). e, electric and magnetic fields around the wire,
average dover the wire length.
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Fig.8e (right) shows the magnetic field in the vicinity of the wire. The orientation of the
magnetic field and field line configuration are consistent with the magnetic field of the
current carrying wire. The magnetic field is induced by the return currents in the wire as
the plasma responds to electric current unbalance produced by the forward going
super-thermal electrons. These plasma-produced electric and magnetic fields provide a
guiding mechanism for electrons that are accelerated by DLA. The electric field induced
by charge separation tends to attract electrons toward the wires. The magnetic field
tends to push them away, toward the laser axis. Electrons with velocities such that the
transverse electric and magnetic forces cancel one another are guided in the forward
direction. The simulation results suggest that these advanced targets can be used as
micro-photonic devices to manipulate the laser matter interaction on small scales and
subsequently control the production of secondary particle beams.

Proof-of-principle experiment: a proof-of-principle experiment was conducted on the
Scarlet laser facility at The Ohio state University. To manipulate the laser-matter
interactions, we used Si micro-wire arrays as targets. The ability of three-dimensional,
vertically aligned Si structures to enhance light absorption relative to planar c-Si
absorbers has been demonstrated in the context of solar cells. Silicon wires with 1.5 um
diameter, 15-25 um length, and 7 um spacing were grown on a 450 um thick flat Si
substrates using vapor-liquid-solid (VLS) growth method (Figure 7). The laser delivered 4-
5 J of energy on target with the main pulse to amplified spontaneous emission (ASE)
intensity contrast better than 10'°. The 40 fs duration laser pulse was focused with an
F/2.2 off-axis parabola to a 3 um full width at half maximum focal spot, reaching a peak
intensity 1x10”* W cm™2. To prevent laser back-reflections from damaging the front-end
optics, the wires were grown at 22.5 degrees with respect to the flat substrate normal.
The laser propagation direction was parallel to the wires and electrons escaping the rear
side of the target were collected with a magnetic spectrometer coupled to imaging plate
detectors. The magnetic field in the center of the gap of our spectrometer is about 0.6 T
and the instrument collected electrons at 30 degrees from the laser axis. The

experimental results are summarized in Fig.9. Electron beam energy distributions from
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Si micro-wire arrays are shown in red and the distributions from flat targets are shown
in black. The electron beam energy distributions recorded with flat targets are similar. In
both Fig.9a and Fig.9b, the cut-off energy for the electron beam is around 30 MeV, close
to the 20 MeV predicted by our simulations. A significant enhancement in total number
of electrons and their mean energy is obtained with Si micro-wire arrays. Two
independent shots were taken with similar structured targets, yielding cut-off energies
of 70 MeV (Fig.9a) and 60 MeV (Fig.9b). For both structured targets, two electron
populations characterize the spectra: a low energy population in the range of 0.5-20
MeV and a high electron energy population that extends to 60-70 MeV range. This
suggests, as seen in the simulations, that the spectrum is a combination of electrons
from the bulk of the target and electrons from the wires that were accelerated by DLA.
An exponential fit to the data gives kT.= 18 MeV, and kT.= 11 MeV for data in Fig.9a
and Fig.9b respectively. This is consistent with the predictions of our 3D PIC simulations

of kTe=16 MeV.

Figure 9: Experimental results: Escaping electrons energy distributions for 4 laser shots. . Flat
target spectra (black), Si arrays spectra (red). a, Si array target-1 and baseline flat substrate. b, Si

array target-2 and baseline flat substrate
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simulations. These fast electrons mediate the transfer of energy from the laser to other absorption channels
and drive many applications, including bright x-ray and Extreme ultraviolet radiation (EUV or XUV) sources.
The investigation was carried out in two phases. In the first phase, reduced mass targets were irradiated
with intense ultra-short laser pulses. Bright monochromatic x-rays and broadband XUV emissions were
achieved by optimizing the electrostatic sheath fields surrounding the target. Electron recirculation in the
plasma was identified as a mechanism of emission enhancement. The study also revealed that this laser-
driven source of radiation has a small source size, short duration, and high photon fluxes suitable for point
projection radiography and for probing matter under extreme environments. In the second phase, laser-
irradiated micro-engineered Si micro-wire arrays were investigated. An order of magnitude enhancement
in the total number of electrons with energy higher than 10 MeV was experimentally demonstrated. The
study revealed that these advanced micro-engineered targets not only enhance the total number of
electrons and their kinetic energies but also behave as an electromagnetic lens that guides and collimates
the electron beam.
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