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Abstract

Photocathode laser shaping techniques to generate tempo-
rally shaped electron bunches are appealing owing to their
simplicity. Such a technique is being considered to form
shaped electron bunches to enhance the transformer ratio
in beam-driven accelerators. At low energy (i.e. during
the emission process) the transverse and longitudinal space
charge effects are coupled so that attaining a low beam trans-
verse emittance require the laser to be spatiotemporal shaped.
In this paper, we explore the generation of a linearly-ramped
bunch with optimized transverse emittance by temporally
and radially shaping the laser pulse to provide an adequate
initial distribution. We discuss the possible implementa-
tion of the optical shaping technique and describe a planned
experiment.

INTRODUCTION

Femtosecond laser shaping technique has demonstrated
to be a useful experimental tool by providing the capability
to precisely control ultrafast laser waveforms [1]. Arbitrar-
ily shaped laser pulses have found applications in many
fields including spectroscopy, nonlinear optics, and biologi-
cal imaging [2]. For the physics of photoinjectors, shaping
of drive laser pulses at photocathode enables the formation
of optimized electron beam distribution in support of various
applications. In particular, a longitudinally shaped electron
beam is critical to the realization of efficient beam-driven
acceleration. In this acceleration scheme, a drive particle
bunch passes through a high impedance structure and ex-
cites a wakefield. With proper configuration, this wakefield
can be used to accelerate a trailing low-charge “witness”
bunch. It has been recognized that drive bunch with a tai-
lored current profile (e.g. linearly-ramped, or “doorstep"
distributions) can significantly improve the transformer ratio
in beam-drive accelerator compared with symmetric (e.g.
Gaussian) current profiles [3].

Over the last two decades, various beam-shaping tech-
niques have been proposed and investigated. These include.
e.g., transverse-to-longitudinal phase-space emittance ex-
change [4], multi-frequency linacs [5], interaction with
wakefields [6]. Among those longitudinal shaping schemes,
photocathode-laser shaping yields ample flexibility and great
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simplicity. It directly manipulates the distribution of electron
bunch at photocathode while requiring no extra modification
of the accelerator beamline. However, in the case of a high-
charge bunch or peak-field on the photocathode, the electron
bunch will be significantly influenced by space-charge ef-
fects which, in turn, will influence the shaping process and
possibly degrade the transverse beam emittances.

In this paper, we discuss a proof-of-principle experiment
being planned at the Argonne Wakefield Accelerator (AWA)
aimed at investigating spatiotemporal shaping of the pho-
tocathode laser pulse to produce bunch with parameters
consistent with beam-driven acceleration [7]. We especially
show, through optimization of the laser-pulse distribution
and beamline parameters that a low-emittance, high-charge,
longitudinally-shaped electron bunch can be generated and
preserved during acceleration.

OPTIMIZED BUNCH FROM A
SPATIOTEMPORALLY-SHAPED LASER
PULSE

In the absence of collective and nonlinear effects, the
distribution of an electron bunch photoemitted from pho-
tocathode mirrors the laser pulse distribution. During the
acceleration in RF gun, the bunch is susceptible to nonlinear
distortions imparted via space charge or due to nonlineari-
ties associated with the RF fields. In the present work, we
consider the generation of a low-emittance electron bunch
with a linearly-ramped current profile (where the head of the
bunch has a lower charge than its tail). In order to produce
the desired final current distribution and suppress emittance
growth, we extend our previous work [8] to allow for the
optimization of the laser-pulse spatiotemporal distribution
(,r).

Several possible parameterizations were investigated and
here we study the case where the laser temporal intensity
follows the distribution,
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% where Ty« is the full laser-pulse duration and Ry« is the
5 maximum laser spot radius. The exponents a, b, and ¢, along
< .
Z with the constants T and Ryax, are free variables deter-
%mined in optimization. Practically, we use a Monte-Carlo
2 technique to generate a macroparticle distribution with PDF
£ described by the two previous equations. The distribution
£ is generated in the (£, r) space (where { = fct is the longi-
% tudinal coordinates in the bunch frame and Sc the particle
= velocity at emission).
The beam-dynamics simulation are performed with with
MPACT-T, a particle-in-cell beam-dynamics program that
ncludes 3D space-charge effects [9]. Since both current
istribution and emittance are of interest in our case, we
implemented a multi-objective optimization with DEAP evo-
lutionary computation framework.
To quantitatively compare the final simulated current pro-
'§ file with the target distribution, we use the Wasserstein dis-
§ tance [10] customarily used in statistics. Suppose P(z) is the
é longitudinal distribution of simulated macro-particles with
‘g 7 € [0, 1] being the normalized longitudinal coordinate. The
< PDF of distribution P(z) can be computed using a kernel
£ density estimation technique. Then for a given target dis-
—g tribution Q(z), we calculate their 1st Wasserstein distance
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% where p(z) and ¢(z) are the normalized cumulative distribu-
£ tion functions (CDF) respectively obtained from the PDFs
% P(z) and O(z)

z Figure 1 exemplifies the 1st Wasserstein distance com-
< paring the PDF and CDF associated with a Monte-Carlos-
& sampled skewed-Gaussian with a power-law target distri-
& bution (power function). The shaded area in Fig 1(right)
Q represents the integrand of Eq. 3. Aside from the param-
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é Figure 1: PDFs (left) of a simulated skewed Gaussian distri-
i-;’ bution (blue shaded trace) and power-law target distribution
< (orange trace) along with associated CDFs (right).

eters related to laser pulse distribution, the optimizer was
also allowed to vary gun phase, solenoid strengths and linac
phases.

%z We performed beam-dynamics simulations using the
E AWA drive-beam photoinjector diagrammed in Fig. 2. The
& beamline incorporates a 1+1/2 L-band (1.3 GHz) RF gun
.« followed by six 7-cell cavities. The RF-gun cavity is sur-
= rounded by three solenoidal lenses and includes a Cs;Te
S photocathode which is impinged by an ultraviolet laser pulse
E obtained via frequency tripling of an amplified infrared laser.
% In our simulation two of the linac cavities (C4 and C6) were
O
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turned off to mimic one of the standard-operating configura-
tions. The resulting beam parameters obtained downstream
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Figure 2: Layout of the AWA drive-beam photoinjector
beamline. The Ci labels refer to accelerating cavity [the
shaded cavities (C4 and C6) were turned off in our simula-
tions]. Li are solenoidal lenses.

of the linac is summarized in Table 1 together with some of
the associated accelerator settings. Snapshots of the trans-
verse and longitudinal phase space at different locations
along the beamline appear in Figure 3. Compared to our

0 x10*
©7 b
= o4l 0.0 P
2 001 = —04
= -
~, —0.44 0.8
LR A—— ) R ——
—-5.0-25 0.0 25 50 -2 0 2 4
x (mm) ¢ (mm)
121 41 @
?5 0.6 g — 2
Z 00] = 0
= i w _9]
e —0.6 2
_1'2< T T T 74‘ T T T T
—-0.8 0.0 038 -2 0 2 4

¢ (mm)

0.41
0.0
~0.41
—0.84,
—4

2’ (mrad)

¢ (mm)

x (mm)

Figure 3: Transverse (a, c, ) and longitudinal (b, d, f) phase
space snapshots downstream of the RF gun (a,b), cavity C1
(c,d), and cavity C6 (e,f). The head of the bunch corresponds
to > 0.

previous work [8] which only considered temporal shaping,
we find that the spatiotemporal shaping improves the beam
emittance while maintaining similar performances to shape
the final current profile. One limitation associated with the
temporal profile discussed in [8] stems from large variation
in charge density Q/[A¢ x nr?({)] between longitudinal
slices with length A (leading the bunch tail to have a much
higher density than the head). Such imbalance exacerbates
distortions originating from space charge effects (and even-
tually from additional collective effects in the subsequent
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beamline). It especially results in some particles located in
the bunch head to acquire large orbit due to over-focusing. In
the present spatiotemporal optimization such a deleterious
effect is minimized as illustrated in Fig. 4(right).
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Figure 4: Initial (left) and final (right) (¢, x) distribution
obtained after optimization. The initial distribution is simu-
lated at the cathode location with a 0.55-eV kinetic energy.

Table 1: Accelerator Settings and Simulated Beam Param-
eters Downstream of C6 Associated with One Set of Opti-
mized Parameters

Parameter Value Units
Number of macroparticles 200,000 -
Bunch charge 3 nC
Emission time 26 ps
Laser spot radius 2 mm
RF gun peak E field 35  MV/m
laser launch phase 50 deg
Final beam energy 43 MeV
Final transverse emittance 1.5 pum-rad
Final RMS bunch length 1.8 mm
LASER SHAPER

The generation of optical pulses we ramped temporal
distribution was recently demonstrated [11]. An upgraded
version of the AWA photocathode-laser system will be used
to explore spatiotemporal laser shaping starting from the
work of Ref. [11]. In brief, the infrared (IR) pulses are pro-
duced in a commercial oscillator locked to the AWA master
oscillator. The sub-100-fs pulses with central wavelength
Ao = 785 nm and AA =~ 35-nm bandwidth is filtered and am-
plified in a chirped-pulse amplifier before being frequency
tripled to reach the necessary photon energy for photoemis-
sion from a Cs,Te cathode (corresponding to A = 265 nm).
The pulse shaping will be performed in the IR path owing
to the simpler implementation. Its performance will be to
be optimized to form the required ultraviolet (UV) shapes
needed to produce electron bunches with tailored temporal
distributions. Among the various pulse-shaping methods
available [1] and given the successful resulted presented
in [11], we selected a frequency-domain method employing
a digital programmable mask. A first version of the shaper
will consist of a folded configuration consisting of a grating
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that introduces the needed dispersion followed by a collimat-
ing lens and reflective nematic liquid crystal spatial-slight
modulator (SLM). In a later iteration, the SLM (which con-
sists of a 1-d array of pixelized stripes) will be replaced by
a digital micro-mirror device (DMD) (2-d pixel array) so to
allow for spatiotemporal shaping along one direction. The
system requires the incoming laser pulse to be chirped so to
introduce a linear correlation between rate and time.
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Figure 5: Spectrum (upper plot) associated with a dispersed
laser pulse with clipped frequencies f < fy and associated
temporal distribution (lower plot) after the shaper. The blue
and orange traces in the upper plot correspond respectively
to the spectral amplitude and wrapped phase.

A simple time-frequency program was developed based
on the pyNLO [12] module to allow for the exploration of
temporal shaping. The extension to fully 3D simulation
will be performed with the srw package [13]. An exam-
ple of simulation produced by chirping the initial pulse to
introduce a group-delay dispersion (GDD) D, = 0.09 ps?
and clipping the lower part of the spectrum < fy = 27n¢/ Ay
appear in Fig.5. The produced laser pulse display some high-
frequency oscillation due to the limited bandwidth (taken to
be 15 nm here) as observed experimentally [11]. The impact
of such oscillations on the beam dynamics remains to be
analyzed.

CONCLUSION

The beam dynamics associated with the generation of
electron bunches with shaped current profiles is intricately
related to the photocathode-laser shape. In this paper we
demonstrated that with proper optimization a ~ 40-MeV
3-nC electron bunch with linearly-ramped current profile
could be achieved with low tranverse emittances. A critical
aspect is to control the spatiotemporal shape of the photo-
cathode laser. Producing the required tailored laser pulse is
challenging and an experiment is in preparation at the AWA
facility. The required 3D optical simulations are currently
being developed.
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