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ABSTRACT

New short-pulse kilojoule, Petawatt-class lasers, which have recently come online and are coupled to large-scale, many-beam long-pulse facil-
ities, undoubtedly serve as very exciting tools to capture transformational science opportunities in high energy density physics. These short-
pulse lasers also happen to reside in a unique laser regime: very high-energy (kilojoule), relatively long (multi-picosecond) pulse-lengths, and
large (10s of micron) focal spots, where their use in driving energetic particle beams is largely unexplored. Proton acceleration via Target
Normal Sheath Acceleration (TNSA) using the Advanced Radiographic Capability (ARC) short-pulse laser at the National Ignition Facility
in the Lawrence Livermore National Laboratory is demonstrated for the first time, and protons of up to 18 MeV are measured using laser
irradiation of >1 ps pulse-lengths and quasi-relativistic (~10'® W/cm?) intensities. This is indicative of a super-ponderomotive electron
acceleration mechanism that sustains acceleration over long (multi-picosecond) time-scales and allows for proton energies to be achieved far
beyond what the well-established scalings of proton acceleration via TNSA would predict at these modest intensities. Furthermore, the char-
acteristics of the ARC laser (large ~100 um diameter focal spot, flat spatial profile, multi-picosecond, relatively low prepulse) provide acceler-
ation conditions that allow for the investigation of 1D-like particle acceleration. A high flux ~ 50] of laser-accelerated protons is
experimentally demonstrated. A new capability in multi-picosecond particle-in-cell simulation is applied to model the data, corroborating
the high proton energies and elucidating the physics of multi-picosecond particle acceleration.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5085787

I. INTRODUCTION

The Advanced Radiographic Capability (ARC) laser of the National
Ignition Facility (NIF) is a multi-picosecond, multi-kilojoule, large focal
spot laser similar to the Omega EP laser at the University of Rochester,’
the LFEX laser at the University of Osaka,” and the Laser MegaJoule’s
PETAL system.” ARC intensities are nominally subrelativistic due to large

focal spots, but the total deliverable energy is large and the pulse-length is
long, resulting in a testbed for studying 1D-like laser plasma interactions.
Current single beamlet average intensities are around 8 x 10" and
2 x 10" W/em? for the 10 and 1 ps pulse-lengths, respectively. The rea-
son for the low intensities is primarily the limited ability to focus on which
produces a large focal spot containing 50% of the laser energy in an ellipse
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with minor and major distances of approximately 30 x 70 um. An advan-
tageous feature of the ARC laser is that it is very well characterized due to
the extensive diagnostics at the ARC Diagnostic Table (ADT). The ADT
is located downstream from the compressor gratings and measures the
near and far field, wavefront, prepulse contrast, energy, spectrum, and
pulse timing for one of the four beamlets during any given shot, and these
data are used to validate models which predict the pulse shape and the
time varying focal spot. An example of some of these data is shown in
Fig. 1(c), where the focal spot has been modeled. These measurements
and modeling enable detailed characterization of laser delivery for all four
beamlets. For more details on the ARC laser characteristics and diagnos-
tics, the reader is referred to Ref. 4.

Coupled with the NTF, developing ARC laser driven ion accelera-
tion capabilities will enable multiple exciting applications. For exam-
ple, the NIF can deliver 1.8 MJ of laser light to drive an experiment
and with an energetic proton beam, we could begin to diagnose elec-
tromagnetic fields in these experiments by using proton radiography.”
With four independently pointed and timed beamlets available, this
could enable diagnosing plasmas from four independent lines of sight
at four separate times. Another application envisioned would be pro-
ton isochoric heating, where a proton beam containing 10s of Joules of
energy promptly deposits its energy in a sample, heating it to 100s of
electron volt temperatures before it has time to hydrodynamically
respond.” Intense proton beams can also be used to investigate the
stopping of light ions in materials.” By accelerating deuteron beams,”
nuclear reaction experiments could be conducted which could poten-
tially drive on-demand neutron beams that are produced on a picosec-
ond time-scale.” Importantly, NIF’s diagnostic suite enables extremely
detailed measurements of these types of experiments.

While there are a number of ion acceleration schemes, perhaps
the most familiar is the so-called target normal sheath acceleration

scitation.org/journal/php

mechanism.'” It has long been known that 10s of MeV protons can
be accelerated from intense (>10"° W/cm?), sub-picosecond laser
interactions with solid targets. This is a relatively simple mecha-
nism that can be described in three stages. When a short pulse laser
is incident on a thin micron-scale foil, mega-electron volt energy
electrons can be accelerated, which are energetic enough to pass
through the thin solid-density target. An electric field (or sheath
field) is then generated on the rear surface due to charge separa-
tion. This electric field is then proportional to the hot electron tem-
perature divided by the local density scale-length, E [MeV/um]
o TholeL,,. Finally, hydrocarbon contaminants, which are present
on the surfaces of the foil, are rapidly accelerated to multi-mega-
electron volt energies. Protons possessing the highest charge-to-
mass ratio are preferentially accelerated by this field. Thus, MeV
electron temperatures and energies are needed to generate multi-
mega-electron volt proton energies.

There are many mechanisms that can result in these high
energy electrons; however, in intense, sub-picosecond laser plasma
interactions, the ponderomotive force is a dominant source of elec-
tron acceleration.'' Here, the laser pulse interacts with plasma den-
sities near the critical density surface in a micron-scale-length
preplasma and a gradient in the laser intensity, or the electric field,
which is always present due to the finite rise in the laser intensity Iy,
gives rise to the so-called ponderomotive force, F, = —ﬁVEﬁ,
which gives electrons an energetic push in the forward direction.
Here, e is the electron charge,  is the light frequency, and E, is the
laser electric field amplitude. The hot electron temperature then
scales with the laser intensity, [;, as

Thot[MeV] = 0.511 (\/1 +1.72,,/2.74 x 10" — 1). (1)
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FIG. 1. (a) A schematic of the NIF target chamber, 192 NIF long-pulse beams shown in blue, and two of the NIF long pulse beams picked off for ARC shown in red. (b) The
two long pulse beams are apertured to form two rectangular beamlets each, giving a total of four beamlets which are compressed to picosecond pulse-lengths. (c) The mod-

eled ellipsoidal focal spot for one of the four beamlets at TCC.
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This scaling has been verified over a large number of short pulse
experiments and facilities. For short pulse-lengths, small preplasma
scale-lengths, and near-critical densities, the electron temperature is
well described by this scaling. In interactions with large focal spots,
like ARG, significantly longer scale-length preplasmas can be sus-
tained. A simple picture shown in Fig. 2 illustrates that the radius of
the laser focal spot essentially sets the maximum preplasma scale-
length since plasma cooling will occur once the expansion toward the
laser is approximately equal to the radius of the focal spot, at which
point the assumption of 1D-like plasma expansion no longer applies.
For a typical short-pulse laser experiment, the focal spot is on the
order of 5 um radius, where in the case of ARC, the radius is 30 um or
greater, meaning that 1D-like expansion can be sustained for greater
than 10 um such that there is a significant amount of underdense
plasma for the laser to interact with before it reaches the critical den-
sity surface. When a long scale-length preplasma exists, electrons can
be accelerated to energies which significantly exceed those predicted
by the ponderomotive scaling via multiple mechanisms. For example,
self-modulated laser wakefield acceleration can occur, where the laser
can modulate plasma waves that allow electrons to be accelerated to
super-ponderomotive energies.'” Similarly, direct laser acceleration
(DLA) can occur when plasma channels are formed in this underdense
plasma.'”"* The development of a potential well due to a plasma gra-
dient in the low-density preplasma can result in electron dephasing
and acceleration to high energies.'”'® There are several other mecha-
nisms which can also result in “super-ponderomotive” electrons, and
all these mechanisms can accelerate electrons to energies that are in
many cases significantly (>10x) greater than those accelerated by the
ponderomotive force. As discussed earlier, proton acceleration to
>10MeV energies via TNSA relies heavily upon the generation of
multi-mega-electron volt electron energies.

Il. FACILITY AND EXPERIMENTAL SETUP

Two shots were conducted at 10 and 1 ps pulse-lengths in order
to investigate a pulse-length and energy scan. The targets were
1.5 x 1.5 mm square, 33 um thick Titanium foils. All four of the ARC
beamlets were incident on the target and spatially separated by around
500 pm, as seen in Fig. 3(a), in order to minimize uncertainties in deliv-
ered laser intensity due to potential pointing and/or timing errors. As
reported by the ADT, approximately 650 J per beamlet was delivered in
a 9.6 ps pulse giving a total of 2.6 kJ on the target, while 275 J per beam-
let was delivered at a 1.6 ps pulse-length, giving a total of 1.1k] on
the target. The average intensities were 9.1 x 10" = 1.9W cm > and

.

rn<Sum-><5umlL,, . >30 ym > >10um L,

FIG. 2. A schematic showing a comparison of preplasma scale-length development
vs laser focal spot size for small focal spots typical of short-pulse high-intensity
experiments (left) vs large focal spots like ARC (right).
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FIG. 3. (a) A zoomed in view showing the target foil, ARC beamlet pointing, and
direction to the primary diagnostics. (b) Example of RCF stack data placed at the
front of the NEPPS instruments.

1.5% 10" = 04W cm 2 for the 10 and 1 ps pulse-lengths, respec-
tively, where the uncertainty quoted refers to the population statistics
for all four beamlets. Peak intensities were roughly twice the average
value with approximately 30] per beamlet of laser energy at or above
this intensity for either pulse-length.

All available electron and proton diagnostics were fielded on each
shot including a NIF Electron Positron Proton Spectrometer (NEPPS)
magnetic spectrometer,'””'® a Magnetic Recoil Spectrometer (MRS),'"”
and multiple Wedge Range Filters (WRFs)” in order to capture abso-
lute electron and proton spectra and directionality. Multiple X-ray
diagnostics were also fielded in order to diagnose the spatial and tem-
poral laser delivery to the target. The NEPPS diagnostics provided the
primary measurements, with one along the target normal direction
and the other 33° from this axis. While these spectrometers use a static
B-field to disperse particles for recovering continuous particle spectra,
it is possible, additionally, to run radiochromic films (RCFs) at the
front of the diagnostic. Radiochromic film stacks are often used in
these types of experiments in order to get both spectral and spatial
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information about the proton beams.”' Some examples of RCF data
are shown in Fig. 3(b) for the 10 ps pulse-length. The film stack is far
from the source, such that the radiochromic film is over-filled and a
circular aperture of the film holder is apparent along with a large hole
in the center of the films which allows particles to freely enter the par-
ticle spectrometer. The last film, which observed proton signals along
the target-normal direction, is used to define the maximum proton
energy for these experiments, where maximum proton energies of 14
and 18 MeV were observed for the 10 and 1 ps pulse-lengths, respec-
tively. The continuous spectral measurements, seen in Fig. 4(b), were
used to infer an extremely large flux of ~507 at energies greater than
3.5MeV at the 10 ps pulse-length. Due to the inability to sample the
full proton beam, spatial profile measurements from each film stack
(placed at 0° and 33° from the target normal) and the MRS diagnostic
(29° from the target normal) were used to reconstruct the beam diver-
gence scaling and thus the total energy contained in the proton beam.
This amount of energy contained in a proton beam should enable
access to extremely exotic states of matter at high temperature and
near solid density if employed for a proton isochoric heating platform.
The measured slope of the escaping electrons is actually about five to
ten times higher than that expected from ponderomotive, whereas the
effective slope temperature is approximately 1 MeV for both pulse-
lengths. This can be seen in Fig. 4(a) where the experimental data are

= =
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FIG. 4. (a) Electron and (b) proton spectra measured using the NEPPS diagnostic
along the target-normal direction for the 1 and 10 ps pulses.
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plotted along with a line near the expected ponderomotive temperature
for these laser intensities (~0.1-0.2 MeV) and a line with a 1 MeV
slope which is the effective hot electron temperature.

I1l. TNSA SCALING

A typical maximum proton energy scaling was presented by
Fuchs,” which is essentially a modification of an isothermal plasma
expansion model.”” The scalin% for the maximum proton energy is
Epax = 2Tho[In (2, + (t; + l)1 2)]2, where t, = wpitafc/\/Z? is the
normalized acceleration time (where w,; = [(Zie*n.0)/ (mieg)]V?), Z; is
the charge number, m; is the ion mass, e is the electron charge, ¢ is
the electric permittivity, and n, is the density of the hot electrons that
drive the rear surface expansion. A key parameter is the effective accel-
eration time, t,, which is dependent upon a free parameter, f,,, which
is set to ~1.37),,, for good agreement with experimental data. The
parameter 7., gives a clear dependence and benefit to longer pulse-
lengths for a given intensity. Another key feature of this scaling is that
the hot electron temperature is taken to be the ponderomotive temper-
ature scaling from Eq. (1). Here, it is clear that >1 MeV electron tem-
peratures are reached when the intensity exceeds several 10" W/cm?
for 1 pum laser light, and thus, most experiments focus on increasing
the laser intensity to achieve higher proton energies. The green band
in Fig. 5 is the Fuchs scaling plotted for a wide range of intensities for
pulse-lengths ranging from 50 to 700 fs along with experimental data
in this range. From this, it is clear that this scaling works well for typi-
cal sub-picosecond pulse-length experiments. The blue and red lines
show the predictions using this scaling for 10 and 1 ps pulses, respec-
tively, and the maximum proton energy for either ARC pulse-lengths
is predicted to be ~4 MeV. Of course, the observed proton energies
for ARC experiments are seen to significantly exceed this scaling by 3
to 5x. Several other experiments using multi-picosecond pulse-
lengths, large laser energies, and large focal spots have also observed a
significant increase in maximum proton energies for quasi-relativistic
intensities at these laser conditions.”* *
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FIG. 5. Proton maximum energy vs intensity for sub-picosecond, small focal spot
data from many experiments (green dots);”***** the present ARC experiments at
10 and 1 ps (stars). The shaded region represents the Fuchs scaling for a region
covering 0.03-0.7 ps and a focal spot diameter of 10 um. The dashed lines show
the Fuchs scaling for a range of intensities at a fixed focal spot diameter of 50 um
for 10 (blue dashed) and 1 ps (red dashed). The hexagonal points behind the stars
are the maximum proton energies predicted by LSP simulations.
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IV. MODELING

A three staged modeling approach as a predictive capability for
particle acceleration on ARC is seen schematically in Fig. 6. This
approach first utilizes the rad hydro code, HYDRA,” to model the
prepulse and the resulting preplasma developed over several nanosec-
onds. The particle in cell code PSC* is then used to model the energy
spectrum of electrons accelerated during the interaction of the main
pulse with this preplasma, and finally, this electron source is injected
into LSP"' to predict the resulting ion spectrum. This approach allows
for the modeling of the very large time and spatial scales and the
resulting maximum proton energies. The ability to predict the maxi-
mum proton energies makes this process an extremely valuable tool
and thus allows for the examination of the physics that is responsible
for exceeding conventional proton scalings for these laser intensities,
energies, and focal spot conditions. A key finding from the simulation
results can be seen in Fig. 6. First, it is important to realize that 1D
simulations are in fact a reasonable approximation for these experi-
ments since the focal spots are much larger than typical short-pulse
laser experiments and the model is valid in the region near the center
of the laser focal spot. Thus, the low density (~1%n,) preplasma
expansion is realistic for at least ~30 um. The laser interaction with
this long scale-length low-density preplasma allows for exploitation of
super-ponderomotive electron acceleration mechanisms outlined ear-
lier. In the figure, the electron temperature is seen to continue to rise
as the multi-picosecond laser pulse drives plasma expansion. As in the
experiments, the modeling predicts a hot electron tail that is ~10x
that expected from the ponderomotive temperature scaling. In fact,
the majority of electrons accelerated in the forward direction are at the
expected ponderomotive temperature. While significantly fewer
1+ MeV electrons are accelerated, they can still contain a significant
fraction of the total electron population energy. Thus, it is these elec-
trons which are ultimately responsible for driving the sheath field that
accelerates protons to 10 4+ MeV energies.

Target normal sheath acceleration relies on the production of
high energy electrons which must quickly pass through the target to
set up the strong charge separation at the rear surface for proton accel-
eration to high (10s of MeV) energies. For these intensities, the pon-
deromotive temperature is similar to 0.1 MeV, which is plotted for
reference in Fig. 4(a). While the sheath field persists for many
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picoseconds, it also reaches 6.5 MeV at 13 ps into the LSP simulations,
as seen in Fig. 7(b). At this point, the ponderomotive electrons are not
energetic to pass through this potential barrier in order to participate
in maintaining the TNSA field. However, by this time, the super-
ponderomotive electron tail has been well established and electrons
with sufficient energy to pass through this barrier are being produced.
Figure 7(b) shows that the TNSA field can persist at ~0.08 TV/m for
long times, out to at least 11 ps. Since electrons below the TNSA
potential cannot escape and those that do have given up a substan-
tial portion of their energy, the measured electron spectrum seen in
Fig. 4(a) is only a portion of that generated during the entirety of
the laser pulse. This effect is captured in the LSP simulations as seen
in Figs. 7(c) and 7(d), where the electron spectra are measured at
various distances from the target as seen in Fig. 7(c) and plotted ver-
sus the input electron spectrum in (d). While the similarity of the
electron temperatures suggest an expectation of an indistinguishable
maximum proton energy between the 1.5 and 10 ps pulses, the time-
scale over which the electron temperature rises to the maximum has
recently been shown to enhance the maximum proton energy."
Since the hot electron temperature rises to a maximum on a signifi-
cantly shorter time-scale for the 1.5 ps pulse, higher energy elec-
trons can assist with the development of a stronger sheath field
earlier in time and thus result in a higher maximum proton energy
compared to a longer pulse-length with a similar maximum electron
temperature.

V. CONCLUSIONS

In summary, two robust proton sources have been demonstrated
on NIF’s ARC laser. The maximum proton energies observed, i.e., 18
and 14 MeV for the 1 and 10 ps pulse-lengths, respectively, far exceed
the predicted proton scaling. A good conversion efficiency into pro-
tons is observed, resulting in ~50] into protons with energies
>3 MeV which is an ideal source for a proton isochoric heating plat-
form. Depositing this large amount of energy could heat a solid density
sample to 100s of eV temperatures before significant hydrodynamic
expansion can occur, producing an exotic Warm Dense Matter state
that could then be used for equation of state (EOS) or opacity mea-
surements. Exceeding 14 MeV with the shorter pulse-length enables
proton probing of experiments beyond the two energies typically used
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FIG. 6. A schematic of the three-stage approach for simulating proton acceleration on ARC experiments. (a) A radiation-hydrodynamics code is used to simulate the expected
preplasma generated by amplified stimulated emission arriving on the target (from the left) several nanoseconds before the main pulse and the plasma expansion on the laser-
facing side of the target. (b) 1D PSC particle-in-cell simulations show further expansion of a 10s of microns scale-length preplasma (left) and the development of a super-hot
electron tail (right). (c) The time-dependent electron source is injected into 2D LSP simulations (from left to right), and the accelerated proton density is seen moving to the

right.
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FIG. 7. LSP modeling of TNSA proton acceleration with 10 ps at a peak intensity of 8 x 10" W/em?. (a) The proton and electron density at 13 ps, showing the position of the
ion front. (b) The evolving TNSA electric field strength at various times throughout the simulation showing the persistence of a —0.08 TV/m electric field at 11 ps into the simu-
lation. (c) The 2D electron and proton densities showing the position of extraction planes for extracting the escaping electron spectra shown in (d).

via exploding pushers (14.7 and 3 MeV)" and importantly uses only 4
of NIF’s 192 laser beams compared to the 32-16 required to drive an
implosion. The scaling of electron acceleration in this regime will be
an ongoing effort and will enable a revision of the scaling models to
accurately predict maximum proton energies in this new class of ener-
getic short-pulse lasers. Several avenues have been proposed for
enhancing ARC-driven proton sources. These include deliberately
making a longer and higher density preplasma at the front target sur-
face or the use of plasma optics to increase the on-target laser intensity.
Future work will include the demonstration of the aforementioned
proton beam applications on the NIF as well as ongoing work to
understand the physics of particle acceleration and scaling with large
energy, large focal spot, quasi-relativistic intensity laser conditions.
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