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Spiking electron beam driven plasma waves with novel laser-driven underdense photocathodes
can produce electron witness bunches with extreme brightness. The development of such hybrid
systems and their potential as future plasma-based accelerators and compact yet high performance
light sources is discussed.
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I.

INTRODUCTION

Cathode ray tubes were essential in the discovery of x-rays [1] as well as in the discovery of plasma [2–4]. The
electron beams originating from these cathode ray tubes – the first man-made electron accelerators – are naturally
limited in quality and energy. Since then, the many advances in accelerator physics have continuously enabled more
and more sophisticated generations of electron accelerators. This progress is characterized by a dramatic increase
in the obtainable electron energy E and brightness B = 2I/ǫ2n , where I is the electron beam current and ǫn the
normalized emittance. New generations of electron accelerators often spawn a new generation of light sources. Using
electron density oscillations in plasma – the very medium discovered by the first electron accelerators – to produce
a new generation of electron “accelerators for very high current and super-high energies of the order of 1012 eV and
even more” [5], is today a vibrant research field that many believe to have the potential for a next-generation electron
accelerator, which in turn may pave the way for a new generation of light sources.
Such plasma waves are characterized by the plasma frequency ωp = [ne e2 /(me ǫ0 )]−1/2 , where ne is the electron
plasma density, e is the electron charge, me the electron mass and ǫ0 the vacuum permittivity. They can either be
driven by intense laser pulses as in laser wakefield acceleration (LWFA) [6], or by intense particle bunches in plasma
wakefield acceleration (PWFA) [7, 8] scenarios. While there are many similarities in LWFA and PWFA, there are
also profound differences. In the following, therefore electron beam driven plasma cavities are consequently and for
historical reasons denoted blowout, whereas for laser-driven plasma cavities the term bubble [9] is used.
A main difference is, that laser pulses are electromagnetic waves with electric and magnetic fields oscillating in
the transverse directions, whereas electron bunches have unidirectional electric fields, which is schemtically shown
in figure 1. It is intuitively clear that unidirectional electric fields are much better suited to expel electrons off
axis when compared to rapidly oscillating fields. This is because the ponderomotive force is a second-order effect
[10, 11]. At a laser wavelength of ≈ 1 µm, intensities in the range of I ≈ 1018 − 1019 W/cm2 , corresponding to a
normalised vector potential a0 = meE
> 1, are therefore required in order to expel the electrons via the ponderomotive
e ωc
force Fp ∝ a2 and to produce an electron-free plasma cavity with a single laser pulse. The peak electric fields
connected to an a0 = 1, which are today achievable with Ti:sapphire lasers of wavelength λ = 0.8 µm, amount to
2
ec
≈ a0 /λ[µm] × 3.2 × 1012 [V/m] ≈ 4 TV/m. At these electric field values, even higher ionization
E0 = a0 2πm
eλ
states of matter are completely ionized. This can be approximated using the barrier suppression ionization intensity
ξ 4 [eV]
threshold IBSI ≈ 4 × 109 iZ 2 . Hydrogen, for example, has an ionization potential of ξi = 13.6 eV and is completely
ionized already at an intensity of I ≈ 1.4 × 1014 W/cm2 . With typical pulse durations of the order of τ ≈ 30 fs, a
plasma wave is excited optimally for a laser pulse duration that matches the plasma wavelength λp ≈ 2cτ [12]. Laserplasma-accelerators typically operate at somewhat lower densities because the energy gain is limited due to dephasing,
diffraction and injection; a typical value is a plasma electron density of ne ≈ 4π 2 c2 ǫ0 me (λ2p e2 )−1 ≈ 1018 cm−3 .
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FIG. 1: Schematic view on plasma wave excitation driven by a laser pulse (left), exciting a bubble, and an electron
pulse (right) exciting a blowout.
Electron bunches, on the other hand, can excite nonlinear plasma wave blowouts as long as the bunch electron
density is larger than the plasma density nb > ne . For an axially symmetric Gaussian bunch profile with bunch length
σz and bunch radius σr , the bunch density
nb =

Q
(2π)3/2 σr2 eσz

can satisfy nb ≥ ne ≈ 1018 cm−3 for bunch parameters of charge Q = N e = 100 pC, σr ≈ 2 µm and σz ≈ 4 µm. The
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peak electric field of such a bunch can be approximated as
Er (r = σr ) ≈

Q
× 0.025
σ z ǫ0 σ r

(0)

For the above parameters, these fields amount to Er ≈ 35 GV/m – which is much less than the ionization threshold
of helium, for example. A general conclusion is that ionization is much easier with laser pulses than with electron
pulses.
As regards longitudinal driver bunch duration, there are similarities between methods of compression of high-power
laser pulses and the compression of an electron bunch. With laser pulses, one introduces a correlated longitudinal
energy chirp to the broadband laser pulse in a stretcher prior to amplification to prevent destruction of the amplifier
medium. After amplification, the stretched pulse is re-compressed in a dispersive system, for example in a grating
compressor. This chirped pulse amplification (CPA) [13] method is an enabling technology for the whole field of
high intensity laser science. Electron bunches are generated in state-of-the-art photoguns with a short laser pulse
(typically, a Ti:sapphire laser pulse at fundamental wavelengths or harmonics) incident on the photocathode material,
where the photo-electrons are released. Radio-frequency fields are used to extract the electrons. Depending on their
individual phase in the accelerating radio-frequency wave, electrons may also develop a correlated energy spread. At
low energies . 5 MeV, the large differences in velocities β (compare figure 2 b) can be exploited for active or passive
velocity bunching (e.g. in a drift tube) to compress the electron bunches longitudinally. This increases the peak
current, and the charge density of the electron bunch, which is highly advantageous for driving a plasma wave.
The transverse expansion of electron bunches and laser pulses during propagation in vacuum follows a hyperbolic
profile in both cases. The Gaussian laser beam propagating in the z-direction diffracts as
v
!2
u
u
z
w(z) = w0 t1 +
(0)
ZR

where

ZR = πw02 /λ

(0)

is the Rayleigh length, which depends on the focus radius w0 and the laser wavelength λ. High-power laser pulses with
intensities in the I ≈ 1018 −1019 W/cm2 range required for laser wakefield acceleration (LWFA), are almost exclusively
based based on Ti:sapphire, which fixes the central wavelength to λ ≈ 800 nm. Today’s typical laser power levels of
a few hundreds of TW require spot sizes w0 of a few microns to reach intensities of a0 > 1. Assuming a spot size of
w0 = 10 µm, for example, this leads to Rayleigh lengths of ZR ≈ 400 µm. This is the characteristic propagation length
scale of the laser beam in vacuum. A diffracting laser pulse decreases the intensity, which limits the acceleration length
of LWFA. Fortunately, relativistic self-focussing in plasma can guide the laser pulse over many Rayleigh lengths, and
active guiding in plasma channels can counteract the diffraction process, allowing cm acceleration distances and GeV
energies to be reached with state-of-the-art laser systems [14–16].
Electron bunch diameters evolve as
v
!2
u
u
z
σr (z) = σr0 t1 +
(0)
β∗
where the beta function length

2
β ∗ = σr0
γ/ǫn

(0)

is dependent on electron bunch diameter at focus σr0 , its Lorentz factor γ = (1 − v 2 /c2 )−1/2 , and its normalized
emittance ǫn . Assuming a focus diameter of σr0 = 10 µm as in the laser pulse example, an electron bunch energy of
E = m0 c2 (γ − 1) = 1 GeV and a typical normalized emittance of ǫn = 10−6 mrad, leads to a beta function length
scale of β ∗ ≈ 20 cm. This is many orders of magnitude longer than in the laser pulse case, where the laser wavelength
λ is fixed and only the spot size w0 is a variable. In contrast, with electron bunches, in addition to the spot size,
the electron bunch kinetic energy E and the emittance ǫn are variables and can be optimized to obtain even longer
beta function lengths. In effect, this means that proper electron bunches can drive a plasma wave over much longer
distances than laser pulses, allowing for enhanced acceleration lengths. Indeed, energy doubling of 42 GeV electrons
has been demonstrated at SLAC in an electron-beam driven PWFA setup on metre-scale length [17]. Figure 2 a)
compares the transverse diffraction of typical laser pulses and electron pulses in vacuum, which visualizes the much
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longer relevant acceleration lengths obtainable with electron pulses, and in turn the ability of laser pulses to ionize
highly locally confined volumes.
Finally, relativistic electron bunches propagate with practically the same velocity in vacuum as in plasma, which
is ≈ c for sufficiently relativistic electron bunches. In contrast, laser pulses of frequency ω0 propagate at their group
velocity
!1/2
ωp2
vg = c 1 − 2
ω0
which is significantly slower than the speed of light in vacuum c and of the propagation speed of relativistic electrons
in vacuum or plasma ≈ c. This leads to substantial dephasing effects encountered in LWFA, whereas there is no
significant dephasing in PWFA, where both driver and witness electrons propagate with approximately the same
speed c. This is shown in figure 2 b).
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FIG. 2: Transverse beam expansion (a) and longitudinal propagation velocity (b) of Gaussian laser pulses and
electron beams in vacuum. a) Electron pulses (black lines) of relativistic energies and typical emittance (e.g.
γ = 2000, ǫn = 10−6 mrad, but even for γ = 1000, ǫn = 10−5 mrad), and expand much slower than laser pulses (red)
with w0 = 10 µm or even w0 = 100 µm. b) The propagation velocities of electron bunches in plasma are substantially
faster than for laser pulses, especially at elevated plasma electron densities. Space charge, plasma lensing and
focusing effects are not included.
Along general lines, these differences between laser pulses and electron bunches indicate that suitable bunches can
inherently provide a much longer usable acceleration length than laser pulses. While more subtle effects and techniques
such as space charge (an effect which importance decreases ∝ γ 2 ), head erosion, self-focusing and plasma lensing,
longitudinal and transverse plasma tapering are not regarded here, these broad strokes indicate that electron bunch
drivers are much better as drivers of plasma waves. On the other hand, laser pulses are much better at (selectively)
ionizing media.
II.

TROJAN HORSE UNDERDENSE PHOTOCATHODE PWFA

From a general comparison and analysis of advantages and disadvantages of electron and laser pulses for plasma
wakefield acceleration, we developed a stratagem designed to exploit the best of both worlds, LWFA and PWFA.
Fortunately, the advantages and disadvantages of electron and laser pulses are almost completely complementary.
This led to a hybrid scheme patented in 2011 [18], published in 2012 [19] and eventually popularized as the “Trojan
Horse” underdense photocathode concept [20]. The core idea is to use electron bunches as drivers to set up the
plasma blowout cavity, exploiting the practically dephasing-free, long acceleration lengths, and to use laser pulses
for locally confined release of ultracold electrons directly within the blowout. These high-quality witness electrons
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are then accelerated in the giant electric plasma fields. The electron bunch driver sets up a plasma wave based on
a low ionization threshold media component (LIT) such as hydrogen, which is either pre-ionized, or self-ionized by
the electric fields of the electron bunch driver. As seen above, the electric fields of typical electron bunch drivers are
hardly sufficient to ionize even hydrogen with its low ionization potential of 13.6 eV, which leaves components with
a higher ionization threshold (HIT) such as helium (24.6 eV) uncompromised. In a mixture of hydrogen and helium,
for example, the hydrogen will be fully ionized, and the bunch driver will excite a plasma wave based on hydrogen
electron displacement from the hydrogen ions, while neutral helium gas will remain uniformly present in the mixture,
according to the gas laws. This HIT reservoir is in the next step harvested by focusing a synchronized laser pulse with
short (effective) Rayleigh length into the inside of the LIT plasma blowout to a peak intensity just sufficient to liberate
HIT electrons via ionization. For helium, for example, Ti:sapphire laser pulse intensities of IBSI ≈ 1015 W/cm2 are
sufficient (note that the BSI threshold is an upper limit and that ADK ionization is active at considerable lower
intensities [20]. Obtaining such sub-relativistic focus intensities are easily achieveable with laser energies < 100 µJ
at pulse durations of a few or a few tens of femtoseconds, when strongly focused to spot sizes of w0 of a few µm.
By tuning the effective focal volume and the laser intensity, electrons are released in an arbitrarily small volume.
In diametral contrast to LWFA, strong focusing and a thus strongly limited interaction length is highly favourable
(ionization defocusing effects may help in this regard). Because the laser pulse intensity is at the same time orders of
magnitude lower than the laser pulse intensities in LWFA, the phase space volume taken by the released electrons is
also orders of magnitude smaller. This is the key to producing ultralow emittance, high brightness electron bunches.
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FIG. 3: Schematic underdense photocathode process (from [18]). a) HIT electron release by laser pulse, b) trapped
HIT electron bunch, c) offset injection and d) injection at an arbitrary angle.
Figure 3 visualizes how the process was envisioned by using figures from the original patent work [18]. The particle
beam driver (in most cases an electron bunch, but it could in principle also be a proton bunch [21, 22]) travels to
the right and sets up a plasma wave in its wake, based on the LIT medium. The synchronized laser pulse, strongly
focused to an intensity matching the ionization threshold of the HIT component, releases HIT electrons (indicated
by the black rectangle in the picture) in the laser focus at arbitrary position in the blowout (figure 3 a). These
electrons, subject to the plasma blowout’s trapping potential, are at first left behind as the blowout moves forward in
the wake of the bunch driver, but as they experience the accelerating longitudinal field (see lineout in figure 3 b) they
are accelerated and eventually trapped, if the trapping potential is sufficient. From a practical point of view, this is
already the case when the electron reach MeV energies even when the driver beam may have GeV energies, because
of the insignificant differences in β (compare figure 2 b) along with the comparably short acceleration distances. At
the same time, the electrons experience the plasma-based analogue of active velocity bunching, as the longitudinal
electric field in the plasma blowout has a positive gradient dE/dx in the longitudinal direction [23]. Therefore, during
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the trapping process, the electrons are bunched and compressed in the longitudinal (and transverse) direction, which
is reflected by the smaller rectangle representing the compressed, trapped electrons in figure 3 b). Depending on the
total charge that is released by the laser pulse, the electric field inside the plasma blowout may be distorted due to
beam loading effects [24, 25]. This can flatten the effective accelerating electric field locally (see figure 3 b) and is
a strategy towards reduction of energy spread of the witness bunch. While figure 3 a) and b) depict the release of
electrons on axis collinear with the drive beam, it is also possible to release off axis figure 3 c), which will lead to
forced betatron oscillations of the electrons around axis [19] and/or with the laser pulse at an arbitrary angle (figure
3 d), which then will have the laser pulse duration effect the produced electron bunch duration.
The electron-liberating Trojan laser pulse has direct effect on the electron bunch, which allows advanced electron
bunch synthesis and shaping. As regards flexibility and tunability, this process may be even superior to the stateof-the-art solid photocathodes that are used in modern rf cavity based accelerators. One main difference is that in a
conventional photocathode the laser pulse is absorbed and reflected because the photocathode material is overdense
with solid electron density orders of magnitude above the critical density nc (ω) = ǫ0 m0 ω 2 /e2 ≈ 1.76 × 1021 cm−3 for
a Ti:sapphire laser wavelength or nc (3ω) ≈ 2.1 × 1022 cm−3 at the third harmonic of λ ≈ 266 nm.
In case of the Trojan Horse method, the medium is underdense to such laser pulses, allowing them to propagate
through the photocathode material as long as the ionization threshold is not reached. In principle, the HIT component
therefore can be present in a concentration of up to the critical density nc , which then produces extremely high charge
density per unit volume. Since, at such densities, the corresponding plasma wavelength λp is much less than 1 micron,
such extreme densities (which would likely lead to laser beam filamentation as soon as ionization sets in) would
require the HIT density concentration to be independent of the LIT density. This is the case in case for two or
multiple gas components, for example hydrogen (LIT) and helium (HIT). In contrast, when a higher ionization level
of the LIT species is used as HIT level, such as with the first and second ionization thresholds of an alkali metal such
as Rb, or when using He+ and He++ , restrictions would arise because the required LIT plasma wavelength. From
this viewpoint, the use of H and He is attractive because their concentrations are independently tunable [19]. At
constant hydrogen gas density, for example, increasing the helium density will lead to an increased electron witness
bunch charge. Next to the HIT medium density, tuning the laser pulse intensity, focusing, frequency, polarization
etc. are other parameters that can be used to steer the witness bunch production meticulously, thus justifying the
term “underdense photocathode”. Many of these parameters have a direct analogy with solid photocathode guns.
However, the spatial scales are very different, corresponding to the difference in the size of metallic cavities compared
with the plasma blowout cavity. For example, the laser spot size on a conventional photocathode is typically a few
mm squared, while laser spot sizes in underdense photocathodes are generally as small as is possible. In underdense
photocathodes, the use of higher frequencies allows for smaller spot sizes w0 ∝ λ, which also reduces the Rayleigh
length ZR ∝ w02 /λ. At the same time, the electric field that is needed for ionization, which is purely material
dependent, scales as E0 ∝ a0 /λ. Therefore at shorter wavelengths, the required threshold intensity a0 ∝ λ. The
initial phase space volume of the released electron bunch depends on the transverse diameter of the electron bunch
and their transverse momenta. Both can be reduced by using higher laser frequencies in the underdense
photocathode
√
[20, 23]. The transverse initial diameter σr is approximately the laser pulse spot size w0 / 2, and the transverse
momentum py,z /(mc) ≈ a0 /2. The obtainable transverse emittance ǫn ≈ σr py,z /(mc) ≈ w0 a0 /23/2 [19] is therefore
proportional to both the spot size w0 and the vector potential a0 . The residual laser contribution to the transverse
normalized emittance can therefore be decreased using higher laser frequencies. If the beam parameter product can
be conserved during frequency up-conversion of ultra-short laser pulses, not only the spot size, but also the Rayleigh
length decreases at shorter laser wavelengths. In turn, this also decreases the emittance growth due to phase mixing
processes [23, 26], which occurs during the bunch generation, bunching and trapping due to different longitudinal
birth positions of electrons in the underdense photocathode.
3D simulations have been carried out using the particle-in-cell code VSim/VORPAL [27] for an electron beam driver
bunch from a conventional accelerator with a total charge of Q = 1 nC, a duration of σz = 30 µm, corresponding
to an r.m.s. current of I ≈ 7 kA and a width of σr = 20 µm, the electron energy is 23 GeV and the emittance is
ǫn = 2.25×10−6 mrad, consistent with the above examples and (despite the lower charge) with the typical performance
of the FACET electron bunch at SLAC. The underdense medium consists of a mixture of hydrogen and helium, which
although independently tunable are here both set to ne = 5 × 1016 cm−3 for simplicity. The hydrogen is pre-ionized,
and the electron bunch driver sets up a LIT plasma wave with a plasma wavelength of λp ≈ 150 µm. The Trojan
photocathode laser pulse is Gaussian at the standard Ti:sapphire wavelength of λ = 0.8 µm with a spot size of
w0 = 4 µm, corresponding to a Rayleigh length of ZR ≈ 60 µm, and the pulse duration is τ = 40 fs. The laser
pulse is represented by a mathematical function: a) transversely, a Gaussian envelope with curved wavefronts that
satisfy the paraxial approximation; b) longitudinally, convolution with another Gaussian envelope that varies on a
spatial scale long compared to the wavelength; and c) temporally, propagation at the vacuum group velocity, with
focusing and diffraction governed by the paraxial approximation, and with zero longitudinal dispersion. Because the
normalized laser pulse amplitude is much less than unity, the plasma response will be that of a linear dielectric, as
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FIG. 4: 3D PIC simulation results with VORPAL/VSim. The Gaussian drive bunch (pink) moves to the right and
sets up the H plasma wave. He is ionized by the strongly focused laser pulse at the wave’s trapping potential
maximum, releasing electrons in figures a)-c) until it is diffracted to below the He ionization threshold. Then the
witness bunch is fully formed and compresses longitudinally (d) and is then further accelerated (e-f). The insets
show the He electrons’ transverse phase space distribution y vs. py and z vs. pz , respectively.

long as the plasma frequency remains small compared to the laser frequency along the path of the laser pulse, which
can be largely satisfied by injecting slightly off-axis with respect to the electron beam propagation. Hence, the explicit
approximations regarding group velocity and use of the paraxial approximation in vacuum are reasonable and will
be modest compared to experimental timing and steering jitter. The laser intensity is varied from a0 = 0.022 to
a0 = 0.016 for the same focusing, which in practice can be easily done by using an energy degrader, for example.
3D PIC simulations that fully resolve the laser wavelength are computationally very expensive. Versatile simulation
input decks have been developed where the laser pulse can either be fully resolved, approximated by an envelope
or by the paraxial approximation, the frequency and polarization can be tuned, and the electron bunch driver can
be approximated either by static, analytic current distribution or by variable or constant weight macro-particle
distribution. Here, the laser pulse is approximated by its envelope, which allows for a simulation speed-up of many
orders of magnitude. While the ionization physics are compatible with this approach, the residual canonical momentum
imposed on the released electrons is not accurately modelled. As a result, the observed emittance underestimates
the real obtainable emittance, but on the other hand allows to explore the effects of space charge and phase mixing
independently of the laser kick. Figure 4 shows results of a simulation for a laser intensity of a0 = 0.022, a value
approaching the BSI ionization intensity for helium of a0 = 0.026. The laser pulse is in collinear geometry and follows
the electron driver bunch (pink) on axis in a distance of ≈ 50 µm. Shown in figure 4 a) is the electric field magnitude
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in the simulation box, which allows to observe the transversely polarized focusing laser pulse as well as the hydrogen
plasma blowout shape and its length of approximately λp ≈ 150 µm. In the first snapshot 4 a), the laser pulse has just
reached its focus, producing a peak electric field of E ≈ 81 GV/m and has started releasing He electrons, which are
falling behind. The corresponding electric potential is displayed in 4 c), where one can see that the electron release
happens approximately at the electrostatic wave’s potential minimum, which is optimal for trapping. The insets in the
top left corner of each snapshot show the transverse phase space distribution of the generated witness bunch particles.
In the next snapshot 4 b), the plasma wave and the laser pulse have progressed approximately 50 µm, and the laser
pulse continues to ionize helium at an electric field of E ≈ 81 GV/m, releasing further charge from the HIT helium
gas component. The first electrons are already trapped and accelerated to maximum energies of 0.7 MeV. After
propagating another 80 µm (see figure 4 d), the laser pulse has diffracted and has lost its HIT ionization capabilities,
in this snapshot already being decreased to a peak electric field of E ≈ 37 GV/m. The released He electrons have
a total charge of Q ≈ 110 pC, are almost all bunched, and peak energies reach 2.0 MeV. After nearly one mm of
propagation (figure 4 e), the witness bunch is compressed to a very small longitudinal and transverse size, the laser
has diffracted further, and the peak electron energy has reached 9 MeV. Next, the situation is depicted after ≈ 10
mm of total propagation, where the peak electron witness bunch energy is ≈ 200 MeV, and the latter part of the
electron bunch driver shows substantial self-lensing due to the transverse forces exerted by the plasma blowout.
The driver bunch has not only transferred energy to the witness bunch via the plasma, but simultaneously a
“brightness transformation” takes place. This is visualized in figure 5, where in a) the evolution of the witness bunch
normalized emittance and the corresponding brightness is plotted. During the whole process, the witness bunch
does not exceed an emittance observed in the simulation of ǫn ≈ 1.5 × 10−8 mrad, and after the bunch underdense
photocathode process is completed and the bunch is fully captured and compressed, the observed emittance reduces
down to ǫn ≈ 5 × 10−9 mrad. However, the laser envelope approximation does not properly take into account
the laser kick contribution to the emittance, which according to the crude scaling is ǫn ∝ w0 a0 , which predicts
ǫn ≈ σr py,z /(mc) ≈ w0 a0 /23/2 ≈ 3 × 10−8 mrad, which is an order of magnitude larger and suggests that the laser
kick contribution to the emittance strongly dominates here over other effects such as space charge even at the rather
large witness bunch charge of 100 pC. In figure 5 a), the emittance, as observed in the simulation, is produced by
adding the value from the analytical estimate ǫn ≈ 3 × 10−8 mrad to the emittance observed in the simulation. Now,
this corrected emittance value is overestimated. For example, here it is assumed that the laser kick is in both transverse
directions, while in case of linear polarization the laser kick will initially only increase the emittance in one direction.
Therefore the laser kick contribution would be decreased substantially in reality. Here, we neglect these effects for the
sake of a conservative estimate in the context of the reduced physics model used in the 3D simulations. Nevertheless,
the corresponding brightness values are impressive: the peak brightness reaches B = 2I/ǫ2n ≈ 1.2 × 1020 Am−2 rad−2 .
This is partially because of the huge witness currents that propagate in the plasma, which amount to I ≈ 70 kA.
Figure 5 b) shows the driver bunch emittance decay, which progresses almost linearly, from the initial value of
ǫn ≈ 2.25 × 10−6 mrad and increasing to ǫn ≈ 2.5 × 10−4 mrad over a distance of 6 mm. The brightness, accordingly,
decreases by four orders of magnitude from B ≈ 2 × 1015 Am−2 rad−2 to B ≈ 2 × 1011 Am−2 rad−2 . The witness bunch
brightness is therefore many orders of magnitude larger than the incident drive bunch.
The results of the Trojan laser intensity scan are shown in figure 6. In a) it is seen that the emittance increases
slightly as the laser intensity increases from a0 = 0.016 to a0 = 0.022. Again, the observed values have been corrected
by adding the laser emittance increase contribution, i.e. ǫn ≈ 2.26 × 10−8 mrad for a0 = 0.016, ǫn ≈ 2.54 × 10−8 mrad
for a0 = 0.018, ǫn ≈ 2.83 × 10−8 mrad for a0 = 0.020, and ǫn ≈ 3 × 10−8 mrad for a0 = 0.022. However, this moderate
increase of emittance is overcompensated by the increased and trapped HIT charge and currents, which amount to
Q ≈ 2.3 pC and I ≈ 2.5 kA for a0 = 0.016, Q ≈ 11 pC and I ≈ 9.7 kA for a0 = 0.018, Q ≈ 40 pC and I ≈ 27 kA
for a0 = 0.020 and Q ≈ 110 pC and I ≈ 73 kA for a0 = 0.022. In other words, the enhanced current wins over the
increased emittance.
All these values for emittance and brightness are dramatically better than those known from typical plasma accelerators, but even from state-of-the-art conventional accelerators. While the confidence level is high from theory and simulations that such values of emittance and brightness can be produced via the Trojan Horse method
[19, 20, 23, 26, 28, 29], a challenge will be to extract the bunches from the plasma, and to transport them towards
the beamline downstream of the plasma, e.g. to the undulator.

III.

EXPERIMENTAL CHALLENGES AND OPPORTUNITIES OF TROJAN BUNCH GENERATION

In order to realize Trojan Horse underdense photocathode electron bunches, the necessary ingredients are a) a dual
or multi-component plasma medium, b) a high-current electron bunch and c) a synchronized release laser pulse.
A multi-component plasma is not a fundamental obstacle, because apart from hydrogen each chemical element has
higher ionization thresholds that can be harvested to liberate additional electrons locally by the laser pulse. Also,
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to a strongly increased current due to higher charge being released as laser intensity increases.

dual-component mixtures are today state-of-the-art in LWFA methods where HIT levels are ionized by the laser pulse
intensity maximum or an additional high(er) intensity laser pulse [30–38]. In these laser-based methods injection
and trapping of these electrons occurs because their release position may be located in the trapping potential region
(or their trajectories can be slightly altered), which can be especially large with laser pulse drivers and their rather
spherical bubbles. To the best of our knowledge, the use of a lower laser wavelength for the pump pulse and a shorter
wavelength injection pulse is first mentioned in [30], and is today reconsidered [38].
The underdense photocathode provides a unique method to release electrons directly in the middle of the blowout
at the maximized trapping potential, which optimally reduces the requirements on the drive bunch for trapping.
Nevrtheless, providing electrons bunches with currents that can excite the plasma to produce wakefields with potentials
exceeding the trapping potential in the first place is one of the biggest challenges even for the Trojan Horse method.
A prime example of such a high current bunch is the bunch at FACET/SLAC, which is based on a thermionic
cathode. Here, massive magnetic compression is the key to the short electron bunch durations and high currents
needed for advanced PWFA. The introduction and establishment of photocathodes instead of thermal cathodes in
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linear accelerators allows for very high brightness, short pulses and repetition rates. Nearly all free-electron lasers (one
remarkable exception is SACLA, which is based on a thermionic cathode) such as the LCLS and the upcoming XFEL
and SwissFEL are based on such modern photoguns. An optimization focus in these systems is typically the emittance
and energy spread next to the brightness, and these systems do often not operate above the current threshold for
trapping in plasma waves. For PWFA, the optimization goals of electron bunches should be different from these
systems which aim to provide FEL-capable electron bunches. The demands are peak current, with emittance and
energy spread being of secondary concern. For example, energy spread is crucial in FEL systems because too large an
energy spread prevents proper microbunching. In contrast, the energy spread practically does not matter for bunch
drivers to be applied in the PWFA. The acceleration lengths are short, and the bunch electrons propagate with very
similar β despite huge energy differences. The bunch lengthening ∆L of an electron bunch with a certain energy
spread ∆γ can be approximated as ∆L ≈ L × ∆γ/γ 3 . It can be seen that at elevated energies of a few hundreds of
MeV the lengthening amounts to less than a micron even over metre-scale acceleration distances and even at tens of
percent energy spread. Therefore the drive beam peak current reduction due to energy spread is negligible in most
cases. The same argument has been used in the above discussion that dephasing due to energy difference between
driver and witness is not a practical issue in PWFA, in contrast to the LWFA (compare figure 2 b). Similarly, the
emittance does not need to be optimized to values much better than ǫn × 10−5 mrad for analogous reasons (compare
figure 2 a). As a side note, both the emittance and the diffraction problem in the LWFA is even more critical at longer
laser wavelengths due to the scaling of group velocity and Rayleigh length). The optimization of current instead of
emittance and energy spread goes counter to the typical optimization goals of generations of electron linac systems
and decade-long R&D. It is hoped that this trade-off will allow in the future for the construction of electron guns
that are specially designed to provide electron bunch drivers for PWFA applications. Increasing the charge released
in a photocathode, e.g. via nano-structuring of the cathode material [39–41] which at the same time also would lead
to higher space charge forces, may be one helpful ingredient to achieve higher peak currents.
Using such lower-quality electron bunch drivers for PWFA to allow for underdense photocathode Trojan Horse
plasma wakefield acceleration is schematically shown in figure 7. The high current electron bunch driver, coming
from conventional electron linacs with an energy of few tens of MeV up to tens of GeV (pink) drives a LIT plasma
wave. A low-energy short pulse laser, synchronized to the electron bunch, provides the HIT electrons during the
underdense photocathode process, producing the ultrahigh brightness electron bunch. The electron driver is then
further accelerating the system, and in the optimized case, using enhanced transformer ratio and a high-charge, highenergy driver puse, the high brightness witness bunch will have energies up to ∼ 100 GeV. This high brightness beam
is then sent to the undulator, where it may beget a 5th generation light source based on its high brightness and short
pulses.
Ti:Sa ω/2ω/3ω
~100 µ J Trojan Horse
conventional
e-bunch driver
~20 MeV - 23 GeV

“Greek” witness bunch
0.1-100 GeV, εn≈10-9 m rad?

FEL & 5th GLS?
ultrahigh brightness?

B ≈1020 m-2rad-2?

FIG. 7: Schematic setup for a Trojan Horse-driven undulator light source. A conventional electron bunch driver sets
up the LIT plasma wave, and a low-energy, sub-relativistic intensity laser pulse releases the ultracold witness bunch
based on localized HIT component ionization directly within the LIT plasma wave. When trapped, the witness
bunch is accelerated to huge energies and brightness, which may then beget an ultrabright photon source when sent
to appropriate undulators.
The requirements put on PWFA-capable electron bunches are fortunately highly complementary to the natural
characteristics of the electron bunch output from typical LWFA systems. The orders of magnitude smaller size
of plasma bubbles (∼ 100 µm) when compared with rf-power metallic cavities (tens of cm) automatically leads to
ultrashort, high-current electron bunches produced in LWFA. Currents up to ∼ 5 kA have already been measured
[42, 43]. While the electron bunch output from LWFA can have in ideal cases energy spreads < 1% [42] and emittances
down to ǫn ≈ 10−7 mrad [44], typically in practice one encounters energy spreads of a few to a few tens of percent,
and emittances limited to the ǫn ≈ w0 a0 /23/2 ≈ 10−5 − 10−6 mrad range. This is because of the larger spot sizes
of w0 & 10 µm and intensities a0 & 1, and because this laser interacts with the plasma electrons before they may
be injected into the bubble via various schemes. However, as discussed above, a large energy spread and a limited
emittance do not compromise the suitability of these bunches as drivers for PWFA. It has therefore been suggested as
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a general scheme to use LWFA-produced bunches as drivers for PWFA in hybrid LWFA→PWFA plasma accelerators
[45]. This would conceptually allow for truly compact systems, whereas in hybrid linac→PWFA accelerators the
compactness of the system is somewhat compromised because prior to the PWFA stage a conventional accelerator
with a comparably large spatial footprint is needed.
Using LWFA to produce the electron bunch drivers for a subsequent Trojan Horse PWFA stage therefore seems like
an attractive future option [18, 19]. It would make the Trojan Horse method accessible for virtually every LWFA system
worldwide, not only for the handful of PWFA-capable conventional linacs. Figure 8 shows the conceptual design of
such a hybrid plasma accelerator based undulator light source. Current-optimized LWFA produces an electron bunch
of moderate quality (e.g., large energy spread), which then acts as a driver for the underdense photocathode Trojan
Horse stage. The laser pulse would be split off from the main LWFA drive laser and would therefore have inherently
perfect synchronization with the electron bunch driver, because both, driver and witness, would then be produced
by the same laser pulse. This is another fundamental advantage when compared to the linac→Trojan scheme, where
the synchronization between electron bunch driver from the conventional linac and the underdense photocathode
laser pulse is limited. Fortunately, laser-electron beam synchronization is a mainstream R&D research direction at
conventional accelerators, because there is a strong demand for ultra exact pump-probe systems for example from
the FEL user perspective, and a synchronization of < 30 fs or even better is believed to be feasible. The hybrid
LWFA→Trojan scheme, however, would allow for synchronization < 1 fs, depending partially on how well the LWFA
process can be controlled. Such a system would in the final analysis be all-optical, using multiple laser beams: the
main LWFA laser pulse, a preionization laser pulse for the PWFA stage, one or more [29] underdense photocathode
lasers, probe lasers to monitor the interaction and/or for pump/probing of the sample behind the undulator, and
optionally for seeding the FEL process in the undulator (e.g. via high harmonic generation). It shall be noted here
that the strictly collinear scheme may lead to some complications because of diffractive effects [46] in case of the short
bunches obtainable from LWFA systems and the correspondingly short matched plasma wavelengths, albeit this would
not be a showstopper and could be overcome for exmple by using a slight angle between underdense photocathode
laser and beam propagation axis [18].

LWFA stage
LWFA laser
Ti:sapphire
~few Joules

~100 µ J
Trojan Horse
photocathode PWFA stage
phot
photoca
laser
limited quality electron
bunch from LWFA
εn≈10-6 m rad, jitter,...

ultrahigh-quality bunch

x-ray

stable, εn≈10-9 m rad?
B ≈1020 m-2rad-2?

FIG. 8: Schematic setup for a Trojan Horse stage, driven by an electron beam from a laser-plasma-accelerator.
Now, while the compactness, the inherently perfect synchronization, and ubiquity of laser-plasma-accelerators are
strong advantages of developing hybrid LWFA→Trojan systems, there are currently two major disadvantages. One is
the low repetition rate of today’s high-power laser systems, which are typically 10 Hz, in comparison to the hundreds
of Hz or even many kHz conventional systems. The other is the stability and controllability of the LWFA process.
However, the latter issue has been continuously improved by the community [47–49], and there is confidence that
progress will continue. As regards the repetition rate, higher repetition rate laser systems do already appear on the
fringes of the technological horizon. On the one hand, these are OPCPA-type laser systems with repetition rates up
to the kHz range, on the other hand there are thin-disk and fibre lasers [50, 51]. Coherent [51] or incoherent [52]
combination of multiple fibre lasers and/or renewed interest in multi-pulse schemes [53] may in the future lead to the
realization of efficient high repetition rate LWFA systems. While it is unclear whether such systems would allow at
the same time for enhanced electron beam quality in direct LWFA schemes, they may nevertheless be good sources
for hybrid LWFA→Trojan systems, based on their relaxed beam quality requirements.
The above discussion is concentrated on the tunability, ultrashort duration and ultrahigh brightness of obtainable
electron bunches. While increased electron brightness is clearly a highly attractive feature for future light sources,
and may in principle at elevated energies γ allow lasing at wavelengths down to λmin ≈ 4πǫn ≈ 0.1 Å or below [19].
However, energy spread has not been discussed, which can be a show-stopper for FEL processes. As indicated in
[19], beam loading is an attractive way to reduce the energy spread. While also being a prominent effect for laserplasma-accelerators, dephasing makes it difficult to exploit beam loading properly. In PWFA systems, where in the
absence of significant dephasing one has a quasistatic system, beam loading is much more straightforward. In fact,
in recent research [29] it has been shown that multiple electron bunches can be generated with multiple underdense
photocathode laser pulses. This allows not only for a tunable and flexible multibunch train generation, but also to
design the shape an electron bunch witness (train) current profile which is well-suited to provide for beam loading.
This said, the limits of the energy spread obtainable with this method are not well known, and will be explored in

12
ongoing and future R&D.
An alternative light source may be hybrid systems with inverse Compton scattering (ICS), where the ultrashort,
high brightness electron pulses obtainable from the Trojan would be exploited by scattering with a high-power laser
pulse as shown in figure 9.

Ti:Sa ω/2ω/3ω
~100 µ J Trojan Horse
electron bunch from LPA

“Greek” witness bunch

or conventional linac.

stable, εn≈10-9 m rad?
B ≈1020 m-2rad-2?

γ-ray ICS

high-power Ti:Sa

FIG. 9: Schematic setup for an inverse Compton scattering system.
Such a scheme would profit from inherent synchronization in case of an LWFA→Trojan hybrid, and would be more
forgiving as regards energy spread of the produced electron bunches when compared to FEL processes. Furthermore
in contrast to FEL light sources, where the electron beam has to be extracted from the plasma and transported to the
undulator with the challenges of emittance and general beam quality preservation, the inverse Compton scattering
light source can happen in the plasma itself. This would be compatible with the enormous currents (compare figure
6) and transverse bunch sizes, which may only be supported inside the plasma.

IV.

SUMMARY AND OUTLOOK

Differences of LWFA and PWFA, and the advantages of using laser pulses and electron bunches, respectively, for
plasma wakefield acceleration are discussed. In the context of the “Trojan Horse” underdense photocathode plasma
wakefield acceleration, the advantages are combined in such a way that the long, dephasing-free acceleration lengths
obtainable from high-current electron drive bunches set up the plasma blowout cavity, and that the short Rayleigh
lengths of focused laser pulse are used to release ultracold photoelectrons inside the blowout. The electron bunch
driver can come from conventional linacs, or from laser-plasma-accelerators. Bunches from conventional linacs have
the advantage of stablity and high repetition rate, but the challenge of synchronization between the electron bunch,
the rf phase, and the underdense photocathode laser pulse, and the challenge of producing sufficient current to trap
Trojan electrons. Especially at lower electron energies, which may be attractive because then the linac can be shorter
and the total footprint of the hybrid system is smaller, space charge effects may limit the obtainable peak current.
It is proposed to explore whether a “PWFA-mode” of linacs can be developed, where the design goals would be on
(temporary) peak current rather than on emittance and energy spread of the drive bunches, which play a secondary role
in PWFA. Electron bunches from laser-plasma-accelerators typically have rather large energy spread and emittance,
but also very high currents. Using these bunches as drivers for PWFA in general, and for Trojan Horse in particular,
has the advantage of truly compact systems, and of inherently perfect synchronization between the electron bunch
driver and the photocathode laser pulse. Drawbacks are the limited stability and repetition rate from today’s LWFA
systems. Remedy may come from future high repetition rate laser systems.
The enormous electron brightness obtainable from the Trojan exceeds state-of-the-art accelerators by orders of
magnitude. It is therefore highly promising for next generation light sources, for example free-electron lasers or
inverse Compton scattering schemes. While the latter can operate also with larger energy spreads, free-electron lasing
may not work with too large energy spreads, or work at compromised performance. The high tunability of underdense
photocathodes, however, together with the use of multiple laser pulses, can design electron bunches with matched
beam loading, which allows to reduce the energy spread. Therefore conceptually, the Trojan Horse may be able to
challenge the three main problems of plasma accelerators today: stability&tunability, brightness and energy spread.
Optimized “designer“ electron bunches may then be used as drivers for 5th generation light sources in the future.
Collaborative efforts are underway to demonstrate the Trojan Horse at FACET/SLAC, and to implement it other
conventional systems which plan to engage in PWFA in the future, such at DESY, Daresbury Laboratory and INFN
Frascati. In parallel, the potential refinement of laser-plasma-accelerators to hybrid Trojan Horse accelerators and
light sources is explored.
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