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Two-stage laser acceleration of high quality protons
using a tailored density plasma
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A new scheme for a laser-driven proton accelerator based on a sharply tailored near-critical-density
plasma target is proposed. The designed plasma profile allows for the laser channeling of the dense plasma,
which triggers a two-stage acceleration of protons—first accelerated by the laser acting as a snowplow in
plasma, and then by the collisionless shock launched from the sharp density downramp. Thanks to laser
channeling in the near-critical plasma, the formed shock is radially small and collimated. This allows it to
generate a significant space-charge field, which acts as a monochromator, defocusing the lower energy
protons while the highest ones remain collimated. Our theoretical and numerical analysis demonstrates
production of high-energy proton beams with few tens of percent energy spread, few degrees divergence
angle and charge up to few nC. With a PW-class ultrashort laser this scheme predicts the generation of such
high quality proton beams with energies up to several hundreds of MeV.
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Over the past decades, many new exciting applications of
the interactions of ultraintense lasers with matter have been
developed [1]. One very attractive process is the laser-
driven ion acceleration, where the ultrahigh acceleration
gradients are provided by the charge-separation fields in
the high density plasmas [2,3]. This acceleration process
results in unique features of the produced beams, e.g.,
ultrashort durations, micron scale sizes and ultrahigh peak
currents. Being very compact, such laser-based accelerators
have a great potential for applications such as radiography
with high spatiotemporal resolution [4—6], compact ion
beam therapy of tumors [7,8], etc. Many applications of
accelerated ions require the beams with narrow energy
spread, low divergence angle and sufficient charge.

Presently, various mechanisms of ion acceleration from
laser plasmas are being explored including target-normal
sheath acceleration [9], radiation pressure acceleration
[10-12], breakout afterburner [13,14], laser driven shock
acceleration [15-18] etc. An important role in the accel-
eration process is played by the target design. Among the
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existing targets, of great interest are the moderate or near-
critical density (NCD) plasmas [19-24]. Relativistically
intense laser can penetrate deeply into NCD plasma, and
efficiently generate quasistatic accelerating electric fields.
In this case, the resulting beams may contain large ion
numbers (~10%), but they typically have rather broad
energy spectra, and lack angular collimation. The gener-
ation of high-charge low-divergence and narrow energy-
spread ion beams of several hundreds MeV with currently
available PW-class ultrashort lasers remains a critical
challenge to date.

In this article, we propose and discuss a new scheme that
has the potential to generate a narrow-divergence quasi-
monoenergetic beam of protons that have hundreds of MeV
energies and contain up to few nC charge. To achieve this,
we have considered a specific plasma target, which is able
to launch a strong collisionless shock with a small trans-
verse size. The shock is needed to generate a narrow energy
spectrum and a small angular divergence of accelerated
protons due to a strong gate effect produced by the
comoving defocusing electrostatic field of the shock itself.
We show, through simulations, that the particular shock
structure is achieved by using the “preparatory” stage,
where laser travels through the uniform density region of
the NCD plasma, expelling outwards the plasma electrons,
and thus producing a plasma channel. Electrons get trapped
and heated by the laser field inside the channel [25], and
form the axial current trailing behind the laser. Meanwhile,
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the azimuthal magnetic field induced in the plasma channel
radially confines these electrons [22]. The uniform NCD
plasma is followed by a sharp density downramp, where
these collimated electrons generate the required trans-
versely narrow shock. Even before the shock formation,
the laser front piles up the electrons as a “snowplow,” and
forms a comoving electrostatic field [26-28], which pre-
accelerates plasma protons in the downramp region.

This concept relies on a plasma density profile that is
tailored to have a relatively long region of uniform NCD
plasma followed by a sharp downramp where the density
drops by a factor of a few to subcritical density. This target
is irradiated by an ultrashort laser with power restricted in
the present study in the range of a few hundred TW to a
PW. The resulting proton beam contains a high charge, and
has excellent spectral and angular quality. To develop this
concept, we perform a detailed study based on three-
dimensional numerical simulations and support it with a
theoretical model. The feasibility of this scheme is also
discussed.

In the following, for convenience and model scalability,
we adopt dimensionless units, normalizing time and length
to 1/wg and c¢/w, respectively, where w, and ¢ are laser
frequency and light speed in vacuum respectively. Plasma
density is normalized to n. = m,w}/4ne?, and the laser field
is described by the normalized amplitude ay = eEy/m, cwy,
where m,, e are electrons rest mass and charge respectively.
We set the initial time, 7, = 0, to the moment when laser
reaches the target front side. To model laser plasma
interactions, we use the 3D relativistic particle-in-cell
(PIC) code OSIRIS [29].

In our simulations, the electron-proton plasma is initially
cold and fully ionized, and its density profile is shown by
the gray filled curve in Fig. 1(c). The plasma starts at
200c¢ /@y with a linear ramp 60c¢/ @, reaching its maximum
value of n; = 3n.. The entrance ramp is followed by the
plateau L, = 85¢/w,, which ends with a sharp linear down-
ramp of d = 10c/w,, where density falls to n, = 0.3n,,
then remains constant along the distance L, = 65¢/w,, and
finally ends with another downramp, 10c/@,. We consider a
circularly polarized laser focused at plasma surface at z =
200c/wy with ay = 42, spot diameter (FWHM) 30c¢/wy),
and pulse duration (FWHM) 70w, ! To ensure validity of the
simulation, we use the numerical grid of the size of
N, =N, =320, N, = 4000, which accurately resolves
the space as Ay = Ax = 0.5¢/w, and Az = 0.25¢/wy. In
simulations, plasma is initiated with 16 macroparticles per
species per cell. For the reference case of a 30 fs, 800 nm
laser, the corresponding length of the plasma is about 28 um,
and laser power is close to 1 PW.

As mentioned above and shown in Fig. 1, in the first
interaction stage, the ultraintense laser relativistically prop-
agates through the NCD plasma at nearly luminal velocity,
blowing away plasma electrons and generating a well-
defined plasma channel behind. At the laser front, its
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FIG. 1. (a) The averaged longitudinal electric field E, and

proton (z — P.) phase space within the region |x, y| < 10¢/w, at
t = 220wy ! where the laser peak position is marked with the
dashed green line. (b) The z —y slice (at x = 0) distribution of
proton density 7, at t = 440wg !, (c) The (z — P.) phase space
of protons picked within the region |x, y| < 10c/wy, at the same
time as (b). The initial plasma density profile is plotted using the
gray filled curve. (d) The time evolution of a tracked proton’s
longitudinal velocity.

longitudinal ponderomotive force pushes plasma electrons
forward, thus creating a compressed electron layer moving
at relativistic velocity and often referred to as a snowplow.
The charge separation between background protons and
these electrons sets up a longitudinal electrostatic structure
following the snowplow. As shown in Fig. 1(a), the field
(blue curve) is strongest at the laser front, while afterwards
it is strongly suppressed or screened by the trapped plasma
electrons. This field is accelerating for positive ions, and
therefore for the background protons, it turns out to be
strong enough to impart a significant longitudinal momen-
tum when the snowplow passes by [see z — P, phase space
in Fig. 1(a)].

Inside the laser-generated channel, the induced magnetic
field confines the thermal trapped plasma electrons trans-
versely around the channel axis [22]. The effect of electron
heating and collimation is enhanced in the case of circular
laser polarization [30]. When passing the downramp, these
electrons produce a strong pressure [31], which, together
with the magnetic pressure [20,23], launches a strong shock
with roughly the same small radius as the hot electron flux.
In Fig. 1(b) we show the spatial structure of the shock at the
later time, when it is already formed, and the laser has
already left the interaction scene. The density in the shock
can reach ~30n,., and its transverse size is extremely small,
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(a) The z — y slice (at x = 0) distribution of transverse electric field E, and (z — y) proton phase space at t = 440wg 1. (b) The

(z — P,) trajectories of two sample protons traced from the positions given by the colored dots in (a) and Fig. 1(b). (c) The 3D trace space
(z—0, —0,) and its 2D projection (6, — 0,) for protons with the energies €, > 80 MeV at 1 = 600w I, (d) The energy spectra of
protons (normalized individually) selected in (c). In (c) and (d), the orange and green correspond to protons with divergence angles less

than 100 mrad and more than 100 mrad, respectively.

~8c/wq (black dashed box). In Fig. 1(c), the longitudinal
proton phase distribution shows that the shock velocity is
0.2 ¢, moving upon a upstream velocity of 0.2 c.
Considering the electron temperature calculated within
the shock region of about 40m,c?, the Mach number is
around 1.5, consistent with the collisionless shock theory
[31,32]. We note that since the laser already left it does not
further contribute to the acceleration process via radiation
pressure (for example see [33]). As a result of such cascaded
accelerations, protons obtain the maximum momentum
0.9m ¢ with a large positive chirp, where m,, is the proton
rest mass.

The two acceleration stages can be also distinguished in
the time evolution of the proton velocity shown in Fig. 1(d).
First the protons get accelerated in the snowplow potential
during 7, ~40wy;", and reach a high velocity, ~0.15c.
Second, the shock propagates quasi-inertially, and the
protons at its front are boosted up to velocities ~0.6c,
which corresponds to 240 MeV. Two issues need to be
mentioned here. First, the snowplow contribution is sig-
nificant for final proton energy. Without it, protons can only
reach around 120 MeV of energy. Second, the circular
polarization of the laser enhances the capture and heating of
hot electrons, thus improving the overall acceleration
performance [30], so that in the linearly polarized case
with the same laser energy, simulations show that the
obtained proton final energy is about 150 MeV.

As mentioned before, the key to a good ion beam quality
is the strong transverse electrostatic field of the radially
compressed shock [see Fig. 2(a)]. The protons within or

close to the shock experience strong defocusing, and
acquire a significant transverse divergence, however the
faster particles located in the front of the shock do not
feel this field, and remain well collimated. This effect is
demonstrated in Fig. 2(b) by the (z — P,) trajectories of two
sample protons traced as colored dots in Figs. 1(c) and 2(a).
One can clearly see that the proton starting ahead of the
shock with higher energy (orange line) tends to move along
the axis without being deflected, while the particle located
closer to the shock (green line) is expelled in the transverse
direction, gaining a large transverse momentum 0.2m,c.
The described transverse defocusing process allows
the separation of the high-energy and lower-divergence
(collimated) protons with a quasimonoenergetic spectrum
produced by the shock. The resulting transverse spectral
filtering of protons is demonstrated in Fig. 2(c), where we
show the proton 3D trace space (z—6,—6,), and its
2D projection (6, — 6,) after exiting the plasma. For this
figure, we have selected only particles with energies
€prot = 80 MeV, and have divided them into the collimated
Pxy/P. < 100 mrad (orange) and divergent p,,/p. >
100 mrad (green) parts. The divergent protons form a ring
in the angular space, while collimated particles remain on
axis. The spectra of these two groups are shown by the
corresponding colors in Fig. 2(d), and we see that the
collimated protons form a quasimonoenergetic beam peaked
at 240 MeV with the maximum energy close to 330 MeV,
and a narrow spread (FWHM) of 20% [orange in Fig. 2(d)].
This beam has a small divergence (~1.5° half angle), and for
the case of an 800 nm laser, the total particle number of this
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density region L, (a) and density decreasing region d (b) by fixing all other parameters.

beam estimates as 6 x 10°. Meanwhile, the number of
divergent protons in Fig. 2(c) is around 10'!.

The acceleration and defocusing processes are deter-
mined by the shock dynamics. It was shown previously that
the plasma Mach number for the collisionless electrostatic
shock is My, ~ 1-2, and shock formation time is roughly
tsh = 47/, where w; is the proton plasma frequency of
high density region [31,32]. While it is being formed, the
shock propagates a distance Ly, = vg,t,, and therefore, the
plasma length of the second stage needs to be larger than
this distance, d + L, > L, ~ 60c/w,. To understand better
the role of plasma length, we have performed the para-
metric studies, by taking the total number of the collimated
protons (¢, , < 100 mrad) as a figure of merit. In Fig. 3(a),
we show the scan of L,, which demonstrates that for the
longer L,, the total charge falls as the on-axis protons
become more divergent. On the other hand, for the shorter
L, the total charge increases, but so does the proton energy
spread, and for L, = 20c/wg, their spectrum becomes
continuous (not shown in the figure).

We find that efficiency of the shock reflection can be
controlled by varying the length of the downramp plasma
section. In Fig. 3(b), we confirm this by changing the
downramp length for a fixed total length d + L, = Lg,.
One can see that total quasimonoenergetic charge increases
for shorter ramps, and this growth saturates for d < 10¢/ .
From the performed analysis, we obtain a rough estimate of
the optimal scaling [d < Ly,/2, Lg,/2 < L, < 2Ly ], which
assures production of ~10° quasimonoenergetic protons.

We can derive a simple estimate of the maximal proton
energy, which has a contribution from both the snowplow
and shock stages. The maximal velocity achieved can be
expressed as Vpax = (Vesa + Vsp)/ (1 + VesaVsp/ c?), where
Vesa = (20g,)/ (1 4 02, /c?) is the velocity gained from the
shock, and vy, is obtained from the snowplow potential
driven by the laser. Assuming vy, < ¢, the snowplow
contribution can be estimated as vy, & ey, /m, ¢, where
Wmax 18 the maximum potential of the longitudinal electric
field. For shock formation with a sharp density ramp we
consider no magnetic vortex pressure [20,23], and we also

assume uniform shock propagation, vy, = M, c,, where
¢y = \/kgT,/m, is the proton acoustic velocity, T, is the
temperature of hot plasma electrons, and kg is the
Boltzmann constant. Expanding v,,, as a series of v,
we can estimate the maximum proton energy as

lkpT), >y
€max = 2M§thTh + 2Mshel//max ;:— + 2mmax : (1)
p p

In case of a laser pulse matched to the plasma density,
previous studies showed that the snowplow potential is
roughly proportional to the laser ponderomotive potential,
1.e., Wnax & g for ag > 1 [27]. The hot electron generation
is induced by a number of phenomena including direct laser
acceleration [25,30] and wave-beam instabilities [34] etc.,
but for a rough estimate we consider the balance between
the plasma electron energy area density and the absorbed
laser energy area density [35]. Assuming a uniform
temperature in NCD plasma region balance equation reads
3kpT ), Lin, = nlt), Where [ is laser intensity, 7y, 1S the
laser pulse duration, and # is the laser to electron con-
version efficiency. Therefore, knowing the laser absorption
efficiency 7, and coefficient between v, and a,, one can
readily get the maximum proton energy.

In order to verify this scaling, and to find the proper
coefficients, we have performed another parametric study.
In this study we have scaled up the laser intensity and
plasma densities, but fixed the laser and plasma spatial
scales (laser spot size/duration, plasma L and d lengths) to
be the same as the simulation shown in Figs. 1 and 2. We
have scanned a, from 9 to 55, at the same time increasing
n; proportionally from 0.6n. to 4n., to maintain the
matched spot size. The ratio n;/n, was chosen as 10,
for effective shock formation [31]. From these simulations
we could estimate the coupling efficiency # = 30%
(kgT),/m,c® ~ ay), and ey, /m,c> ~4ay. In Fig. 4(a)
we demonstrate the proton energy spectra for the different
ag, which shows that the quasimonoenergetic feature is
preserved reasonably along the scaling.
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The scaling for the proton peak energy is plotted in Fig. 4
(b), and it agrees well with the theory Eq. (1), which
indicates that at low laser intensities (e.g., ap = 9) accel-
eration is mainly dominated by shock acceleration [first
term of Eq. (1)] and scales as €,,x « g, while for higher
intensities, the snowplow contribution becomes significant
[second and third terms of Eq. (1)], which improves the

scaling to ag/ * and further to a}. The particle numbers
in all cases are around 10°-10'°, and their divergence
angles decrease with the increased laser power from 3° to
1.2°. The conversion efficiency is around 1%.

The proposed scheme can be readily tested with ultra-
intense ultrashort lasers. Our model predicts that high
quality proton beams with energies from 100 to 300 MeV
can be obtained using laser powers from 200 TW to 1 PW
(ap = 20-42). One option for the driver can be a commer-
cially available Ti:sapphire laser system with 4, = 800 nm
wavelength, which requires a few tens of microns long NCD
plasma (n,, ~ 10% — 10?! cm™) with a downramp of a few
micrometers. Such a target can be fabricated using a high
pressure gas jet [36], with a density ramp formed by laser
machining of the plasma. For this machining a low-power
laser is used to preheat plasma locally, thus creating small-
scale features in its density profile [37]. Another option can
be to use a CO, laser system with 4, = 10 ym, for which
NCD can be achieved with gas densities of ~10'> cm™ [16].
The next generations of CO, lasers promise to deliver short
100 TW pulses [38] that are capable of high quality beams of
100 MeV-level protons. It is noted that such a NCD gas
target is much less demanding on laser contrast, where low
energy prepulses are diffracted before reaching the sharp
downramp region.

In summary, we have presented a new efficient laser
plasma acceleration scheme for production of quasimo-
noenergetic proton beams. In the proposed scheme, a
sharply tailored NCD plasma target is employed to enable
the laser to propagate through, thus launching a strong
electrostatic snowplow potential and producing a limited-
size dense plasma shock. We show that this scenario leads

to the beam self-cleaning through the defocusing process,
so that only a high energy, narrow spectrum part of the
beam remains collimated. Practically, this allows compact
production of the application-ready proton beams without
complicity of such conventional beam transport techniques
as magnetic collimators and monochromators. Another
distinctive advantage of this scheme is the favorable scal-
ability with laser energy, which makes it efficient on the
lasers of different classes—from the commercially available
100 TW lasers to the state-of-the-art multi-PW systems.
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