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Abstract

The application of high intensity ultrafast lasers to compact plasma-based elec-
tron accelerators has recently been an extremely active area of research. Here,
for the first time, we show experimentally that carefully sculpting an intense
ultrafast pulse in the spatio-temporal domain allows ponderomotive pressure to
be used for direct acceleration of electron bunches from rest to relativistic ener-
gies. With subluminal group velocity and above-threshold intensity, a laser pulse
can capture and accelerate electrons, pushing on them like a snowplow. However,
to accelerate electrons from rest, thegroup velocity much be reduced substan-
tially: In this demonstration experiment, we achieve a group velocity of ~ 0.6¢



in a tilted pulse by focusing the output of a novel asymmetric pulse compressor
we developed for the petawatt-class ALEPH system at Colorado State Univer-
sity. The output beam is in good agreement with our modeling, supporting our
theoretical prediction that this direct laser-electron approach can exploit optical
spatio-temporal control techniques to sculpt desired properties of electron beams,
such as narrow energy and angular distributions. The tilted-pulse snowplow tech-
nique can be scaled from small-scale to facility-scale amplifiers to produce short
electron bunches in the 10 keV—10 MeV range for applications including ultra-
fast electron diffraction and efficient injection into laser wakefield accelerators for
acceleration beyond the GeV level.

Keywords: Ponderomotive potential, particle acceleration, ultrafast pulses, spatial
chirp, spatio-temporal shaping

1 Main

Particle accelerators have led to some of the most important discoveries in funda-
mental physics [1-6] and practical applications [7-10]. The cost and physical scale of
particle accelerators has motivated research into laser-based alternatives, focusing on
accelerating low-mass electrons. One mechanism to apply pressure on electrons with
laser pulses is the ponderomotive force, which pushes electrons away from regions of
high laser intensity. As a cycle-averaged force, it is phase-insensitive, independent of
the orientation of linear polarization, and the speed of the interaction depends on
the group velocity. It is the dominant mechanism for setting up the space charge dis-
tribution in the laser wakefield accelerator (LWFA), first proposed by Tajima and
Dawson [11] and demonstrated by a number of groups [12-14]. Accelerating electrons
more directly by the laser beam without reliance on plasma effects has drawn much
interest using several approaches (though the mechanisms listed here can be blended
[15]). Many previous proposals and demonstrations are phase-sensitive: for example,
excess kinetic energy resulting from tunneling ionization of high-charge ions can seed
subsequent ponderomotive acceleration out of the focal spot [16, 17]; a beam can be
structured to have a longitudinal electric field [18-21]; electrons can be injected at an
angle into a Gaussian beam focus [22], and the nonlinear (7 x B) Lorentz force can be
exploited for acceleration [18, 23-25].

To capture and accelerate electrons, the potential must move at a speed less than
the speed of light (¢). Since the ponderomotive force involves the gradient of the pulse
envelope, group velocity (vg) control techniques can be used to produce subluminal
pulses. Group velocity control has been proposed using waveguide modal dispersion
[26] and plasma refractive dispersion (e.g. [27, 28]). These approaches offer limited
group velocity control; moreover the latter approaches can require large plasma den-
sities that lead to large space charge effects [29]. In contrast, the group velocity can
be controlled over a much wider range with spatio-temporal shaping. In recent years,
there has been much interest in the optics community in spatio-temporal group veloc-
ity control [30-32]. Our group has worked with tilted pulses [33-35] and proposed using
tilted pulses to control the interaction group velocity for ponderomotive acceleration



[36]. A ’flying focus’ approach to ponderomotive acceleration, where a radial grating
provides group velocity control through angular spectral dispersion in a Bessel focus,
has also been proposed by Ramsey et al. [37]. This focusing technique has recently
been used for traveling-wave pumping of an X-ray laser [38, 39].

The present work is, to our knowledge, the first experimental demonstration of
capture and acceleration of electrons from rest using the ponderomotive force. Fig.
1 shows a graphical representation of our acceleration scheme. A beam with angular
spectral dispersion (angular spatial chirp) is focused onto a gas jet created by flowing
gas through a capillary tube. The angular chirp results in a tilted pulse front that slows
the speed of the interaction between the pulse and the electrons. This slower group
velocity of the intensity envelope allows the electrons to be captured and accelerated
directly by the ponderomotive force. The resulting beam travels away from the driving
laser beam direction, pushed to the side by the tilted pulse front.

Lanex screen

Beam dump

Off-axis -

parabola

Gas jet

Fig. 1 A graphical representation of our acceleration scheme using a tilted pulse front. A propagating
(right to left) spatially chirped laser pulse is focused with an off-axis parabola (left) which generates
angular chirp resulting in pulse front tilt (as depicted by the gray ovoid in the inset image). The focus
is located over a gas jet setup where the capillary is depicted by the vertical cylinder below the focus
and the vertically oriented cone is the gas from the capillary. As the pulse passes through the focus, it
ionizes the gas and accelerates the free electrons in a direction normal to the pulse front tilt (depicted
by the magenta cones and arrows). The accelerated electrons are detected by observing fluorescence
they induce on a Lanex screen, shown here with an actual measurement from our campaign in a
pseudocolor map.

While the scheme can be scaled to lower-energy systems, for this proof-of-principle
experiment we chose to utilize the beam from a large-scale laser facility to maximize the
detectable signal. We find that the electrons are accelerated in the expected direction
with output electron energies of up to 500 keV. It is a major technical advance to
implement spatio-temporal engineering to produce a strongly tilted pulse at such a
large scale. The confirmation of this self-injecting scheme points the way to using



beam shaping to produce electrons with better emittance and lower energy spread
than demonstrated here.

As illustrated in Fig. 2a, the output energy can be varied from 10’s of keV to >10
MeV by varying the pulse front tilt along with the focused intensity. For large pulse
front tilt, the scheme can be implemented on amplifiers of only several mJ. Since the
ponderomotive force is inversely proportional to the relativistic mass[40], the optimum
application space for ponderomotive schemes is for modest energy (< 1—10 MeV). This
energy range is complementary to wakefield schemes that can achieve higher energy
but still require injection of energetic electrons. As a scheme that does not require the
presence of a plasma, ponderomotive acceleration can be used to accelerate electrons
(or even positrons [41]), with output beam characteristics that can be tailored by
the properties of the laser beam. We anticipate this method can find applications for
injection into other laser based accelerators such as LWFA or for ultrafast electron
diffraction [42].

2 Single-particle theory of ponderomotive
acceleration

The concept of controlling the group velocity to enable capture and acceleration
using the cycle-averaged ponderomotive force was developed independently by several
groups, including ours. Sazegari [27] and Mendonca [28] both proposed using the dis-
persion of the plasma to reduce the group velocity; Robinson [29] recently showed that
this requires unrealistically high density. Spatio-temporal shaping [36, 37] provides for
vacuum control over the group velocity. In our earlier paper [36], we developed a single-
particle theory which was confirmed by a 2-dimensional particle-in-cell code. Here, we
will summarize the theory behind ponderomotive acceleration with an emphasis on
deriving scaling rules for practical implementation.

For non-relativistic motion of an electron (charge —e, mass m.) driven in vacuum
by a linearly polarized laser field (frequency w, wavelength \), the cycle averaged
kinetic energy can be expressed in terms of the field amplitude (Ey), the intensity
(Io = 3eocER), or the normalized vector potential (ag = eAg/mec):
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In the second form, r. is the classical electron radius. Mora et al. [43] calculated
the total relativistic energy of the electron in the laser field as € = me.c? where the
relativistic factor using the cycle-averaged kinetic momentum p is :
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From this energy, the force on the electrons is —2VU,. The 57! factor in front of
the gradient term results in a decrease in the force experienced by the particle as the
particle energy becomes more relativistic, as pointed out in earlier work [40]. Now
consider a case where the local group velocity of the pulse front is moving at vy,



with vps/c = By < c. Under these conditions, it is possible for an electron initially
at rest to be captured by this pulse front and accelerated. Treating this as a one-
dimensional problem, the condition for electron capture and acceleration can be found
using energetic considerations. Using a Lorentz transform to shift to a reference frame
moving at the pulse front velocity (vpf), the ponderomotive potential is stationary,
and an electron (initially at rest in the lab frame) moves toward the potential with
momentum p = —y, MUy, With a relativistic correction factor of

1
Tof = .
/ 2
1- pf

Provided that the potential height (Uyo) is sufficiently high, the electron trajectory
will reverse at a position where the total energy of the electron on the potential is
equal to the total initial energy. This defines the capture threshold,

3)

1
U = Smec (3 = 1), (4)

or in terms of the normalized vector potential, ac,p = \/§|ﬁpf|'ypf. In the simple
non-relativistic limit, the capture threshold for the ponderomotive potential is simply
equal to the classical kinetic energy %mevgf; relativistically, the capture potential
rises to infinity as v,y — ¢, the relativistic capture potential goes to infinity, showing
that v,y must be less than c. In this moving frame, when the capture condition is
satisfied, the electron ’'reflects’ from the potential and leaves with a momentum of
the opposite sign. Transforming back to the lab frame, we find that for this one-
dimensional model, the maximum kinetic energy that a particle initially at rest can
reach is E,ut = 4UZ§‘”’ = m602a§ap. Provided that U,g > U;‘”’ , the maximum energy
depends only on the pulse front velocity and not on the pulse peak intensity. The
upper panel of Fig. 2a shows how the capture potential (solid line) scales with the
effective pulse front velocity. With group velocity control, the ideal maximum output
energy (dashed) can be tuned.

We now turn to the question of group velocity control. Our novel approach is
to employ tilted pulses that results from simultaneous spatial and temporal focusing
(SSTF) [33-35, 44]. The spectral components of a pulse are spatially overlapped but
the beam angle to the propagation axis is frequency-dependent,

0. (w) = T(w — wp), (5)

(see Fig.1). In Supplementary Information section 1 (SI-1) we show that this angular
dispersion results in a pulse front tilted at an angle to the propagation direction
according to tan 6,5 = I'wy. The geometry of this tilted pulse, idealized to be infinitely
wide, is shown in Fig. 2b, where it can be seen that tilt results in an effective pulse
front velocity of v,r = ¢ cos @, (see SI-1). Now the capture condition can be written
in terms of the pulse front angle by using Eqn. 3, 7,5 = (sinff)~", and US* =
Fmec?/ tan? b,



The upper horizontal scale of Fig. 2a shows how the intensity required for capture
and the maximum acceleration energy (4U;‘”’ ) scale with the pulse front tilt angle. The
attractiveness of this scheme is evident: all electrons in the beam will be captured and
accelerated in the same direction with the same energy. The tilted pulse produces a
beam that is automatically separated from the driving laser beam, which is convenient
for practical applications.

a) 9 80 70 60 50 40 3020 0 (deg) b)

0.01 |

energy (MeV)

0.001

100

10 |

Xshift (Lm)

0.0 0.2 0.4 0.6 0.8 Vor/C

Fig. 2 (a) Log plots of the capture energy (upper, solid), ideal maximum output energy (upper,
dashed) and the transverse shift (lower) during acceleration. The lower axis shows the dependence
on the pulse front velocity (V) relative to the speed of light; the upper horizontal axis shows the
dependence on the pulse front tilt angle (6,5). In the lower panel, 244;¢; is calculated for the three
pulse duration’s shown. (b) Geometric diagram of infinitely wide beam concept shown as a red line
with a fading gradient that is propagating along the (black) z axis, tilted by an amount (6,s), and
traveling at the speed of light, ¢ in the z-direction. During interaction with a stationary electron, green
circle, the speed of the pulse is reduced to V},, and the electron is accelerated along the tilted (blue)
2" axis. The vertical red line in both plots (a) represents the pulse front tilt achieved in this work.

The 3-dimensional effects of the finite-sized beam puts important constraints on the
experimental design. The two most important aspects [36] are the connection between
the acceleration time and the finite beam width and the curvature of the intensity
contour in 3 dimensions. As the electrons are accelerated in the direction of the pulse
front normal, the pulse moves behind them so that they interact with the trailing edge
of the tilted pulse. The lower panel of Fig. 2a shows an analytic calculation of this
transverse displacement (xgp;s¢) during the acceleration process. This distance, which
represents the minimum focal spot width required for electrons to be fully accelerated,
was calculated for an infinitely wide tilted pulse that is triangular in temporal shape
(see SI-2): z(At) = derr/(Ror tanb),r), where Ror = Upo/Uy*P. While it might seem
that zsp ¢+ would decrease with 6,¢ since the force is more forward-directed, in fact,
the relativistic mass increase at large v,; causes the electron to dwell longer on the
pulse front during acceleration. The plot also demonstrates that short pulse durations
are favorable, yielding high peak intensity and faster acceleration time, allowing the
use of a smaller focal spot. For large 0,5 and short pulse duration, the ‘reflection’ of
the electrons is faster, making the pulse front more closely resembling a ponderomotive



'mirror’ for electrons [28]. The second consideration in the realistic application of
ponderomotive acceleration is curvature of the pulse front. Variation of the transverse
intensity profile leads to curvature in the contour at the threshold intensity value
(illustrated in the inset of Fig. 1). For a Gaussian focal shape, this curvature is convex,
leading to a diverging ponderomotive mirror shape.

3 Optical setup and experimental demonstration of
ponderomotive snowplow acceleration

The laser source for our setup is the uncompressed fundamental (A\g = 800 nm) laser
from the ALEPH petawatt-class laser facility at the Colorado State University (CSU)
[45]. Referring to Fig. 3, the uncompressed pulse from the amplifier is reflected from
a deformable mirror used for wavefront correction, then directed into our novel asym-
metric four-grating compressor that delivers the spatially chirped pulses. An off-axis
parabola focuses the beam to an effusive gas jet target.

The compressor (see Methods) was a key part of our experiment that we designed
to deliver the spatially-chirped pulses. In previous work with smaller (~ 10 mm)
beam diameters, we have developed compressors with variable output spatial chirp
[46]. In this work with a much larger 55 mm beam size, we use a four-grating design
with asymmetric distances between the two parallel grating pairs to deliver a beam
with a fixed amount of transverse spatial chirp (see Fig. 3). The combined grating
separation between the two pairs produces a compressed pulse at focus. A modest
asymmetry was introduced in a four-grating pulse compressor recently [47] with the
aim of smoothing the beam profile on the gratings. Other researchers have detuned
the grating parallelism to introduce pulse front tilt, which leads to transverse chirp
and a longer pulse at focus [48, 49]. Our approach allows for full bandwidth and
transform-limited pulses at focus. For this proof-of-principle experiment, we arranged
to maximize the spatial chirp exiting the compressor. Since the beam is spatially
dispersed on all gratings except the first, the input energy is limited by the maximum
fluence on the first grating at which it is safe to operate (70 mJ/cm?). By choosing
the first grating pair to be at a shorter grating separation, the aperture of the optics is
reduced since the wavelengths cross between the last grating pair. Furthermore, since
the beam is spatially chirped and not fully compressed after the first grating pair, the
first pair can be in air, with the beam passing through a vacuum chamber window for
gratings 3 and 4.

The chirped pulse is reflected from an F'/3 (f = 555 mm) off-axis parabola which is
focused at the approximate location of the tip of a continuous-flow gas jet. In contrast
to alignment of a conventional compressor, where spatial chirp is undesirable, in our
system it is imperative that the beamlets cross at the parabola focal plane, and that
the individual beamlets are also well focused at the crossing plane. Provided that the
gratings are parallel and the parabola is well aligned, the wavelength crossing will
be at the focal plane. The beamlet focal plane and beam quality is then controlled
by adjusting the input beam divergence and tuning out wavefront errors with the
upstream deformable mirror.
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Fig. 3 Optical schematic from deformable mirror (DM) to focus of the pulse and electron acceler-
ation measurement (magenta cone) with a Lanex screen (LS) and electron spectrometer (ES). The
unbalanced four-grating compressor (shaded in blue) consists of four reflective gratings (G) with the
first grating capable of translating parallel to the optical path allowing for tuning of the compression
of the pulse at the focus. The second half of the compressor and acceleration is conducted in a high
vacuum (1076 Torr) chamber system (shaded in grey) while the first two gratings and folding mirrors
(FM) up stream are in air. The spatially-chirped beam is focused with an off-axis parabola (OAP)
then collected after focus with a beam dump (BD). The electron bunch generates a fluorescence pat-
tern (a reference image from the campaign is shown) on the LS which is imaged by a camera outside
of the chamber. The camera contains filters to block out laser light and is triggered by the laser sys-
tem to capture the fluorescence from the corresponding shot.

To verify the spectral overlap and to locate the focus for placement of the jet
target, a spectrally-resolved knife edge scan is performed [50]. Our analysis generates
a ray trace of each spectral component of the chirped pulse as well as the location of
the beam waist for each spectral component. Once the precise location of the focus is
determined, a second harmonic crystal can be placed at the focus and a dispersion scan
can be performed to optimize compression at the focus [51, 52]. During the campaign,
a 34 pm spot size with a 90 fs duration with energy ranging from 750 mJ to 1.9 J
was achieved, resulting in intensities from 2.39 x 10'® W/cm? to 6 x 10'® W/cm? and
ponderomotive potentials of 143 keV to 362 keV.

A unique feature of this acceleration method is that the accelerated charge is nom-
inally normal to the pulse front tilt and thus well-separated from the exiting laser
pulse, as shown in Figs. 1 and 3, eliminating any need to use steering fields to sep-
arate the electron and laser beams. In previous work, small amounts of spatial chirp
were used to deviate electrons from the driving laser beam in a LWFA scheme [49].



We placed a Lanex scintillating screen to the side of the beam that was normal to
the leading side of the pulse front. This direction was calculated from the measured
angular chirp as shown in Eqn. 5. The spectrally-resolved knife edge scan measure-
ments yielded the angular dispersion, from which we calculated the pulse front tilt to
be 54.6 + 3.7°. Fig. 4a shows the electron signal observed from a camera placed out-
side vacuum, using a cyclic pseudocolor map. Fig. 4b is an electron beam simulated
from the calculated input laser conditions and using the published Lanex response
curve [53] for the electron energy-dependent fluorescent efficiency. Overhead images
of the setup were recorded to geometrically index the electron bunch trajectory, giv-
ing a measured electron beam direction of 68.78° £+ 2.00°, which compares favorably
with the 64° direction calculated from the simulations. As predicted by simulation,
the electron beam angular dispersion is narrower in the horizontal than in the vertical
direction. This results from the shorter radius of curvature of the tilted pulse in the
vertical direction.

Processed images of fluorescence were used to estimate electron bunch per shot
with the use of a transfer function (Eqn. B15 in SI). For the data shown in Fig.
4a, the estimated electron yield for energies above 120 keV was 62.4 pC. A similar
analysis from the image plate yielded approximately 2pC for the portion of the electron
beam entering the spectrometer. In a separate measurement under different alignment
conditions and a narrower field of view, we varied the input energy from 1.6 to 3.23
J, the yield ranged from 0.10 to 1.61 pC, demonstrating increased electron capture as
more of the focal spot is brought above threshold for capture. We used a magnetic
electron spectrometer with an image plate as the detector to measure the bunch energy.
A developed image of the electron spectrum recorded during our campaign is shown
in Fig. 4c with a calibrated energy plot directly below.

4 Discussion and outlook

To the best of our knowledge, this experiment is the first demonstration of pondero-
motive capture and acceleration of electrons from rest. The electrons are emitted from
the target with directions and energies that agree well with our model. The magnetic
electron spectrometer measurements confirm that what is observed is an electron sig-
nal. Our calculations assume the plasma is ionized prior to acceleration; we estimate
that the tunneling process preionizes the nitrogen gas to N> 50 fs prior to the arrival
of the 4 x 10'® W /cm? peak intensity, well before the acceleration phase of the pulse
(see SI-3). A topic of future exploration will be better establish the limits to the charge
extraction efficiency for this approach. In principle, all electrons within the capture
intensity contour are accelerated. The estimated yield of 62pC is substantially smaller
than this prediction, and is likely limited by space-charge effects.

In light of these results, it is worth discussing extensions predicted by our model.
First, we see that the shape of the intensity contour at the capture threshold plays a
large role in the output beam divergence. The inset in Fig. 4b shows a calculation of
the output beam using a super-Gaussian focal profile of the same spot area and pulse
energy and a 55 fs pulse duration. As detailed in our earlier work [36], the flatter spatial
intensity profile will lead to a dramatically narrower output beam divergence in both
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Fig. 4 (a) Image of measured electron intensity profile from Lanex screen, plotted in horizontal and
vertical angular distribution, centered about the peak of the electron bunch intensity. The horizontal
distribution is shifted to be centered around the geometrically measured pulse front tilt. (b) Simulated
image of electron intensity profile from Lanex screen using geometric measurements of the pulse front
tilt and Lanex response curve [53] with an inset of a simulation using a super-Gaussian profile and
55 fs pulse width. The dashed black rectangle indicates where the inset corresponds to the horizontal
and vertical angle axis. Measured pulse front tilt is indicated by the dashed red vertical line at ~ 54°.
(c Upper) Developed image plate from electron spectrometer after 100 shots of laser system, plotted
horizontally against electron energy. (¢ Lower) Cumulative energy plot of developed image plate. All
intensity plots are plotted using a cyclic pseudocolor map.

directions. Second, shorter pulse duration also should result in a large improvement
in the accelerated beam quality, since a faster acceleration time allows for complete
acceleration with a smaller focal spot diameter. For example, with 6,7 = 17.7°, a 20
fs duration pulse with 520 mJ energy focused to a 3 pm X 26 pm spot size can accel-
erate electrons to 10 MeV. Finally, as noted in Ramsey et al. [37], if an accelerating
group velocity can be designed to maintain high acceleration gradients during accel-
eration, even higher output energies can be reached. In the context of our tilted pulse
approach, this can be achieved with a concave pulse front. Therefore, we anticipate
that further beam engineering will enable this laser electron acceleration approach to
find applications in ultrafast electron diffraction and as a seed for higher energy laser
based accelerators.

Supplementary information. The Supplementary Information section provides
details on the derivations of the effective pulse front velocity and the transverse motion
along the pulse front as well as information about the alignment of the four-grating
pulse compressor.
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Appendix A Methods

A.1 Chirped-pulse amplifier system

The laser source for our setup is the uncompressed fundamental (A\g = 800 nm) laser
from the ALEPH petawatt laser facility at the Colorado State University (CSU). The
system is capable of generating uncompressed pulses up to > 37 J per pulse [45], but to
use the available 9 x 4 inch reflective gratings at a safe energy fluence, we used a beam
that was 55 mm diameter with a flat-top profile, stretched to 550 ps at uncompressed
energies up to 3 J per shot. The stretched pulse reflects from a deformable mirror used
for wavefront correction, then directed into the asymmetric four-grating compressor,
as depicted in Fig. 3 and described in the next section.

A.2 Spatial Chirp Compressor Design and Alignment
A.2.1 Compressor Design

The role of the asymmetric compressor is to deliver a beam that has transverse spatial
chirp, so that when it is focused by the off-axis parabola, the pulse will be compressed
as close as possible to the transform limit of the spectrum. The Supplementary section
(SI-2) shows how the angular chirp rate determines the angle of the tilted pulse at the
focus. The compressor is asymmetric in that the separations Li5 and L34 between the
two grating pairs is different, while their sum remains the same as in a conventional
compressor. We note that it is advantageous to have L34 > Li5 to minimize the size
of the beam on the gratings. Each grating pair is mounted in a parallel configuration.
The first grating pair (G1, G2), nominally separated by Li2 = 31 cm along the central
wavelength )y direction, is located outside of vacuum. G1 and its input mirror are
mounted together on a translation stage that moves along the optical path towards
G2. This allows the G1-G2 grating separation to be adjusted without changing the
pointing of the output beam. Following G2, the collimated and spatially chirped beam
is ~ 63 x 55 mm and directed through a 16 mm thick window into a vacuum chamber
(10~ Torr) to the second half of the compressor grating pair. The second grating pair
(G3, G4), nominally separated by 118 cm along \g, are mounted in vacuum to deliver
the compressed pulse to the focusing parabola while avoiding nonlinear propagation
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that would be introduced by a window. Following G4, the final collimated and spatially
chirped beam is ~ 77 x 55 mm. After exiting the compressor, the chirped pulse is
directed onto an F'/3 (f = 555 mm, 22° turning angle) off-axis parabola which focuses
the beam at the approximate location of the tip of a continuous-flow gas jet.

A.2.2 Compressor alignment

Our use of a strong spatial chirp at the output of the compressor adds complexity
to the common challenges of grating compressor and off-axis parabola alignment for
high-peak power chirped pulse amplifiers. In a conventional compressor, the gratings
are aligned to be parallel, with a symmetric path between the two passes so as to
eliminate spatial chirp. In a spatially-chirped beam, the propagation of each frequency
component propagates independently from the rest. Ideally, each beamlet (the beam
for a frequency component) should overlap at the focal plane of the parabola. Fur-
thermore, the divergence of each beamlet should be collimated to place the focused
beamlet at the wavelength crossing plane. The first component to be aligned is the
deformable mirror. The deformable mirror was placed before the compressor, and was
initially aligned by optimizing the wavefront of the uncompressed beam, based on leak-
age through a folding mirror viewed by a Shack-Hartmann wavefront sensor placed at
the focus of a lens. Next, the grating pairs of the compressor are aligned. The grat-
ing pairs must be mounted parallel to each other and at an angle close to what is in
the stretcher. A complete raytrace of the compressor aided in the physical placement
of the gratings, then a collimated laser diode beam at 808 nm was used for the first
alignment. The first grating pair is aligned by rotating the first grating to retroreflect
the zeroth order of the incident beam back out through a pair of irises, allowing the
the tip and tilt of the grating can be corrected as well. The grating is then rotated
by the desired incident using the precision rotation stage mounted under the grating.
The groove rotation around the grating normal is then set by ensuring the height of
first order reflections matches the system beam height. Each subsequent grating is
aligned in a similar manner. To increase the accuracy of the alignment of G1 and G2,
a flat mirror is inserted to retroreflect an apertured broadband beam through those
gratings, and the focus of the return beam is observed on a camera. This allows fine
adjustments to be made to eliminate residual spatial chirp. The same procedure is
used to refine the G3, G4 alignment. The final component to be aligned is the F/3
off-axis parabola. This was aligned by placing a high-resolution camera at the wave-
length crossing plane and then stepped through focus as the degrees of freedom of the
parabola are tuned. Once tuned, manual deformable mirror adjustments were used to
optimize input beam divergence and the focal quality.

A.3 Khnife Edge and Dispersion Scan

We employ a spectrally-resolved knife-edge scan [50] to validate successful wavelength
alignment, determine the optimal focal position for jet target placement, and quantify
the angular chirp, resulting in the calculation of the pulse front tilt angle. A knife
edge is scanned transversely across the beam, while a fiber spectrometer measures
the transmitted spectrum from an integrating sphere placed after the beam focus.
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After making this measurement at several transverse planes along the optical axis,
analysis yields a ray trace of each spectral component of the chirped pulse as well as
the location of the beam waist for each spectral component. Once the precise location
of the focus is determined, a second harmonic crystal can be placed at the focus and
a dispersion scan can be performed to optimize compression of the pulse at the focus
by varying the separation of the first grating pair [51, 52].

A.4 Gas jet target

The gas jet target consists of a metal capillary with a 132 pm inner diameter that
provides a steady flow of nitrogen gas to the focus. A leak valve located upstream
controls the backing pressure at the gas jet, which is monitored with a capacitance
manometer. A calibration of the gas jet density was performed separately by imaging
the fluorescence from varying gas pressure at a focused ultrafast pulse and comparing
to the fluorescence generated by the pressure chamber back filled to a static pressure
[54]. The gas jet, knife edges and nonlinear crystal are mounted to a 3-axis SmarAct
linear stage assembly, allowing the gas jet to be located anywhere within the focus
and path of the pulse.

A.5 Data Acquisition

Two methods were used to characterize the output charge. The first method was to
place a scintillating screen (Lanex Fine) parallel to the driving laser beam on the side
of focus in the direction of the expected acceleration. The Lanex screen was imaged
by a camera placed outside vacuum. The camera was triggered by the laser system
and filters were used to block laser light while still passing the fluorescence from the
screen. Fig. 4a shows a representative image of the output beam. Images recorded the
location of the screen with a calibration scale, allowing the angle of the output beam
relative to the driving beam direction to be measured. While this measurement did not
resolve the electron energies, the fluorescent yield of this type of scintillating screen as
a function of electron energy has been reported by Glinec et al. [53]. The screen has
an energy detection threshold of 120 keV, a peak at approximately 400 keV, and is
constant above 2 MeV. As described in SI-4, we can use this response function along
with optical collection efficiencies to estimate the quantity of accelerated electrons.
The images of the Lanex screen were used to estimate a quantitative charge bunch
and therefore need to have the photon yield of the screen isolated from the image.
Reference images without the pulse were used to remove any background signal. The
resulting image was then DC threshold yielding an estimate of the fluorescence.

The second measurement method utilized an in-house built and calibrated electron
spectrometer [55]. To aid in locating the spectrometer entrance slit on the electron
beam, a Lanex screen with an opening for the slit was placed in front of the spec-
trometer. The design of the spectrometer consists of magnetic plates mounted in a
wedge configuration which generates a variable magnetic field and a detection range
of 50 — 460 keV. The detection screen for the spectrometer was an image plate, which
must be removed from the spectrometer after the measurement and developed with
a scanner. The detection range and sensitivity was simulated using SIMION and the

13



energy dispersion calibrated at the ALEPH facility by normalizing electron yield mea-
surements with varying thicknesses of aluminum filters placed in front of the imaging
plate. In our measurements, the electron signal was collected over 100 laser shots. The
developed image plate was then scanned and analyzed for detected electrons.

A.6 Single-particle modeling

To predict the electron energy and angular distribution for electrons accelerated from
the focal plane, we use the following simple form for the ponderomotive potential for
the tilted pulse in the stationary lab frame:

2 2 _ _ _ 2
Uy(2,1, 2,t) = Upy exp (_wa";y> exp <_2(ct z tanbyr — (2 — 20)) > (A1)

c2712

where the target plane is at z = 0, and the pulse starts at z = zg at t=0.

The relativistic equations of motion under the ponderomotive (or guiding-center)
approximation can be calculated by associating the total energy of the particle with
the Hamiltonian (£ = H), and using the Hamiltonian equations of motion [43]:

dp OH 1
= ar T 5V (42)

dr_OH_ D (A3)

dt  Op M
The derivatives for the force vector are evaluated symbolically and the set of equations
are solved numerically for the trajectories. The output directions and kinetic energies
are calculated from the final momentum vectors, allowing a geometric calculation of
the position on the measurement screen. The electrons that are accelerated to within
the region that is experimentally measured with our camera are accumulated into an
array. Fig. 4b shows the predicted signal after applying the Lanex sensitivity function
described above.

Appendix B Supplementary Information
B.1 SI-1: Tilted pulse front calculations

We use angular dispersion to produce a tilted pulse front. A framework to understand
the formation of tilted pulses in the context of Gaussian beams was detailed in some
papers from our group [33—-35]. For a pulse traveling in the z-direction through the z =
0 plane, pulse front tilt means that the pulse arrival time (group delay) varies linearly
with the transverse position (x). Control of the spatio-temporal intensity profile in our
scheme involves exploiting the properties of pulses with spatial chirp, that is, where
the frequency components of the beam have a frequency-dependent direction (angular
chirp) and transverse offset (transverse chirp), as depicted in Fig. 1. In the simplest
formulation, consider a set of plane waves traveling with wave vectors in the x-z plane
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with direction that varies linearly with frequency (angular chirp):
E(x,y,z,t) = Eg(w) exp ig(ac sinf, + zcosb,) — iwt} , (B4)
c

where the angular spread is in the x-z plane with an angle, 6, (w), to the z-axis. Here,
Ep(w) is the spectral amplitude and we parameterize the angular chirp as sinf, =
(w — wp)T. Evaluating the field at z=0, the spectral phase of the wave is ¢(w,z) =
2Tw(w — wp)/c. The arrival time of the pulse is calculated by evaluating the group
delay

0w (W, x)|w, = 2Twg/c. (B5)
We see this varies linearly with the transverse position, which shows that the pulse
front is tilted. Defining a pulse front tilt angle, (8,5), so that 6,5 = 0 for a pulse front
perpendicular to the direction of beam propagation, we find that

tanf,; = I'wo. (B6)

This construction describes a pulse front that is tilted relative to the propagation
direction of the central frequency of the pulse spectrum and is infinitely wide. It is
this form that is used in our analytic work later in this section. Pulse front tilt can
also result from a combination of transverse chirp and overall spectral phase [56], or
in general, a combination of angular and transverse chirp. The advantage of working
with pure angular chirp is that the full bandwidth is present where the frequency
components of the beam overlap, allowing the pulse to reach its minimum possible
pulse duration. Otherwise, the reduction in the local bandwidth will decrease the local
peak intensity [35, 44].

To model a finite beam size [35], we treat each frequency component as a Gaus-
sian beam that enters the focusing element with a frequency-dependent transverse
displacement z:5(w) = (w — wp)a. The focusing optic (a lens or off-axis parabola) con-
verts this transverse chirp into an angular chirp so that I' = —a/f, where f is the
focal length. Each Gaussian beam focuses to a waist at the focal plane and is ideally
overlapped there. Therefore, with good optics and careful alignment, the beam reaches
a diffraction-limited spot size and a transform-limited pulse duration.

We can use the time-domain intensity profile for the idealized tilted pulse that
has a uniform transverse intensity profile since the mathematics can be solved more
easily than for a finite beam size. In this case, the distribution of the ponderomotive
potential can be written as

2(ct — x tan B, — 2)?
272

Up(z,2,t) = Uy exp | — , (B7)

where 7 is the transform-limited pulse duration. We can then transform to an {2/, 2}
coordinate system aligned with the pulse front, so that the force exerted on the electron
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is along the pulse front normal (z’) as shown. Rotating the coordinate system, so that

2(c cos Oy — 2')?

Uy(2',t) = Up exp | — , (B8)

(¢ cosBpp)2T?

it can be seen that the pulse front moves slower than c: v,r = ccos 0, and that there
is no dependence on the z’ coordinate. For our theoretical calculations, we use this
form of the tilted pulse, evaluated at the focal plane. We can also express the time-
domain field as a function of position within the focus. For wider bandwidths and
tighter focusing, it becomes important to use the more complete representation of the
intensity, but for our conditions we found little departure from the simpler form.

B.2 SI-2: Calculation of transverse motion during acceleration

As discussed in the main text, electrons being accelerated will move in the transverse
direction during the acceleration process. Designating this transverse motion (@ sp;f+),
the focal spot diameter must be greater than this distance for the electrons to reach
their full energy. For example, if the spot diameter is equal to 2z,4;¢:, then electrons
starting in half of the focal region would be expected to reach full energy. As in the
previous section, we first rotate the coordinate system to axes aligned with the pulse
front, then we boost to a reference frame moving with the pulse {ct”,2”,0,2"} so
that the potential is stationary. For the Gaussian temporal pulse shape, the potential
in the rotated moving frame is

22//2

B9
'yf)ch cos? 0,572 (B9)

Uy(2",t) = Upg exp [

222 tan? 0,
= Upo exp [M} ,

272

where the last form makes use of v,y = 1/sin8,;.

While the equations of motion can be solved for the Gaussian potential, a simpler
closed-form solution can be obtained by treating the temporal pulse shape as triangu-
lar, resulting in a constant gradient of the potential. In the rotated, moving reference
frame, the total energy of the electron, & = Fm.c?, is conserved, leading to the con-
clusion that 7 = 7,f. This simplifies the solutions to the trajectory, using Eqns. A2
and A3. The acceleration is only in the 2z’ direction, with the trajectory

Upo
Z// t// — D t”2 —v t//’ B]_O
()= st s (B10)

where 77 is the pulse half width from the peak to where it reaches zero, and we have
assumed the electron starts at rest (in the lab frame) at the origin. In the moving
frame, the electron moves up the potential and reverses direction, so that when it
returns to the origin, it is a free particle moving in the +2z” direction. The time (in
the moving frame) spent on the potential At” can be found by setting Eqn. B10 to
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zero, resulting in,
2mv?
pf .3
Vo T (B11)
Upo pf

Performing a Lorentz transform back to the lab frame adds an additional factor of
Vps, Tesulting in,

At” —

4
At x ——~2 B12
X ROT’YprTﬂ ( )

where Rop = Upo/ U,? is the ratio by which the focused intensity exceeds the capture
potential. During the acceleration time, (At), the electron will shift in the transverse

direction by
4err

z(At) = For el (B13)

This calculation indicates that more electrons will experience the full acceleration
as the pulse duration decreases and/or the focal spot width increases along the axis of
the spatial chirp. Some examples are illustrated in Fig. B1. In Fig.Bla, we simulate the
image on the Lanex screen for a pulse with the same energy but 50 fs in duration. The
calculated shape of the output electron beam profile is not strongly dependent on the
pulse duration, but we do see somewhat more signal at smaller deflection angles. Fig.
B1b shows a calculation of the screen position as a function of the starting transverse
position in the focal plane. Comparing the blue line (for 90 fs pulse duration) with the
dotted green line (for 50 fs, same laser energy), we see that the shorter pulse brings
more of the focal spot above laser energy, and that those additional electrons have a
longer effective acceleration length than those that start closer to the center of the
focal spot.

Fig. B1b also illustrates the role of the pulse duration as the peak intensity is held
constant (solid lines). The effect is the most dramatic for the shorter pulse duration,
where the electrons are directed closer to the pulse front normal. Fig. Blc shows the
correlation of the output energy to the output angle, as well as the relative yield
distribution. Shorter pulses allow more of the electrons to approach the ideal maximum
energy, which for these conditions is 1 MeV.

A related issue is the initial state of the electrons prior to acceleration. The gas tar-
get was molecular nitrogen, which undergoes tunneling ionization early in the temporal
profile of the pulse.

B.3 SI-3: Estimate of electron yield

Although a direct measurement for beam charge was not available, we can estimate the
electron yield from the fluorescent emission measured with the external CCD camera.
The Lanex photon yield [53],

dryer 1 dE hs 1 dE
_ o= s = — — 6 B14
dNine <Eph>6(dx> <pG8COS QL) ¢ <Eph)6(dx> e ( )

consists of a photon energy of E,;, = 2.27 ¢V emitted at 546 nm, an intrinsic effi-
ciency of € = 16%, kinetic yield energy of dF/dx = 11.25 MeV/cm, an equivalent
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Fig. B1 (a) Simulated image of signal on the Lanex screen for the same conditions as in Fig. 4,
but for a pulse duration of 50 fs. The pulse front tilt is indicated by the vertical dashed red line.
(b) Calculation of the output direction of the electrons as a function of the starting position in the
focal plane for different pulse conditions. The sign of the position is consistent with Fig. 2b, where
the leading edge of the tilted pulse is at negative position relative to the optical axis. The solid lines
correspond to a constant peak intensity as the pulse duration is varied. The dotted line corresponds
to a 50 fs pulse duration with the same energy as the 90 fs case. (c¢) Calculation of the correlation of
the output kinetic energy with the direction of the electrons. The color scale represents the relative
yield for each of the cases.

thickness of pure gadolinium oxysulfide (GOS) of dz = hs/pgscosf) = 4.758 um
given an incident electron trajectory of #; = 21.22° (relative to normal of Lanex
screen), a 6x low energy enhancement factor, and a transmission output factor of
¢ = 22%. When combined with a normalized Lambertian distribution with the cam-
era parallel (dccp = 0°) to the Lanex screen, a collection solid angle of = 0.44 msr,
transmission through three lenses (99%) and two BG39 filters (77%), and the param-
eters of the camera, QF = 60% with 23 ke~ well-depth at 16-bit depth, the incident
electron bunch can be estimated from the measured signal of de-noised images of the
Lanex screen,

AD
( dryer ) (COS 9CCD> OTad Taes OF <C> _ dnees (B15)

dNine s e~ ANine

B.4 SI-4: Analysis of Spectrally-Resolved Knife Edge Scans

Data from the spectrally-resolved knife edge scan (See Methods) is analyzed which
yields parameters of the full SSTF beam, particularly the average angular chirp (pulse
front tilt). Raw spectrometer data from the scan is denoised and estimated beam
parameters (beam waist and Rayleigh length) are calculated from inputs regarding the
setup to be used as initial guesses. With the spectrometer data denoised, a subset of
spectral components across the spectrum of the pulse are sampled. At each z position
along the optical axis, the sampled spectral data (intensity) as a function of x is fit to
an error function,
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Ii(z) = 10% (1 —erf (M» : (B16)

wy
where [ is the overall intensity, ¢ is the half-power position, and w; is the beamlet
radius (1/e?) for the k*" spectral component. With the x-z position and a known
beamlet radius for the spectral components determined, a ray trace for each spectral
component is calculated with a linear regression, as shown in Fig. B2.
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Fig. B2 Ray trace generated from analyzed data of knife edge scan during our campaign at CSU
mapped out on a plane defined by the optical axis (z) and the horizontal transverse (x) distance.
The sampled spectral components are traced in their corresponding colors from the fitted x-z points
(indicated by filled circles). The average wavelength crossing is marked by a black dashed line. The
beamlet focal spots are marked by colored diamonds and yield the average focal plane, marked by a
red dashed line. The difference in plane locations is likely due to chromatic aberrations in the beam,
as indicated by the pattern of the spectral focal positions.

With this set of rays across the spectrum, the wavelength crossing plane can be
determined. The angular dispersion is also calculated, leading directly to the calculated
pulse front tilt (See SI-1). In order to determine the focal spot size and position for
each spectral component, the beamlet radii as a function of z position is fit to the
following function,

w(z) = wo |1+ <M2<Z_Z°>)2, (B17)

ZR
where wy is the beamlet waist, M? is the beamlet m-squared value, zg is the beamlet
waist position, and zg is the beamlet Rayleigh range. The average beamlet focal plane
can then be calculated and compared to the wavelength crossing plane. Comparing
the two planes as well as the pattern of the focal planes allows one to determine the
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quality of the beam as well as placement for the second harmonic crystal (Dispersion
Scan) and the gas jet. For our measurement during the campaign (Fig. B2), it can
be seen that there is some chromatic variation in the focal distance that results from
cumulative effects through the long amplifier chain. While there is an offset in the
wavelength crossing and the average beamlet focal plane, our analytic calculations
indicate that as long as the target is placed where the spectral components cross, the
pulse front tilt and shape is not greatly affected by the beamlet divergence.
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