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Laser ion-shotgun acceleration
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Relativistic transparency induced by an ultra-intense laser (5 x 10*2 W /cm?) offers an attractive
method for generating extreme electric (50 TV/m) and magnetic (0.5 MT) fields by enabling laser
pulse propagation through a very dense and otherwise opaque material. A slowly evolving structure
that effectively accelerates ions is generated by employing a target (~ 10 pm thick) with a pre-filled
channel that guides the laser pulse. As the pulse exits the channel driving a strong electron current,
strong accelerating longitudinal and focusing transverse electric fields emerge at the rear side of the
target. Three-dimensional kinetic simulations predict a low-diverging dense mono-energetic proton
bunch with energies of 200-300 MeV. The charge in an opening angle of 10° is tens of nC. This
scheme potentially allows high repetition rate operation and relaxes laser contrast requirements.

Laser-driven ion acceleration [IH4] is one of the main
applications for the current and future high-power laser
systems around the world [5H7]. The interest in develop-
ing high energy laser-driven ion beams is not surpris-
ing, as such beams are critical for a variety of cross-
disciplinary applications [8HI2]. They are also essential
for fundamental studies of laser-matter interactions and
for the development of advanced concepts of particle ac-
celeration [TH3].

Typically, the ion acceleration is achieved by laser ir-
radiation of thin solid-density foils [I3HI8|]. The acceler-
ation regimes vary depending on the laser intensity and
the target surface density [I9], but all of them are sensi-
tive to prepulse characteristics of the driving laser pulse.
The impact of the prepulse is usually detrimental. Ultra-
thin targets can even lose their integrity because of the
prepulse prior to the arrival of the main pulse [20].

In an attempt to mitigate the role of the prepulse, ac-
celeration mechanisms involving near-critical density tar-
gets have been developed (e.g., magnetic vortex acceler-
ation [21H25], shock wave acceleration [26], hole-boring
radiation pressure acceleration [27H29]). In this case, the
ion acceleration is determined primarily by the laser in-
teraction with the bulk of the thick target, reducing the
importance of the prepulse that affects the surface.

Experimental realization of the described mechanisms
23] 25, 26, [30] is evidently a serious challenge, since
the maximum proton energies have remained below 100
MeV [31],33, 34] despite a significant increase of the peak
laser intensities over the past decade. In the case of thin
foils, the laser prepulse is the culprit, whereas, in the case
of near-critical targets, the difficulty is manufacturing an
optimal target configuration. Reaching high proton en-
ergies is not sufficient to meet the requirements of the
proposed applications for the laser-driven proton beams.
A typical exponentially decaying spectrum has only a
handful of protons with energies close to the maximum
energy. In contrast to that, most applications require
a spectrum with mono-energetic features in the energy

FIG. 1: Schematic setup [not to scale|] for the laser ion-
shotgun acceleration mechanism that generates dense and col-
limated mono-energetic proton beams.

range of interest and a relatively low angular divergence.

In this Letter, we report on a novel laser-driven ion ac-
celeration mechanism, termed the laser ion-shotgun ac-
celeration. It involves a structured target and the effect
of relativistically induced transparency to enable a vol-
umetric laser-matter interaction at solid densities that
leads to generation of a mono-energetic proton beam
whose energy reaches several hundred MeV. Our fully-
kinetic relativistic three-dimensional particle-in-cell (3D
PIC) simulations predict an unprecedented beam charge,
tens of nC, and relatively low angular divergence, below
10°, even for a 1 PW laser pulse with a peak intensity of
5 x 10%2 W/cm?.

The structured target, schematically shown in Fig.[T] is
a solid-density slab with a channel pre-filled with a dense
solid material that becomes transparent only when irra-
diated by a high-intensity laser pulse. The laser pulse is
tightly focused at the entry of the channel to ensure its
efficient coupling to the channel and its subsequent guid-
ing due to the relativistically transparency. In our study,
we use a pulse with a wavelength of A = 1 pm and a peak
intensity of I = 5 x 10?2 W/cm?, so that the normalized

amplitude, defined as ag ~ 0.85x 10~2A[um]/I[W /cm?],



is roughly ag ~ 190. A laser of this intensity quickly
ionizes the irradiated material, turning it into a plasma.
The plasma is transparent due to the relativistic electron
motion in the laser pulse if the electron density satisfies
the condition n. < agner, where ne = mew? /47mee2
is the classical critical density that determines plasma
transparency for ag < 1, w is the carrier frequency of
the pulse, m. and e are the electron mass and charge.
The density inside the channel of the structured target
is set at n, = 30n.., whereas the density in the bulk is
set at ne = 100n.., which enables stable optical guid-
ing of the irradiating laser pulse through the overdense
plasma (n. > ne-). Such a target can be manufactured
using the already existing technology and variable den-
sity foams [35].

The target structure plays an important role. If the
target is uniform with n, = 30n.,, then the head of the
focused laser beam expels electrons radially outwards and
produces an ion channel fully devoid of electrons. In our
case, the laser electric field successfully counteracts the
expulsion by ripping electrons out of the channel walls
and injecting them back into the laser pulse, as shown
in Fig. 2h. The injected electrons, whose density sig-
nificantly exceeds n.., are accelerated forward by the
laser, producing a strong longitudinal current and gen-
erating an extreme azimuthal magnetic field. As shown
in Fig. P, the amplitude of this slowly evolving field
reaches 0.5 MT, which is an appreciable fraction of the
laser magnetic field [36, B7]. The field is contained inside
the channel, since there is also a current flowing along the
walls of the channel, thus producing a structure similar
to a co-axial wire — a co-axial plasma channel.

The magnetic field is effectively leveraged for ion accel-
eration by employing a finite-length target, such that the
pulse is able to exit the channel without being depleted
and generate an accelerating field structure. The key fea-
tures are shown in Fig. [2| where the snapshots are from a
3D PIC simulation for a 15 pym long target. In this sim-
ulation, the longitudinal and transverse resolutions are
20 and 15 cells per um. The target is fully ionized, with
the channel material being hydrogen and the bulk ma-
terial being carbon. The electrons and carbon ions are
represented by 10 macro-particles per cell. We use 50
macro-particles per cell to represent the protons in the
channel in order to obtain a well-resolved spectrum. The
channel radius in this case is R., = 1.8 um. The laser
focal plane is at + = 0 pm, with a wy = 2.2 um focal
spot. The duration of the considered Gaussian pulse is
150 fs. The other parameters are the same as before.

Energetic electrons accelerated by the laser in the
channel overtake the pulse and emerge at the rear side of
the target before the pulse. They set up a sheath electric
field normal to the surface that starts to accelerate ions
and protons. However, this mechanism can only generate
a strongly divergent beam with an exponentially decay-
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FIG. 2: Accelerating structure that produces a monoenergetic
proton beam in 3D PIC simulations. All quantities are aver-
aged over one laser period and plotted in the (z, z)-plane at
y =0 pm. A similar structure exists in the (z,y)-plane.

ing spectrum (see Figs. [3h and [3k).

As the laser reaches the rear side and exists the target,
the accelerating field structure changes in a dramatic way
(see Figs. b and2k): the longitudinal field (E,) develops
a moving peak that is accompanied by a strong focusing
field (E,). The brackets indicate laser-cycle averaging.
The observed structure is generated due to the pinching
of the electron current driven by the laser pulse. The
current is relativistic, so it quickly catches up with the
expanding proton cloud and begins to modify the proton
spectrum. The strong electric field of the current attracts
the protons towards the laser axis. This leads to a well-
collimated quasi-monoenergetic proton beam shown in
Figs. [Bd. Prior to the arrival of the pinched current, the
proton distribution in the transverse momentum plane
(py, p-) has a ring-type structure that is rather broad,
with a characteristic opening angle of 20°. After the
interaction with the transverse fields of the electron cur-
rent, a strong pinching of the proton distribution takes
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FIG. 3: The proton spectra (a) and angular distribution (c,d)
before and after the ion-shotgun acceleration. Estimates for
proton kinetic energies Fj together with 3D PIC results are
shown in (b) for different values of average laser power P.

place. The analysis of the spectra in Fig. reinforces
this conclusion. Prior to the interaction, the number of
protons in a 10° opening angle is negligible. However,
after the interaction, the 10° spectrum almost matches
the total spectrum in the 100 - 300 MeV energy range,
indicating that almost all of the protons are concentrated
in a 10° cone. Evidently, the channel is akin to a barrel
of a shotgun that builds up an expulsion force and pro-
pels a bullet, which, in our case, is the collimated proton
beam. That is why we refer to the mechanism as the
laser ion-shotgun acceleration.

In order to determine how the energy of the peak scales
with laser power P, we have performed a parameter scan
where the laser peak intensity was fixed, while the chan-
nel radius and the focal spot were increased proportion-
ally to keep their ratio at wo/Rcp = 1.2. The scan with
wy ~ 1.1, 1.54, 2.2, and 2.5 pm corresponds to an aver-
age power of P =~ 0.5, 1, 2, and 4 PW. The results shown
in Fig. Bp indicate that both the cut-off energy and the
energy of the monoenergetic peak saturate above 2 PW.
It should be mentioned that the peak is no longer pro-
nounced at 4 PW, possibly due to laser filamentation.

In order to elucidate the obtained scaling, we provide
analytical estimates for proton energies that are based on
the key features observed in our 3D simulations. We as-
sume that the laser propagation is similar to propagation
of an electromagnetic wave through a cylindrical waveg-
uide. Following Refs. [38] [39], we compare the amplitude

of the wave in the waveguide, a.p, with the amplitude of
the same wave in vacuum to find that

aen = 7" (\/7Re) (2P/K P.)"?, (1)

where K = 0.074 is the factor coming from the integra-
tion of laser intensity distribution over space and time;
P. = 2m2c®/e? ~ 17 GW; R, is the channel radius;
P = W/r is the laser power, W is the laser energy, and
7 is the laser pulse duration. The group velocity of the
wave in the channel is vy/c = 1 — (k\/27)?, where & is
the solution of the equation, J{(kR,) = 0, which comes
from the wave equation in the waveguide. Here J; is the
Bessel function and xR, = 1.84.

Equation is only applicable if the laser beam is con-
fined by the channel walls. If the plasma density in the
channel is high enough to contain the laser pulse without
the help of high density walls, i.e., Rs. < R¢p, a differ-
ent set of equations, the ones from Refs. [38], B9] should
be used, where R, = A/m (2/K)1/6 (nETP/nEPC)l/G,
Qse = (2/K)1/3 (neP/nm,Pc)l/S. Here the subscript (sc)
stands for the self-created and indicates that the laser
creates the channel in the electron density by evacuating
the electrons in the transverse direction. The channel ra-
dius is then determined from balancing the energy gain
of electrons in the laser field and the energy gain in the
field of an ion column.

Our regime of interest implies that Rs. > Rg,. An
intense laser pulse propagating inside the channel of ra-
dius R, drives a current through this channel, injecting
electrons from the walls and from the channel entry, as it
was shown in simulation results above. The electron den-
sity of this current, n?, is estimated from the condition
Ree(nl) = Rep, which yields

nd fner = (2/K)Y? (\7Ra)? (P/P)Y? . (2)

The current sustains the strong magnetic field inside the
channel: eB/m.wc = (2/[()1/2 (rA?/m3R3,) (P/Pc)l/2
for r < R.p. The maximum value of this field at » = R,
is Bz = Eo(2/K)/2773\/Rep, = 0.16 Eg\/ Rep,, where
Ey is the vacuum amplitude of the laser field for the focal
spot equal to R.p,. If such a field generates an electric field
of comparable amplitude at the exit from the channel [38]
[39], then the electric field would not be able to accelerate
ions to high energies. However, as the interaction evolves,
the laser leaves the channel and the electron current left
in its wake begins to pinch towards the channel axis. This
leads to a significant intensification of the field:

eBy=r, _ 273 né Ry, 3 3)
MeWC A ’

(HRch)2 Ner

with the characteristic size of the pinched current R, =
Recn /e, here v, is the average gamma-factor of the elec-
trons in the current. We assume that it is equal to



the gamma-factor of the laser, v, = (\/5/1.84) TRen /A,
which is determined by its group velocity [38, [39].

This pinched current should be localized, since the
laser pulse is no longer injecting the electrons from the
walls to sustain the current. The characteristic longi-
tudinal extent should be of the order of the relativistic
plasma wavelength. As this localized current moves out
of the channel at relativistic velocity (7, > 1), the field
associated with it begins to accelerate the protons. How-
ever, due to the fact that these fields move with the cur-
rent, the overall acceleration efficiency depends on the
actual overlap between the protons and the electric cur-
rent. The maximum energy gain in such moving field can
be estimated as follows. We assume that initially the pro-
tons are at rest, then the acceleration is in effect while
ct —x < Rep, where x = z(t) is the proton coordinate.
The accelerating field is of the order of the magnetic field,
generated by the current, E ~ B,—p,. Then we solve the
equation of motion dp;/d(wt) = eE/m,;we, which yields

—1+3pi+p?+<1+p%>\/1+p%}:3eERch, @)

where m; the ion mass, p; is the momentum normalized
to m;c and

¢ERg 2 2p \'/? " -
mewe  (1.84)2 \ KP, ch-

According to the solution of Eq. the ion kinetic en-
ergy, Ep/mic®> = \/1+p? — 1, scales as E, «x P for
P < 1 PW and E; ~ P38 for P > 1 PW. Moreover
in the interval 0.5 PW < P < 1.8 PW the ion kinetic
energy scales as Ey o< P with a 5% accuracy. In order to
obtain this scaling we assumed that the channel radius
scales as Rep, < v/P. For P =1PW and R., ~ 1.3 pum,
we obtain the maximum proton energy of about 0.7 GeV,
for P =2 PW and R., =~ 1.8 um, it is 1.2 GeV.

We note that the comparison of the PIC simulation
results and analytical estimates shows a significantly
smaller maximum proton energy in the former case. It is
due to the fact that in the analytical estimate the laser
pulse depletion, as it propagates in the channel, as well
as the efficiency of the laser pulse coupling to the chan-
nel are neglected. One can then interpret Eqgs. and
as upper estimates for the maximum proton energy.
The effectiveness of coupling can depend on a number of
factors, connected with the laser pulse energy transfor-
mation into the energy of electrons and the formation of
the current. First, as the channel radius increases with
laser power it takes more time for the electrons from the
walls of the channel to reach the axis and be captured by
the laser. Second, the laser f-number determines at what
angle the laser pulse interacts with the channel entry,
from where a significant number of electrons is injected
into the laser pulse (see Fig. [2h). Both of these effects
should lead to an additional factor on the right-hand side

4

of Eq. 7 with the factor being inversely proportional to
the radius of the channel, 3eER.;, — 3eE. This simple
estimate of the coupling effect together with depletion
taken into account agrees better with the PIC simula-
tion results (see Fig. [Bp). Since in our PIC simulations
we fixed the peak vacuum intensity of the laser and var-
ied laser power, f-number, and radius of the channel ac-
cordingly, the dependence of this mechanism efficiency on
these parameters separately was not studied. We plan to
address this in a followup publication.

In conclusion, we presented a novel mechanism of laser
ion acceleration from a structured target, which poten-
tially allows high repetition rate operation that is soon
to become the state of the art in the field [41] and relaxes
the requirements on the laser contrast. We chose a pre-
filled channel target, which is a solid density slab with
the thickness of 15 ym and a channel of a couple of pm
radius drilled in this slab and filled with a relativistically
near critical density hydrogen. Such interaction setup en-
sures stable propagation of an intense laser pulse in the
channel, as well as a generation of strong electromagnetic
fields due to strong currents driven by the laser inside the
channel. These fields are able to accelerated protons from
the channel to high energies. The analytical estimates re-
veal the scaling of maximum kinetic ion energy of Ej, o< P
for PW-class laser pulses, which changes into a less fa-
vorable one Ej, o< P3/8, P> 1 PW, as the ions become
ultra-relativistic. Moreover, the evolution of the electron
current inside the channel in the course of interaction
produces a highly localized field structure that positively
impacts accelerated protons. As this field moves with the
pinched electron current through an expanding proton
cloud at the back of the target, it focuses protons into a
well defined collimated quasi-monoenergetic beam. The
3D PIC simulations show the production of accelerated
protons with the maximum energy of about 600 MeV,
the quasi-monoenergetic peak at 280 MeV by 2 PW 150
fs laser pulse. The number of protons in the energy in-
terval 200-300 MeV is about 8 x 1010 particles, which is a
charge of 12 nC. Such beam parameters may be of inter-
est for various applications that require high energy, high
repetition rate, high charge, quasi-monoenergetic proton
sources.
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