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Abstract
In this proceeding, we investigate hollow and flat elec-

tron beam generation at FACET-II facility. We focus on
the case of a circular beamlet arrangement, also known as
’necklace’ beams. We study, via numerical simulations, the
resulting e-beam dynamics in the FACET-II photoinjector,
beam propagation through the high energy section, as well as
possible experimental applications of the ’necklace’ beams.
Finally, we evaluate the feasibility of high charge flat beam
generation.

INTRODUCTION
Transverse shaping of electron beams is a powerful tech-

nique that can potentially enable new dielectric and plasma
wakefield experiments [1–7]. In particular, highly asym-
metric (flat) and hollow beams are of interest. There are
several practical requirements to any transversely shaped
beams in the experimental applications. First, they must
survive complex accelerator beamlines, including bends,
quadrupole lattices and chicanes. We note that while the
corresponding beam dynamics may be addressed in simula-
tions, typical beam dynamics codes are only well-designed
to handle round, axially symmetric Gaussian beams. In
case of large transverse asymmetries or voids in the e-beam
phase-space, the simulation settings need to be addressed
specifically to each case. Second, the transversely shaped
beams must respond well to beam compression, in order to
be used as wakefield ”drivers” and satisfy peak current re-
quirements. We point out that beam compression of highly
asymmetric or hollow beams has not been studied in de-
tail [8] and is yet to be understood. This makes generation
and beam propagation of flat and hollow beams an important
experiment by itself.

In this proceeding, we explore two methods of transverse
e-beam shaping: round-to-flat beam (RTFB) transformation
and micro-lens array (MLA) laser shaping. We used beam
physics code impact-t to study the FACET-II injector and
bmad particle tracking code to simulate e-beam propagation
through the FACET-II high-energy section. In this study,
we extensively utilized LUME software tools, described in
Ref. [9].

NECKLACE BEAM GENERATION
Hollow beam generation in a photoinjector, with very

bunch low charge, has been studied in [10]. These beams
could be used as both ”witness” and ”driver” beams in the
axially symmetric collinear wakefield accelerator (CWA)
structures. Here we consider the same MLA-based spa-
tial shaping technique to produce high energy ”necklace”

beams (consisting of a ring of beamlets) with a charge of
𝑄 = 25 pC. For brevity we refer the reader to Ref. [11]
for a detailed description of the MLA transverse laser beam
shaping. A possible layout (not to scale) is shown in Fig. 1.
A pulse of UV laser is propagated through the MLA shaper
with a circular mask. Imaging lens system translates the
segmented transverse intensity distribution onto the photo-
cathode, producing a 12-beamlet ”necklace” beam. We note
that a similar MLA-based setup has been implemented at Ar-
gonne Wakefield Accelerator (AWA) and is used on a daily
basis. After propagation in the photoinjector, the particle
distribution is sent into the high energy linac section, and
is finally delivered to the FACET-II interaction point; see
Fig. 2.
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Figure 1: A schematics (not to scale) of the MLA laser
shaping setup in a photoinjector facility: initial UV pulse
is split into two lines, each can serve as either ”witness” or
”drive”, with the MLA installed in one of the lines. The
laser intensity in each line is controlled via beamsplitter and
waveplates. Photoemitted e-beam is then shaped, accelerated
and sent into a CWA (e.g. a hollow dielectric cylinder).

We note that the initial hollow structure of the e-beam is
preserved, although the individual beamlets are no longer
resolvable. The resulting average current is about 65 A. Fur-
ther increase of the beam current is possible by increasing
the charge in the photoinjector, as well as optimizing the
beam transport. However, similar to their hollow donut-like
counterparts [10], ”necklace” beams exhibit strong sensitiv-
ity to the CSR emittance growth in the chicanes. Therefore,
further theoretical, experimental, and simulation work is
needed to fully establish the limits of hollow e-beam com-
pression.

FLAT BEAM GENERATION
In order to produce flat (high transverse emittance asym-

metry) electron beams, we employ a classical technique,
previously studied in Refs. [12–19] . In brief, a strong mag-
netic field is applied at 𝑧 = 0 m location (at the photocath-
ode) where the electrons are generated. This results in the
canonical angular momentum integral of motion and large
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Figure 2: Start-to-end numerical simulations in impact-
t and bmad of the 25 pC ”necklace” beam at FACET-II.
The transverse profile is maintaining the hollow structure,
with a pulse duration of 𝜎𝜏 = 90 fs and average current of
𝐼avg = 65 A.

projected 𝑥 and 𝑦 emittances. In addition, eigen-emittances
become highly asymmetric, with one emittance being, in
principle, smaller than thermal. A RTFB transformer may be
employed to project the eigen-emittances onto real measured
𝜖𝑥, 𝜖𝑦, by diagonalizing the beam matrix.

Typically, an RTFB consists of 3 skewed quadrupole mag-
nets. We note that 3 quadrupole solution is mathematically
only valid for an axially symmetric beam. In practice, ini-
tial asymmetries stemmed from the laser hot spots result
in an asymmetric beam matrix, rendering the 3 quadrupole
solution to be only approximate. This was confirmed experi-
mentally in [20] for low bunch charges and for charges up to
1 nC in [21]. With the increase of the bunch charge, the beam
matrix asymmetry gets exacerbated. In our setup we add
an additional quadrupole for more control over the RTFB
process, in order to generate flat beams of 2 nC charge.

We also point out that there are two solutions to RTFB
lattice, corresponding to horizontal and vertical flat beams.
It was previously experimentally observed that horizontal flat
beams are compressed with a better preservation of 𝜖4𝐷 [8],
justifying our choice of quadrupole settings.

A field of about 0.2 T was applied at the photocathode,
using the bucking solenoid, with the laser spot diameter of
5.5 mm. In order to preserve the value of CAM, we turned
off all the regular quadrupoles in the injector (Fig. 3). We
also set the injector acceleration cavities to −25∘ off-crest
to compensate for the longitudinal space-charge chirp. We
stated by using an analytical solution to 3 skewed quadrupole
lattice, provided in Ref. [20], Eq. (6). We then used a sym-
pletic optimizer to determine the 4 skewed quad settings
to maximize the emittance ratio. We found that although

Figure 3: FACET-II injector spot-size evolution with regular
quadrupoles turned off.

RTFB

FACET inj at 9 m +

Beam parameters:
Charge – 2.0 nC
Flatness at IP  ~ 93
Small emittance: 3 micron

Figure 4: Start-to-end numerical simulations in impact-t and
bmad of the 2 nC flat beam at FACET-II. The final attainable
flatness is 𝜖+/𝜖− =≈93.

the 3 quadrupole solution overall gives a good initial guess.
It may be used in the real machine and seed the random
walk optimizer process. The final real projected emittances
of 2 nC beam were 𝜖−=3 µm and 𝜖+=280 µm. After opti-
mization, the beam macroparticle distribution was passed
into bmad for tracking in the high energy beamline. The
results are displayed in Fig. 4. The final transverse beam
size ratio needed for slab CWA experiments (e.g. dielectric
slab) can be further increased (decreased) with the matching
quadrupoles. We note that although we utilized the CSR
model in bmad, an in-depth study is required to quantify flat
beam compression and the effects of the CSR. This topic
remains largely unexplored and requires a dedicated experi-
mental measurement program.
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SUMMARY
We have demonstrated, via numerical simulations, a pos-

sibility of delivering hollow beams of 25 pC charge and flat
beams of 2 nC charge to the FACET-II interaction point.
We note that more work is needed to quantify the limiting
factors of beam compression for both cases. Hollow and
flat beams, when fully optimized, will enable new exciting
CWA experiments. Given the relative simplicity of the dis-
cussed e-beam shaping techniques, we point out that some of
the experimental work may as well be performed at smaller
scale facilities. Finally, hollow and flat beams may serve as
a beam-based accelerator diagnostics tool.
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