
Nuclear Inst. and Methods in Physics Research, A 1049 (2023) 168094

a

b

p
p
f
t
p
t
r
1
t
a
s

p
t
b
w
c
t
t
t

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Full Length Article

Design of the proton and electron transfer lines for AWAKE Run 2c
R. Ramjiawan a,∗, V. Bencini b,a, P.N. Burrows b, F.M. Velotti a

CERN, CH-1211, Geneva, Switzerland
John Adams Institute for Accelerator Science, University of Oxford, Oxford, United Kingdom

A R T I C L E I N F O

Keywords:
Plasma wakefield acceleration
Transfer lines
Numerical optimisation
Beam dynamics

A B S T R A C T

The Advanced Wakefield (AWAKE) Run 1 experiment, which concluded in 2018, achieved electron acceleration
to 2GeV via plasma wakefield acceleration driven by 400GeV, self-modulated proton bunches extracted from
the CERN SPS. The Run 2c phase of the experiment aims to advance these results by demonstrating acceleration
up to about 10GeV while preserving the quality of the accelerated electron beam. For Run 2c, the Run 1 proton
transfer line will be reconfigured to shift the first plasma cell 40m longitudinally and a second plasma cell will
be added 1m downstream of the first. In addition, a new 150MeV beamline will be required to inject a witness
electron beam, with a beam size of several microns, into the second plasma cell to probe the accelerating
fields. Proposed adjustments to the proton transfer line and the design of the 150MeV electron transfer line
are detailed in this paper.
1. Introduction

1.1. AWAKE Run 1

Run 1 of the AWAKE Experiment demonstrated the acceleration
of electron beams to GeV-energies via proton-driven plasma wakefield
acceleration [1,2]. The Run 1 plasma cell was a 10-m-long Rubid-
ium vapour cell within which a plasma channel of radius 1mm was
roduced via the ionisation of Rubidium gas with a high-power laser
ulse [3]. The wakefield driver, a 400GeV proton beam extracted
rom the CERN Super Proton Synchrotron (SPS), was injected into
he plasma where the 12-cm-long bunch underwent self-modulation to
roduce a train of micro-bunches with lengths of approximately half of
he 𝑂(1mm) plasma wavelength [4,5]. These trains of micro-bunches
esonantly drove wakefields within the plasma which were probed by
8.84MeV witness electron bunches [1]. The laser pulse which ionised
he Rubidium gas co-propagated in the plasma with the proton beam
nd caused a relativistic ionisation front which was used to seed the
elf-modulation of the proton bunch behind the laser pulse.

The witness electron beams were produced with an S-band, RF
hoto-cathode gun and accelerated in a travelling-wave booster linac
o 16–20MeV [6]. A transfer line [7], with both horizontal and vertical
ends, transported the electron beams for injection into the plasma cell
ith a beam size of 𝜎 = 250 μm. The injected electron beams propagated

o-linearly in the plasma with the proton and laser beams. Injected elec-
rons which were captured within the focusing, accelerating phase of
he plasma wakefields were accelerated and could be used to measure
he accelerating gradient. With the nominal plasma electron density,
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7 × 1014 cm−3, it was estimated that average accelerating gradients of
200MV∕m were achieved [8].

1.2. AWAKE Run 2

The aim of AWAKE Run 2 is to improve the energy reach compared
with Run 1 while preserving a smaller emittance and energy spread
to produce a beam suitable for high-energy physics applications [10].
Run 2 is planned to comprise four stages [11]. Run 2a studies the
seeding of the proton bunch self-modulation with a ∼18 MeV electron
bunch to ensure the self-modulation of the full proton bunch is phase-
stable and reproducible [12]. During Run 2b, a density step will be
introduced in the plasma to stabilise the self-modulation process [13].
The aim for Run 2c is to achieve electron energies up to 10GeV with
a smaller emittance and energy spread than Run 1. To achieve this,
the proton bunch self-modulation and the electron bunch acceleration
will be separated between two plasma cells to prevent the emittance
growth of the electron bunch which would occur if exposed to the
defocusing fields of the un-modulated proton bunch [14]. A schematic
of the proposed Run 2c beamline configuration is shown in Fig. 1. The
aim of Run 2d will be to demonstrate the scalability of the acceleration
method to longer plasma cells and thus higher energies.

For Run 2c, a seeding electron beamline will be used to inject
electron bunches into the first plasma cell to seed the proton bunch
self-modulation. To incorporate a seeding electron beamline and second
plasma cell, the first plasma cell will be shifted 40m downstream, re-
quiring reconfiguration of the proton beamline. To limit the defocusing
of the proton beam between the two plasma cells the gap between
https://doi.org/10.1016/j.nima.2023.168094
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Fig. 1. Schematic of the configuration of the seeding and witness electron beamlines, plasma cells and final section of the proton transfer line; with dipoles (cyan), quadrupoles
(red), sextupoles (yellow) and octupoles (white) [9].
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Table 1
Beam parameters for the AWAKE Run 2c proton and witness electron transfer lines
[10].

Parameter p+-line e−-line

Beam energy 𝐸 400GeV 150MeV
Charge 𝑞 48 nC 100–200 pC
Bunch length 𝜎𝑧 6–12 cm 60 μm
Momentum spread 𝛿𝑝∕𝑝 0.03% 0.2%
Norm. emittance 𝜖 3.5mmmrad 2mmmrad

them should be less than 1m [15]: the witness electron beam will be
injected into the second plasma cell from within this gap. To min-
imise the emittance growth during acceleration, the injected witness
electron beam parameters must be carefully chosen, as described in
Section 3.1 [16,17]. The parameters for the Run 2c seeding electron
line will be determined from the results of the Run 2a studies and it is
expected to reuse elements from the Run 1 electron beamline.

In this paper, we present proposals for the design of the witness
electron line and the reconfiguration of the proton line; beam parame-
ters for these lines are given in Table 1. The design of the transfer line
was performed using MAD-X [18].

2. Proton transfer line

2.1. Transfer line reconfiguration

The Run 1 proton transfer line was adapted from the previous CERN
Neutrinos to Gran Sasso (CNGS) line. During the conversion to the
AWAKE experiment, a laser line was added to provide the laser beam to
ionise the Rubidium gas. A laser mirror was installed, upstream of the
plasma cell, to merge this laser beam onto the axis of the proton beam.
To incorporate this mirror, a half-chicane was added to the proton line
to avoid the intersection of the high-energy proton beam and mirror as
this would cause losses of the proton beam and produce radiation. The
half-chicane was constructed by moving the final dipole, MBG.412115
(Fig. 2(a)), downstream and adding two pairs of B190 dipoles to bend
the proton beam onto the axis of the plasma cell.

After extending the Run 2c proton line by 40m, it should be re-
configured and re-matched to achieve the same beam parameters at
injection into the first plasma cell as for Run 1 (Table 2) [19]. Due to
limitations from the power converters, the Run 2c design should not
include any additional magnets. To preserve the laser beam stability
of Run 1, the merging-mirror should be moved downstream with the
plasma cell, requiring the half-chicane to be widened and lengthened.
The proposed Run 2c proton-line layout is compared with the Run 1
layout in Fig. 2(a). The dipole MBG.412115 was moved an additional
12.5m downstream, widening the half-chicane from 8 cm to 18 cm [19].
f the start and end of the half-chicane were also shifted 20m and
40m, respectively, it would allow the laser mirror to be moved 35m
from the Run 1 location, as shown in Fig. 2(a) [19]. This would mean
a distance of 26m between the laser merging-mirror and the plasma
injection point, compared with 21m for Run 1.

This design satisfies the experimental specifications, as shown in
Table 2. The beam optics are presented in Fig. 3, where the beam
 T

2

Table 2
AWAKE Run 2c proton transfer line experimental specifications at the injection point
compared with the parameters of the proposed design [19].

Parameter Units Design Specification

𝛽𝑥 [m] 4.9 4.9
𝛽𝑦 [m] 4.9 4.9
𝛼𝑥 [rad] 0.0 0.0
𝛼𝑦 [rad] 0.0 0.0
𝐷𝑥 [m] 0.0 0.0
𝐷𝑦 [m] 0.04 0.0
𝜎𝑥 [μm] 200.6 200(20)
𝜎𝑦 [μm] 200.1 200(20)

envelope (6𝜎𝑥,𝑦) includes an orbit error of 2mm ×
√

𝛽local
𝛽max.

, a 2mm align-
ment error and +20% error in 𝛽𝑥,𝑦. This design would provide a 2mm
learance between the beam envelope and the laser-merging mirror
Fig. 2(b)). For comparison, Run 1 had a 5.6mm clearance between the
eam envelope and the mirror. By extending the line by 40m without
dditional magnets, the beam envelope would be close to the apertures,
articularly within the half-chicane.

.2. Beam accuracy and stability

For a plasma density of 7 × 1014 cm−3, an offset of more than 13 μm
etween the driver and witness beams would lead to an unacceptable
mittance growth during acceleration [16]. The relative offset between
he two beams comprises both the static offset between beams and their
espective jitters and therefore, ideally, the r.m.s jitters of the respective
eams should be kept below 2 μm. With a higher beam jitter, fewer
hots will be suitable for the experiment leading to poorer efficiency.

The proton beam pointing accuracy should be sufficient to have
verlap between the proton beam and laser beam through the full
ength of both plasma cells. If the Run 1 instrumentation was reused,
he alignment of the proton beam could be measured with beam
osition monitors (BPMs) of resolution 50 μm located 1.7m upstream of
he first plasma cell and 22.9m downstream of the second plasma cell.

ith interpolation to the plasma cell entrance, this would correspond
o a single-shot resolution of 47 μm in position and 4 μrad in angle. The
esolution could be improved by taking several shots and averaging the
esults. The final correctors to steer the beam through the plasma cell
re 9m from the injection point of the first plasma cell, as for Run 1.

Two of the dominant sources of shot-to-shot proton beam jitter at
he injection point are the current jitter of the SPS extraction septum,
SE.4, and ripples on the power converters for the magnets in the

roton line (TT40/TT41). The power converter jitter would primar-
ly cause horizontal transverse jitter at the merge-point because the
ending occurs in this plane. The MSE.4 current jitter causes horizontal
ngular jitter of the beam at the start of the TT40 line. The magnitude
f these effects was calculated from data recorded in June 2020 and
as propagated using the Run 2c optics model (Fig. 3) to the injection
oint. The measured current jitters and their simulated impact on the
roton beam position reproducibility at injection are given in Table 3.

he MSE.4 current jitter corresponded to 1.4 μrad angular jitter.
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Fig. 2. (a) Reconfiguration of the chicane layout showing the Run 1 (translucent) and
un 2c (bold) chicanes, (b) 6𝜎𝑥 beam envelopes for Run 2c, as defined in the text, with
orizontal magnet apertures shown in grey. The location of the laser-merging mirror
s indicated [19].

Table 3
Measured magnet current jitter and corresponding beam position jitter propagated to
the injection point with Run 2c optics. The range of quadrupole jitters refers to the
spread across different quadrupole families. Here, only magnet current errors were
included (without magnet offsets), so the position jitter caused by quadrupole current
jitter could not be meaningfully estimated.

Magnet class Current r.m.s jitter (ppm) Beam r.m.s jitter (μm)

𝑥 𝑦

B190 50 6.9 0.0
MBG 90 71.5 10.5
MBHC 100 22.0 0.0
Quadrupole 50–200 – –
MSE.4 100 28.8 0.0

To perform a more complete study of the impact of errors on the
eam stability, the beam transport was simulated with all of the current
itters shown in Table 3 as well as magnet misalignments and rotations.
he magnet misalignments and rotations were randomly sampled from
aussian distributions with standard deviations of 100 μm and 400 μrad,
3

Fig. 3. MAD-X simulation of the proposed Run 2c proton transfer line, showing
horizontal and vertical 𝛽-functions, dispersions and 6𝜎 beam envelopes, as defined in
the text [19].

Fig. 4. Distributions of relative driver-witness offsets at the injection-point for 100
seeds after beam-based alignment of the witness electron beam [9]. The orange lines
denote the experimental specification.

respectively. The simulated r.m.s position jitter at the injection point
of the first plasma cell was 42 ± 3 μm horizontally and 3.9 ± 0.3 μm
vertically. This is consistent with measured data from Run 1 which
showed that the 1𝜎 jitter of the bunch at the beam-waist position was
41 μm horizontally and 8 μm vertically, after drift correction [20].

The simulated beam jitter at the second plasma cell is 82 ± 6 μm
horizontally and 10.5 ± 0.7 μm vertically, meaning that only 6% of
shots would satisfy the experimental tolerances for the driver-witness
beam misalignment (Fig. 4). The efficiency of the AWAKE Run 2c
experiment could be improved by upgrading the TT40/TT41 power
converters. These power converters are foreseen to be upgraded to the
LHC Class 3 power converters [21] during the CERN Long Shutdown
3, meaning that 15% of shots could be within the alignment tolerance.
This efficiency would be sufficient for the experiment. If, additionally,
the MSE.4 were upgraded to Class 3 then up to 33% of shots would be
suitable.
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3. Electron 150 MeV witness transfer line

3.1. Transfer line specification

For Run 2c, a new transfer line will be added to inject 150MeV
witness electron bunches into the second plasma cell. The beam energy
was selected to be high enough to avoid space-charge effects but low
enough to use only a single klystron. A dog-leg design with 15° bends
was chosen, where the dipole placements and bending angle were
selected based on spatial constraints from the tunnel width and the
arrangement of the two plasma cells (Fig. 1) [19]. The electron source
is expected to be on the same horizontal plane and vertical inclination
as the proton line.

The injected witness bunch should have a length of 𝜎𝑧 ≈ 60 μm, so
as to be within a regime of optimal beam loading and thus maintain a
small energy spread during acceleration [17,22]. To preserve a small
emittance throughout acceleration, there should be sufficient charge
density in the witness bunch to drive a full blow-out of the electrons
remaining in the plasma wakefield bubble. The bunch should also be
matched to the plasma wakefield bubble to prevent oscillations of the
witness bunch in the plasma which could cause emittance growth. The
matched beam size is [17]

𝜎∗ = 4

√

2𝜀0𝑚𝑒𝑐2𝛾
𝑛𝑝𝑒𝑒2

𝜖2 = 5.75 μm, (1)

here the Lorentz factor 𝛾 = 293.5, 𝑚𝑒 is the mass of an electron, 𝑐 is the
acuum speed of light, 𝜀0 is the vacuum permittivity, 𝑒 is the electron
harge, the normalised emittance 𝜖 = 2 mm mrad and the plasma
ensity 𝑛𝑝𝑒 has baseline values: 2 × 1014 cm−3 or 7 × 1014 cm−3. In this
aper we focus on the more challenging 7 × 1014 cm−3 plasma density.
lthough, ideally, the witness beam would be properly matched to the
lasma, if this is not possible, the witness beam size must remain below
.5 times the matched beam size to keep emittance growth within
cceptable limits [16]. The beam profile should be Gaussian in six
imensions (𝑥, 𝑝𝑥, 𝑦, 𝑝𝑦, 𝑧, 𝑝𝑧).

.2. Transfer line design

Here we describe the baseline witness transfer line design and show
hat it satisfies experimental specifications and spatial constraints. The
equirements for the line were challenging and the use of numerical
ptimisers in the design process was crucial [9]. To study the higher
rder effects, beam tracking studies were performed using a MAD-X
mplementation of PTC [23]. As an input to tracking simulations, a
eam distribution was produced from simulations of the electron gun
nd adjusted to have Gaussian 𝑥, 𝑦, 𝑝𝑥, 𝑝𝑦 profiles, this is shown in
ig. 5. The 𝐸 − 𝑧 distribution from the electron gun was preserved and
caled to have the nominal 0.2% momentum spread.

A triplet of quadrupoles before the first dipole provide the primary
ontrol for the focusing of the line. Five quadrupoles between the
ipoles are used to make the dog-leg achromatic and provide additional
ocusing (Fig. 6). For a dog-leg with only two dipoles, there is no
ndependent control to make the line both achromatic and isochronous.
o inject a bunch with a length of 60 μm at the injection point, the line
as designed to have a shortening effect on the bunch, to be counter-
cted by injecting a bunch which is 40% longer into the line [19]. The
eam optics are presented in Fig. 6 and the simulated injection-point
arameters are given in Table 4.

To achieve a compact design with a small beam size at injection,
trong focusing was required, leading to problematic non-linear effects
ncluding betatron chromatic effects and detuning with amplitude. In
rder to keep these unwanted terms under control, sextupoles and oc-
upoles were required. The footprint of the proposed design is presented
n Fig. 7, showing the locations of all magnets. The apertures were

odelled as ±25mm and the two high-beta regions within the dog-leg

4

Fig. 5. Generated input beam distribution of 100 000 macro-particles with 𝛽𝑥,𝑦 = 11m,
𝛼𝑥,𝑦 = −2.1 and 𝜖𝑥,𝑦 = 2mm mrad.

Fig. 6. Beam parameters for the 150MeV electron transfer line, with 𝛽-function
(𝑥: black, 𝑦: red) and dispersion 𝐷 (𝑥: green, 𝑦: blue). A synoptic overview is given
bove, with dipoles (green), quadrupoles (black), sextupoles (blue) and octupoles (red).

Table 4
Run 2c witness electron transfer line Twiss parameters (𝛽, 𝛼), beam size (𝜎𝑥,𝑦), bunch
length (𝜎𝑧) and dispersion (𝐷) at the injection point of the second plasma cell.

Parameter Units Specification Design

𝛽𝑥/𝛽𝑦 [mm] 4.9 4.8/5.4
𝛼𝑥/𝛼𝑦 [mm] 0.0 0.0/0.0
𝐷𝑥/𝐷𝑦 [m] 0.0 0.0/0.0
𝜎𝑥/𝜎𝑦 [μm] 5.75 6.0/6.1
𝜎𝑧 [μm] 60 59.9

(Fig. 6) mean that the beam envelope is close to the aperture limits and
the transfer line would not be suitable for a higher emittance beam.

The input bunch distribution (Fig. 5) was tracked through the
transfer line to the injection point, resulting in the beam distribution
presented in Fig. 8. Even when including non-linear effects, the beam
size is within the tolerance for the experimental specification. These
results are for an ideal beamline and in Section 3.3 we consider the
impact of errors on achieving a matched beam.

3.3. Errors and misalignments

In this section we consider the impact of a range of error sources
on the beam size and alignment at the injection point. Studies of each
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Fig. 7. Footprint of the proposed witness electron transfer line with estimated element
sizes; 𝜎𝑥 is the horizontal beam size [19].

Fig. 8. Beam distributions and profiles for a beam with normalised emittance
2 mm mrad and length 𝜎𝑧 = 84 μm tracked to the injection point. The structure in
he 𝑧 − 𝛥𝐸∕𝑝𝑐 distribution originates from the input distribution.

rror source were performed individually to isolate their effects. This
as then used to specify upper bounds on their tolerances.

Starting from an ideal beamline, quadrupole misalignments were
pplied, sampled randomly from a Gaussian distribution; beam tracking
as then used to determine the resulting injection-point beam size. The

esults of this are shown in Fig. 9(a) as a function of the standard
eviation of the distribution of errors used. This study determined
hat, through beam-based alignment (BBA) and steering, a quadrupole
lignment of better than 7 μm with the beam should be attained. To
chieve this level of magnet-beam alignment, the magnets would need
o be on movers with a step size of approximately 1 μm and with a range
f 100 s of microns. A proposal for the quadrupole alignment process is
etailed in [9]. The alignment process includes ‘quadrupole shunting’
o align the quadrupoles with the beam and ‘dispersion-free steering’
o minimise residual dispersion caused by offset magnets. The assumed
PM and beam screen (BTV) locations for the BBA are shown in Fig. 10.
he BPMs were modelled with a resolution of 10 μm, and the injection-
oint BTV was modelled with a position resolution of 10 μm and a beam
ize resolution of 1 μm.

The corresponding studies for the sextupoles and octupoles are
resented in Fig. 9(b) showing that the BBA should reach an alignment
f better than 20 μm for the sextupoles and better than 25 μm for the
ctupoles. This alignment is foreseen to be achieved using a numerical
ptimiser which would vary the sextupole and octupole mover posi-
ions based on minimising the beam size at the injection-point BTV.
n [9], the BOBYQA [24] algorithm was found to be suitable for this

lignment method.

5

Fig. 9. Horizontal and vertical injection-point beam sizes averaged over 50 seeds with
(a) quadrupole and (b) sextupole and octupole misalignments sampled randomly from
a Gaussian distribution with standard deviation given by the 𝑥-axis.

Fig. 10. Schematic showing the locations of BPMs (cyan), a BTV (yellow) and
correctors (purple). Magnet positions are shown as outlines. The beam goes from left
to right.

Using full error simulations we have found that, with the alignment
techniques discussed above, it may be possible to achieve 85% of shots
within the experimental beam size tolerances (Fig. 11).

3.4. Coherent Synchrotron Radiation

To study whether this transfer line would produce significant ef-
fects from Coherent Synchrotron Radiation (CSR), beam tracking was
performed using the simulation framework Ocelot [25]. The bunch
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Fig. 11. Distributions of beam sizes at the injection-point for 100 seeds with errors as
described in Section 3.3 and after beam-based alignment [9]. The orange lines denote
the experimental specification.

Fig. 12. Distribution of energy vs. longitudinal position for a bunch tracked to the
injection point using Ocelot both with and without including CSR effects.

distribution was tracked to the injection point both with and without
CSR, this is shown in Fig. 12. The inclusion of CSR effects caused a 3%
shift in energy and a 6 μm offset in beam centroid position. The impact
from CSR effects is approximately 25% from the first dipole and 75%
from the second dipole. To account for the energy and position shift,
the dog-leg should be re-matched for the new energy and the beamline
adjusted to counteract the static position offset.

3.5. Scattering foils

The AWAKE experiment will incorporate two thin foils in the beam-
line just upstream of the focal point, one as the plasma cell vacuum
window and the other as the beam dump for the ionising laser [26].
The configuration of the two foils is shown in Fig. 13. As a result of
the energy of the beam relative to the radiation length and thickness
of the foil, the main driver to the change of emittance and optics
is Multiple Coulomb Scattering (MCS). From the MCS, the angular
dispersion is [27]

𝜃0 =
13.6
𝛽𝑐𝑝

𝑧

√

𝑡0
𝑋0

[1 + 0.038 ln
𝑡0
𝑋0

], (2)

with 𝑐 the vacuum speed of light, 𝛽 = 𝑣
𝑐 , 𝑝 the momentum in MeV/c, 𝑋0

he radiation length of the foil material and 𝑡 the foil thickness. Both
0

6

Fig. 13. Schematic of the witness electron injection region highlighting the locations
of the vacuum window and laser-beam dump.

foils were modelled as aluminium foils with 𝑡0 = 100 μm, 𝑋0 = 8.9 cm
and 1mm separation both between the two foils and between the final
foil and the injection point.

The beam scattering in the foil increases the emittance by an
amount which is dependent on the beta function at the foil [28]. The
beta function after the foil is consequently reduced, thus requiring the
optics to be re-optimised to return the beam focal point to the injection
point. With the increased emittance, the beam sizes were 17.2 μm and
17.6 μm horizontally and vertically, which were both within 5% of the
matched beam sizes.

4. Conclusion

In this paper we have presented the current baseline designs for
the Run 2c proton and electron transfer lines. For Run 2c, the AWAKE
experiment will be adapted to achieve a higher energy and an improved
beam quality compared with Run 1. The proton transfer line will need
extending by 40m while maintaining the same beam parameters at the
plasma entrance as for Run 1. A new 150MeV electron beamline will be
added to inject witness electron bunches into the second plasma cell,
and a lower energy beamline will inject electron bunches into the first
plasma cell to seed the proton bunch self-modulation.

Adjustments to the proton transfer line were described, showing
that the transfer line could be extended by 40m without additional
magnets. The precise alignment between the driver and witness beams
is essential for Run 2c, and simulations of the expected Run 2c stability
with the current equipment were presented. Ideally, the proton and
electron r.m.s beam jitters would each be below 2 μm. The results
showed that without an upgrade of the power converters only 6% of
shots would satisfy experimental requirements.

The baseline design for the 150MeV witness electron transfer line
was presented. The design would use a dog-leg shape to satisfy spatial
constraints in order to inject bunches into the second plasma cell
from within the 1-m-gap between two plasma cells. The tight spatial
constraints and strict tolerances on beam size and stability meant that
this was a challenging transfer line to design. The transfer line design
meets the requirements for beam size and stability so as to match
the beam to the plasma and maintain a low emittance and energy
spread during acceleration. Studies of the impacts of a range of errors
and misalignments were discussed, demonstrating the importance of
minimising the magnet misalignments through beam-based alignment
to maximise the experiment efficiency.
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