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Ultra-low emittance and length-tuneable electron beams can be obtained with the Laser Wake Field 
Acceleration (LWFA) by employing advanced ionization injection techniques, such as the Two-Color 
and the Resonant Multi-Pulse Ionization injection (ReMPI) schemes. There, a tightly focused, short 
wavelength (ionization) pulse extracts electrons from a selected inner shell of a dopant, allowing 
them to be longitudinally compressed and trapped in the wakefield excited by a different (driver) 
pulse. In this work we demonstrate, by means of analytical results and Particle In Cell simulations, 
that 340 as long electron beams with 2.3 GeV energy, 6.1 pC charge, 0.15 % projected energy spread, 
60 nm normalised emittance, and projected 6D-Brightness in excess of 3 × 1018A/m2/0.1%BW 
can be generated with a  200 TW Ti:Sa laser system. The beam slice analysis reveals its potentialities 
for driving a few-spikes attosecond X-ray Free Electron Laser. Furthermore, the ultra-high projected 
quality, and the extreme shortness of the beams make them ideal candidates for the generation of 
attosecond and quasi-monochromatic γ  photons beams through Thomson/Compton backscattering, 
or for the injection in subsequent plasma wakefield structures so as to reach TeV energies from staged 
LWFA.

Keywords  Laser wake field acceleration, High brightness electron beams, Attosecond electron beams, Free 
electron laser, Inverse Thomson scattering, Compton backscattering, LWFA staging

In laser-plasma accelerators working with the Laser Wake Field Acceleration (LWFA) mechanism1, electrons 
are accelerated and focused by the longitudinal plasma wave excited by an ultrashort and ultra-intense laser 
pulse, which propagates at relativistic velocities in an underdense plasma2. Due to the large accelerating 
electric fields (usually of the order of 100 GV/m), and therefore to their potential compactness, LWFA based 
accelerators are envisaged for a large variety of application, ranging from high-charge accelerators for betatron 
radiation generation3,4 aiming at high-resolution X-ray imaging5–7, for Very High Energy Electron (VHEE) 
beams generation for cancer treatment8–10, few-cycles laser pulse driven accelerators with high efficiency energy 
conversion for secondary particle generation11–14, multi-pulse driven wakefield acceleration for high repetition 
rate sources15,16, ultrashort electron beam generation for ultrafast probing17–21, high-quality accelerators for Free 
Electron Laser applications22–26, high-brilliance Thomson/Compton backscattering γ sources27–31, and multi-
staging for TeV energy colliders32–36. The latter types of accelerator are generally based upon low-emittance 
particle injection schemes, as the downramp injection37–40 with its variants41–44, or on advanced ionization 
schemes45–50 which exploit the possibility to generate extremely cold electron beams in the transverse phase-
space.

In high-quality accelerators, the normalized emittance ϵn, i.e. the measure of the (linearly) uncorrelated 
transverse phase space area, the energy spread δE/E and the peak current I are the relevant figures of merit 
of the beam. Those parameters combine in the Beam Brightness B6D = I/(ϵn;x · ϵn;y)/(δE/E)|0.1% which 
expresses the compactness of the beam in the full 6D phase space, where ϵn;x (ϵn;y) are the emittances referred 
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to the transverse phase space cuts in the x (y) directions and (δE/E)|0.1% = 103(δE/E). Ultra-low-emittance 
ionization injection based schemes, such as the Two-Color45 and the Resonant Multi-Pulse Ionization injection 
(ReMPI)47, aim at generating high-brightness electron beams by using a dedicated, tightly focused and linearly 
polarized laser beam (a so called ionization pulse) which extracts electrons from selected inner shells in a gas 
dopant through the pulse field ionization, taking advantage of the large gap in the ionization potential between 
the electrons in the selected inner shell and those in outer shells. The extracted electrons can be trapped in 
wakefields with large enough peak longitudinal electric field51 and they will be both longitudinally and 
transversally compressed, thus making the generation of high-brightness beams feasible. In all the schemes 
described so far, the ionization pulse peak amplitude a0 = eA0/mec2 ≃ 0.85

√
I18λ2/(1 + δ), where I18 is 

the pulse intensity in units of 1018W/cm2, λ is the wavelength in µm and δ = 0, 1 refer to the linearly and 
circularly polarized cases, respectively, is tuned so as to be close to the threshold for the extraction of the first of 
the two electrons in the selected inner shell. This, in fact, is the condition to achieve the lowest possible residual 
transverse momentum after the pulse passage (and therefore the lowest emittance) for the given dopant. As the 
ionization pulse amplitude gets significantly higher, the saturation regime of the ionization of the first electron 
in the shell is reached, thus inducing a dramatic increase of the final beam emittance52,53.

Both the Two-Color and the ReMPI schemes, however, need to cope with the problem of minimizing the 
ionization induced by the wakefield driver, which potentially generates low-quality components of the electron 
beam and reduces the number of available electrons to be extracted by the ionization pulse. In the Two-Color 
scheme, this is achieved by using a very long wavelength (≥ 5 µm in the original paper45) driver pulse, while 
ReMPI relies on a longitudinal tailoring of the driver as a train of resonantly delayed sub-pulses, each of them 
having the amplitude below the threshold for the ionization of the dopant (eight sub-pulses with a standard Ti:Sa 
system in the original paper47 or four sub-pulses in49). Both schemes have been numerically proven to be capable 
to generate very low emittance beams. Technical issues for the generation of ultrashort, high intensity and long 
wavelength laser pulses, as well as the complexity of the setup required to generate a stable train of eight or four 
pulses, make the experimental demonstration of both schemes challenging.

Here we present and test, by means of analytical models and high-fidelity Particle In Cell (PIC) simulations, 
a novel and experimentally easier to implement ReMPI configuration. This layout relies on a stable generation 
of a two-pulse driver by means of a multi-ring delay mask, and on the selection of the driver intensity ensuring 
a dark-current free-electron beam with outstanding transverse emittance. Results show that electron beams 
having energy in excess of 2.3  GeV, projected energy spread of 0.15% rms from Gaussian fit, normalized 
emittances ϵn;x = 90  nm (ionization pulse polarization plane), ϵn;y = 32  nm and 6D-Brightness of 
3.4 × 1018A/m2/0.1%BW can indeed be generated in a stable way by employing a 200 TW class Ti:Sa laser 
system. In particular, the duration of these beams can be fine-tuned, with a minimum duration and charge of 
340 as and 6.1 pC/shot, respectively. Beside the application of these electron beams in multi-stage acceleration, 
a Free Electron Laser generating sub-fs single-spike coherent X radiation54–56, or a quasi-monochromatic sub-fs 
10’s MeV gamma ray beams generation through quasi-linear Thomson/Compton backscattering29,30,57,58 can be 
envisaged as applications of this new electron beam source.

Results
Layout for a stable ReMPI configuration
The proposed layout of the LWFA accelerator enforcing the ReMPI scheme is shown in Fig. 1. A 200 TW-class 
laser pulse from a Ti:Sa system (4.6 J in 23 fs after the compressor) is split into three components by using a 
multi-ring delay mask with a mirror in the inner core (A;C) (see the Materials and Methods section). The multi 
ring structure in the delay mask generates two multi-ring structured pulses, separated by a time delay of 151 fs, 
which corresponds to the plasma oscillation period for the working plasma density of n0 = 5 × 1017 cm−3. 
The double pulse is converted in circular polarization via a λ/4 plate and focused on the target through an F/38 
off-axis parabola, thus resulting in a double pulse having a w0;d = 30µm waist, with a transverse structure very 
similar to those obtainable with supergaussian shaped pulses in the near field. The inner part of the main pulse 
is reflected by the mirror of 16 mm diameter and subsequently frequency tripled with LBO and BBO crystals, 
resulting in a < 30 fs long pulse of 270 nm wavelength, delivering > 60 mJ. After passing through a delay line 
(c3), the frequency tripled pulse acting as the ionization pulse, is expanded in diameter via a telescope (c4) and 
focused on the target down to a spot of waist w0;i = 3.5 µm through an F/13 parabola and a mirror equipped 
with a hole (c5). The full characterization of the ionization pulse generation and focusing is shown in Materials 
and Methods and in the Supplementary Materials document.

The target is made up by a two-sections preformed plasma waveguide (such as a capillary discharge59–64 
or a HOFI plasma channel65–69), the first one (2 mm long) being filled with pure Argon and having a plasma 
density of 5 × 1017cm−3 and the second one (30  mm long) filled with Helium, with a smooth 2  mm long 
electron density transition between the stages having a 30% increase with respect to the first one. A standard 
radial parabolic plasma density profile, so as to keep the driving train guided and focused70, is supposed to be 
present for the whole target length of 3.4 cm. The first stage is devoted to the extraction and trapping of the 
inner shell electrons from the Argon ions, namely through the tunnel ionization process starting from Ar9+

. 
There, the focused driver train (in circular polarization) and the ionization pulse (in linear polarization) reach 
normalized amplitudes a = eA⊥/mec2 of a0;d1 = 0.810, a0;d2 = 0.886 and a0;i = 1.150/3, respectively. In 
the current configuration, the wakefield is moving with a phase speed vϕ = cβϕ whose relativistic Lorentz factor 
is γϕ ≃ (nc/n0)1/2 = kl/kp ≃ 58, where kl is the driver pulses wave-vector, kp =

(
4πn0e2/mec2)1/2 is the 

plasma wave-vector for the plasma wavelength of λp ≃ 47 µm and nc = mec2k2
l /4πe2 is the critical density for 

the driver pulses. The nonrelativistic wave-breaking limit (or Dawson field) is E0,p = mec2/ekp ≃ 70 GV/m.
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Particle extraction and trapping for dark-current free beams
Particles extraction and trapping in the plasma wave are crucial and deeply interconnected processes which 
must be finely tuned in order to obtain high quality and dark-current free beams, i.e. electron beams without 
particles injected by unwanted and competing mechanisms (see e.g.  Ref.71), which usually spoil out the beam 
quality. Here, the electrons constituting the accelerated beams are extracted via tunnel ionization72–74 from L 
inner shell electrons of Argon atoms residing in the first target section, while the background plasma electrons 
comprises either the outer Argon electrons in the first section or both the He electrons in the second accelerating 
section. As it will be apparent below, in the proposed working configuration only the electrons extracted by the 
ionization pulse will be trapped by the plasma wave, thus obtaining charge- and length-tuneable beams with 
ultra low-emittance.

The electric field associated to the driver pulses is responsible for the full extraction of the Argon outer 
electrons up to the 7th (having ionization potential UI ≤ 143  eV), for an almost full extraction of the first 
electrons in the L-shell (Ar8+→9+

, with UI = 422.45 eV) and for a partial extraction of the second electrons in 
the shell (Ar9+→10+

, with UI = 479.69 eV), while no electron from the Ar10+→11+
 (with ionization potential 

of UI = 538.96 eV) is extracted by the driver pulse. Remarkably, the design of the working configuration was 
tailored so that the initial conditions of those inner electrons were not yet favorable for particle’s trapping in the 
plasma wave, thus making them an additional component of the plasma electrons and enabling for the generation 
of dark-current free beams. This is apparent with the inspection of Figs. 2 and 3, were a snapshot at t = 2.103 ps 
of the q-3D PIC simulation referring to the proposed working point parameters are shown. At that time, the 
pulses propagated into the first section filled with Argon and the ionization pulse reached its focus point. In Fig. 
2 the 3D structure of the longitudinal electric field is shown, along with the pulses envelope, highlighting that 
the wakefield is resonantly excited by the two drivers beam and the plasma dynamics is far from the blow-out 
regime75. Therefore, simplified trapping conditions based on the quasi-static evolution76, longitudinal particle 
dynamics and on-axis line-out of the fields can be made. The analysis of the trapping condition confirms the 
results from PIC simulation, showing the absence of trapped electrons when the ionization pulse is not included 
(see the Materials and Methods section)

High-brightness GeV 340 as long e-beams generation
After the extraction and injection of the particles in the first target section, which leads to an ultrashort and 
dark-current free ultra-low emittance 6.1 pC beam, an adiabatic rephasing which moves the electrons in the 

Fig. 1.  Schematic setup of the proposed two-driver pulses ReMPI scheme. An ultraintense pulse from a 
Ti:Sa system is spatially and temporally split by using an in-built multi-ring delay mask with a mirror in the 
inner core (A). The multi ring structures in the delay mask generates two multi-ring structured pulses (a1), 
separated by a time delay given by the plasma oscillation period for the working plasma density. The double 
pulse is converted in circular polarization via a λ/4 plate (B) and focused on the target through an F/38 
off-axis parabola (a3). The inner part of the main pulse is reflected by the pick-off mirror (C) and frequency 
tripled with LBO and BBO crystals. After passing through a delay line (c3), the ionization pulse is expanded in 
diameter via a telescope (c4) and focused on the target through a dedicated F/13 parabola and a mirror with a 
hole (c5).
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Fig. 3.  Trapping conditions for the electron beam. Snapshot of the fields and longitudinal phase-space of 
the extracted electrons at simulation time t = 2.103 ps, where the pulses are at their focus point in the center 
of the first target section. In panel (a) the particles extraction is depicted along with the on-axis line-out of 
the normalized electric fields components. The horizontal dashed-dot green line represents the saturation 
threshold for the extraction Ar8+→9+

 from the driver pulses. The black and red dashed line show the 
saturation threshold for Ar9+→10+

 and Ar10+→11+
 from the ionization pulse, respectively. The vertical gray 

and red bands show the approximate original position of the Ar9+→10+
 and Ar10+→11+

 extracted electrons. 
In panel (b) the trapping condition in emphasized. There, the normalized potentials and the accelerating 
gradient are shown. The available extraction region which allows for further weak (strong) particle trapping 
is emphasized with the vertical green (red) band. As a combined result, only the electrons extracted by the 
ionization pulse will be further accelerated.  (c) and (d) Fields and electron beam evolution along target.  The 
first and second sections density profiles are shown in green and gray, respectively. (a) Total pulse energy 
(orange) and peak normalized evolution (blue). The right (red) axis shows the evolution of the averaged 
normalized longitudinal electric field on the beam ⟨Ez⟩/E0. (b) Electron beam average energy (black), rms 
energy spread (orange) and brightness 6D (blue) evolution. The right (red) axis shows purely transverse 
quantities as the normalized emittances along x and y as (full lines) long as the beam transverse size (dashed 
line).

 

Fig. 2.  Three dimensional view of the wake field and of the accelerated beam at time t = 5.3 ps, where the 
beam just left the injection section and it’s entering the accelerating structure’s plateau. The accelerating field is 
resonantly excited by the two drivers pulses (in green). The trapped beam (in red) is lying in the negative Ez  
region as indicated by the arrow, while the portion of the beam that will be expelled by the plasma wake is lying 
in the positive Ez  region.
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rear of the bucket is obtained via a monotonically increasing density interface connecting the injection and 
the acceleration stages. Thanks to the maintained transverse matching condition along the beam propagation, 
the ultra-low beam emittance is preserved in this transition77–79. During their propagation in the plateau of 
the second stage, the guided driver pulses smoothly increase their peak amplitude (see Fig.3c), thus exciting a 
wakefield in a quasi-blowout regime. This assures the presence of a transversely linear force with constant shape 
within the bunch, therefore suppressing the emittance dilution inside the accelerating structure (see Fig.3d). 
The inspection of Fig.3d) also reveals the expected radial shrinkage of the matched beam (dashed red line) as 
σtr =

√
σ(x) × σ(y) ∝ γ−1/4 up to the end of the target plateau79. The average beam energy (black line) 

increases less than linearly with the propagation distance as the electric field on the beam starts decreasing after 
10 mm of propagation, with a final average beam energy of 2.3 GeV. As the beam current remains constant 
after the trapping point and the transverse emittance is stable along all the beam propagation, the resulting 
6D-Brightness (blue line) simply evolves as the inverse of the beam energy spread (orange line). We mention 
stat, due to the presence of long tails in the beam, both the beam duration and energy spread are evaluated with 
robust statistics methods and expressed in their equivalent rms values.

At the end of the density plateau the rms energy spread and normalized emittances are δ(E)/E = 0.14%, 
ϵn,x = 90 nm and ϵn,y = 32 nm, respectively. Notably, the beam quality is preserved during the 0.2 mm long 
downramp, being the final energy spread unchanged and being the final emittances of ϵn,x = 91  nm and 
ϵn,y = 32 nm only barely affected by the mismatched transverse fields. The design of an optimized downramp 
profile, to match a dedicated beam transport line for a specific usage of the electron beam (see e.g.49 for a similar 
case with a multi-pulse driver), is out of the scope of the present work. Projections of the final beam 6D shape 
are shown by Fig.4. In panel a) the particles energy as a function of the longitudinal (z) coordinate and the x 
coordinate is shown, with (macro) particle coloring according to their relative wights. There, the presence of a 
beam bulk and of a long, low charge, tail with an position-energy correlation is apparent also by inspecting the 
z-energy projection in the same panel. In panels b)-d) the particle coloring is linked to their energy. In panel 
b) the full-3D beam shape is shown, thus confirming the quasi-cylindrical transverse shape and the presence of 
an higher energy tail. In panel c) the transverse phase space x − ux versus the longitudinal coordinate of the 
diverging beam is shown, while in panel d) the diverging properties in the x and y directions can be inferred by 
exploiting the monochromaticity of the beam.

More detailed information about the beam quality can be obtained by performing the slice analysis of the 
final 6D phase-space, also in view of a possible usage of the beam to drive a Free Electron Laser (FEL). As the 
evaluation of the FEL performance of the beam is out of the scope of the present work, we limit ourself to a 
slice analysis with a reasonable slice thickness of 20 nm, which is compatible with a FEL operating at 3 nm and 
having a Pierce parameter ρF EL,1D = 5 × 10−3, with a coherence length80–83 of about 30 nm, the latter being 
evaluated after the dimensioning of the main FEL parameters. We stress that the validity of the basic SASE-

Fig. 4.  6D phase space cuts of the electron beam after the plasma exit. (a) Energy vs the longitudinal (z) 
and transverse (x) position. The macroparticles are colored according to their relative weights (b) 3D spatial 
distribution. (c) Normalized momentum ux = px/mecvs z and x positions and (d) full transverse momenta 
ux, uyvs z. In (b, c, d) the macroparticles are colored according to their energy.
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FEL81 formulae is questionable for such an ultrashort electron beam, being the coherence length and the rms 
duration of similar sizes, therefore leading to the necessity of a full chain of start-to-end simulations for the FEL 
dimensioning.

Figure 5 shows the slice analysis of the final beam. The beam current (black line) reaches the peak value of 13 kA, 
with asymmetric profile showing a long tail. The FWHM duration of the current profile is TF W HM = 0.835 fs, 
which is equivalent to the rms duration of 355 as, in good agreement with the value of 340 as obtained by curve 
fitting of the particles longitudinal distribution. Remarkably, inside the beam bulk the energy spread (blue line) 
is limited to the interval 1.00–1.25 × 10−3, with higher values in the long and tenuous tail. The 6D-Brightness 
(green line) reaches the peak value of B6D = 5.1 × 1018A/m2/0.1%BW on the head of the beam, where 
both the energy spread and the emittances are lower and the current is of about 5 kA. Notably, around the peak 
current, the brightness steadily exceeds the value B6D = 3.5 × 1018A/m2/0.1%BW.

The right (red) axis in Fig. 5 shows the normalized emittances along x (hash-dot line) and y (dot line). There, 
the deviation of the slice energy from the average beam energy (red full line) is also shown. The slice energy 
deviation from the average, encoding the longitudinal non-uniformity of the beam energy, is expressed in the 
form δγ ≡ (γ/⟨γ⟩ − 1) × 103 and is related to the so called position-correlated energy spread. We note now 
that δγ is almost perfectly flat in the beam bulk, while the non-flat region is related to the low-current tail. 
This enables the possibility to achieve an ultra-low (projected) energy spread beam. Moreover, the slice relative 
energy spread measures the rms departures of the sliced beam energy from the local (slice) average energy, thus 
defining a curved band within which the particles energies are likely to be found. The red band in the δγ curve 
(related to the right axis), with lower and upped bounds of δγ − 2σ(E)/E and δγ + 2σ(E)/E, respectively, 
highlights the region within which the 95.45% of the electrons are found. The orange band shows the region 
of the beam where 95.45% the particles energy doesn’t change more than ±0.25%. Remarkably, the region of 
almost uniform particles energy extends for the large majority of the beam core and it includes about 80% of the 
beam charge, thus making the beam of interest for FEL applications.

Tuneable sub-fs long beams generation
As pointed out in a previous work21, the usage of a dedicated ionization pulse as in the ReMPI or in the Two-
Color schemes (for LWFA) and in the plasma-photocathode scheme (for PWFA84), can lead to the generation 
of ultrashort pulses with tuneable lengths. Beam durations well below the femtosecond level can be achieved 
when i) the wakefield is stable during the whole beam extraction time, ii) the tightly focused ionization pulse is 
placed in the vicinity of the node of the longitudinal accelerating gradient, iii) the longitudinal and transverse 
beam momenta after the pulse slippage are very small and iv) the trapped beam is placed in a region with a 
large longitudinal electric field21. In quasilinear regimes, the latter condition is fulfilled when the strong trapping 
condition is reached, which explains why the working conditions for the proposed accelerator were tuned so as 
to reach the quasi-linear regime with enabled strong-trapping in the early stage of beam extraction and trapping. 
Under the conditions listed above, the rms beam length after trapping σ(δzt) can be evaluated by means of the 
ionization pulse length Li = cTi/

√
log(4), the distance z̄e of the ionization pulse center to the accelerating 

field node, the longitudinal gradient ∂ξÊe
z = ∂

∂kpz
Ez/E0,p|e of Ez  at the extraction, the radial gradient of the 

Fig. 5.  Slice analysis of the final electron beam, with slice thickness of 20 nm. The current (black line) reaches 
the peak value of 13 kA. The energy spread (blue line) is limited in the interval 1.0–1.25 × 10−3 inside the 
beam bulk. The 6D-Brightness (green line) exceeds 3.5 × 1018A/m2/0.1%BW at the current maximum, 
and reaches the peak value of 5.1 × 1018A/m2/0.1%BW on the head of the beam, where both the energy 
spread and the emittances are lower. On the right (red) axis the normalized emittances along x (hash-dot 
line) and along y (dot line) are shown. The right axis also shows the deviation of the slice energy from the 
average beam energy (red full line) expressed in 10−3 as δγ = (γ/⟨γ⟩ − 1) × 103. The upper and lower 
bounds of the red band encode the local energy spread σ(E)/E, and are evaluated as δγ + 2σ(E)/E and 
δγ − 2σ(E)/E ,respectively. The orange band shows the region of the beam where the particles energy does 
not change more than ±0.25%.
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radial electric field at the extraction ∂kpre Êe
r = ∂

∂kpr
Er/E0,p|e, and the longitudinal electric field at trapping 

Et
z = Ez/E0,p|t through the following relation:

	

σ(δzf )≳ kpρ0√
2Et

z

{
(∂ξÊe

z)2

[
1
4 +

(
z̄e√
ρ0Li

)2
]

L4
i +

+(∂kpre Êe
r )2w4

0,i

}1/2

� (1)

We acknowledge here that Eq. 1 is Eq. 11 of Ref.21 after the substitution ρ2
0 = ∆ and the amendment from a 

typesetting error on the power of Et
z .

The analysis of the electric field map during the beam extraction and trapping is shown in Fig.6. We mention 
that the field gradients differ from the ones that can be inferred by analytical theories in the full blow-out 
regime (see e.g.85), as a partial cavitation of the plasma electrons behind the second driver pulse was reached. 
In panel a) the on-axis line-out of the normalized accelerating field (black line) shows a steady longitudinal 
electric field gradient around ξ = kp(z − ct) = 0, with ∂ξÊe

z = ∂
∂kpz

Ez/E0,p|e = 0.36. The longitudinal 
extraction regions for the cases of ionization pulse phase ξ̄e ≡ kpz̄e placed on the node of the accelerating 
gradient (ξ̄e = 0), or centered with a distance from the node of 3 µm (ξ̄e = −0.4) are shown in blue and 
orange, respectively. Notably, the trapping positions for the two ionization pulse position cases of ξ̄e = 0, −0.4 
are very close and placed around the peak of Ez  (see the vertical dashed lines). The two trapping positions 
ξ̄t = −2.24, −2.28, which are inferred by using the potential ϕ(ξ) = −

´ ξ
Êe

z  (red line) and the trapping 
relations ϕ(ξ̄t) = ϕ(ξ̄e) − 1 + 1/γϕ, are consistent with the beam position inferred from the beam loading 
effect, which is visible in the same position. The longitudinal gradient at the trapping points is Êe

z ≃ −0.72. In 
panel b) of the same figure, the transverse line-out of the radial electric field at ξ = 0 is shown. The field exhibits 

Fig. 6.  Electric field and potential at the beam trapping point. (a) On-axis line-out of the normalized 
accelerating gradient (black line). The longitudinal extraction regions for the cases of ionization pulses 
centered on the node of the accelerating gradient (ξ̄e = 0) and on ξ̄e = −0.4 are shown in blue and 
orange, respectively. The trapping positions for the two cases are inferred by using the potential ϕ(ξ) (red 
line), leading to ξ̄t = −2.24, −2.28, respectively (see the almost overlapping vertical dashed lines). (b) 
Transverse line-out of the radial electric field at ξ = 0. The field is linear around the axis, with gradient 
∂kpre Êe

r = ∂
∂kpr

Er/E0,p|e ≃ 0.19. The radial extent of the extraction region is shown in blue.
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a linear radial dependence well beyond the radial extent of the extraction region (shown in blue), with gradient 
∂kpre Êe

r = ∂
∂kpr

Er/E0,p|e ≃ 0.19.
With the given synthetic field parameters of ∂ξÊe

z = 0.36, ∂kpre Êe
r = 0.19 and Et

z = 0.72, the estimated 
beam length is a function of the z̄e = ξ̄e/kp solely, which is easily tuned by changing the delay ∆t = −z̄e/c 
between the ionization pulse and the driver train. For simplicity, we will refer to a delay ∆t = 0 when the 
ionization pulse is placed on the node of the accelerating gradient. The results of a set of PIC simulations operated 
by changing ∆t are shown in Fig. 7 (black line). There, the rms duration obtained by fitting is almost perfectly 
matching the estimated values obtained with the model of Eq. 1 (blue full curve), the band interval being related 
to the durations which can be reached with ionization pulses duration between 20 fs and 40 fs. We notice that 
the model underestimates the beam durations when |∆t| ≪ 5 fs, i.e. when beam-loading effects due to the very 
large current play a relevant role during the trapping. Moreover, the model underestimates the beam duration 
when ∆t < −5 fs, too. In this case the ionization pulse is close to the driver pulse, which results in an increased 
transverse momentum spread and more distributed trapping positions.

The results shown above refer to the tuneability of the beam duration. However, as the beam center of mass 
position, the current peak value and actual shape also depend on ∆t, the beam-loading effect which minimizes 
the final energy spread should be obtained by optimizing the extracted charge, too. Therefore, for any given 
delay ∆t, there exist an optimal trapped beam charge and acceleration length which minimize the final energy 
spread. This optimization procedure is out the scope of the present work, as we aim at generating the shortest 
possible electron beam with the present configuration. However, we mention that in an earlier work with the 
ReMPI scheme driven by eight pulses from a PW-class Ti:Sa system, the optimization for a longer electron beam 
(about 2 fs) resulted in a 5 GeV beam with 30 pC charge and minimum slice energy spread at the peak current 
of 0.05%50.

Stability of the LWFA accelerator
A partial robustness analysis of the proposed scheme with the current working point shows that stable electron 
beams can be generated when i) the temporal jitter between driver-ionization pulses is maintained below a 
few femtoseconds rms, and ii) the background density variations and the laser pulses intensities fluctuations 
are maintained at a percent level. Robustness against transverse pointing fluctuations is not included in the 
present work, as it is strictly dependent on the actual target and laser-guiding structure (capillary, exact HOFI 
channel radial profile, plasma discharge). Therefore, here we will evaluate the variation of the final beam quality 
by introducing small fluctuations in the background plasma density n0 (±1%), in the incoming laser pulse 
amplitude a0 (±1%), corresponding to ≃ ±2% in energy, and in the temporal jitter between the ionization and 
the driver pulses. The latter information, as discussed in the previous paragraph, has to be meant as a pure time 
jitter effect, the configurations with |∆t| > 0 not being subject to any further individual optimization processes.

Results from simulations with parameters as in the selected working points but each with a single modified 
∆t, background density or incoming pulse energy, are shown in Fig. 8, where the values of the beam synthetic 
parameters are expressed as a fraction of the ones obtained in the nominal working point. In panel a) the 
dependence of the beam duration, energy spread, normalized emittance ϵn = √

ϵn,x × ϵn,y  and 6D-Brightness 
are shown as a function of the jitter ∆t between the ionization and driver pulses. There, the sizable beam 
degradation for |∆t| ≳ 2 fs is apparent, thus implying that the time stabilization between the driver train and the 
ionization pulse should be maintained at the femtosecond level rms. Being both the pulses extracted by the same 
initial beam, the time jitter between them will be mostly generated by micro-vibrations, which can usually be 
maintained below the µm size. In panels b-d) a scenario in which six consecutive (simulation) shots that mimic 

Fig. 7.  Dependence of the beam duration from the delay ∆t = −ξ̄e/(kpc) between the ionization pulse center 
of mass and the node of the accelerating gradient, where the beam lengths are expressed in rms equivalent 
and evaluated with the robust MAD statistics. The solid lines refer to working points having ionization pulse 
duration Ti = 30fs FWHM, as in this work. The blue band corresponds to the interval of durations achievable 
with ionization pulses having duration between 20 and 40 fs long.
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the presence of the analyzed fluctuations are shown, referring to the variation of the 6D-Brightness, the energy 
spread and the emittance. We stress that, being the driver train made up by only two pulses, the background 
density fluctuations generate tiny fluctuations of the peak electric field (δEmax/Emax ≈ 1

2 δn/n), while they 
induce variations of the ionization pulse position with respect to the accelerating gradient node, therefore acting 
as an equivalent time jitter ∆t|equiv ≃ 1

2 δn/n(L/c), being L ≳ 2λp the spatial distance between the ionization 
and the driver pulses. As a result, density fluctuations of 1% induce almost negligible variations in the electric 
field peak, while they introduce an equivalent time jitter of ∆t|equiv ≃ 1.7fs. In each of the panels b)-d) the 
sequence of shots is organized as two time jitter variation with ∆t = ±1.5fs (blue diamonds), two density 
fluctuation with ∆n/n = ±1% (orange circles) and two pulse energy fluctuation with ∆E/E = ±2% (green 
triangles). The sequence of simulation shots shows that both the energy spread and the emittance are pretty 
stable, having ≈ 10% variability, while the 6D-Brightness fluctuations are of ≈ 20%, meaning that the variation 
in the beam current and in the quantity ϵ2

nσ(E)/E are not proportional, as confirmed by the inspection of 
panels c) and d). We finally stress that, due to the fact that the accelerated beam is very short and that it lies in the 
second wakefield bucket, its longitudinal beam quality is more sensible to density fluctuations than in standard 
LWFA accelerators working in the first accelerating region and with femtosecond-long beams. This leads to a 
projected energy spread increase in excess of 20% in the case of plasma density fluctuations of ±2%.

Discussion
A novel and reliable scheme to generate duration-tuneable (with a minimum of a few hundreds attoseconds) and 
ultra-high-brightness beam, with 6D-Brightness surpassing by at least two orders of magnitude the one obtained 
in previous studies for GeV scale beams86,87, was proposed and tested with high-fidelity PIC simulations. Such 
a scheme is based upon the Resonant Multi-Pulse Ionization injection concept47, and employs an innovative 
method to tailor in a reproducible way the time duration of the driver beam into two sub-pulses (see ”Generation 
of the driver pulse train” in Materials and Methods). The usage of only two pulses of the driver, which drastically 
simplifies the experimental realization of a stable accelerator still maintaining the possibility to obtain high-
brightness beams, was made possible by a deep analysis of the electron extraction process and of the subsequent 
particle dynamics in the laser field. This analysis led to the introduction of a new working point in which the 
base ionization level of the Argon L-shell is totally saturated by the driver pulse (see ”Trapping analysis for dark-
current free beams” and ”Minimum achievable emittance and saturation effects” in the Materials and Methods 
section).

The optimized working point presented here is based upon a widely available 200TW Ti:Sa laser system 
and leads to > 2GeV  energy beams with projected energy spread of 0.15%, normalized emittance well below 
100nm and slice quality compatible with Free Electron Laser requirements. Since the only optical components 
needed for the laser beam time shaping is the multi-ring phase-mask, the scheme is potentially scalable to PW-
level laser system, thus being of interest for multi-GeV FEL-oriented LWFA facilities as EuPRAXIA24, or to 

Fig. 8.  Stability analysis against shot-to-shot ionization-driver time jitter (∆t), background density variation 
(∆n) and incoming pulse delivered energy (∆E). The synthetic beam quality parameters are expressed as a 
ratio to their values at the nominal working point. (a) Ionization-to-driver pulses jitter scan. (b)–(d) Sequence 
of six simulations with variation in ∆t (blue diamonds), variation in ne (orange circles) and variation in pulse 
energy (green triangles).
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multi-PW laser system as in ELI-NP88, ELI-BL89, Apollon90, SuLF91 and in a near future to OPAL92,93, to generate 
multi tens of GeV high brightness and ultrashort beams for nonlinear QED studies94,95 and brilliant Nonlinear 
Compton sources96–98.

A detailed setup, which includes the beam-propagation simulations for beam shaping and the generation of 
the laser pulse converted in third harmonics with its subsequent focusing, was also presented (see ”Ionization 
pulse generation and focusing” in Materials and Methods and in the Supplementary Materials), thus showing the 
feasibility of the proposed scheme. The plasma target was considered as having a standard parabolic transverse 
profile. The description of the generation of such a standard profile was out of the scope of the present work, and 
will be subject of future works devoted to the actual implementation of the scheme in a specific facility. A set of 
additional simulations, devoted to the study of the electron beam stability against fluctuations of the laser and 
target parameter, remarkably showed that the scheme is robust towards ionization-to-driver time jitter, plasma 
density fluctuations and laser pulse delivered energy fluctuations, provided than the former is confined within 
a few femtoseconds rms and the others within a percent level. As both the ionization and the driver pulses 
originate from the same laser pulse, only micro-mechanical vibration can introduce the time jitter between 
them, thus easing jitter stability condition. Moreover, as in the present configuration only two driver pulses are 
necessary, a less stringent upper limit for the plasma density fluctuation than in49 is necessary to assure the beam 
stability. The full stability analysis, which also includes transverse pointing fluctuations, was out of the scope 
of the present work as it is strictly related to the actual implementation of the channel guiding technique, also 
usually leading to deviations from the parabolic plasma profile.

The full experimental implementation of the scheme is demanding in terms of mechanical stability and 
can be obtained in a well controlled environment, with micro-vibrations well below the µm level rms. The 
target design, which includes the radial shaping for the driver pulses guiding and the smooth plasma density 
transition between the injection and the acceleration stages, is a critical component, although its limited length 
reduces the complexity of maintaining a longitudinally flat profile. Therefore, preliminary experiments aimed 
at characterizing the pulses obtained with single and multi-ring delay masks, with ionization pulses in second 
harmonics and with a single-stage target, will be carried out in PW-scale laser facilities.

Methods
Generation of the driver pulse train
The envisaged setup tailored on the proposed working configuration is based upon a 200TW Ti:Sa system, 
delivering 4.6 J energy pulses with 25  fs duration, a collimated FWHM diameter of 100  mm and central 
wavelength of 810  nm. The evaluation of the properties of the laser beams in the intermediate-field or in 
the vicinity of their focal points is obtained by solving the Helmoltz equation in the paraxial approximation 
k0∂zu = −i/2∇2u, where u = E(x, y, z) is the pulse electric field and z is the propagation direction. A 
standard numerical solution of the equation at the propagation distance u(z) from the parabola is obtained as 
u(z) = FFT−1 (

û0(kx, ky) exp(− i
2k0

(k2
x + k2

y)
)

, where k is the pulse wavenumber, û0 = FFT(x, y, 0) is 
the Fast Fourier Transform (FFT) of the laser field right after the reflection from the parabola and FFT−1 is the 
inverse FFT operator.

The generation of stable double-pulse trains is assured by inserting a multi-ring structure, acting to delay 
different portions of the beam to each other, similar to the delay mask proposed in99. The splitting mask 
considered here consists of five fused silica rings of thickness 98 µm generating two multi-ring pulse structures 
of the collimated beam without significantly lengthening each sub pulse (see Figs. 1a and 9a,c), where the 
collimated pulses distributions right after the passage through the mask are shown). From a constructive point of 
view, the structure can either be obtained using a thin thread acting to hold the rings together, or by considering 
a common substrate of the rings (thus providing an offset to the thickness of the regions travelled by the two 
beams undergoing the delay from each other); according to preliminary contacts with manufacturers, a safe 
value of ∼ 100 µm can be considered for this common substrate. Unlike the single ring tested so far100, the 
multi-ring allows for the generation of two beams having very similar transverse distributions in the vicinity of 
the focus of the F/38 parabola, with tunable energy content. As it is apparent in panels b) and d) of Fig. 9, the 
pulses transverse distributions in the focal plane are very close to gaussian shapes with waist w0;d = 30 µm, 
and peak intensities of Id;1 = 2.8 × 1018W/cm2 and Id;2 = 3.4 × 1018W/cm2 for the first and second pulse, 
respectively, corresponding to normalized amplitudes for the circularly polarized pulses of a0;d1 = 0.81 and 
a0;d2 = 0.89. The splitting mask, which includes the built-in pickup mirror, is based upon a reliable and stable 
method which however introduces diffraction energy losses. To evaluate them, we compare the total energy 
delivered by the equivalent gaussian (TEM00) pulses having 30 µm waist, duration 25 fs and peak intensities 
of Id;1 and Id;2, thus delivering a total energy in the spot of 2.02 J, with the energy of 4.04 J delivered by the 
equivalent TEM00 pulse obtained without the rings, thus assessing a 50.0% energy conversion in the spot of the 
splitting technique.

Trapping analysis for dark-current free beams
The 1D dominated trapping condition for electrons with negligible transverse momentum reads 
ϕex. ≥ ϕtr. + 1 − 1/γϕ

101, where ϕex.; tr. are the normalized potential at the extraction and trapping points 
and ϕ(z) = eφ(z)/mec2 = −kp

´ z(Ez/E0,p)dz′. Panels a) and b) of Fig. 3 depict the details of particle 
extraction and trapping for the proposed working point. The weak or standard trapping condition ensures the 
trapping of the particles at least at the minimum of the potential (located at around ξ = kp(z − ct) = 3), i.e. 
at the end of the accelerating region of the bucket51. A particularly important trapping condition, which enables 
the generation of ultrashort pulses21, is the strong trapping condition47, which is satisfied when the particles 
are trapped at around the peak of the accelerating gradient, i.e. when ϕtr. = 0. In panel b) of Fig. 3 the weak 

Scientific Reports |        (2025) 15:40794 10| https://doi.org/10.1038/s41598-025-24672-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


and the more demanding strong conditions for the normalized potentials at the extraction points are shown 
as the dashed and dashed-dot lines, respectively. From that, we can infer that only particles extracted in the 
longitudinal region depicted by the green vertical band can be trapped (i.e. they will satisfy the weak condition), 
while among them only those in the red vertical band can be trapped in the vicinity of the accelerating gradient’s 
peak (i.e. they will satisfy the strong condition). It is worth mentioning here that particles extracted off-axis 
necessarily will experience a smaller variation in the potential. As a result, if particles don’t satisfy at least the 
weak trapping condition as inferred by the green region in panel b), they won’t be trapped in the wakefield. 
The actual extraction regions of the electrons can be inferred by inspecting panel a) in the same figure, where 
the electric fields of the wakefield and of the laser are normalized to the Dawson field E0,p

102 and to the 
E0,l = mec2/kl, respectively. The horizontal black and red dashed lines in panel a) show the characteristic 
values of the electric field in which the ionization processes Ar9+→10+

 and Ar10+→11+
 reach the saturation 

regime, respectively, while the corresponding vertical lines depict the longitudinal on-axis regions where those 
processes are activated. Among them, only the region around the peak of the ionization pulse is overlapping with 
the trapping region (see panel b), assuring us that the electrons extracted by the driver train won’t be trapped by 
the wakefield and therefore they will not constitute a dark-current. Finally, with similar arguments, from panels 
a) and b) we can deduce that the selected working conditions assures the trapping of both the Ar9+→10+

 and 
Ar10+→11+

 particles extracted by the ionization pulse, and only from that, in a region close to the peak of the 
accelerating gradient, therefore fulfilling the strong trapping for all the electrons in the bunch. This is confirmed 
by the series of the q-3D PIC simulations we performed.

Ionization pulse generation and focusing
The ionization pulse is generated by extracting 160 mJ of energy from the main pulse using a pick-up mirror 
mounted along the axis of the delay mask structure. The conversion in third harmonics (see e.g.103) is operated 
with combined Second Harmonic Generation (SHG) and Third Harmonic Generation (THG) crystals. For 
the SHG, a 300 µm thick Type I LBO crystal is an ideal choice due to its high damage threshold. According 
to numerical simulations, for the THG, a 70 µm thick Type I BBO crystal can ensure both high conversion 
efficiency and short pulse duration. The numerical results indicate that a 66 mJ, 29 fs FWHM pulse can be 
generated at the third-harmonic frequency if the beam diameter on the crystals is 25 mm. The ionization pulse 
focusing is obtained with a dedicated F/13 parabola and a holed mirror (see Supplementary Materials for a full 
description of the setup).

Minimum achievable emittance and saturation effects
The evaluation of the residual transverse momentum of the extracted electrons after the pulse passage had been 
developed in52 and recently expanded so as to include saturation and multiple processes effects53, both of them 
being relevant for the regime explored in this work. The main parameters assessing the fraction of extracted 
electrons, as well as their residual momenta and emittance after the pulse passage, are the peak electric field (here 

Fig. 9.  Generation of the two-pulses driver train by using delay rings. The rings structure is composed by 
quartz rings of thickness 98 µm glued or etched onto a transparent substrate equipped with a hole. Panels 
(a) and (c): After the passage through the temporal splitter, two multi-ring structures delayed by 151 fs are 
generated. Panels (b) and (d): In the far field, each of the two structures evolves into quasi-gaussian pulses, 
with minimum waist of w0;d = 30 µm.
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conveniently expressed as the combination of the pulse normalized amplitude a0;i and wavelength λi = λd/3), 
the pulse waist w0;d = 3.5 µm and FWHM duration Ti = 30 fs, as well as the atomic parameters as the initial 
quantum state of the freshly extracted electron and its ionization potential UI . The electric field amplitude E(t) 
can be conveniently normalized as ρ(t) ≡ 3E(t)

2Ea

(
UH
UI

)3/247, where Ea = 5.14 · 1011V/m is the atomic field 
unit and UH = 13.598 eV is the Hydrogen ionization potential, with which the ADK ionization probabily rate73 
can be rewritten in the simple expression Wi(t) = C · ρµ(t) exp [−1/ρ(t)]47. The exponent µ is defined as 
µ = −2n∗ + |m| + 1, being n∗ = Z(UH/UI)1/2 the effective quantum number and Z the ion charge after the 
extraction, respectively, and the multiplication factor C depends on the principal and angular quantum numbers 
of the electron initial state. The onset of the saturation process, i.e. the extraction of a significant fraction of the 
available electrons, is regulated by the saturation parameter

	
ν̄s = kADKcT√

ln 2
ρµ+1

0 e
− 1

ρ0 � (2)

(see Eq. 45 in53), ρ0 being the maximum pulse normalized field and kADK = C/c. As, after the pulse passage, 
the fraction 1 − e−ν̄s  of the available electrons are extracted by the pulse, the value of ν̄s = 1 sets the amount 
of about 63% of the extracted electrons. We can therefore identify an unsaturated regime in which ν̄s ≪ 1, 
with the saturation occurring when ν̄s ≳ 1. At the focus point, the peak normalized electric field for a given 
ionization process can be evaluated as ρ0 = a0;i/ac

47, where the critical amplitude ac ≃ 0.107(UI/UH)3/2λi 
depends on the selected process. As the Ar8+→9+

 one had been already fully saturated by the driver train, 
the critical amplitudes for the active ionization channels Ar9+→10+

 and Ar10+→11+
 are ac,9→10 = 6.05 

and ac,10→11 = 7.21, respectively, leading to the normalized maximum fields of the ionization pulse of 
ρ9→10 = 0.0633 and ρ10→11 = 0.0532. The number of extracted electrons from the next process is negligible, 
as confirmed by both PIC simulations and by theory53. The subsequent evaluation of the saturation parameters 
ν̄s at the focus point of the ionization pulse reads ν̄s;9→10 = 13 and ν̄s;9→10 = 1.4, meaning that 100% of the 
Ar9+→10+

 and nearly 75% of the Ar10+→11+
 electrons are extracted on axis at the focus point.

The residual transverse momentum after the pulse slippage gets contribution both from the non zero laser 
potential at the extraction point and from the radial ponderomotive effects. The latter, being directly proportional 
to the radial coordinate, does not directly contribute to the increase of the beam emittance and it can be evaluated 
as σ(uP F,x) = σ(uP F,y) ≈

√
πρ0/ ln(4)(a2

0;i/4)(cT/w0;i) < 5 · 10−3 in our selected working point (see Eq. 
15 and 22 in Ref.52, where ∆ = √

ρ0). The ponderomotive contribution to the residual momentum turns out to be 
negligible with respect to the extraction phase effect σ(ux) ≈ √

ρ0a0;i ≈ 10−1 (see Eq. 10 in52). The evaluation 
of the minimum attainable transverse emittance along the ionization pulse polarization plane, obtained with the 
results from Eq. 42 in53, resulted in a minimum value of ϵn,x|min ≃ 60 nm, which is about 30% less than the 
one observed in the PIC simulations (see the Supplementary Materials document). However, the evolution in 
time of the beam momenta and size right after the beam slippage includes space-charge and wakefield effects, 
the former becoming negligible only once the electrons become ultrarelativistic. Nonlinearities in the radial 
focusing field Fr = Er − Bϕ, and/or longitudinal gradients in the radial field strength K(ξ) = kp∂rFr  also 
induce an increase in the projected emittance, which at the trapping point is expected to be higher than the one 
evaluated right after the extraction and the pulse slippage.

Particle-in-cell simulations of electron acceleration
The Particle In Cell simulations were obtained with the FBPIC code104, which enforces a quasi-3D geometry 
and employs a tunnel ionization module with ADK formula as in105 . Convergence scans were conducted in 
order to assess the numerical stability and accuracy of the numerical results presented in the paper. The radial 
resolution dr = 25 nm was set in order to resolve the beam current density also at late stages of the acceleration 
process, where the matched beam radial size reduced to a geometrical mean FWHM diameter of about 150 nm. 
Moreover, due to the necessity of spatially resolving the field ionization process, occurring around the ionization 
pulse electric field peaks and with longitudinal extension of δzion ≃ √

ρ0λi/2 ≃ 40  nm, a longitudinal 
resolution of dz = 10 nm was set. This is consistent with the necessity of longitudinally resolving the beam 
current density, having a FWHM length of about 180 nm. Finally, the angular projection on three azimuthal 
modes was employed, in order to accurately describe the beam-loading effects. The particle deposition was 
with Nz × Nr × Nt = 2 × 1 × 12 = 24 ppc, with the exemption of a cylinder of radius 0.5 × w0;i inside 
the injection section, where a deposition of Nz × Nr × Nt = 4 × 4 × 24 = 384 ppc was adopted so as to 
improve the numerical accuracy of the trapped beam density current. Simulations ran on 32xH100 GPU’s at 
ELI-NP cluster. To speed-up the run-time, a Lorentz boost frame technique106,107 with boost γboost = 10 was 
employed in all the simulations. The chosen value for γboost was obtained by pondering the runtime (about 35 h/
simulation) and the increase of the beam particle’s weights, which induces a degradation of the beam density 
current numerical description. The time-step increase was dt = 4.59 as, so as to ensure the stability of the results 
against numerical Cerenkov radiation (NCR) noise due to the boosted-frame technique.

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper. Simulation results are available 
from the corresponding author upon reasonable request.
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