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Abstract

The Advanced Wakefield Experiment (AWAKE) aims
to accelerate electrons to particle physics relevant energies
using self-modulated proton bunches as drivers in a single
plasma. AWAKE is now in its Run 2b (2023-2024), where
the goal is to stabilise wakefields by using a plasma den-
sity step. Experimental demonstrations require probing of
the longitudinal wakefields by externally injected electron
bunches. To optimise charge capture in the wakefields, the
electron beam density should be maximised at the site of
injection z.. This is achieved by setting the beam waist
at z.. Since no diagnostics are currently available at these
locations, waist beam sizes are extrapolated from measure-
ments upstream. The qualitative and quantitative agreement
obtained between measured and simulated transverse elec-
tron beam sizes, at locations where these can be measured,
demonstrates good understanding of the beam line optics
and provides confidence in the extrapolated beam sizes at
waist locations, where these cannot be measured. This infor-
mation can then be used in the experiment to maximise the
beam density at the site of injection.

THE AWAKE EXPERIMENT

AWAKE is an R&D experiment at CERN with the aim to
develop proton-driven based plasma wakefield acceleration.
The wakefields are driven by highly-relativistic (400 GeV,
relativistic factor y,; ~ 427) and energetic (> 19kJ) pro-
ton bunches, supplied by the CERN Super Proton Syn-
chrotron (SPS). Since these proton bunches are longer than
the plasma wavelength A,, (where A, = 27¢c/wpe, With
Wpe =N peez /€om, is the plasma electron frequency, ¢ the
speed of light, m, the electron mass, e the electron charge,
€ the vacuum permittivity and »n,. the plasma electron
density) and less dense than the plasma (n, <~ 10‘3n,,e,
where ny, is the bunch density), the proton bunches have to
be self-modulated to excite wakefields with GV/m ampli-
tudes [1,2]; this requires n,, >10'*cm™ (corresponding
to Ap. <3mm). The plasma is created by laser ionisation
(pulse length: ~100fs, energy per pulse: ~100 mJ, central
wavelength: 800 nm) of rubidium vapour [3,4]. Itis 10m
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long, with a radius >~1 mm. Seeded proton bunch self-
modulation and subsequent wakefield growth, as well as
the acceleration of externally injected witness electrons was
demonstrated in AWAKE Run 1 [5-7].

Numerical simulation studies show that the use of
a plasma density step (during the development of self-
modulation) allows for stabilisation of the field amplitudes
after saturation of self-modulation [8,9]. The purpose of the
ongoing experimental campaign (Run 2b [8]) is to demon-
strate the effectiveness of a density step. One method to
achieve this goal consists in measuring increased energy
gain of accelerated witness particles. AWAKE requires
external injection as wakefields are of relatively low am-
plitude (~0.5GV/m) and high phase velocity (relativistic
factor y ~ yp,+ ~ 427) [10,11]. Furthermore, the witness
electron bunch must be injected off-axis and several meters
into the vapour source at a location z., (typical z, ~ 2—4 m),
avoiding loss of witness particles to wakefield phase shifts
occurring at the beginning of self-modulation or during a
density step [8].

For Run 2b, a new vapour source was developed and
installed [12]. Due to its complexity, there is currently no
beam diagnostic inside of it. The transverse beam size and
shape at injection can thus only be predicted using optics
simulations, as detailed in [13].

In this article, the presented agreement of measured and
simulated beam sizes at the entrance of the vapour source
for different optical setups (beam waist between z, = 2 and
9m) confirms good understanding of the beam evolution
in simulations. In previous work, [13], an estimate of the
maximum injection angle as a function of z, was presented,
and required these beam parameters as input.

THE ELECTRON BEAM LINE

A schematic drawing of the electron beam line is shown in
Fig. 1. The electrons are produced by illuminating a Cs,Te
cathode with a UV laser pulse (typical spot size: ~1 mm,
average energy: 200nJ, top hat intensity profile) [14, 15].
Changing the illuminated surface area of the cathode allows
varying of the electron bunch charge between 100—800 pC,
as measured at a Faraday cup (see Fig. 1). First, electrons are
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Figure 1: Schematic drawing of the electron gun and the
15m long beam transport line. Beam propagates to the right
and up on the page. Bends are horizontal and vertical.

accelerated to ~5 MeV and bunched in an S-band RF-photo-
injector [16] while simultaneously focused by two solenoids.
Next, electrons are further accelerated to ~19 MeV by a 1 m-
long travelling wave booster structure [17,18]. A 15 m long
transfer line transports the ~19 MeV electrons towards the
vapour source. Two kicker magnets located 3.2 and 1 m
upstream the vapour source entrance allow to realise the
off-axis injection scheme detailed in [13].

The electron beam transfer line can be split into: 1) a
matching section (quadrupole triplet), to couple the bunch
produced by the RF photo-injector gun into the beam line;
2) an achromatic dogleg, to align the electron beam onto the
proton beam trajectory, transporting the beam within facility
constraints; and 3) a quadrupole triplet that allows to focus
the electron beam at the desired location z.. In total, the
transfer line comprises eleven quadrupoles, four dipoles (two
horizontal and two vertical), twelve corrector magnets (both
horizontal and vertical), and eleven beam position monitors
(BPMs) [19].

The transverse beam distribution and centroid position
can be monitored along the transfer line on one of six scin-
tillating YAG screens (BTVs), located 13.27, 12.15, 2.72,
1.25,0.71 and 0.09 m upstream the vapour source entrance,
shown in Fig. 1. The last two BT Vs upstream of the vapour
source entrance are used to set the injection geometry. The
~19MeV electron bunches experience significant scattering
(on the order of ~20 to 100 mrad) when traversing a beam
screen. Measurements can therefore only be performed at
one screen at a time.

OPTICAL SETUP

For injection experiments, the electron bunch is set to
cross the wakefields at a given longitudinal location z, inside
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of the vapour source, where z, = 0 m is defined to be at the
entrance aperture. To maximise charge captured into the
wakefields, the transverse beam size should be minimal at
Ze, and comparable to or smaller than the radial extent of
the wakefields, which is in the order of a plasma skin depth
¢/wpe; ranging from ¢/wpe ~ 100 to ~600 um for plasma
electron densities used in AWAKE. Since the beam size
can currently not be measured at z., agreement between
the measured and simulated beam distributions along the
transfer line must be used to extrapolate these sizes.

Optimisation Of Beam Line Optics

It was found operationally that optimisation of the beam
transport optics (to achieve a target beam size at the de-
sired location) using analytical matching and linear optics
is accurate if beams (produced by the photo-injector) are
well represented by Gaussian distributions and if the ini-
tial conditions of the electron beam are close to the design
specifications [20].

Frequently, however, produced beams are not necessarily
Gaussian and crucial information, such as cross-plane corre-
lations in the initial beam distribution or the exact central
momentum, may even be unknown. In that case, it was found
that more advanced methods improve operational optics tun-
ing. Typically, the algorithm optimises as follows: the beam
Twiss parameters are measured (either with quadrupole scan
or tomographic reconstruction) at the entrance of the beam
line and are used as input for tracking simulations. The opti-
mal strengths of the initial (used to match the electron beam
out of the gun to the beam line) and final (used to move
the waist to z,) triplet (see Fig. 1) are then found using a
numerical optimiser that matches the beam parameters at
injection to the nominal ones [21]. With these, transport of
the electron beam and a minimal transverse size for each z,
is achieved.

The beam line also comprises dispersive components
(bends) and their dispersion is compensated via dedicated
quadrupoles along the line, see Fig. 1. However, after match-
ing the beam to the beamline, the field strengths of the mag-
nets in these section remains mostly unchanged.

BEAM SIZES AT THE ENTRANCE
APERTURE AND BEAM

On Fig. 2 (top), the measured horizontal (207: black)
and vertical (20, : red) transverse electron beam sizes 9 cm
upstream of the vapour source entrance for beam waist posi-
tions inside the vapour source z, = 2 to 9 m, in steps of 1 m,
are displayed. Beam sizes are extrapolated from Gaussian
fits to the projected transverse distributions (further discus-
sion on the beam size analysis can be found in [13]). Mea-
surements were performed with an electron bunch charge
of ~275 pC, (measured at the Faraday Cup shown on Fig. 1)
and an initial normalised emittance of 1.03+0.14 and 1.63+
0.51 mm mrad in x and y, obtained via quadrupole scan us-
ing the second quadrupole in the initial matching triplet.
Measured beam sizes were obtained by Gaussian fits of the
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2D beam distributions imaged on YAG screens. Error bars
include position jitters and uncertainties of fit results.

Additionally shown, on Fig. 2 (top), are the simulated
beam sizes, that were obtained in two ways: 1) by Gaussian
fits to the transverse beam profiles obtained from tracking
the beam distribution reconstructed with tomography [21]
(dashed lines on Fig. 2) and 2) tracking the optics functions
(Bx,y> Dx,y) to the screen location (dotted lines on Fig. 2)
with oy y = \eBx,y + (Dx,yop/p)?, where 5p/p ~ 5%.
Both tracking methods use the MADX [22] code. The second
method is less computationally expensive, but does not take
additional parasitic effects (known misalignment of certain
magnetic elements) into account, resulting in less accurate
predictions.

Measurements on Fig. 2 show that, as expected, oy, in-
creases with larger z.. Additionally, these measurements are
performed very close to the entrance aperture and therefore
allow to define the maximum combination of z, and injec-
tion angle without significant injection losses, using Eq. 1
in [13]. As detailed in [13], if electrons interact with the en-
trance aperture, they are lost, reducing the amount of charge
entering the vapour source. For example for z, =2 and 4 m,
under certain assumptions, an estimated maximum injection
angle without significant losses is 2.5 and 1.25 mrad.

The very good agreement between measurements and
simulations shown on Fig. 2 enables electron beam size esti-
mates at z, (where there are no diagnostics) from simulations.
Simulation results show that beam sizes range between 200
and 300 ym from z, = 2 to 9m, and are therefore within
the desired order of ¢/w .. Note that larger sizes would not
only reduce the beam charge density at the site of injection,
but also increase the injection location uncertainty [13].

Because of electron beam losses at the entrance and exit
apertures, the charge transmitted through the vapour source
is less than 100 %. Transmission measurements can there-
fore be used to test beam size predictions by comparing them
to calculations based on theoretical beam sizes. Figure 2
(bottom) shows the calculated (green) and measured (black)
charge transmitted, as a fraction of the input charge, through
the vapour source for different focal points.

The input charge was measured using the Faraday cup at
the beginning of the electron beam line, see Fig. 1. The trans-
mitted charge was measured at a beam-current-transformer
located 6 m downstream of the vapour source exit. Error bars
include jitters on the measurements on both the upstream
Faraday cup and downstream beam current transformer. As
expected, between z, = 2 to 6 m, the charge transmission
increases as the beam size at the exit aperture (not shown)
decreases. For z, > 6 m, transmission decreases as losses
occur at the entrance aperture (see blue horizontal bands on
Fig. 2). Note that measurements are non-symmetric with z,
because of the different geometry of the entrance (racetrack
shape sizes 8 mm horizontal and 3 mm vertical) and exit
apertures (round with » = 5 mm). While qualitative agree-
ment is excellent, the consistent 10-20 % quantitative offsets
are under investigation.
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Figure 2: Top: 20" beam sizes measured on the last upstream
screen prior to the entrance aperture as a function of the focal
point (and therefore beam waist) position inside the vapour
source. Red and black lines show the result of experimental
measurements. Orange and purple dotted (dashed) lines
show the resulting beam size from tracking optical functions
(tomographic reconstruction). Horizontal bands indicate
vapour source entrance and exit limitations (upstream in red
3 mm and downstream 5 mm in grey). Bottom: Fraction of
charge measured on transmitted through the vapour source
(black) and theoretical considerations (green) for different
focal points.

Figure 2 only shows results for z, > 2 m. Injecting (and
therefore focusing) at z, < 2m would be non-ideal due to
wakefield phase shifts (either occurring during the develop-
ment of self modulation or by means of a density step) or
defocusing effects in the plasma entrance ramp, and mea-
surements are therefore not included in Fig. 2.

CONCLUSION

Electron beam size studies required for the realisation
of the AWAKE Run 2b electron injection experiments are
summarised. Firstly, electron beam sizes measured close to
the vapour source entrance are shown and can provide input
to calculate the maximum injection angle for a given focal
point location [13]. Secondly, qualitative and quantitative
agreement between simulated and measured transverse beam
sizes upstream the vapour source entrance allows to confirm
that electron beam sizes (from simulations) at the wakefield
crossing points are in the order of the plasma skin depth,
and therefore acceptable for injection experiments. Finally,
qualitative agreement between the observed and estimated
trend of charge transmission further confirms agreement
between simulations and measurements.
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