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Abstract
The production of high-quality electron bunches in laser wakefield acceleration relies on the
possibility of injecting ultra-low emittance bunches in the plasma wave. A new bunch injection
scheme (resonant multi-pulse ionization, ReMPI) has been conceived and studied, in which
electrons extracted by ionization are trapped by a large-amplitude plasma wave driven by a train
of resonant ultrashort pulses. Such a train of pulses can be obtained in a very efficient, compact
and stable way, by phase manipulation in the laser front-end. The ReMPI injection scheme relies
on currently available laser technology and is being considered for the implementation of future
compact x-ray free electron laser schemes. Simulations show that high-quality electron bunches
with an energy of up to 5 GeV and a peak current exceeding 2 kA, with normalized emittance of
below 0.1 mm×mrad and a slice energy spread of below 0.1%, can be obtained with a single
stage.

Keywords: laser-plasma acceleration, high-brightness beams, resonant multi-pulse ionization
injection, multi-pulse laser wake field acceleration, free electron lasers, high-quality electron
beams
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1. Introduction

Laser wakefield accelerators (LWFA) are nowadays
approaching the 10 GeV energy scale [1], with accelerating
gradients in the order of 40 GeVm−1. Several applications of
those electron bunches, including staging [2–6], LWFA-based
colliders [7–9] and high-quality secondary sources [10–16]
can now be envisaged. Therefore, a viable laser wakefield
accelerator producing GeV scale, high-quality, electron bun-
ches should operate with a flexible and stable injection
mechanism capable of producing very low emittance
bunches.

Several electron injection schemes have been proposed
and tested so far. Among them, ionization injection [17–25]
opens up the possibility of experimental control of the
injection mechanism. Injection via density downramp [26–30]
has been proven to be capable of generating very low

emittance bunches [28], though it is not easy to disentangle
the mean energy, the energy spread, the charge and the
emittance of the produced bunch.

The need for a flexible scheme capable of generating
very low emittance bunches led to the introduction of the two-
color ionization injection [31]. The two-color ionization
scheme needs the use of two laser systems. The ‘driver’ pulse
excites the plasma wave and is delivered by a long-wave-
length (e.g CO2) system, while a synchronised pulse (the
‘ionization’ pulse) from a Ti:Sa system extracts the electrons
from the dopant by tunnel field-ionization. To date, however,
long-wavelength (λ>5 μm), high-power (P>100 TW) and
ultrashort (T=100 fs) laser systems are lacking and hope-
fully will be available in the near future.

The new resonant multi-pulse ionization injection
scheme (ReMPI) [32] is capable of generating very low
emittance bunches in a flexible way, yet using a single Ti:Sa
laser system. In ReMPI, the long-wavelength driver pulse of
the two-color injection is substituted by a train of pulses
that excites the wakefield through the multi-pulse LWFA
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mechanism [33–36], maintaining each pulse’s electric field
under the ionization threshold for the selected dopant (e.g.
nitrogen or argon). Subsequently, a tightly focused, low
amplitude, pulse in second, third or fourth harmonics in the
tail of the train ionizes the dopant, thus injecting the electrons
into the wakefield with an ultra-low emittance (see figure 1).
While the ReMPI scheme has been already (numerically)
tested for producing low-charge (Q;5pC) high-quality
beams [32, 37, 38], relatively high-charge (Q;30 pC) high-
quality explorations of the scheme were still lacking.

In this paper we report on numerical simulations about
the trapping and acceleration of a 5 GeV electron bunch, with
a beam-quality high enough to drive a free electron laser
(FEL), as envisaged in the EuPRAXIA project [39]. FELs are
extremely demanding in terms of beam quality [40, 41],
especially at their high energy end, where radiation with
wavelength l l g » A2 1R U

2  (here λU≈2 cm is the
undulator period) can be generated. In addition to standard
beam-quality parameters, the so-called ‘slice quality’ para-
meters should be evaluated for a bunch aiming at driving a
FEL. Slice parameters refer to the phase space quality of each
transverse slice of the bunch, and give us relevant information
on which slice will participate in FEL lasing. In the case of
the EuPRAXIA envisioned FEL, the required global and slice
parameters at the undulator entrance are summarized in the
‘requested’ row of table 1.

The working configuration shown here is based on a
1PW Ti:Sa laser system, temporally shaped into a train of
eight pulses in the fundamental harmonics, each delivering
6.3J in 55 fs. Moreover, a 45 fs long pulse in the fourth har-
monics, obtained by an amplified portion of the same master
pulse of the train, is tightly focused behind the driver, thus
constituting the ionization pulse. The experimental arrange-
ment can deal either with multiplexing techniques after the
amplification chain [34–36, 42] or with the new TEMPI
scheme, recently proposed by Labate et al and tested with
start-to-end simulations [43, 44]. TEMPI is based upon the
usage of birefringent plates of increasing thicknesses and
crossed polarizations, which produce delayed replicas of the
original pulse, and linear polarizers [45]. In contrast to the
arrangement described in [45], in TEMPI such a stack is used,
on the stretched pulse, early in the CPA amplification chain,

thus allowing for a recovering of the pulse energy at a rela-
tively small price in terms of additional pump energy. The
TEMPI scheme should result in a more compact and stable
setup with respect to the above mentioned schemes, yet be
able to generate a train of pulses with almost constant peak
intensity along the train and with an energy conversion effi-
ciency approaching unity. Finally, we stress that being the
driving train and the ionization pulse amplified replicas of the
same master pulse, no synchronization jitter issues are raised.
Nonetheless, μm sized mechanical vibrations can induce
some fluctuations in the ionization pulse-to-driver train delay,
but those fluctuations can be safely maintained at (some)
femtoseconds level, i.e. to a very small fraction of the plasma
period. The laser train and ionization pulse parameters have
been collected in table 2.

The plasma target consists of a two adjacent sections
stack. In the first section, made by a gas-cell filled with a
mixture of argon (50%) and helium, electrons are extracted by
field ionization and subsequently trapped by the plasma wave.
Finally, electrons experience a longitudinal phase-rotation
that reduces their overall energy spread to a percent level. In
this first section the laser pulse is still focusing, therefore a
guiding parabolic channel is not necessary here. The second
section is placed as close as possible to the cell and consists of
a gas capillary filled by pure helium. In the capillary the laser
pulse remains focused and can excite the plasma wave for
about 25 cm [1]. In both stages, background plasma density is
set to ne=2.1×1017 cm−3, which sustains a plasma wave
of wavelength 75 μm.

Simulations of about 25 cm of propagation in the plasma
have been performed with the hybrid fluid/PIC code QFluid
[46]. The QFluid simulations assume a 2D cylindrical sym-
metry of the fields, while particles of the bunch move in a full
3D space. The bunch is sampled with Nb≈106 equal-
weighted macroparticles and the simulation box (a cylinder,
actually) has radius 320μm and length 690 μm. QFluid is
equipped with a mesh-refining technique, which is activated
in the longitudinal portion of the cylinder where the bunch is
placed. The fields are solved by quasi-static approximation
[47] by using the coarse resolution of dzcoarse=0.47μm
(longitudinal) and m=dr 0.93 mcoarse (radial), while the
refined grid spacing are dzfine=0.012 5 μm and drfine=
0.1 μm.

We remark that the evolution of the laser pulse’s com-
plex envelope [48] has been performed maintaining the sec-
ond order derivative in the time evolution, thus ensuring the
most accurate description of the (very long) pulse’s evolution.

2. Driving pulse train evolution

The evolution of the driver train as a whole is highly non-
trivial, due to propagation of the pulses in a nonuniform
plasma. A detailed analysis of this evolution is beyond the
scope of the present work and will be presented elsewere [49].
However, as the first pulse propagates in a steady, uniform
plasma, it starts exciting the wakefield, which is reinforced by
the subsequent pulses via a resonant process. We point out

Figure 1. The ReMPI scheme. The incoming pulse passes through a
beam splitter; a portion is time shaped as a train of eight pulses (red,
transparent surface), while a smaller portion in fourth harmonics is
tightly focused in the rear of the train (purple surface) and extracts
electrons from the argon dopant. The driver train resonantly excites a
high-amplitude plasma wave (black line) that traps and accelerate the
electrons.
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that in such a framework, all the driver pulses behind the first
one interact with a perturbed plasma density which can
strongly affect their evolution. Therefore, different portions of
a given driver pulse, depending on its length and phase in the
plasma wave, could be refracted away or focused. Moreover,
the energy exchange from the pulse and the wave can vary
significantly from the usual scenario.

In the simulation shown here, some optimization proce-
dure has been employed to stabilize the evolution of the
pulses in the tail of the driving train. Nevertheless, a sizable
fluctuation of the peak intensity is still present during the
25 cm of propagation, as is shown in figure 2(a). The severe
pump depletion of about 70% of laser energy is mostly due to
erosion of the last pulses in the train, as is now apparent in
figure 2(b), while not only the first pulse shows a depletion of
just a 10 % (not shown there) but also experiences a strong
self-focusing. Nonetheless, the train is capable of exciting a
large-amplitude plasma wave for most of its propagation
distance, as will be shown in the next section.

3. Tunnel field-ionization of bunch electrons

In the first target section containing argon, it is supposed that
the laser prepulse and the first few cycles of the first driver
pulse are able to ionize the gas up to the eighth level. This is
because the ionization energies of the first eight electrons are
relatively low, with the highest being about 144 eV. In the
passage to the K-shell (i.e. to the ninth electron), however, a
large jump in the ionization energy occurs (Ui,9;422 eV),
thus realizing the optimal conditions for a controlled extrac-
tion of the electrons with an ad hoc large-amplitude electric
field. This is accomplished by focusing the fourth harmonic
‘ionization’ pulse behind the train, in such a way that its
electric field is close to its threshold for the + +Ar Ar8 9

transition. It is worth noting that the electric field amplitude of
a laser pulse is proportional to its normalized amplitude

=a eA mc0 0
2 and to its wavevector k0=2π/λ0, λ0 and a0

being the pulse wavelength and vector potential amplitude,
respectively. Therefore, a large electric field amplitude can
be realized with a moderate normalized amplitude a0 but
with a very short wavelenght. If a Ti:Sa pulse is chosen
(λ;800 nm), a fourth harmonics conversion is an efficient,
yet cumbersome, option. In the following, a fourth harmonics
converted pulse will be considered, along with the resulting
normalized amplitude a0,ion=0.25 and a minimum waist
of m=w 5.8 mion0, .

Once the electron leaves the atom, it starts to quiver in
the oscillating pulse electric and magnetic fields and, after the
ionizing pulse has overpassed it, a residual secular transverse
momentum along the polarization axis is left, thus constitut-
ing a source of bunch emittance. Analytical results and
simulations in [50], show that the minimum normalized
emittance achievable by using a linearly polarized pulse can
be as low as

D = w a w a a
1

2

1

2
, 1n ion ion ion ion c,min 0, 0,

2
0, 0,

2· · · ( )

with lD º =a a a U U, 0.108ion c c ion i H0,
3 2· ( ) (UH;

13.6 eV; see equation (26) in [50] and (4) in [32]). Having
selected the transition + +Ar Ar8 9 , along with the above
mentioned ionizing pulse, we derive from equation (1) a
minimum achievable ‘thermal’ emittance of òn,min;0.05
μmrad. We mention, however, that other mechanisms can be
responsible for an emittance increase. Though the ponder-
omotive forces are a good linear approximation in the trans-
verse coordinate and consequently do not contribute to the
transverse emittance (see [50]), the transverse kick on the
low-energy electrons increases the beam radius just after
the pulse passage and causes a fraction of the beam lying in a
region of nonlinear transverse force. Those electrons, there-
fore, will oscillate with a lower betatron frequency, thus
partially spoiling out the transverse quality. Moreover, as
bunch charge increases, space charge and beam loading can
contribute to increasing the beam emittance. In our simula-
tions a final emittance of ònx=0.08 μmrad in the first section
has been obtained, which should be compared with the
minimum value of 0.05 μmrad obtained with equation (1).

4. Bunch trapping and energy boosting up to 5 GeV

Once the newborn electrons are extracted by the ionizing
pulse, they slip back in the wake while they are accelerated by
the electric field. Those electrons are trapped by the wave,
provided that they reach the wake (phase) velocity prior to
entering into its decelerating region. The trapping, therefore,
occurs if the wake accelerating field exceeds some threshold

Table 1. Requested beam quality (‘R’ raw) and quality parameters obtained by means of the simulations reported in the paper (‘O’ raw). The
overall and slice relative energy spread σ(E)/E and normalised emittance òn, as well as the total charge Q and peak current I, are shown.

Param. σ(E)/E òn s E E slice( ) ∣ n slice∣ Q I

R <1, % =1 μmrad <0.1% =1 μmrad �30 pC >1 kA
O 0.9% 0.085 μmrad 0.03% (min) 0.085 μmrad 30 pC 2.5 kA

Table 2. Relevant parameters set for the driving train and the
ionization pulse. The total delivered energy (E), the FWHM pulse(s)
duration (T), the minumum waist (w0), the pulse-to-pulse delay (the
ionization pulse refers to the last pulse of the train) and the
normalized pulse amplitude (a0) are shown.

Laser E T w0 Delay a0

Driver 50 J 55 fs 90 μm 250 fs 0.63
Ionization 0.06 J 45 fs 5.9 μm 85 fs 0.25
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that depends on the exact phase of the wake where the the
electrons are frozen. In our simulations electrons reach the
wake’s speed well before its node, which means that trapping
occurs within the standard trapping and the ‘strong’ trapping
[32] condition boundaries. In figure 3 a snapshot of the bunch
longitudinal phase-space is shown, at a time in which elec-
trons are still being extracted from the dopant. The bunch
(black dots) is already partially trapped, while most of the
particles still have a longitudinal momentum = -u p mcz z

well below the trapping threshold g b= -1 1 90ph ph
2  ,

βph=vph/c being the phase speed of the wake. In figure 3 the
driving pulse train (red line) and ionization pulse (purple line)
are also shown. After the last train pulse, a nonlinear wave
(blue line) with amplitude Ez/E0;0.7 has been excited (here

E0=mc ωp/e is the nonrelativistic wavebreaking limit and
ωp is the plasma frequency). As the bunch is fully trapped by
the wave, a longitudinal phase-space rotation occurs. More-
over, transverse focusing forces remain linear inside the
bunch, which is adiabatically squeezed down to a (quasi
round) beam of about 0.8 μm diameter.

After the phase-space rotation, the train and the bunch
enter into the helium-filled capillary, which guides the laser
for more than 20 cm. Notwithstanding the nontrivial evolution
of the laser pulses (as shown in section 2), the bunch always
experiences linear focusing forces, though the accelerating
fields varies considerably during the propagation. Yet, a mean
accelerating gradient of ;45 GVm−1 has been obtained,
which corresponds to a mean normalized field Ez/E0;0.45.
At the end of the capillary, the driving train is depleted by its
70% and the bunch energy is about 5 GeV, with a marginal
increase of the normalized emittance up to ònx=0.085 μmrad
and òny=0.080 μmrad. The final beam phase-space, along
with the longitudinal electric field in its bucket, are shown in
figure 4.

Figure 2. Driver train evolution. (a) Peak intensity and overall pulse energy evolution. (b) Initial (upper) and final (lower) maps of the pulse
envelope. Pulses move towards the left.

Figure 3. An axis snapshot at the early stage of bunch trapping.
Lineout of the driving train (red line) and of the ionizing pulse
(purple line) normalized amplitudes, as well as the lineout of the
longitudinal normalized electric field Ez/E0 are shown. The Lorentz
factor γ associated with the wakefield is g 90ph  . The longitudinal

phase space of the bunch (black dots) is m g+z ct m u, z ph( [ ] ), where
= -u p mcz z . Particles with g u 1z ph are trapped by the wave.

Figure 4. The phase-space m m+z ct x Em , m , MeV(( )[ ] [ ] [ ]) of the
bunch at the end of the 25 cm (aprrox.) long capillary. The
longitudinal electric field map is also shown.
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5. Final bunch quality

As we pointed out in the introduction, a FEL oriented beam
should be analyzed in both the overall and slice perspectives.
While the projected (overall) one gives us relevant informa-
tion about quality degradation during the beam transport lines
[51, 52], a slice inspection of the phase space will definitely
show us which (and how) portions of the bunch will parti-
cipate in lasing [40, 41]. In figure 5 some cuts of the 6D final
phase space are shown. As is apparent from cuts in the x−y
and x−ux planes, a (quasi) round and matched beam has
been obtained. The z−uz plane, however, shows us that a
higher energy tail is present. This tail partially spoils the
longitudinal beam quality, the overall energy spread being
about 1.8%. A better inspection of the longitudinal phase-
space cut, however, reveals that only a small fraction of the
beam charge (about 8%, actually) is responsible for the high-
energy tail and of the subsequent large energy spread (see
figure 6). The tail is therefore easily removed with a simple
tuning of the transfer line energy acceptance. The transported
beam (with about 92% of the total charge, i.e 30 pC) complies
with all the (projected) requirements of the ‘requested’ raw in
table 1, its overall energy spread being σE/E=0.9%.

Slice analysis of the bunch phase space has been per-
formed with a slice thickness of 0.1 μm, which is compatible
with the cooperation length of the envisioned FEL
setup [40]. In figure 7(a) the slice current profile, as well as
brightness-5D ( pº ´ B I2D nx ny5

2( )) and brightness-6D
( sºB B E 10D D E6 5

3( )) are shown. Remarkably, at least
brilliance-5D is about a factor of three above the one recently
obtained with a two-stage LWFA/PWFA hybrid approach
(see [53], where a definition of brightness without the πʼs has
been used). Moreover, the current distribution shows a gentle-
varying profile with peak value of 3.7 kA. In figure 7(b) the
normalized emittances along the x (ionization) and y (driver)
polarization axis are reported. At peak current, i.e at a long-
itudinal position of about −1 μm from the bunch center-of-
mass, emittances of 0.065 μmrad and 0.04 μmrad along the

x- and y-axis are reported. Remarkably, the slice energy
spread reported in figure 7(c) shows an excellent distribution,
with more than 80% of the bunch charge in slices having an
energy spread of less than the required upper limit of 0.1%.
Finally the minimum slice energy spread is attributed to a
slice in the head of the bunch and in position −1.4 μm. That
slice possesses the highest brightness, having extremely low
emittances of 0.045 μmrad and 0.03 μmrad, an energy spread
of 0.03% and a current 2 kA.

6. Sensitivity to parameter fluctuations

Several laser and plasma parameters can affect the final beam
quality. Fluctuations on the delivered laser pulse energy,
for example, is directly linked to variation on both the

Figure 5. Phase-space cuts of the final beam. Here =u p mcx y x y, , and = -u p mcz z . The bunch moves towards the left.

Figure 6. Longitudinal phase-space plot m+z ct m ,(( )[ ]
- < > < >E E E( ) ) and current profile of the final beam. By

selecting a standard beam optics with maximum energy below
´ < >E1.3 , about 92% of the bunch charge is transported to the

final undulator stage for lasing.
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accelerating field amplitude and phase (due to nonlinear
plasma wavelengh increase), while variations in the back-
ground density mostly affect the resonance condition for the
wave excitation. A full evaluation of the final beam para-
meters’ stability against most of the working point parameters
has been performed for a setup related to a 150MeV injector
for the EuPRAXIA 5 GeV line [54], where a background
density of about 1·1018 cm−3 was used. There, we found
that the selected working point is stable, provided that ‘rea-
sonable’ conditions for the upper limit of the experimental
conditions fluctuations were satisfied. As an example, a 1%
level of maximum admissible delivered pulse energy should
be assured so as to limit the mean final energy fluctuation to
about 1%. Pulse-to-pulse delay TD (timing) jitter can be
responsible of a resonance condition loss, therefore inducing
a fluctuation in the wakefield amplitude (and phase) unless
d w wN T T 1p D p ref D ref, ,( · ) ( · )  , where N=8 is the number

of pulses of the train and the subscript ref refers to the
reference value of the parameter. Therefore, the experimental
scheme that generates a time modulation in the laser pulse
must possess a very good stability (dT T N1D D ref,  ). The
TEMPI scheme, which was selected for the experimental
demonstration of the ReMPI, shows a virtually null pulse-to-
pulse jitter: the replicas of the stretched pulse (about 1 ps
long) are produced by a mechanically stable stack of bire-
fringent crystals and polarizers and overlap until they leave
the compressor. We also mention that the time jitter between
the pulse train and the ionizing pulse possesses potential
detrimental effects on beam quality. However, being both the
driving train and the ionization pulses amplified replicas of
the same master pulse, the time jitter between them is only
due to mechanical vibrations and can be safely limited to a
few μm, which should be compared with the plasma

wavelength λp;75 μm. Plasma density fluctuations result in
the most severe source of beam-quality fluctuations. The
resonance condition refers to the plasma period, which
depends on the local background density d= +n n nref0 0, 0.
Since the efficient resonant excitation of the wave can be
rewritten as d d+n n T T N2 1ref D D ref0 0, ,  , extremely
low (of percent size) background density fluctuations can be
acceptable. This can be made clearer by figure 8, where the
pulse train and its excited wakefield is shown in two different
cases: the optimized case with the couple of parameters
T n,D ref ref, 0,( ) (full lines) and a case with the couple

d+T n n,D ref ref, 0, 0( ), being d =n n5% ref0 0, (or, alternately,
the couple +T T n2.5% ,D ref D ref ref, , 0,( ), shown with the
dashed lines). From figure 8 we can infer that a variation of
5% of the plasma density, or equivalently, a variation of about
2.5% of the time delay of all the pulses, will cause cause a
reduction of more than 20% in the wakefield amplitude, thus
reinforcing the claim that the background plasma density
must be controlled at about one percent level.

7. Conclusions

We have shown, by means of hybrid fluid/PIC simulation,
that a FEL-quality 5 GeV electron bunch can be obtained with
a single-stage LWFA. In order to employ the ReMPI injection
scheme, the 1PW Ti:Sa laser system is equipped with a
longitudinal pulse-shaper that modulates the pulse envelope
in a sequence of eight pulses which drive a large amplitude
plasma wave. Just after the pulse train, a low-intensity fourth
harmonic converted portion of the initial pulse is tightly
focused, so as to act as an ‘ionization pulse’. The argon

Figure 7. Slice analysis with slice thickness 0.1 μm The longitudinal
axis corresponds to the slice position with respect to beam center-of-
mass. (a) Current (black), brightness-5D pº ´ B I2D nx ny5

2( )
(blue) and brightness-6D sºB B E 10D D E6 5

3( ) (red). (b) Emit-
tances in the x (red) and y (blue) directions. (c) Energy spread using
the rms estimator (red, dashed) and the mean absolute deviation
robust indicator (black).

Figure 8. Sensitivity of the accelerating field (blue lines) on the
resonance condition mismatch. The horizontal axis refers to the
number of plasma periods and in the vertical axis both the
accelerating field and pulses amplitude (orange) are shown. While in
the optimized case (full lines) the peak accelerating field reaches the
value of =E E0.7z ref, 0, the wakefield excited in a plasma with a
background density increased by 5% (dashed lines) has peak value

=E E0.55z 0, showing a reduction of more than 20%.
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K-shell electrons are extracted by tunnel ionization in the
ionizing pulse field and are subsequently trapped by the
wakefield. Finally, after about 25 cm of propagation in a
capillary filled with helium, they are accelerated up to the
desired energy of 5 GeV. The pulse train evolution is highly
nontrivial and will be further investigated in a future work.
Despite this, a 30 pC electron bunch with an energy spread of
below 1% can be obtained after a standard selection of the
beam transport energy range. The normalized emittance,
being below 0.1 μmrad, is about on order of magnitude below
the one usually obtained at those energies. Moreover, slice
analysis reveals an excellent quality of a large fraction of the
slices, with about 80% of the charge in slices having an
energy spread below the threshold of 0.1%. We finally
mention that a record brilliance-5D of 4×1017 A m−2,
along with outstanding properties of the best slice of
s m m= = = E 0.03%, 0.045 mrad, 0.03 mradE nx ny/ and
current of 2 kA, can be obtained. The experimental demon-
stration of the scheme should face mechanical stabilization at
(some of) μm size of the laser system, the pulse beamline and
the interaction area, as usual in high energy LWFA experi-
ments. Moreover, an additional constraint of stable control of
the plasma background density at the 1% level is necessary,
so as to assure an efficient resonant excitation of the
plasma wave.
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