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Abstract

We report on a new experimental study of the space
charge effect in a space-charge-dominated multi-beam
electron bunch. A 5 MeV electron bunch, consisting of
a variable number of beamlets separated transversely, was
generated in a photoinjector and propagated in a drift space.
The collective interaction of these beamlets was studied
for different experimental conditions. The experiment al-
lowed the exploration of space charge effects and its com-
parison with three-dimensional particle-in-cell simulations.
Our observations also suggest the possible use of a multi-
beam configuration to tailor the transverse distribution of
an electron beam.

INTRODUCTION

Several theoretical and experimental studies have pre-
viously addressed detrimental effects due to an in-
homogeneous initial distribution in a rf photoinjector,
e.g., photocathode drive laser transverse distribution non-
uniformities. In most investigations, the beam is statisti-
cally characterized using its rms properties. For instance
Ref. [3] experimentally explores the impact of transverse
modulation on the root-mean-square (rms) transverse emit-
tance. Although this is a universal characterization relying
on the concept of “equivalentbeam” [4, 5] important details
of the beam evolution might be missed. The pioneering
work of Reiser and co-workers underlined the importance
of studying the evolution of the beams transverse distribu-
tion and not only its rms properties [6, 7]. Our experiment
used a quincunx pattern to generate five beamlets separated
transversely. In this Paper, we present a similar experiment
performed in an rf photoinjector using a ~ 5 MeV bunched
electron beam. Masking the transverse distribution of the
photocathode drive-laser allowed the generation of a beam
that consisted of several beamlets separated transversely.
The evolution of the beamlets transverse density provides
information on transverse space charge effects which are
validated against particle-in-cell (PIC) simulations. Fur-
thermore, our experimental observations hint to a possible
use of multi-beamlet configuration to transversely control a
beam. This could open new ways of manipulating an elec-
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tron beam using space charge interaction between several
beams in a photoinjector. Several schemes based on space
charge interaction have been proposed as ways to control
or shape charged-particle beams. For instance Ref. [8] dis-
cusses the design of a very fast kicker based on such a
scheme.
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Figure 1: Picture (a) of the aluminum mask used to shape
the laser beam into a series of transversely-separated beam-
lets and corresponding closeup of the mask geometry (b).
In the experiments reported in this paper only five or six
holes were not obstructed [show as thicker line circles in
(b)] and the mask was oriented to yield the pattern shown
in (b) on the virtual photocathode [see also Fig. 2 (left im-
age) for the corresponding uv laser transverse density].

EXPERIMENTAL SETUP

The experiment was performed at the Argonne Wake-
field Accelerator (AWA) [9]; see Ref. [10] for a detailed
description of the facility. The transverse distribution of the
electron bunch produced in a 1-1/2 cell rf-gun was trans-
versely tailored by controlling the transverse distribution
of the uv photocathode drive laser. The laser was inter-
cepted by an aluminum mask consisting of a series of iden-
tical holes that could be selectively blocked (see Fig. 1).
The mask’s center-to-center hole separation is 2 mm and
the hole diameter is 1 mm. The uv laser beam temporal
profile was measured with a streak camera and can be ap-
proximated by a Gaussian distribution with rms duration of
o; ~ 2 ps. The transverse size of the photoemitted elec-
tron beam is controlled by a solenoid (referred to as L3).
A YAG screen (referred to as YAG1) located 3.36 m down-
stream of the photocathode provides a measurement of the
transverse beam density. The charge is measured using an
integrated current monitor located at the rf gun exit.
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LOW CHARGE REGIME

The operating conditions of the main subsystems of the
photoinjector, used during the experiment reported herein,
are gathered in Table 1. The first experiment consisted
in generating a low charge electron beam comprising six
beamlets (Fig. 2) arranged in an asymmetric pattern.
This enabled us to identify the orientation of the pattern
on both the virtual cathode and YAG1. Due to low space
charge effects, the beamlets do not interact strongly and
effectively behave as independent macroparticles. The
observed pattern rotation between the photocathode and
YAGTL , visible in Fig. 2 results from the Larmor preces-
sion induced as the beam propagates through the L3 mag-
netic lens. The rotation angle is given by [11]: 6(z) =
foz[eB(r =0, 2)]/[2mv(2)B(2)c]dz where B(r = 0,z)
is the axial component of magnetic field experienced by
the beam, ~y(z) the beam’s Lorentz factor and G(z) =
[1 — v(2)"2]"/2. The rotation angle downstream of the
solenoid field, 6(oo),was calculated by numerically inte-
grating the latter equation using the axial magnetic field
obtained from POISSON [12] while 8(z) was computed
with IMPACT-T [13]. The calculated rotation angle down-
stream of the solenoidal field was found to be 6(c0) =
—32 £ 2 deg (the quoted uncertainty comes from the un-
certainty on the peak E-field in the rf gun). The computed
value compares well with the measured roration angle of
0(oc0) = —34.7 £ 2.6 deg for a peak axial magnetic field

B=0339T.
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Figure 2: (Color) False color image of the measured uv
laser transverse distribution on the virtual cathode (VC)
location (left) and corresponding measured electron beam
distribution at YAG1 location (right). The charge is @ =
20 £ 2 pC.

To aid in understanding the experiment, we performed
3D PIC simulations of the beam dynamics using the pro-
gram IMPACT-T. The code uses the electrostatic space
charge routine where the force is found by solving Poissons
equation in the bunch’s rest frame [13]. IMPACT-T was run
with a simplex optimizer [14] to fine tune the operating pa-
rameters of the accelerator used in the model to match the
low charge measurements. During the optimization pro-
cess the E-field on the cathode, laser injection phase and
L3 peak axial B-field, B, were varied to insure the sim-
ulation of a low charge quincunx pattern reproduces the
low charge measurement on YAGI1 [shown in Fig. 3 (left
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column)]. The minimization criterion for the optimiza-
tion was to match the measured and simulated positions
of the beamlets’ centroid. The set of parameters obtained
are compiled in Table 1 and are in good agreement with the
settings inferred from the accelerator control system.

Table 1: Nominal accelerator settings during the experi-
ment. The “Experiment” and “Model” columns respec-
tively correspond to values inferred from the AWA control
system and values obtained when matching the Impact-T
model to the single-particle-dynamics measurements.

Parameter (unit) Experiment Model
Laser rms duration (ps) 1.94+0.2 1.9
Laser phase (deg) 50+ 5 53
Gun E-field (MV/m) 54+ 3 51
L3 peak B-field (T) [0.30,0.40] [0.30,0.40]
High charge (nC) 0.9+0.1 0.9
Low charge (nC) 0.015 £ 0.005 0.015
Kinetic Energy (MeV) 5.20£0.10 5.28
HIGH CHARGE REGIME

When the charge per bunch is increased to 1 nC space
charge become significant resulting in (1) a change in
beamlet intra-dynamics and (2) in interactions between the
beamlets. Such interactions result in the development of
unexpected features that depend on the initial pattern, es-
pecially the appearance of tails.

In Fig. 3 we consider an initial quincunx pattern and

Figure 3: (Color) False color image of measured (top row)
and simulated (bottom row) beam density atAYAGl for the
low (left) and high (right) charge case with B ~ 0.35 T
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Figure 4: (Color) False color image of the measured (left
column) and simulated (right) distribution on YAGI for a
two, three, five, and six (from to to bottom) initial beamlet
pattern. The L3 peak B-field is B~0.37T.

compared the measured and simulated density distributions
at the YAG1 location for the low and high charge cases (left
and right column respectively). Increasing the strength of
the solenoid leads to the appearance of tails on the periph-
eral beamlets; see Ref. [10]. In Fig. 4 we show similar
measurements and simulations for different initial patterns
for B = 0.37 T. For this setting of the solenoid the beam-
lets develop tails pointing outward from the barycenter of
the charge distribution.

An analysis, described in Ref. [10], discussed the ori-
gin of the tail formation observed on some of the pictures.
We initially attributed the formation of tails to the cross-
ing over of the beamlets (as the Bis increased). However
using IMPACT-T we found that the effect was caused by
the space charge interaction at the early stage of the bunch
generation and transport. In particular the non-cylindrical
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symmetry of the distribution lead to a stronger space charge
induced defocusing effect for the population in the outer
region of the peripheral beamlets than for the ones in the
inner region. While in the rf gun, the beamlets overlap (see
Ref. [10]) and the resulting potential exhibits local minima
which results in weaker defocussing forces along certain
directions (that depends on the symmetry fold of the dis-
tribution). Eventually the beamlets crossover (at approxi-
mately z = 130 cm from the photocathode for B=0.37T)
and separate (starting at z = 150 cm). The central beam-
let acquires a shape impressed by the overall symmetry of
the multi-beam pattern. The main cause for the largely de-
focused radial tail containing the inner population of the
peripheral beamlets is the transverse force produced at the
early stage of the beam transport.

POSSIBLE APPLICATIONS

Although in the experiment discussed herein we used
an external focusing element, a magnetic lens, to force the
beamlets trajectories to cross each other and effectively re-
sult in the focusing of the central beamlet, one could, in
principle, specially design a photoinjector system without
an external focusing element. Similarly, using other config-
urations of surrounding beamlets, one could possibly pro-
vide a means for tailoring the bunch transverse distribution.
The technique discussed here might be applicable to elec-
tron sources based on superconducting rf guns, where the
use of an external magnetic field to focus (or shape) the
beam can be difficult. Finally, the possibility to focus a
beam using a photoemitted electron beam with a temporal
profile different from the main beam might also open new
ways of controlling the evolution of transverse emittance
associated to space-charge-dominated electron beams.
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