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The	 Advanced	 Wakefield	 Experiment	 (AWAKE)	 relies	 on	
proton-driven	wakefields	created	in	a	laser-ionized	plasma	
to	 accelerate	 electrons.	 Accurate	 measurement	 and	
control	 of	 the	 optics,	 trajectory	 and	 timing	 of	 the	 three	

beams—proton,	 laser	 and	 electron—is	 a	 fundamental	
requirement	 for	 successful	 operation	 of	 the	 facility.	
Continuous	 advances	 in	 both	 instrumentation	 and	
methods	 are	 necessary	 to	 improve	 operational	 stability,	
reproducibility	and	efficiency.	Since	the	three	beams	have	
drastically	 different	 characteristics,	 their	 performance	 is	

limited	 by	 different	 sources	 (such	 as	 thermal	 effects,	
magnetic	 hysteresis,	 current	 ripples,	 phase	 locking),	
requiring	 dedicated	 approaches.	 Recent	 improvements	
and	 measurement	 campaigns	 are	 described,	 highlighting	
the	 lessons	 learned.	 Finally,	 the	 challenges	 expected	 in	
future	upgrades	of	the	AWAKE	facility	are	discussed.

Abstract

Measurements are 
essential to position the 
proton beam on the right 
trajectory. BTV screens 
are used instead of BPM 
due to their higher 
resolution

PROTONS	(400	GeV) ELECTRONS	(20	MeV)

LASER	(100	mJ,	100	fs) FUTURE	CHALLENGES

Operational challenges

During the measurement campaign that took place in
2022, three main operational challenges were identified,
which are described in detail in the following paragraphs.

Orthogonal steering Orthogonal steering exploits two cor-
rectors to adjust the central beam position and angle at
plasma entrance. The new BTV allows to measure with
high accuracy the beam position at injection, highlighting
very low reproducibility of the orthogonal steering process.

Online beam matching The parameters of the beam gener-
ated in the photo-injector change on a daily basis, a�ecting
the beam parameters at the end of the beam line. To min-
imize the set-up time of the experiment, it is critical to be
able to quickly rematch the beam optics to the nominal pa-
rameters.

Beam distribution reconstruction Emittance measure-
ments are preformed using a quadrupole scan [8] in a
dispersion-free region at the entrance of the beam line. This
method is not accurate enough to provide good agreement
between tracking simulations and measurements. Therefore,
a di�erent approach had to be developed.

ORTHOGONAL STEERING
Being '1 and '2 the 2x2 transport matrices (in the x or y

plane) between the first and the second corrector and a given
observation point, the relative angular (�G 0) and position
(�G) displacement at observation point can be calculated as
follows:
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�G 0

�
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�:1
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Ideally, knowing the elements of the response matrix
in Eq. 1, the kicks �:1 and �:2 needed to obtain (�G)
and (�G 0) can be calculated by inverting the response ma-
trix. During the 2022 run, measurements on the correctors
MCAWA.412347 and MCAWA.412349, used for orthogo-
nal steering, showed hysteresis. In this conditions, he re-
sponse coe�cients vary as a function of the previous set
values. As a consequence, the response to the kicks in non-
linear and the coe�cients cannot be measured, making ac-
curate orthogonal steering very challenging. Moreover, the
presence of a quadrupole between MCAWA.412347 and
MCAWA.412349 acted as a further source of errors (wrong
calibration, fringe fields, field non-linearities). To address
this issue and to reduce at the same time the beam free
propagation distance after the last steering elements, a new
corrector, MCAWA.412353, was installed on the beam line.
In the new configuration, no active elements are present be-
tween correctors and the matrix elements depend only on
the drift lengths and are equal in x and y plane. This limits
the source of errors and reduces the number of kick-response
scans needed to measure the response matrix coe�cients (2
instead of 4).

(a) Scan �G, �G0 = 0 (b) Scan �G0, �G = 0

Figure 2: Measured response at BTV.412354 to orthogonal
steering.

Hysteresis e�ects can be mitigated by performing demagneti-
zation cycles. However, a complete cycle is time consuming
(few minutes). Since orthogonal steering is used to perform
angular and position scans, adding a downtime of few min-
utes at every step of the scan would result in an unacceptable
downtime.
The reproducibility issue was addresses by adding a simpli-
fied version of the demagnetization cycle before setting any
new corrector current. The current is set to its minimum
current, its maximum current and at last to the setting point.
Several tests were performed to assess the e�ectiveness of
this approach, revealing very good reproducibility. The lim-
itation of this approach is that the response matrix does not
match the theoretical one and must, therefore, be measured.
The scan takes a few minutes and should be performed once
a day, after the RF gun is switched on and the parameters
optimised.
The method and the whole workflow were tested at the begin-
ning of 2023, after the new corrector (MCAWA.412353) was
installed. The observation point was BTV.412354 instead
of the BTV.EXP_VOL, since the latter was temporarily re-
moved from the beam line. To perform the test, the response
coe�cients '1, (1,2) and '2, (1,2) were measured ('1, (2,2) and
'1, (2,2) are equal to 1) and introduced in the script developed
to perform orthogonal steering. To assess the robustness of
the method, two scans were performed. A position scan (�G)
with parallel beam (�G 0 = 0) and the second an angular (�G)
scan keeping the beam stable on the same point ((�G = 0)).
The range for the test was chosen to be (≠2 mm,2 mm) for
the position and (≠2 mrad, 2 mrad) for the angle, which is
more than su�cient for the experiment purposes.

The results of the measurements (Fig. 2a and Fig. 2b) show
that, with the demagnetization procedure, the measured and
setting point match very well and the hysteresis e�ects are
fully compensated. The new method will be included as
standard operational procedure during 2023 run.

ONLINE BEAM SIZE OPTIMISATION
The parameters of the laser and the S-band accelerating

cavities are tuned every morning to find the best operational
configuration. This procedure results in slight change in
beam parameters at the entrance of the beam line and hence
in a change of the beam distribution at the entrance of the

Emittance measurements are performed using a 
quadrupole scan in a dispersion-free region at 
the entrance of the beam line. A parabolic fit is 
effective for Gaussian distributions but loses 
accuracy for non-Gaussian beams.


New approach 
• Quadrupole scan can be approached as a 

classical phase-space-tomography problem, 
equivalent to a rotation [8]


• Maximum Likelihood Maximum Expectation  
algorithm developed and commissioned using 
simulated beams and then validated with data 
[7]


• Non-Gaussian beams can be fully described 
and then used to develop beam line optics

Challenging steering: jitter of laser trajectory is 
dominated by thermal fluctuations, preventing 
convergence at larger sample sizes. Accept this 
limitation, relax steering requirements, and rely on 
a wide beam to create a large plasma column.
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Studying the high-frequency data revealed an interesting and unexpected result. 
Statistical analysis of the standard deviation of the averages suggests that the laser 

fluctuations are indeed not purely random (reflecting random inherent laser jitter) in 

either of the dimensions (see Table 8).  For a purely random system, the error on the 

mean position of N shots should fall with the square root of N; yet, the RMS values of 

the actual averages do not consecutively fall by as much, even in x. A much more 

gradual drift may indeed be present in the x-dimension.  

 

 
Table 8: Standard deviation (RMS) of all centroids and, 100-, 500- and 5000- shot averages at VLC 
5, compared to the expected RMS for purely random fluctuations. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

VLC 5, mm RMS all data RMS for 100 
shot average 

RMS for 500 
shot average 

RMS for 5000 
shot average 

y actual 

y random 

0.2741 

0.2741 

0.1038  

0.0274 

0.0832 

0.0123 

0.0766 

0.0039 

x actual 

x random 

0.2772 

0.2772 

0.0553 

0.0277 

0.0281 

0.0124 

0.0155 

0.0039 
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Figure 9: Proton and laser merging point, 
containing Mirrors 3, 4, and 5, under UHV 
conditions. 

Figure 8: Schematic of laser line at AWAKE. 

Optics benchmark

25/04/2023

o Typical requirements:
o 𝛼𝑥,𝑦 = 0
o 𝐷𝑥,𝑦=0
o 𝜎𝑥,𝑦 = 200, 500 𝜇𝑚 (depends on optics)

o The MADx simulated optics was compared with 
measurements 

o Results show very good agreement
➔We can trust simulations to produce new optics!

330 um optics

200 um optics

500 um optics

VITTORIO BENCINI - AWAKE COLLABORATION MEETING

Trajectory

Optics

Trajectory

Optics

Use virtual line for aligning/monitoring main line. Understand drifts between main/virtual drifts.

2021 JINST 16 P11031
Figure 14. Parameter U that defines the significance of the halo component is shown versus the bunch
population. A more significant halo component is observed in the bunches with a larger bunch population.
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Figure 15. Positions of the bunch centroids at the waist. The left plot shows the drift of the bunch centroid
with the time of the measurement. The right plot shows the same data with subtracted time drift.

6 Conclusions

We have developed and applied an approach to analyzing the parameters of the proton bunch in the
AWAKE experiment. In this approach, the data from multiple beam imaging systems that capture
integrated radial bunch profiles were used to determine optimal parameters of the model that describe
proton bunch propagation along the beamline. The fitting procedure was performed using a Bayesian
approach, and the MCMC sampling was used to extract the posterior distributions. This approach
will be used in future AWAKE runs to analyze the stability of the proton bunch parameters over
long runs.

Two models that describe the radial bunch density were considered. In the first model, the
transverse bunch profile was represented as a Gaussian function, in the second model — as a mixture
of two Gaussians denoted as halo and core. By definition, the halo component has a larger emittance
compared to the core. These models have been tested using simulated events, and the results show
that reconstruction of true parameters is possible with typical uncertainties of a few percent.

– 18 –

Dedicated proton bunch optics were developed using MAD-X and validated with envelope 
measurements. These optics were used for wide-beam studies [3] and current filamentation 
studies [4,5]. 

Positions of the bunch centroids at the waist. 
The left plot includes the drift of the bunch 
centroid with the time of the measurement. The 
right plot shows the same data with subtracted 
time drift [1]

Trajectory	Jitter	
CERN	Accelerator	Complex	

Beam	optics	measurements

Optics benchmark
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o 𝐷𝑥,𝑦=0
o 𝜎𝑥,𝑦 = 200, 500 𝜇𝑚 (depends on optics)

o The MADx simulated optics was compared with 
measurements 

o Results show very good agreement
➔We can trust simulations to produce new optics!
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Transverse envelope of a beam with target σx,y = 200 μm (left) and σx,y = 500 μm (right) at the entrance of the plasma. [1, 2]

Measured response to orthogonal steering at BTV.412354, with and 
without fast demagnetisation (Imin, Imax, Iset) [7]

Fast	steering	without	hysteresis	

• Proton beam jitter is generated by current fluctuations in 
the power converters of the transport line magnets


• A quantitative understanding of these source is essential 
to simulate and predict jitter at beam waist


• Work is ongoing to fill the gap between simulations and 
measurements

Position	 Angle	

Reconstruction	without	gaussian	assumptions

Top: Reconstructed distribution in x-x’ and y-y’. Bottom: Comparison 
between reconstructed beam sizes and measurements [7]

plasma source. To quickly rematch the beam line, a numeri-
cal optimisation approach was developed and tested, starting
from the results reported in [9]. For the 2022 run, a few
changes were made to tailor the algorithm for the new exper-
imental requirements.
The algorithm changes the field strength in the first three
quadrupoles of the line and optimises an objective func-
tion 5>1 9 built on the image observed at BTV.EXP_VOL. In
particular the objective function is defined as follows:

5>1 9 = F1 (fG,< � fG,C ) + F2 (fH,< � fH,C )
+F3 ( |fG � fH |) + F4 !38E

where fG,<,fH,< are the measured beam size in x and
y, fG,C ,fH,C are target beam sizes (fG,C ,fH,C=200 `m) and
 !38E is the Kullback-Leibler divergence [10] between the
measured data and a Gaussian distribution fitted on the same
data. This last term allows to improve the distribution of the
beam delivered to the plasma cell and F1,..,4 are the weights
per term of the loss function.
The Powell algorithm Bound Optimization BY Quadratic
Approximation (BOBYQA) was chosen, and specifically the
implementation in [11]. This algorithm is very e�ective
when function evaluation are expensive and where the ob-
jective function is noisy ([9]). An example of the outcome
of the optimisation is shown in Fig. 3.

Figure 3: Beam distribution measured at BTV.EXP_VOL
before and after optimisation.

EMITTANCE RECONSTRUCTION
The default method to measure emittance at the entrance

of the beam line is based on the quadrupole scan technique
[8]. For each quadrupole setting, the beam size is calculated
from a Gaussian fit on the x and y projections, which are
extrapolated from the image recorded at the BTV.412342.
As explained in [8], by fitting a parabolic function to the
square of the beam sizes, it is possible to calculate the Twiss
parameters at the entrance of the quadrupole. The technique
is very e�ective when dealing with Gaussian distributions,
but it loses accuracy as the distribution di�ers from a Gaus-
sian.
To deal with non-Gaussian beams, phase space tomographic
techniques can be used. The physics of a beam transported
in a quadrupole-drift section can be described by a transport
matrix " (:), where : is the strength of the quadrupole. The
transport can be seen as a combination of a rotation and a
sheer. Isolating the rotation, the quadrupole scan can be

(a)

(b)

Figure 4: Reconstructed distribution (a) in G � G 0 and H � H0
respectively. In (b) a comparison between the measured
and the reconstructed beam sizes in the x (left) and y (right)
plane respectively.

approached as a classical tomography problem [12], and the
same algorithms can be used. For this work the Maximum
Likelihood Maximum Expectation (MLEM) algorithm was
used [13]. MLEM is particularly suited when a limited range
of projections is available. The method was developed and
commissioned using di�erent simulated beams, and then
validated with data

The result of the reconstruction applied to a quadrupole
scan taken on the beam line is shown in Fig. 4. The scan in-
cluded 20 measurements in a range : = (�40, 40) equivalent
to rotation angles between 11� and 162�. Fig. 4a shows the
reconstructed distribution at the entrance of the quadrupole
used for the scan, while Fig. 4b shows how the reconstructed
beam sizes (obtained by simulating the quadrupole scan
with the reconstructed distribution) compare with the mea-
sured ones. It can be clearly seen that the reconstruction
allows to reproduce the non-linear features of the beam and
to reproduce the measured beam sizes at the BTV.

CONCLUSIONS
A set of new operational tools were developed during

2022 to address the new, tighter experimental requirements
needed to perform hosing studies at AWAKE. In particular, a
method to e�ciently perform orthogonal steering in a repro-
ducible way was developed, together with an online beam
size optimiser and a tool for phase space tomography. All
the tools were successfully tested and will allow for a better
characterization of the beam line and more reproducible and
flexible operation during Run2b.

4	laser	lines:	Plasma,	Virtual,	Electrons,	Streak	 Final	beamline	alignment

Schematic of AWAKE beamline and virtual line alignment [6]Schematics of AWAKE laser system [L. Ranc]
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Figure 19: Centroids on VLC 5 exhibiting trajectory fluctuations over an hour, x-dimension. 

Figure 20: Centroids on VLC 3 
exhibiting trajectory 
fluctuations over an hour, y-
dimension. 

Figure 21: Centroids on VLC 4 
exhibiting trajectory 
fluctuations over an hour, y-
dimension. 

Standard deviation of all shots and 100-, 500-, 5000-shot averages on virtual line, compared to expected RMS from random fluctuations [6]

2

FIG. 1: Schematic of the configuration of the two electron beamlines, plasma cells and a section of the proton
transfer line. Dipoles are shown in cyan, the quadrupoles in red, the sextupoles in yellow and the octupoles in white.

Run 2a will study the electron-seeding of the proton
bunch self modulation and Run 2b will investigate the use
of a density step to stabilise the self modulation process;
both of these features will then be incorporated into Run
2c.

In this paper we discuss the studies towards the base-
line design of the Run 2c transfer line needed to inject
witness electron bunches into the second plasma cell to
probe the accelerating gradients of the wakefields. A
schematic of the proposed Run 2c beamline layout is
shown in Fig. 1 showing the configuration of the proton
and electron beamlines. Several changes will be needed
to adapt the Run 1 experimental set up for Run 2c. To
incorporate the additional seeding electron transfer line,
the Run 1 plasma cell is to be moved 40m downstream,
requiring the reconfiguration of the proton beamline. To
minimise the defocusing of the proton beam between the
two plasma cells the gap should be < 1m [14], and ideally
as short as possible, constraining the footprint of the wit-
ness transfer line. To achieve both a small energy spread
and emittance conservation throughout acceleration, the
injected electron beam parameters must be carefully cho-
sen; this is discussed in Section IIA [15]. The witness
beam parameters for Run 2c compared with Run 1 are
presented in Table I.

The seeding electron-beamline will inject ⇠18MeV
bunches into the first plasma cell. The parameters for
this line will be determined as a result of the Run 2a
studies and it is foreseen to be adapted from the Run 1
electron beamline. In Section VI we present a proposal
for a method which could be used to estimate the rela-
tive alignment of the Run 2c proton and seeding electron-
beams using neural networks.

TABLE I: Beam parameters of the witness electron
transfer lines for AWAKE Runs 1 and 2c [1, 16].

Parameter Unit Run 1 Run 2c

Beam energy [MeV] 18.84 150

Charge [pC] 656 100

Bunch length [fs] 4000 200

Energy spread [%] 0.5 0.2

Norm. emittance [mm mrad] 11-14 2

C. The use of optimizers in beamline design and
operation

Numerical optimizers are powerful tools for beamline
design; see [17, 18] for examples of existing studies ex-
ploring their use for electron beamline design and opti-
mization.
Here we present proposals for the design of the Run

2c witness electron transfer line, alongside a discussion
of the use of numerical optimizers during the design pro-
cess. In Sections IV and VI we discuss also the oper-
ational challenges expected for the seeding and witness
transfer lines and highlight where machine learning or
optimization techniques could be exploited.

II. TRANSFER LINE DESIGN

A. Witness electron transfer line specifications

The specifications for beam parameters at the injec-
tion point derive from the need for the witness beam to
be ‘matched’ to the plasma to mitigate transverse be-
tatron oscillations of the beam envelope propagating in
the plasma which would cause beam emittance growth.
For the electron beam to be matched to the plasma, the
beam size should satisfy

�4 =
2"0mec2�

npee2
✏2, (1)

where the Lorentz � = 293.5, me is the mass of an elec-
tron, c is the speed of light, "0 is the vacuum permit-
tivity, e is the electron charge, the normalised emittance
✏ = 2 mm mrad and the plasma density npe has baseline
values: 2⇥1014 cm�3 or 7⇥1014 cm�3. For beam energy
of 150 MeV with the higher plasma density this would
correspond to a matched beam size of

�⇤ = 5.75 µm. (2)

Further specifications for the beam at the injection-point
are given in Table II.
The injected witness bunch should have a length of

⇠60 µm, a specification deriving from the need to be
within the regime of optimal beam loading so that a small
energy spread is conserved during acceleration [15, 16].
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Fig. 2. (a) Reconfiguration of the chicane layout showing the Run 1 (translucent) and
Run 2c (bold) chicanes, (b) 6�

x
beam envelopes for Run 2c, as defined in the text, with

horizontal magnet apertures shown in grey. The location of the laser-merging mirror
is 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 (�m)

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
beam stability, the beam transport was simulated with all of the current
jitters shown in Table 3 as well as magnet misalignments and rotations.
The magnet misalignments and rotations were randomly sampled from
Gaussian distributions with standard deviations of 100 �m and 400 �rad,

Fig. 3. MAD-X simulation of the proposed Run 2c proton transfer line, showing
horizontal and vertical �-functions, dispersions and 6� 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 �m horizontally and 3.9 ± 0.3 �m
vertically. This is consistent with measured data from Run 1 which
showed that the 1� jitter of the bunch at the beam-waist position was
41 �m horizontally and 8 �m vertically, after drift correction [20].

The simulated beam jitter at the second plasma cell is 82 ± 6 �m
horizontally and 10.5 ± 0.7 �m 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.

3
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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 �z ˘ 60 �m, 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]

�
< = 4

v
2"0mec

2�

npee
2 ✏2 = 5.75 �m, (1)

where the Lorentz factor � = 293.5, me is the mass of an electron, c is the
vacuum speed of light, "0 is the vacuum permittivity, e is the electron
charge, the normalised emittance ✏ = 2 mm mrad and the plasma
density npe has baseline values: 2 ù 1014 cm*3 or 7 ù 1014 cm*3. In this
paper we focus on the more challenging 7 ù 1014 cm*3 plasma density.
Although, ideally, the witness beam would be properly matched to the
plasma, if this is not possible, the witness beam size must remain below
1.5 times the matched beam size to keep emittance growth within
acceptable limits [16]. The beam profile should be Gaussian in six
dimensions (x, px, y, py, z, pz).

3.2. Transfer line design

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

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

To achieve a compact design with a small beam size at injection,
strong focusing was required, leading to problematic non-linear effects
including betatron chromatic effects and detuning with amplitude. In
order to keep these unwanted terms under control, sextupoles and oc-
tupoles were required. The footprint of the proposed design is presented
in Fig. 7, showing the locations of all magnets. The apertures were
modelled as ±25mm and the two high-beta regions within the dog-leg

Fig. 5. Generated input beam distribution of 100 000 macro-particles with �
x,y

= 11m,
↵
x,y

= *2.1 and ✏
x,y

= 2mm mrad.

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

Table 4
Run 2c witness electron transfer line Twiss parameters (�, ↵), beam size (�

x,y
), bunch

length (�
z
) and dispersion (D) at the injection point of the second plasma cell.

Parameter Units Specification Design

�
x
/�

y
[mm] 4.9 4.8/5.4

↵
x
/↵

y
[mm] 0.0 0.0/0.0

D
x
/D

y
[m] 0.0 0.0/0.0

�
x
/�

y
[�m] 5.75 6.0/6.1

�
z

[�m] 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; �

x
is the horizontal beam size [19].

Fig. 8. Beam distributions and profiles for a beam with normalised emittance
2 mm mrad and length �

z
= 84 �m tracked to the injection point. The structure in

the z * �E_pc distribution originates from the input distribution.

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

Starting from an ideal beamline, quadrupole misalignments were
applied, sampled randomly from a Gaussian distribution; beam tracking
was then used to determine the resulting injection-point beam size. The
results of this are shown in Fig. 9(a) as a function of the standard
deviation of the distribution of errors used. This study determined
that, through beam-based alignment (BBA) and steering, a quadrupole
alignment of better than 7 �m with the beam should be attained. To
achieve this level of magnet-beam alignment, the magnets would need
to be on movers with a step size of approximately 1 �m and with a range
of 100 s of microns. A proposal for the quadrupole alignment process is
detailed in [9]. The alignment process includes ‘quadrupole shunting’
to align the quadrupoles with the beam and ‘dispersion-free steering’
to minimise residual dispersion caused by offset magnets. The assumed
BPM and beam screen (BTV) locations for the BBA are shown in Fig. 10.
The BPMs were modelled with a resolution of 10 �m, and the injection-
point BTV was modelled with a position resolution of 10 �m and a beam
size resolution of 1 �m.

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

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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The experience gained operating the 
18 MeV electron line together with 
the developed tools will set the 
foundations for the much more 
challenging operation of Run2c 
electron lines at 18 and 150 MeV

A good understanding of the 
sources of beam jitter is essential 
to predict the waist jitter in Run 2c.

𝜎(𝜇𝑥)	≈	41μm	
𝜎(𝜇𝑦)	≈	8μm	

Trajectory monitoring on virtual line (left). Laser alignment on virtual and main lines (right) [L. Ranc]
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Abstract

After the successful conclusion of Run 1 in 2018, the
AWAKE experiment is presently undergoing its second
phase (Run2), which aims to demonstrate the possibility
of producing high quality electron beams for high energy
physics applications. Over the last year, a significant time-
investment was made to study proton beam centroid modu-
lation e�ects in plasma induced by a seeding electron bunch
(i.e. hosing). The high beam pointing accuracy needed for
the study translated in tighter constraints for the 18 MeV
electrons injection line. To address the new requirements, a
measurement campaign was dedicated to the characteriza-
tion and optimisation of the beam line. In the first part of
this paper, we present the results of the measurements and
simulations carried out for the line characterization. The
second part focuses on the description of the operational
tools developed to address the new beam requirements and
performance.

INTRODUCTION
AWAKE Run1, concluded in 2018, demonstrated the pos-

sibility of accelerating 18 MeV electrons up to 2 GeV using
the plasma wakefields induced by a 400 GeV proton beam
extracted from the Super Proton Synchrotron (SPS) at CERN
[1].
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 [2].
Run 2a successfully demonstrated the possibility of using
the beam produced in the 18 MeV witness electron line to
seed the Self-Modulation of the proton bunch with repro-
ducible phase [3]. The next step is to study the e�ects of
the relative misalignment between the electron and proton
bunches on the Seeded-Self-Modulation process (i.e. hos-
ing) [4]. Hosing studies set new, tighter requirements for the
18 MeV witness electron beam line.
A complete characterization of the beam line had been al-
ready performed in 2018 [5], showing good agreement be-
tween simulations and measurements and proposing a set
of operational tools to improve the set-up procedure of the
beam line. However, the installation of a new scintillation
screen at injection and the rise of the new beam requirements
called for a new beam line characterization and for the devel-
opment of further, dedicated tools. This paper describes the

⇤ vittorio.bencini@cern.ch

main challenges that were identified during 2022 run and
the methods and tools developed to face them.

Electron line general layout

The witness electron beam injected in the AWAKE plasma
source are produced with an S-band, RF photo-cathode
gun and accelerated in a traveling-wave booster linac to
18 -20 MeV [6]. The transfer line [7] described in this paper
has the purpose of transporting the 18 MeV electrons to the
plasma source, where they are either accelerated or used to
seed the proton beam self modulation.
The beam line is divided into four sections. A matching sec-
tion after the gun, a dogleg in the vertical plane, an achromat
in the horizontal plane, and the last section of the line, com-
mon to the electron and proton beams. The vertical dogleg
was installed to compensate for the relative angle between
the accelerating section and the proton line and allow for
the coaxial propagation of the electron and proton beam in
the common section. The line consists of 10 quadrupoles, 4
dipoles (2 horizontal and 2 vertical), 11 correctors (both hor-
izontal and vertical) and 11 beam position monitors (BPM).
The beam transverse distribution can be monitored along
the line thanks to 6 BTV screens. The last of these screens
(BTV.EXP_VOL), installed at the end of 2021 in the expan-
sion volume of the plasma source, allows to monitor the
injected electron beam very close to the plasma entrance. A
schematic of the electron line is shown in Fig. 1.

Figure 1: Layout of the 18 MeV electron injection line. High-
lighted in blue, the elements already present during Run 1.
In red, BTV.EXP_VOL, installed before 2022 run. In green,
the new corrector installed in 2023.
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Orthogonal steering exploits 
two correctors to adjust the 
central beam position and 
angle at plasma entrance.

Streamline procedure:
• Add a final corrector to 

avoid accounting for fields 
of last quadrupole

• Fast demagnetisation 
cycles (Imin, Imax, Iset) to 
compensate for hysteresis

Layout of AWAKE Run 2c [9]

Electrons

Protons

150	MeV	electron	line

Left: Beam parameters and optics layout (dipoles to octupoles, in decreasing width) along the 
150 MeV line. Right: Beam distributions at the injection point after transporting an initial 
beam with normalized emittance 2 mm mrad and σz = 84 μm [10]

Measured magnet current jitter and corresponding beam 
position jitter propagated to the injection point [10]

Proton	trajectory	jitter

Distribution of relative e-—p+ offsets at injection, 
considering jitter on both e- and p+ lines. Experiment 
specification (10 μm) shown in orange [10]

Correlate proton trajectory with 
power converter jitter, to reach 
required precision (10 μm)


