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Hybrid acceleration of compact ion bunches by few-cycle laser pulses in gas jets
of two atomic species
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Extreme states of matter that exist for a short time need probing with compact proton sources. Here, the
generation of a compact MeV-energy proton source from few-cycle laser pulse interaction with narrow gas-jet
target is demonstrated numerically. We realize such proton source by incorporating a gas mixture which is
optimal for generation of quasimonoenergetic proton bunches. In the presented laser-plasma interaction we
identify the ion acceleration from magnetic vortex, charge separation, and collisionless shock wave. The
proposed particle source is excellent for applications where moderate-energy proton bunches are used at high
repetition rate. We prove the applicability of this scheme for generating a pulsed spherical neutron burst with
∼100 ps duration.
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I. INTRODUCTION

Energetic proton beams are routinely generated in laser-
driven ion acceleration experiments having a bunch length on
the order of several picoseconds at the source [1], which in-
creases during propagation in vacuum. The bunch elongation
over time is dictated by the energy spread within the ac-
celerated ion bunch, therefore, quasimonoenergetic and short
bunches are desired for efficient beam transport stages. On
the other hand, shorter proton bunches would allow an in situ
diagnostics of fast evolving plasma fields, on the timescale
of 100 fs. The first employment of laser-generated proton
bunches [2–4] to capture the field dynamics in laser-foil in-
teraction has motivated further research to enhance the spatial
and temporal resolution of the proton imaging [5,6]. However,
by using solid-density foil targets, the temporal resolution has
been limited to the picosecond level due to the thermal energy
distribution of the protons, which seems to be an intrinsic
feature of the acceleration scheme [1,7]. Another important
application of energetic protons is the generation of fast
neutrons to investigate the internal structure of solid density
materials [8,9]. Laser-driven neutron sources [10–13] provide
an alternative way to access energetic neutrons for imaging
purposes. The generation of directed neutron beams is more
difficult because it requires high-energy (>10 MeV) primary
particles (ions), while the generation of isotropic neutron
burst is relatively straightforward. The duration of the neutron

*zsolt.lecz@eli-alps.hu
†Present address: Max-Born Institute for Nonlinear Optics, Berlin

12489, Germany.
‡nasr.hafiz@eli-alps.hu

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

emission is strictly defined by the length of the ion bunch,
therefore, fast imaging on the subnanosecond timescale re-
mains challenging. By including moderator stages [14] these
neutrons become a valuable source for cancer therapy [15].

Although in PW-class laser-foil experiments the maxi-
mum proton energy approaches the 100-MeV level [16,17],
in several applications [18–20] small divergence and small
source size of the beam are more important and moderate
ion energies (MeV level) are desired to be delivered at a
high repetition rate. Such proton beams can be produced from
solid foil targets as well [21], but several issues with the
target replacement are not resolved yet and typically an energy
selection procedure is needed in order to reduce the spectral
width [22]. Significant achievements have been reported from
experiments using liquid targets, which would also allow op-
eration at high repetition rate, but the measured proton beam
divergence and energy spread was relatively large [23,24].
Therefore, an alternative way of ion acceleration becomes
more demanded, where higher control on phase-space distri-
bution at the source is feasible.

On the other hand, laser-driven ion and proton acceleration
in gas-phase targets has attracted a great attention in recent
years due to its potential deployment as a source of energetic
protons operating at high repetition rates with small debris
damaging the surroundings [25–33]. Moreover, the proton en-
ergy spread can be reduced significantly [31–33], which is an
important step towards generating high-quality and short pro-
ton bunches. In those recent experiments, using underdense
plasma, energetic ions were detected in a direction nearly
perpendicular to the laser axis [25–27] and in the laser propa-
gation direction [28–30] by using 1-µm wavelength lasers and
by using CO2 lasers with 10-µm wavelength [31–33]. In all
of these experiments the pulse energy was well above 1 J. For
the acceleration in the radial direction the Coulomb explosion
of the ion channel, and the consequent shock formation, is
responsible and takes place predominantly deep inside the gas
jet, where the laser-to-electron energy conversion efficiency is
the highest.
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FIG. 1. A proposed experimental scheme for the generation of
a narrow energy-spread ultrashort ion (deuteron) bunches and their
applicability to the production of ultrafast neutron bursts. A few-
cycle laser pulse is focused onto a gas jet, which is tilted towards
the incident laser pulse.

One criterion for observing confined energetic ions in the
forward direction is that the pump depletion length must be
much longer than the width of the gas jet. Novel technology
allows the achievement of such condition even in the case of
few-cycle laser pulses [34,35]. Another criterion for reaching
MeV energy level of light ions is the high electron density
in the target, which is achievable simply by mixing, for in-
stance, the hydrogen gas with a heavier gas, such as oxygen
or neon. In the case of 10-fs laser pulse duration the required
electron density of the plasma is around 1020 cm−3, which
is reachable if the oxygen density reaches ≈1019 cm−3 in a
mixture, where the hydrogen density is around 5 × 1018 cm−3.
In this area of near-critical-density plasma, the electron den-
sity is around 10% of the critical density, ne = 0.1nc (nc =
ω2

0meε0/e2, where ω0 is the laser frequency, ε0 is the vacuum
permittivity, me, e are the electron mass and charge, respec-
tively), and the laser absorption is highly efficient.

Here we present a robust method to generate sub-MeV
proton (and deuteron) bunches with a very small phase-space
volume by using ultrashort laser pulses, having only 10 s of
mJ energy, and a density tailored gas jet where two gases
are mixed. The electron density profile at the exit side of
the gas jet is very important for generating ion bunches com-
pressed in phase space. A steeper profile is required in order
to avoid wave breaking of the ion solitary wave launched by
the magnetic vortex in the decaying density profile [36]. One
way for producing such a sufficiently large density gradient is
tilting the gas-jet nozzle by 30◦–40◦ with respect to the axis
perpendicular to the laser propagation direction (see Fig. 1).
We consider the rotation of a super-Gaussian density profile
shown by the dashed green curve in Fig. 2(a), which can be
produced by a supersonic gas jet [37]. For a tilting angle of
40◦ one obtains a profile presented by the blue line in Fig. 2(a),
which gives a density gradient very similar to what is used in
our simulations [yellow line in Fig. 1(a)]. Such steepness in
the plasma distribution can be obtained with density shocks as
well, which are achieved by inserting a blade in the gas flow
[34,38]. The applicability of the scheme towards the genera-
tion of ultrafast 14.1-MeV neutron bursts via the D(T, n)He
exoergic reaction is also confirmed via Monte Carlo simula-
tions (see Fig. 2).

(a) (c)

(d)(b)

FIG. 2. The on-axis density profile in the down ramp (a) seen
by the laser pulse at the exit side is much steeper when the gas jet
is tilted (see text for details). The energy density of the ion bunch
is shown in (b), which shows a very narrow spatial extension, thus
the accelerated bunch is very compact. The energy spectrum of the
ion bunch is shown in Fig. 5(c). This short ion bunch is capable
of producing a 14.1-MeV (c) neutron burst (d) upon the interaction
with a tritium-rich bulk target. The fast neutron bunch resembles a
spherical shell (20 ns after the interaction) with a bunch length of the
order of 200 ps.

II. NUMERICAL SETUP

The laser pulse intensity envelope is 8 fs long and 5 µm
wide [full width at half-maximum (FWHM)], with Gaus-
sian spatial and temporal profiles, having a peak intensity of
5 × 1019 W/cm2, thus it contains approximately 60 mJ en-
ergy. The laser electric field is polarized along the z direction
and it is focused to x = 0. In order to accurately model and in-
vestigate the acceleration mechanism, three-dimensional (3D)
simulations are necessary because of two reasons: (i) in two
dimensions (2D) the pulse energy depletion is much smaller
than in reality, which results in overestimated efficiency of
acceleration and (ii) in 2D the transversal expansion of the
fields is linear, while in reality (or in 3D) the energy density
decreases as ∼1/r2, where r is the distance from the axis
of symmetry. Consequently, the field gradients in the radial
direction can differ significantly in 2D and 3D geometries.
In our simulations a static three-dimensional box is used
which is 200 µm long (in the x direction) and 100 µm wide
in the lateral directions (y and z). This volume is resolved
by 4000 × 500 × 500 grid points. The plasma wavelength
is close to the laser pulse length, which is around 3.5 µm,
therefore, it is well resolved in all directions. Moreover,
the laser wavelength is also resolved by 16 points in the x
direction.

The target consists of a mixture of oxygen and hydrogen.
Both atom species are ionized and further field ionization of
O5+ is included in the simulation. In this way at 6+ average
charge state of oxygen the resultant electron density is nearly
ne ≈ 1020 cm−3. In each grid cell two ion macroparticles,
one oxygen and one hydrogen, and one electron macroparticle
are placed initially. The macroparticles have variable weights,
which is very important to resolve the density profile near the
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edge of the gas jet. The minimum value of the macropar-
ticle weight is 1, which means that the difference between
the weights at the center and at the end of the gas target
is roughly a factor of 104. Later more electrons appear due
to field ionization and the number of ions in one Debye
sphere (with radius of ≈0.5 µm) is on the order of 104. The
transversal boundaries are open for electromagnetic fields and
reflecting for particles.

The gas-density profile in the case of a symmetric
Laval nozzle [37] is well approximated by the function
n ∼ exp[−(x − x0)p/σ p], where x0 is the center of the gas
jet along the laser propagation axis and σ defines the width
of the target. In the case of the green line in Fig. 2(a) the
parameters are σ = 104 µm and p = 4, which are standard
values for high-pressure gas jets. Higher values of p are diffi-
cult to achieve in reality because of the transverse divergence
of the gas flow exiting the nozzle. By tilting the gas jet in
the plane of laser incidence the density profile along the laser
axis will have the form n ∼ exp[−(x − x0)p/(σ cos θ )p]/[1 −
tan θ tan α(x − x0)/σ ]2, where α is the half opening angle of
the gas flow and θ is the tilting angle. This expression is pre-
sented by the blue line in Fig. 2(a), where the gas divergence
is α = 30◦ and θ = 40◦. However, in the simulation we used
a simple super-Gaussian profile with p = 6 and σ = 50 µm,
which has almost the same density slope as the tilted gas jet.
The center of the gas jet is at 50 µm distance from the left
boundary, which is at x = −30 µm, where the laser pulse is
launched from. The oxygen density in the plateau region is
twice of the hydrogen density nH = 7.4 × 1018 cm−3.

In order to assess the neutron flux, we perform
Geant4v.11.0.2 based Monte Carlo simulation [39]. Using
particle data from the PIC simulations, as the parameters
of the primary particle (deuteron), the collision with a
100-µm-thick tritiated water target was considered. In this
simulation the QGSP-BIC-AllHP predefined physics list and
the TENDL nuclear data library were used. During the simu-
lation, the position, direction of propagation, and the kinetic
energy of generated neutron was recorded.

III. RESULTS

In an earlier work we investigated the acceleration of
protons from a narrow (≈50-μm-wide) high-density (nH ≈
0.1nc) gas-jet target driven by few cycle TW-class laser pulses
in 2D geometry [36]. The main finding was that in the initial
stage of the acceleration a strong magnetic vortex [40] is
generated at the rear side of a round gas jet which enhances
the longitudinal electric field generated by the strong transient
current. This electric field launches an ionic wave which prop-
agates down in the decaying density profile and breaks after
few picoseconds of propagation. This process is accompanied
with acceleration by a sheath electric field since the electrons
are hot and trigger a charge separation field in the density
down ramp, which has a larger extension compared to the
vortex size. These two types of electric fields appear close
to each other in space. For instance, if the density profile is
described by the function n = n0 exp[−(x − x0)p/σ p], where
x0 is the center of the gas jet along the laser propagation axis
and σ defines the width of the target, then the position of the
magnetic vortex is xm = σ (1 − 1/p)1/p and the center of the

FIG. 3. (Top) Distribution of the transverse magnetic field at
two time instances in 3D. The laser pulse (visible at t = 500 fs)
propagates in the positive x direction. Azimuthal magnetic field (a),
(b) and electric fields (c), (d) are shown at two time instances. In
(c) and (d) below the axis of symmetry (y = 0) the longitudinal
field is shown, while above the transversal (or radial) electric field.
In (b) the red dashed line represents the derivative of the density
profile (in arbitrary units), which indicates that the magnetic vortex
is generated at the position of the maximum density gradient.

target-normal sheath acceleration (TNSA) like field is at [36]
xs ≈ 1.1σ + 0.08σ 2/(λD p2), where λD is the Debye length.

In the case of sharper density profiles these fields almost
or completely overlap, but they are separated when p is small.
By solving numerically the equation xs − xm � λD (assuming
σ/λD ≈ 100) we found that the value p = 6 is a good choice,
which ensures the soliton propagation without early wave
breaking and provides a strong charge-separation field near
the edge of the gas jet, as it is explained in Sec. IV.

For a more quantitative analysis of the interaction we per-
formed the simulations in 3D with initial parameters very
similar to those used in Ref. [36]. The isocontours of the
laser magnetic fields (B = √

B2
y + B2

z ) and the surrounding
plasma fields are shown in Fig. 3 at t = 500 fs, normalized to
the relativistic threshold value B0 = meω0/e. A little later (at
550 fs) the laser pulse leaves completely the plasma leaving
behind a ring-shaped magnetic field which expands radially.
This consists of two waves: one is the surface plasma wave,
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FIG. 4. Momentum and angle distribution of protons (a), (b) and O6+ (e), (f). In all pictures particles with propagation angle less then 60◦

are included. The upper half plane shows the actual angle of propagation in the xy plane, while the lower half plane presents the distribution
of longitudinal momentum of ions, which is multiplied by a numeric factor to be presented by the same color scale. In (c) and (g) the spatial
density distributions are shown at t = 2.4 ps, on logarithmic scale. In (d) and (h) the proton and oxygen ion phase-space distributions are
shown at different time instances.

which propagates transversely in the low-density plasma, and
the second is associated with the coherent transition radiation.

A more detailed picture of the generated field is shown in
Fig. 3(a), which is the cross section of the 3D domain at z = 0.
The strong magnetic field corresponds to the short-wavelength
radiation generated behind the laser pulse, which is near the
position x = 110 µm at this time instance. Behind this region
we find the two magnetic vortices: one is expanding radially
(near x = 80 µm), while the second stays close to the axis,
that is inside the channel. The acceleration basically con-
sists of two stages: first transient high fields appear due to
electron cavitation and laser-driven currents [Figs. 3(a) and
3(c)], then the plasma evolves self-consistently, where the
electron current feeds the azimuthal magnetic field around
the central channel [Figs. 3(b) and 3(d), for more details and
plasma evolution see Appendix A (Fig 8) and Appendix B
(Fig. 12)]]. In earlier works [40,41] it has been shown that
the azimuthal magnetic field at the plasma-vacuum interface
can trigger strong charge separation via the gradients of the
magnetic energy density (magnetic pressure), which is visible
also in Fig. 3. It is important to note that the transversal
field associated to the vortex is a focusing field for ions. In
Fig. 3(b) (200 fs later) the magnetic field is still strong and
at the position of the B-field gradients strong electric fields
appear [see Fig. 3(d)]. The red dashed line indicates that the
magnetic vortex is generated at the position of the highest
density gradient. Aside from these induced fields there are
Coulomb (or charge-separation) fields as well: longitudinal
charge-separation field inside the density ramp (TNSA field)
and radial Coulomb field, causing explosion of the plasma
channel.

The action of the electromagnetic fields on the ions is
presented in Fig. 4. The upper row shows the evolution of
the proton distribution, while the lower row is for O6+. There
are very few oxygen ions with higher charge state in this

portion of the plasma. At early times [Figs. 4(a) and 4(e)]
the ion distribution resembles the fields shown in Fig. 3,
which means that they get focused in the decaying plasma
profile and get accelerated in the forward direction near the
position of the magnetic vortex (between x = 70 and 80 µm).
The radial explosion of protons is much faster since they
are lighter, which is visible in the angular distribution in
Fig. 4(a). The radial motion of oxygen becomes visible after
2 ps [see Figs. 4(b) and 4(f)], which is accompanied with a
significant longitudinal drift. It is important to note that the
highly divergent ions have lower energy and they are not at
the location of high px. This feature allows the generation
of highly collimated, ultrashort, and low-divergence proton
beams. From the longitudinal phase space one can see that
the ion peak velocity increases, which is explained by the
soliton propagation in a density down ramp [36]. It is also
noticeable that the light and heavy ions almost copropagate for
a relatively long time (≈2 ps), which results in the additional
acceleration of protons in the field of the heavy-ion soliton,
like in the Coulomb-piston effect [42]. In principle the heavy
ions gain A/Z times lower momentum in an accelerating field,
compared to the protons, where A is the atomic number and
Z is the charge state. Therefore, the oxygen velocity is about
2.7 times lower and the fastest protons get separated from the
heavy ions, which is seen in Figs. 4(d) and 4(h).

Although the energy boost of protons does not last long, the
spectral shape can be significantly altered, when heavier ions
are also present in the gas. In order to show the difference
the exact same simulation was performed with only hydro-
gen, that is, nH = ne = 1020 cm−3. The final proton spectra
in the two cases are shown in Fig. 5, where the white lines
show the spectra within a cone angle of θ < 4◦ (in the case of
gas mixture) and θ < 6◦ (in the case of pure hydrogen gas).
The emission angle is defined as θ = arctan(pr/px ), where
pr = √

p2
y + p2

z . If oxygen is also included in the gas, then the
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FIG. 5. Proton angular-energy distribution (from x > 90 µm) at
6 ps with (a) and without oxygen (b) present in the gas. The white
lines show the integrated spectra in the angular interval below the red
dashed lines. In (c) the deuteron spectrum is for the case presented
in (a), but instead of hydrogen, deuterium was used. After the inter-
action with a tritium-rich target placed at 1 cm distance the resulting
neutron distribution in the transversal plane is shown in (d) at the
time instance when the slowest ion reaches the target surface. In
the neutron production only energetic ions are included with energy
larger than 200 keV.

proton energy is much higher and the spectrum is peaked near
the middle of the spectral range (close to 600 keV), although
the proton number is smaller than in the of single-ion species
[Fig. 5(b)]. It is important to note that the propagation direc-
tion of the proton bunch is nonaxial, there is a ≈5◦ deviation,
which is caused by the asymmetric field generation in the
xz plane (see Appendix B). This is associated with the short
duration of the laser pulse, leading to the few-cycle effects
described in Refs. [43,44]. During the pulse propagation in
the dense plasma the carrier envelope phase and the laser
envelope change significantly and the intensity distribution is
no longer centered when the pulse reaches the rear side of
the plasma. One can correct this asymmetry by using longer
pulses [45].

The separation of light and heavy ions in phase space is
well understood in theoretical models [46], where heavy-ion
dominance is assumed. The separation can be delayed if the
charge-to-mass ratio of the two species is similar, which we
can achieve by considering deuterium instead of hydrogen.
Such a case is presented in Fig. 6 which clearly shows that
the D+ and O6+ ions move together, the ion separation hap-
pens after 4 ps. The resulting energy spectrum is shown in
Fig. 5(c), where a more pronounced spectral peak is found,
but the angular divergence of light ions is much larger than in
the case of pure hydrogen. The reason is that the heavy ions
push the deuterons not only in the forward direction, but also
radially while they copropagate, thus the divergence increases.
Similar spectral peaks have been observed in experiments

FIG. 6. Phase-space distribution of deuteron (upper) and oxygen
(lower) ions at different time instances.

as well, where water droplets were used as mass-limited
targets [47].

In Fig. 5(d) the spatial distribution of neutrons is shown
(projected into the transverse plane) right after the interaction
of the D+ ions with a foil target, which contains tritium,
placed at 1 cm distance from the gas jet. The total number of
generated neutrons is 1.5 × 105 and the total yield is almost
the same when deuterium was used instead of tritium. The
neutrons fly in all directions and the radial width of this
spherical shell is about 5 mm, resulting in 0.20-ns duration
at ≈2.5 × 107 m/s average velocity. The density (or duration)
of this neutron burst can be reduced even more by placing the
second target closer to the ion source.

IV. DISCUSSION

For efficient light-ion acceleration the solitary wave should
not break, which is ensured by maintaining the condition
[36] vs − v0 >

√
eφs/mi, where vs and v0 are the soliton and

background plasma velocities, respectively, φs is the potential
difference across the soliton, and mi is the ion mass. The initial
velocity of the soliton is defined by the pulse duration [it
defines the lifetime of magnetic vortex acceleration (MVA)],
while the velocity of the expanding plasma is mostly defined
by the density scale length (σ in our case). A simplified
schematics in Fig. 7 illustrates the relation between plasma
fields and ion phase-space curves in the case of short and long
plasma gradients. In the case of a sharper density profile the
MVA and TNSA fields overlap and the latter dominates. The
modulation in the ion distribution is a marginal effect in this
case. If the density is smoother (larger σ ) these two fields are
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FIG. 7. Red lines represent the longitudinal electric field profiles,
while the blue lines depict the ion phase-space distribution for short
and long density ramps.

well separated and the MVA can be effective providing a large
jump in the ion velocity along the propagation axis. This ion
wave propagates downward in the density ramp and its stabil-
ity is decided by the wave-breaking condition, written above.
The electric field acting in the TNSA region (also called as
self-similar field) can be expressed as [48,49] E0 = Th/ln,
where ln ∝ σ is the density scale length. An optimum value of
σ exists because if it is too large, then the difference between
Es and E0 can be large enough for early wave breaking.

The final energy of light ions is defined by the separa-
tion time of the two (heavy and light) solitons presented
in Figs. 4(d) and 4(h). The initial velocity of these solitons
is given by v(l,h)0 = eZl,hExta/(Al,hmp), where the subscripts
denote light and heavy ions, Ex is the average electric field
acting on both ions for a time ta. Typically, ta is on the order
of several hundreds of femtoseconds for ultrashort pulses. For
efficient Coulomb-piston effect the ion solitons should not be
neutralized by the electrons, which requires Ls <≈ λD, which
is valid in the decaying density ramp used in our simulation,
where Ls is the width of the soliton and λD =

√
ε0Th/(e2ne)

is the Debye length with average electron temperature
Th ∼ 0.5 MeV. The time required for complete separation (ts)
can be calculated from the equations∫ ts

0
(vl − vh)dt = Ls/2, (1)

vl (t ) = f vl0 + eZl Est/(Almp), (2)

where Es is the electrostatic field generated by the space
charge of heavy ions and 1.5 < f < 2 is a factor defining the
velocity increase of the heavy soliton during its propagation
in the decaying density profile [50]. It is important to note
that these equations are valid before the wave breaking of the
heavy-ion soliton, thus, one important condition is twb � ts,
where twb is the wave-breaking time [36]. The final velocity
of the light ions, which contribute to the spectral peak, is then
calculated as vl,p = vl (ts). The energy cutoff, which is higher,
is acquired due to wave breaking of the light-ion soliton, if it
occurs. The solution of Eqs. (1) and (2) is

ts = Almp

eZl Es

[
f vh0 − f vl0 +

√
( f vh0 − f vl0)2 + 2Wl

Almp

]
,

(3)

where Wl = eZl EsLs/2 is the energy gained in the electrostatic
potential of the heavy-ion soliton. By substituting Eq. (3)
into (2) we arrive to the velocity of light-ion soliton after
separation:

vl,p

vl0
= f M +

√
[ f (M − 1)]2 + Wl/W0, (4)

where M = vh0/vl0 = (Zh/Ah)(Zl/Al )−1 � 1 and W0 =
Almpv

2
l0/2. One can see that the final energy is higher if M

is larger and the electric field of the soliton has to be large,
compared to the induced electric field (Ex), which means that
the heavy ions should dominate inside the plasma. For typical
parameters, f ≈ 2 and M ≈ 0.5, the velocity enhancement
can be expressed expressed as vl,p/vl0 = 1 + √

1 + Wl/W0.
It is easily shown that for protons Wl/W0 ≈ 2E2

s /(E2
x τ 2

a ),
where τa = ωpta with ωp = (nee2/mpε0)1/2. This ratio
is typically less than one, but even for Wl/W0 � 1 the
energy enhancement in the density down ramp is at least a
factor of 4.

V. CONCLUSIONS

We presented a very complex acceleration scheme, which
is possible to realize experimentally using ultrashort pulses
of intensities above 1019 W/cm2 interacting with a gas jet
containing a mixture of heavy and light ions. We antici-
pate the existence of an optimal density scale length for
producing monoenergetic ion bunches, which can be easily
verified experimentally by changing the tilting angle of a
supersonic gas jet, as it is presented in Fig. 1. The low pulse
energy and the gas phase of the target allow the light-ion
acceleration up to MeV energy at high repetition rate (100–
1000 Hz). The generated proton (or deuteron) bunch has
relatively high-energy density: 108 particles with 0.5 MeV
average energy (∼10 μJ) in ∼10 µm3 volume. The angle of
propagation of ions is close to 5◦ (not axial), due to the
few-cycle length of the pulses, but at high repetition rate the
average particle density on the irradiated surface would be
centered and smoothed. Our three-dimensional simulations
give quantitative results from the interaction of few-cycle
pulses with near-critical density plasma, which is an important
step towards experimental realization of a source providing
very compact, spatially compressed, low-energy-spread ion
bunches. As a possible application, we presented the appli-
cability of the generated deuterium bunch as a pointlike fast
neutron source, producing more then 105 neutrons in one shot.
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FIG. 8. Longitudinal (left column) and transverse (right col-
umn) current density components in the xy plane at different time
instances.

APPENDIX A: EVOLUTION OF CURRENT DENSITY
AT THE EXIT SIDE OF THE GAS JET

The spatial distributions of current densities are shown in
Fig. 8 for the case presented in Fig. 2 in the main text. One
can see the strong axial current at t = 500 fs, which contains
the electrons following the laser pulse. At this time instance
there is a very strong radial current density which intends
to neutralize the positive charge in the ion channel along the
laser propagation axis. This strong current generates a radial
electric field locally and accelerates the ions outward from the
center, which results in a large radial velocity component and
large angle of propagation. The position of this instantaneous
return current is clearly visible in Fig. 3 of the main text,
where the ion propagation angle is larger than 60◦.

Later on the electrons continue to flow outside from the
channel, which is compensated by a return current near the
wall of the channel. We observe significant radial current
as well (at 600 and 700 fs) near the end of the chan-
nel, which is responsible for the B-field generation, which
is presented in the main text (Fig. 2) and in Fig 11 of
this paper.

APPENDIX B: ASYMMETRIC ACCELERATION IN CASE
OF LINEAR POLARIZATION

In Fig. 9 we present the field distributions in the xz plane,
which is the plane of polarization of the laser pulse. One
can see significant asymmetry, with respect to the axis of
propagation, in the azimuthal magnetic field as well as in the
longitudinal electric field.

The difference in accelerating fields above and below the
axis (z = 0) results in difference in the momentum distribu-
tion, which is shown in Fig. 10. Although the asymmetry
in acceleration is small it results in ∼5◦ deviation, which is
shown in the main text.

The asymmetry is present only in the plane of polarization
of the laser field, in the orthogonal plane everything looks
symmetric, as it is shown in Fig. 11. Here we show that after
the transient EM fields propagate far from the axis, there is
still an electric current inside the channel and a return cur-
rent inside the plasma skin depth that generates an azimuthal
magnetic field. This magnetic field decays slowly and the elec-
tric fields appear due to the charge separation driven by the
magnetic pressure gradients. The modulation in the electron
density caused by the B field is shown in Fig. 12, which shows
the formation of a bubble (or ion cavity) at the moment when
the laser pulse crosses the density down ramp (t = 400 fs).
The high-density electron bunch along the propagation axis
attracts the ions, thus, they move radially towards the axis and
form a high-density column, which later acts on electrons, as it
is seen in Fig. 12. Note that the electron plasma period is only
11 fs. Later, due to the magnetic pressure inside the channel,
a conelike shape (or funnel) appears, which resembles the
shape of the B field shown in Fig. 11. At the end of the
central column (around x = 80 µm) the protons experience
the Coulomb field of the concentrated oxygen ions and the
focusing field generated by the magnetic vortex (see the red
ellipse in Fig 11), while they are accelerated forward at the
same time. In this limited spatial domain this unique field
configuration results in the generation of highly collimated
short proton bunches.
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FIG. 9. Azimuthal magnetic field (a)–(c) and forward accelerating electric field (d)–(f) in the xz plane. The pictures are produced from the
simulations presented in Figs. 2 and 3. Below the electron density distributions are shown at the same time instances.

FIG. 10. Propagation angle of protons in the xz cross section of the simulation domain.
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FIG. 11. Azimuthal magnetic field (upper row) and electric fields (lower row) in the xy plane. These pictures present the continuation of
Fig. 9. The time instance is 700 fs (left) and 800 fs (right). The red ellipse illustrates the position where the high-energy protons originate from.
Focusing and accelerating fields are both present in this region.

FIG. 12. Evolution of the electron density in the xy plane.
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