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Unforeseen advantage of looser focusing
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Acceleration of electrons in vacuum directly by intense laser fields holds great promise for the
generation of high-charge, ultrashort, relativistic electron bunches. While the energy gain is expected
to be higher with tighter focusing, this does not account for the reduced acceleration range, which is
limited by diffraction. Here, we present the results of an experimental investigation that exposed
nanotips to relativistic few-cycle laser pulses. We demonstrate the vacuum laser acceleration of
electron beams with 100s pC charge and 15 MeV energy. Two different focusing geometries, with
normalized vector potential ag of 9.8 and 3.8, produced comparable overall charge and electron
spectra, despite a factor of almost ten difference in peak intensity. Our results are in good agreement
with 3D particle-in-cell simulations, which indicate the importance of dephasing.

Vacuum laser acceleration (VLA) is a particle acceleration paradigm where
electrons gain net energy from the interaction with a laser field in vacuum.
The maximum accelerating electric field in VLA, which is controlled by the
laser power and focusing geometry, exceeds 1 TV/m for typical state-of-the-
art multi-TW lasers. Thus, it significantly exceeds the field strength in other
acceleration scenarios, such as conventional radio-frequency acceleration’,
dielectric laser acceleration’, direct laser acceleration (DLA)’, laser-
wakefield acceleration (LWFA) or plasma-wakefield acceleration®. This
makes VLA a promising candidate for a future electron source due to its
high accelerating field ( >TV/m compared to 10—few-100 GV/m in DLA
and LWFA), short acceleration length ( <100 pm compared to few-100 pm
to many cm in DLA and LWFA) and short bunch duration (few-100
attosecond compared to few-fs to 100 fs in DLA and LWFA).

However, the interplay between the physical mechanisms that drive
VLA in the relativistic regime is not fully understood. Two relevant accel-
eration mechanisms have been identified in simulations: capture and
acceleration scenario™, taking place over many Rayleigh ranges with
moderate accelerating gradients, and focal spot acceleration’, concentrated
within one Rayleigh range around the focus with much stronger gradients.
However, none of the theoretical models™" have been experimentally
verified; existing experimental works have relied on simulations to support
their observations rather than in analytic theory and its derived predictions.
This is due to the challenging requirements of VLA. The initial electron
bunches must (1) have relativistic energy, such that they propagate with the
laser for a certain distance, (2) have sub-femtosecond duration, such that
they fitin the half-cycle long accelerating phase of the electromagnetic pulse,

and (3) be injected into the right phase of laser field near to its spatio-
temporal maximum.

The state of the art in VLA includes only few experiments, some in the
ponderomotive regime, where electrons oscillate in the laser field and reach
non- or slightly relativistic energies'*", and some in the VLA regime, where
one part of the electrons interact only with one optical cycle and reach
strongly relativistic energies'*”’. A former result’ in the ponderomotive
regime is even strongly contested”>".

Alternatively, radially polarized laser pulses were also proposed for
VLA*?, but only non-relativistic energies have been demonstrated’*”.
Recent works have realized VLA with linear laser polarization up to multi-
MeV energies using different objects as electron source, such as large fused
silica targets'®, nanotips”, thin foils”, and micro-bars"”. However, the
underlying acceleration mechanism and the competing roles of electric field
strength and acceleration distance have been sparsely investigated.

Here, we report the result of an experimental campaign using the sub-
5-fs Light Wave Synthesizer 20* to drive VLA from nanotips, using two
different focusing geometries, as characterized by their differing f-numbers
(f#). We experimentally investigate for the first time the dependence of the
VLA process on the focusing geometry and how electrons dephase in the
accelerating laser field.

We show that comparable electron energies (around 15 MeV) are
obtained in both loose and tight focusing despite almost an order of mag-
nitude difference in laser intensity. We explain this in terms of the interplay
between laser electric field strength and accelerating distance. We also
measure a hole in the electron angular distribution, which is caused by the
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influence of the laser and provides further evidence that VLA is the relevant
process'*”.

Results and discussion

Experimental approach

Our experimental approach to realize VLA is to place a nanometric target,
i.e., the apex of a nanotip, in the focus of a high-intensity (I > 10" W/cm?) 4.8
fs laser pulse™ ™ (see sections Laser and Target alignment for experimental
details), as demonstrated with a few-cycle laser by Cardenas". This case
(shown in Fig. 1a) contains two steps’*. Initially, the laser ionizes the tip
into a highly overdense plasma. Then, the combined laser field and the fields
of the nanoplasma extract one bunch of electrons every half optical cycle,
accelerating them to a relativistic initial energy at time f;. Every second
bunch propagates at an initial angle 8; to the laser propagation direction as
approximately predicted by the Mie theory. In the second stage, the bunch
undergoes vacuum laser acceleration, becoming increasingly aligned with
the laser propagation direction around time t,. Finally, the acceleration
terminates when the electrons escape the region of strong fields after a
distance of about one Rayleigh length, with a final angle 6,. By using a sub-
two cycle laser pulse with a certain carrier-envelope phase (CEP), we are able
to generate in one of the two directions an essentially isolated electron
bunch, as indicated by the numerical simulations that we later present.

Experimental results

The electron angular charge distributions are compared for an experiment
with f#1 and another one with f#3 focusing in Fig. 2; for experimental details
see section Electron beam characterization. Panels (a) and (b) show dis-
tributions of electrons above 130 keV with a broad range of propagation
directions, with a hole in the center for f#3. We confirmed that the hole is
related to the diffraction of the laser beam by halving the beam diameter
with an iris, which reduced the diameter of the hole (not shown). Despite the
difference in intensity, the overall average charge is comparable in both
cases: 179 pC (432 pC in best case) and 265 pC (369 pC in best case) for f#1
and f#3, respectively. Inserting the lead shield (panels (c) and (d)) shows
electrons above 2.5 MeV and reveals two distinct peaks, displaced from the
center along the polarization direction. The average charge is decreased to 29
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Fig. 1 | Acceleration principle and experimental setup. Acceleration mechanism in
two steps: a electron bunches (yellow) are extracted from a nanotip (blue) at ¢; and
accelerated via VLA around t,. Experimental setup: top (b) and side (c) view. The
nanotip magazine positions the tips into the laser focus (laser in red). Electrons are
diagnosed by scintillating screen detectors or a spectrometer (not shown). The laser
polarization direction (along z) is perpendicular to the axis of the nanotip.

pC (56 pC in best case) and 5.4 pC (12.8 pC in best case) for f#1 and f#3,
respectively. This angular pattern was repeatedly observed despite shot-to-
shot fluctuations, especially in the polar angle ( £5°), as described in section
Target alignment stability. For convenience, the high-energy charge dis-
tribution has also been plotted against the azimuth angle (ie., integrated
over the polar angle) in Supplementary Fig. 3 and discussed in Supple-
mentary discussion: Charge vs azimuth.

Due to the reduced intensity for f#3 focusing, the accelerated beams are
expected to have lower total charge and lower electron energy. However, this
is not the case, as visible from the angle-resolved energy spectra shown in
Fig. 3aand c. For f#1, maximal energies >15 MeV were observed at 10° from
the laser axis, although electrons with >5 MeV were observed across the
broad range of azimuthal angles (0° to 30°). For f#3, similarly high maximal
energies were observed ( >15 MeV), albeit in a narrower angular range: e.g.
at 0° and 20° no electrons with >5 MeV are seen. Nonetheless, despite
overall similar charge, a larger number of high-energy charge is observed
for f#1.

Simulations

In order to gain insights into the experimental results, we performed
particle-in-cell (PIC) simulations using Smilei-v4.7%, for the details of the
simulation see section PIC Simulations. By tracking particles over a suffi-
ciently long distance we are able to explain the high performance of f#3
focusing, as well as the angular structure of the electron beams.
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Fig. 2 | Charge distribution characterization. Angularly resolved charge dis-
tributions of electrons in units of pC/sr, for the cases of focusing by f#1 (a, ¢, e) and
f#3 (b, d, f) optics. Electrons with measured energy above 130 keV are shown in

a, b, and above 2.5 MeV in ¢, d. Distributions of electrons from simulation results
with energies above 100 keV are shown in e, f. Experimental results [(a) to (d)] are
averaged over a number of shots. Vertical dashed lines in c to f indicate the peak
positions of the experimental electron distribution.
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We begin by showing the spatial and angular distributions of the
accelerated electrons, when they have travelled approximately one Rayleigh
length from the nanotip. Figure 4a (the view in the x — z plane) shows a train
of electron bunches (labelled A to D) that are spaced half a wavelength apart
and propagate with the laser pulse, with a deflection from the x axis that
alternates from bunch to bunch. The number density of individual electron
bunches in this train depends on the CEP of the laser, as previously inves-
tigated in refs. 19,34, and with a CEP of ~0.37 rad, an isolated electron
bunch is generated on one side. The spatial distribution in the y — z plane,
shown in Fig. 4b, reveals two distinct peaks outside the region of highest
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Fig. 3 | Electron energy spectra at varying propagation directions. Angle-resolved
electron spectra with the f#1 (a, b) and f#3 (c, d) configuration. Panels a, c are
experimental averaged electron energy spectra resolved along the azimuth angle.
The shaded area in a, ¢ represents the standard deviation over several (3-5) shots.
Panels b, d are simulated angle-resolved electron spectra at certain azimuth angles.
The range of angles around [0-40°] over which the electron spectra is integrated in
panels b, d is chosen in accordance with the approximate width of the detector
window (spectrometer acceptance angle), i.e., a polar and azimuth angle of about
+ 6. 1° for f#1 and + 4. 5° for f#3. The lighter lines in background of b, d are raw
simulation data and the thick lines are their smoothed version.

intensity, in locations that correspond to azimuth angles of about + 13°and
apolar angle of about —5° in good agreement with the experiments. Greater
detail about the simulation results can be found in Supplementary note: PIC
Simulation details. The expected propagation angle for an initially resting
electron in a plane wave is* 0, = arctan[1/2/(y — 1)], where y is the
Lorentz factor of the electron. This predicts azimuth angles 13-24° for
electron energies of 5-18 MeV. This is also visible in Fig. 5 that plots the
maximum electron energies and the corresponding calculated propagation
angle of the bunches for both focusing geometries. The simulated propa-
gation angles converge towards the theoretically predicted value by
arctan[/2/(y — 1)] and are consistent with the experimental results.

The simulated and measured angular charge distributions are compared
in Fig. 2. In the simulations in Fig. 2e for f#1 the presence of two distinct peaks is
reproduced well (see dashed lines highlighting the agreement in the azimuth
angle), and in Fig. 2f for f#3 the anticipated ‘hole’ in the distribution is also
visible (the radius of hole agrees well with the measurements)'**’. We attribute
the difference between measured and simulated low energy electron angular
distribution (especially around zero degree) to the short, but not zero electron
density preplasma scale length in the experiments (see Supplementary Fig. S4
of Cardenas"). The accelerated charge in the simulations (16.7 and 23.6 pC
above 100 keV for f#1 and f#3, respectively) is about one order of magnitude
less than in the experiments, which approximately corresponds to the ratio
between experimental (1500#,) and simulated (100,) electron densities in the
tip. The simulated electron energy spectra, shown in Fig. 3b and d, are similar to
the experimental results: the highest energies ( >15 MeV) and greatest charge is
found for 10°. For f#1 the distribution of these energetic electrons extends
towards 20° and slightly towards 0°. Notably, for f#3 a plateau extending up to
about 15 MeV is clearly seen for 10°, while almost no electrons exceed 5 MeV
for other angles. A difference in the very low energy region of the tightly focused
case in Fig. 3b might point to a need to model the laser or the preplasma scale
length more appropriately. Nevertheless, with high energy electrons in mind,
the simulations closely match the experiments. Furthermore, the charge,
energy and angular distribution of individual bunches slightly depends on the
CEP"*. The CEP was not stabilized in the experiments, thus averaging over
multiple shots is equivalent with averaging over the CEP. As the CEP was fixed
in simulations, to compensate for CEP changes the spectra in two directions,
corresponding to 7-shifted CEP, were averaged over. We note that our
modelling uses the paraxial approximation for the focusing fields”". While
these limitations play a role, as indicated by the differences between results of
simulations and experiments, our modelling appears to be sufficient to explain
the counter-intuitive phenomena we have observed.

Fig. 4 | Simulated electron bunch propagation and

t=16t,

energy spectra. Simulated electron distribution
from all angles: a Side view of f#1 case, with laser 2
electric field plotted over the electron density in (x-y)
space, b top view of the same in (x-z) space. Each
individual electron bunch is labelled from A to D
and the shaded gray line marks one Rayleigh length
(Zg) from the focus at nanotip (where the solid
yellow lines cross). ¢ Total moving electron density

in (y-z) space, plotted over the average laser inten-
sity. d Energy distribution of individual electron
bunches. All the panels are plotted at 16t, when all
electron bunches have already crossed a Rayleigh
length.
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Fig. 5 | Evolution of energy and propagation direction. On the left y-axis we show
the evolution of maximum electron energy for f#1 (solid blue) and f#3 (solid black)
and on the right y-axis we show the expected propagation angle of highest energy
electrons from the plane wave estimate (see section Simulations) for f#1 (green
dashed) and f#3 (orange dashed) as a function of the distance from nanotip. The two
data points are average azimuth angle from PIC simulations (error bar due to
angular spread). Dashed vertical lines indicate a Rayleigh length and solid lines
discriminate VLA from nanotip field acceleration.

Now that we have confirmed that our simulations reproduce the
physics of the experiment, we discuss why the weaker electromagnetic field
provided by f#3 focusing yields the same maximal electron energies. The
evolution of the electron bunch energy as a function of distance from the
nanotip is shown in Fig. 5. For f#1 the energy saturates at about one Rayleigh
length”" and does not change up to ten Rayleigh lengths, where the laser
intensity is lower than the relativistic limit. Therefore, we conclude that the
focal spot acceleration mechanism is relevant for our case and electrons are
accelerated up to the Rayleigh range by a strong and almost constant electric
field. The electron energy may be estimated according to some basic con-
siderations. The electron energy change from the injection point (¢; and x;)
is given by W= foR E..ds, where E,. is the accelerating field and ds is the
length element alolng the trajectory. There are three main factors to consider:
the strength of the accelerating field, E,.. « E,  1/f#; the longitudinal
distance over which this field is sustained, Zy (f#)z; and dephasing, which
controls how much of this distance actually contributes. Dephasing in VLA
is reached when an electron gets out of the half-optical-cycle-long accel-
erating region, in contrary to laser wakefield acceleration where it is about a
half plasma wavelength, i.e., about the laser pulse duration. If depahsing
dominates the process, electron bunches may still be trapped and gain
energy from the next optical cycle of the laser field”. In the absence of
dephasing the energy W « EyZg  f#. In other words, the weaker focusing
decreases the accelerating field, but increases the acceleration length by a
greater factor, such that the final electron energy gain will be higher. There is
nevertheless a limit set by dephasing, i.e., when the copropagating electrons
leave the accelerating half of the optical cycle.

Our results show that f#1 and f#3 focusing produce similarly energetic
electrons (and moreover that the energy is not higher for f#3), which indicates
the potentially important role of dephasing. Indeed Fig. 5 shows for f#3 that
saturation of electron energy occurs before one Rayleigh length is reached.
Dephasing may further be seen in the spatial distribution of the electron
bunches, shown in Fig. 6. Whereas for f#1 the most energetic bunches (B and
C) are still in the same half cycle after one Rayleigh length, for f#3 these
bunches have fallen behind by Ay/4, arriving in the following half cycle, before
even a single Rayleigh length has been reached. This indicates that con-
tinuous energy gain has terminated and dephasing has set in.

Our simulations show that dephasing plays a significant role for f#3
focusing, which points towards possible optimization criteria. We estimate
that in our case an optimum is reached at about f#2, where the balance
between acceleration distance and accelerating field results in peak energies
of 22-25 MeV (assuming no dephasing). This optimal focusing and peak
electron energy was indeed confirmed with PIC simulations. This can be
seen in Fig. 7 which shows the maximum energy gained by the electrons as a
function of f# when the same laser is focused with different f number
focusing between 1 to 3.5. There is a clear optimum focusing (f# between 1.5
to 2) below and beyond which the maximum energy begins to reduce.
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Fig. 6 | Electron—Tlaser field dephasing. Dephasing for both f#1 (a, b) and f#3 (c, d),
as seen by the location and spread of the electron bunches (electron density nor-
malized to the critical density [, =2 x 10*'cm ] in black-white) in the laser electric
field (red-blue color scale). The electrons have travelled (b) one or (d) halfa Rayleigh
length for f#1 and f#3, respectively.
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Fig. 7 | Simulated maximum energy gained by the electrons as a function of f
number. Electron energies are taken at ~1.3Zy except for f#3.5 where energy was
taken a little earlier due to computational limitations.

Conclusion

In conclusion, we have investigated VLA experimentally and numerically,
using nanotips as electron injectors in different focusing geometries. Our
experimental results reveal that VLA does not necessarily benefit from
tighter focusing, even though it produces stronger electromagnetic fields,
and these are generally considered to be superior for laser-based acceleration
schemes, and especially in nanophotonics. Instead, it is the interplay
between diffraction and dephasing that is a key factor. This is shown by our
comparison of f#1 and f#3 focusing, which yielded comparable total charges
and electron spectra, especially peak energies. The decreased laser electric
field in the latter case is more than compensated by the increased accel-
eration length, which we find to be limited mainly to the Rayleigh length.
This paves the way towards generation of high charge, high energy, nano-
scale electron bunches that could drive, e.g., an attosecond Thomson X-ray
source™.

Methods

Laser

The laser pulses in the experiment were generated with the Light Wave
Synthesizer 20 system™®. Pulses with 740 nm central wavelength, 4.8 fs full
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width at half maximum (FWHM) duration, 70-80 m] energy, and linear
polarization perpendicular to the nanontip, were sent to the experimental
chamber, where =~ 40 mJ was delivered to target. Two different focusing
configurations were used: f#1 and f#3. The FWHM spot sizes were 1.23 pm
and 3.65 pm, respectively. These correspond to peak intensities of
Iy = 2.4 x 10° W/cm® and 3.6 x 10" W/cm? or to normalized vector
potentials a = eEy/m.cw, of 9.8 and 3.8, respectively. Here e is the electron
charge, m, is the electron mass, E, is the laser electric field strength, wj the
central laser frequency and c the velocity of light in vacuum. The estimated
Rayleigh length (Zg) is 4.6 pm with f#1 and 40 um with f#3.

Target alignment

For each laser shot (whether f#1 or f#3), a new tungsten nanotip (apex
diameter <100 nm)*"~ was positioned with sub-um accuracy in the focus,
while the laser intensity was reduced to <10 W/cm® (which was the
measured damage threshold) to avoid premature damage to the tip. After
the alignment, a single laser pulse at full power was released.

Target alignment stability

The standard deviation (STD) in pointing stability of the laser in the
experiment is better than 5 - 10~ rad, i.e., better than 20% of the FWHM of
the focus. Additionally, the spatial accuracy for aligning the tips into the
focus (for f#1) is of the order of 50% of the focus FWHM for the x and z
direction (horizontal and longitudinal), and in the order of the focus size for
the y direction (vertical). We consider that these fluctuations, especially the
alignment, are the cause of the observed variation in electron direction
(especially in the polar angle). The electron direction fluctuations (STD) for
f#1 were 4.8° and 1.8° for the polar and azimuth angle, respectively. For f#3
these were 1.5° and 1.7° in the polar and azimuth angle, respectively.

Electron beam characterization

The accelerated electrons were characterized by measuring their total charge
and their angular distribution with an absolutely calibrated scintillating
screen of approximately 100 um thickness (Lanex Biomax MS, Kodak)***!,
as schematically shown in Fig. 1b, c. A thin aluminum foil (10 pm, Good-
fellow) was placed immediately before the scintillating screen to filter out the
laser light. Furthermore, a 1 mm thick lead shield was placed before the
screen in some shots to filter out low-energy electrons (<2.5 MeV com-
pletely and <4 MeV low transmission). The angle-resolved energy spectrum
was also measured, using a dipole spectrometer with a scintillating screen
and a complementary metal-oxide-semiconductor (CMOS) detector””. The
electron spectrometer could be rotated around the azimuth angle and had
an acceptance half-angle of 7.6° and 5.5° for the f#1 and f#3 focusing con-
figurations, respectively.

PIC simulations

The simulations were performed using Smilei-v4.7” in full 3D using a
moving window technique that follows the accelerated electrons. The two
focusing geometries were modelled by a p-polarised (perpendicular to the
tip) laser pulse Gaussian in time with FWHM duration of 4.5 fs and a central
wavelength of Ay = 0.74 um, and spatial Gaussian beam with a focal spot size
(FWHM) of 1.2 ym or 3.6 um (amplitude ao = 9.5 or a, = 3.7, Rayleigh
length Zy = 4.4 pm or 40 um) for f#1 or f#3, respectively.

In the focus, the tip of a tungsten nano-needle plasma was placed. The
structure of the tungsten needle is a superposition of a conical frustum and a
hemisphere with the radius of the hemisphere being equal to the top radius
of the frustum. The top and bottom radii of the conical frustum are 96 nm
and 0.61 um, respectively, and the height is 4 um. For the f#3 configuration,
this needle structure is extended by 3.7 um in the direction of the base of the
cone in order to include the larger focal spot area. The tungsten plasma with
an electron density of 100#,, ion charge state of 44, and plasma temperature
of 5 keV is initialised, where n. is the classical critical density
(n, = m,w}/4me* = 2% 10* cm?). Here e is the electron charge, m, is the
electron mass, and wy the central laser frequency. The ion charge-to-mass
ratio is 44e/184m,, where m,, is the proton mass.

The simulation box is a moving window, with a cell size of 11.5 nm with
64 particles in each cell, which follows the electron bunches moving along
with the laser pulse for multiple Rayleigh lengths (5.91, for f#1 and 54,
for f#3).

Data availability

The data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable
request.

Code availability
The code used for the simulations and data analysis is available from the
corresponding authors upon reasonable request.
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