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Abstract

Temporal shaping of photocathode excitation laser pulses
is a long-sought-after challenge to tailor the phase-space of
electrons. The temporal profile of lasers, typically upcon-
verted from infrared to ultraviolet, have significant impact
on the distribution and time-evolution of the collective elec-
tron bunches. Towards this end, we present a method com-
bining efficient nonlinear upconversion with simultaneous
and adaptable temporal profile shaping through dispersion-
controlled sum-frequency generation resulting in temporal
profiles with sharp rise-fall times and flat top profiles. Using
the LCLS-II photoinjector as a case study, we demonstrate
a reduction in generated electron transverse emittance by
upwards of 30% over conventionally implemented temporal
profiles. Additionally, we discuss the ongoing experimental
implementation of this method and preliminary results.

INTRODUCTION

In photoinjectors, electrons are generated via the photo-
electric effect with laser pulses comprised of light above
the work function of the material. During emission, the
temporal intensity profile of the laser pulse can significantly
effect electron bunch quality. A key measure of quality is
the transverse emittance, €, defined as [1]

€ = | A)x2) — (xx/2),

(D

where x is transverse position and x” is the corresponding an-
gle with respect to the ideal trajectory. In XFELS, in addition
to low emittance (< 1.5 um), it is particularly crucial to have
electron bunches with narrow energy spread (AE/E < 1073)
and good spatial uniformity, as growth in these parameters
can significantly decrease x-ray production in the undula-
tors [2]. Though electron quality and energy spread can
be improved through the use of spatio-temporally shaped
IR lasers in laser heaters [3—5], a more broadly applicable
and foundational approach is to shape the existing photoex-
citation laser to generate higher quality electron bunches
from the beginning. Conventionally implemented photoex-
citation laser profiles are Gaussian in time though other
commonly sought-after laser distributions are shown to re-
duce transverse emittance such as flat-top spatio-temporal
profiles resembling cylinders [6] or 3D ellipsoids such that
the beam size and intensity vary as a function of time [7].
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Realizing these non-Gaussian profiles is achieved through
either spectral or temporal techniques. Spectral methods,
such as spatial-light modulators [8] or acousto-optic mod-
ulators [9], suffer from distortion during pulse amplifica-
tion and upconversion, limited spectral bandwidth, and by
material damage threshold limitations [10]. On the other
hand, intensity fluctuations inherent to temporal techniques
based on pulse stacking [11], have been shown to induce
unwanted microbunching [12, 13] on the electron bunch,
resulting in increased emittance relative to Gaussian distri-
butions. In order to operate at the correct wavelength, these
lasers also typically employ a series of nonlinear conversion
stages to upconvert infrared (IR) light to UV light below
270 nm [14, 15]. Efficient optical upconversion, necessary
for electron production, is detrimentally affected by non-zero
phase structure and can distort temporal profiles, compli-
cating shaping efforts. As such, these methods are limited
in their applicability to high average power, 24/7 facilities,
such as LCLS.

We present a technique blending shaping and nonlinear
conversion thereby circumventing the pitfalls of existing
upconversion and shaping techniques [16]. By combin-
ing non-colinear sum frequency generation (Fig. 1) with
two highly dispersed pulses we generate a pulse with tun-
able temporal profile in duration and shape. We expand
on Raoult er al. [17] of efficient narrowband second har-
monic generation in thick crystals by adding third-order
dispersion to simultaneously shape the output pulse. The
resultant pulse can be directly upconverted to UV without
distortion. This method, which we call dispersion controlled
nonlinear shaping (DCNS), can be broadly used to tailor
pulses for the reduction of normalized transverse emittance
in photoinjector-based instrumentation.

PHOTOEXCITATION SIMULATION

The electric field of a laser pulse in frequency space is
givenby E(w) = A(w)e'?@) where A(w) is the spectral am-
plitude, typically modeled as a Gaussian distribution around
the central frequency, and ¢ (w) is the spectral phase. We
define ¢ (w) via a Taylor expansion about the central fre-
quency,

¢(@) = @0+ ¢1(0 - wp) + 77 (@ - ©o)”
+ %(w - wo)? + (@ - wo)t+ ... ()
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Figure 1: Schematic diagram of the DCNS method being used to generate a temporally flattened UV pulse from equal and
oppositely dispersed infrared pulses. The spectral filter included between the two upconversion stages serves to eliminate

unwanted oscillations on the edges of the optical pulse.

where ¢; is the Jj derivative of ¢ (w) evaluated at w,. Drop-
ping the first two terms, which are arbitrary for our pur-
poses, we focus on the next two terms, second order dis-
persion (SOD), ¢,, and third order dispersion (TOD), ¢5.
SOD is a linear instantaneous temporal chirp on the pulse
primarily effecting duration while TOD is quadratic instan-
taneous chirp creating temporal oscillations on either the
leading or falling edge of the pulse. Additionally, we define
the ratio @ = ¢3/¢, (s) allowing us to set pulse duration
with SOD and change shape with «a.

To evaluate these pulses, and their electron generation,
compared to the baseline Gaussian pulses, we simulate the
photoinjector system at LCLS-II. The laser system consists
of a 1030 nm, 50 W, 330 fs commercial laser with an approx-
imately 4 nm full width at half maximum (FWHM) spectral
bandwidth. To generate a flattened profile, we focus on situ-
ations where « is near to 0.125 ps. The initial value of SOD
(= 3.5 ps?) was chosen so that the FWHM of the laser pulse
would be 25 ps in time [15].

The resultant pulse after the first conversion stage from
1030 nm to 515 nm (Fig. 2a) displays a sharp rise time and
flatter profile than the traditionally used Gaussian pulses;
however, it also displays large and rapid amplitude fluctu-
ations on the picosecond scale that can be detrimental to
e-beam emittance. By applying a spectral amplitude filter
(Fig. 2b), the high frequency components can be attenuated
and the temporal profile flattened. The UV laser pulse is
then generated from this filtered profile.

We then simulate the LCLS-II photoinjector system with
these profiles and a Gaussian of equivalent FWHM. The
simulation code used for e-beam dynamics is OPAL [18],
and for particle distribution generation, distgen [19]. While
supplying the DCNS pulses is straightforward, determin-
ing the optimal FWHM and spot size on the cathode is
not. The strength of the space charge forces are directly im-
pacted by both the FWHM and spot size, which then impacts
how strong the external forces need to be to limit emittance
growth. To determine optimal laser and machine settings,
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Figure 2: Optimal 515 nm laser profile for a bunch length
of 1.22 mm resulting in an emittance value of 0.30 um. The
two plots shown are, a) the laser profile in time before (grey)
and after (blue, dashed) a 0.5 nm spectral filter, and b) the
spectrum of the pulse before (grey) and after filtering (blue,
dashed) with the super-gaussian spectral filter in black.

the simulation is run in combination with an optimization
algorithm (NSGA-II [20]).

To maintain broad applicability of these results, we limit
the simulation to only the photoinjector and the first 15 me-
ters of acceleration (= 100 MeV), after which are LCLS-II
specific configurations. This also serves to limit the sim-
ulation to a region where space-charge forces are not yet
damped by highly relativistic speeds and the effect of the
laser is prominent.

The metrics commonly used for determining beam quality
for XFELs are emittance (1) and bunch length (o). Note,
we do not optimize the orthogonal transverse dimension, y,
because the simulation is transversely symmetric. Several
optimization rounds were performed to compare the perfor-
mance of DCNS and Gaussian laser pulses in the LCLS-II
photoinjector. Final results are shown in Figs. 3 and 4, with
the later showing density of simulation points near the Pareto
fronts.
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Figure 3: Pareto front comparison of DCNS and Gaussian

performance for the LCLS-II injector. DCNS pulses in com-

bination with a 1.0 nm spectral filter achieves the lowest
emittance values at most bunch lengths. The absolute lowest
achieved emittance value is 0.30 um at a bunch length of
1.22 mm, using a 0.5 nm filter.
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Figure 4: Histogram showing simulation density of all GA
solutions, not only Pareto optimal, for Gaussian and DCNS
cases. Lighter colored areas indicate a higher number of
simulations with valid solutions and thus regions where
different methods might be more effective.

As shown in Fig. 3, the best value found is ¢, = 0.30 um
with the the DCNS pulse shown in Fig. 2. The bunch length
in this case, 1.22 mm, is slightly longer than the typical op-
erating length of 1 mm at LCLS. For a practical comparison,
we choose the minimum emittance values at o, = 1 mm.
A 25% improvement in the emittance value is obtained
from DCNS (¢, = 0.37um) vs. Gaussian (¢, = 0.50 um)
pulses. Note, this Gaussian point is not visible in Fig. 3,
because it is not Pareto optimal. For shorter bunch lengths,
i.e. 0.5 mm, the difference is slightly larger reaching about
30% (€, = 0.4um vs 0.58 um). Applying this reduction to
both x and y planes, since the simulation is symmetric, the
total transverse brightness can be more than doubled. In the
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case of XFELs, this emittance improvement translates to a
twofold increase in undulator peak brightness, 25% shorter
x-ray wavelengths, and an upper bound reduction in undu-
lator lengths by 25% for similar peak currents, which can
substantially reduce cost, complexity, and size.

CONCLUSION

Electron emittance, and by extension the electron beam
brightness, can be improved through temporal tailoring of
the photoinjector drive laser, enabling further exploration of
research areas backed by electron photoinjectors. Existing
shaping techniques for the excitation lasers suffer from chal-
lenges in maintaining pulse shapes, providing sufficient pho-
ton throughput, or even increasing electron emittance, as can
be the case with pulse-stackers. DCNS circumvents these
issues by directly upconverting optical pulses and embed-
ding favorable temporal distributions in the sum frequency
conversion using highly dispersed pulses. In the case of
linear accelerators and XFELs such the LCLS-II, this simple
solution is expected to improve electron emittance across
all investigated bunch lengths over conventional Gaussian
pulses with an upwards of 30% emittance reduction at short
bunch lengths (0.25 mm) and 25% at bunch lengths greater
than or equal to 1 mm. This method stands as a realistic av-
enue to substantially extend the brightness of photoinjector
systems worldwide without major configuration changes and
thus enhance current scientific capabilities on existing accel-
erators and reduce the cost of future accelerator facilities.
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