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Abstract

AWAKE is the first proton driven plasma wakefield ac-
celeration experiment worldwide. The facility is located in
the former CNGS area at CERN and includes a proton, laser
and electron beam line merging in a 10 m long plasma cell,
which is followed by the experimental diagnostics. In the
first phase of the AWAKE physics program, which started at
the end of 2016, the effect of the plasma on a high energy
proton beam is being studied. A proton bunch is expected to
experience the so called self-modulation instability, which
leads to the creation of micro-bunches within the long proton
bunch. The plasma channel is created in a rubidium vapor
via field ionization by a TW laser pulse. This laser beam has
to overlap with the proton beam over the full length of the
plasma cell, resulting in tight requirements for the stability of
the proton beam at the plasma cell in the order of 0.1 mm. In
this paper the beam commissioning results of the 810 m long
transfer line for proton bunches with 3-10'! protons/bunch
and a momentum of 400 GeV/c will be presented with a
focus on the challenges of the parallel operation of the laser
and proton beam.

INTRODUCTION

The experimental program for the first run of AWAKE
(the Advanced Proton-Driven Plasma Wakefield Accelera-
tion Experiment at CERN) [1] consists of two phases. The
first phase is focused on the study of the self-modulation
instability (SMI) [2], which the proton beam experiences
when passing through the plasma. This instability leads to
a break-up of the long (12 cm) proton bunch from the SPS
(Super Proton Synchrotron) into micro-bunches formed with
the plasma wavelength of 1 mm. These micro-bunches are
needed to efficiently drive the plasma wakefield. In a second
phase the amplitude of the wakefield will be probed by a low
momentum (10-20 MeV/c) electron beam. The beam will
be injected into the plasma wakefield to be accelerated. The
energy gain of the electrons in the plasma stage is a direct
indicator of the accelerating field amplitudes in the plasma.

Figure 1 shows the experimental set-up of AWAKE, as
mentioned the facility hosts in total three different beam
lines; one for a laser beam [3], one for the proton beam
from the SPS and one for the electron beam from a local
source. The nominal parameter of the proton beam are given
in Table 1. All three beams are merged into a common beam
line upstream of the plasma cell and the proton and laser
beam need to be overlapped on the full 10 m length of the
plasma cell. This is crutial, since the proton beam would be
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Figure 1: View of the AWAKE facility. The proton and laser
beam are installed together with the plasma cell and SMI
diagnostic for phasel, which has started in 2016. One year
later, the electron beam line and additional diagnostics will
be added for phase?2.

located outside of the plasma channel, which is created by
the laser pulse via field ionisation of the rubidium vapor in
the plasma cell. The experiment diagnostics for SMI studies
and the energy spectrometer for the accelerated electron
beam are located downstream of the plasma cell.

Table 1: Proton Beam Parameters

Parameter Unit Value
Momentum GeV/c 400
Momentum spread (107) %o +0.035
Relativistic gamma 426.3
Particles per bunch 3-10"!
Charge per bunch nC 48
Bunch length (107) mm 120 (0.4 ns)
Norm. emittance mm-mrad 3.5
Repetition period sec 30
1o spot size at focal point  um 200+20
B-function at focal point m 5
Dispersion at focal point  m 0

The first physics run for SMI studies took place in Decem-
ber 2016, the electron beam line for phase two of AWAKE
will be installed in summer 2017. This paper presents the
main results of the proton beam commissioning with respect
to the common operation with the laser beam. The prepara-
tions and plans for the commissioning of the TT41, AWAKE
proton beam line were presented in [4] and [5].
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PROTON BEAM COMMISSIONING

The layout and specifications of the proton beam line have
been presented in earlier publications [6], [7] . The former
TT41, CNGS beam line has been modified to match the
proton beam into the plasma cell and a chicane has been
established to create space to install a mirror for the merging
of the laser beam onto the proton beam axis.

The first beam (pilot beam, 1-10° protons/bunch) was
sent down the full beam line in June’16. Figure 2 shows the
beam profiles just after the extraction from the SPS and at
a screen at the very end of the line. The profiles have been
measured during the beam time in June, which was used
mainly for hardware checks of magnets, beam diagnostic,
trigger systems and the SPS extraction into TT41.
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Figure 2: Proton beam profiles taken during the first beam
time for AWAKE in June 2016. The beam is imaged on two
BTV screens, one just following the SPS extraction channel
and one at the end of the TT41 beam line.

Alignment of the Proton Beam at the Plasma Cell

In the following periods allocated to beam commissioning
in September and November’ 16 the proton beam optics was
verified and the reference trajectory established. Kick re-
sponse measurements [8] [9] were performed together with
dispersion and other optics measurements. All measure-
ments confirmed the nominal beam parameters.

The beam optics of TT41 has been designed such that
the beam waist is located at the entrance of the plasma cell,
which is located approximately 9 m downstream of the last
pair of vertical and horizontal correctors.

The main elements constraining the transverse alignment
of the proton beam are two irises with a free aperture of
10 mm diameter at the start and the end of the plasma cell.
These elements are necessary to guarantee the required den-
sity uniformity of the filling vapor (rubidium) in the plasma
cell (see [10] for more details). Dedicated beam diagnos-
tic was integrated in the beam line around the plasma cell.
It includes two beam position monitors (BPMs) upstream
and one downstream of the plasma cell with a resolution
of 50 um as well as one beam loss monitor (BLM) located
downstream of each iris, in order to detect particle showers
in case of proton beam hits. Figure 3 illustrates the arrange-
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ment of the different elements around the cell (BLMs in
orange, BPMs in green).
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Figure 3: Set up of the last magnetic elements (B190 dipoles
and MDSV, MDSH corrector magnets) and beam instrumen-
tation downstream of the laser merging mirror.

In order to align the proton beam in the centre of these
irises, the aperture was measured by displacing the beam
transversely at the plasma cell, while recording the nor-
malised losses at the iris BLMs. Figure 4 shows, as an
example, the losses recorded at the downstream BLM for
such a scan in the horizontal plane. In the analysis of this
data, it is important to disentangle particle showers from the
upstream and the downstream iris. Therefore the iris scan
was performed changing the angles of the proton beam (par-
allel beam, negative and positive angle at the plasma cell).
This angle is shown in the colour scale of Fig. 4. Including
this information, the "shadow" of the first iris can be distin-
guished from the scan of the second iris. For example losses
with a negative beam position can be related to losses on the
upstream iris for angles > 0 and to losses at downstream iris
for angles < 0. Losses at beam position = 0 mm are related
to the scan of the other plane.
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Figure 4: Example for a position scan of the plasma cell
irises. The plot shows the normalised beam loss with respect
to the beam position. The beam angle (in the colour scale)
allows to distinguish losses at the first or second iris.

Following this method, the centre positions for both irises
were determined. The proton beam was steered to be centred
in both irises for the horizontal and vertical plane. Checks
were repeated increasing the intensity in steps from pilot
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(1-10° protons/bunch) to the nominal intensity 3-10'! pro-
tons/bunch. This situation defines the reference trajectory
for experimental operation, as shown in Fig. 5 from the
laser merging point downstream. As a final step, stability
measurements for several hours were performed in this con-
figuration.
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Figure 5: Measured reference beam positions for the proton
beam downstream of the laser merging point. The trajectory
has been optimised to be centred in the plasma cell irises.

ALIGNMENT OF THE PROTON AND
LASER BEAM

The second main requirement for the set-up of the proton
bunch is the longitudinal and transversel alignment with
the laser pulse. Special modifications of the beam screens
(BTVs) were prepared, in order to enable laser measure-
ments with its repetition rate of 10 Hz and one BTV up-
stream of the plasma cell was equipped with a streak camera
system, in order to measure the synchronisation of both
beams [11]. The laser beam power was limited to 10 mJ for
the alignment measurements and included in an interlock
system for the BT Vs, in order to avoid high power shots
on the screens. In operation 10 mJ shots will be running
continuously at 10 Hz and will be amplified up to = 450 mJ
for the pulses synchronised with the extraction of proton
bunches at 0.033 Hz.

Positioning of the Laser Merging Mirror

The diagnostic at the laser merging mirror is sketched
in Fig. 3. It is possible to move the laser merging mirror
remotely, so that its optimum position can be set to be as
close to the proton beam axis as possible, while avoiding
proton beam losses at the mirror (including the margin for
shot-to-shot fluctuations of the proton bunches).

Transverse Alignment of the Laser Beam to the
Proton Reference Trajectory and Synchronization

It is essential for the experiment that the proton and laser
beam overlap with each other over the full length (10 m) of
the plasma cell.

Following the alignment of the proton bunch in the plasma
cell irises, reference shots were taken on two BTV, one just
upstream and one downstream of the plasma cell. Table 2
summarises the results of this alignment (meas) in com-
parison with the specifications (spec) as presented in [6].
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Even though the laser fluctuations are higher than originally
expected, the overlap with the proton beam could still be
achieved over the 10 m plasma cell length. The reason is
the bigger spot size, in which the laser power is sufficient
to ionise the rubidium vapor, or in other words, the bigger
diameter of the plasma channel.

Table 2: Parameter, Which Play a Role in the Transverse
Alignment of the Proton and Laser Beam — the Signs Cor-
respond to a Worst Case Situation

Value Unit Iris 1 Iris 2
spec / meas spec/ meas

laser spot size mm 1/1.2 1/23

proton 1sigma pum 200 /200 600 / 560

laser angle jitter prad 5/30

proton angle jitter urad -15/-17

laser position jitter pum 100/ 130 150/ 445

proton position jitter ~um -100/-75 -250/-245

After the transverse alignment of both beams, also the
synchronisation of the high power laser pulse with the pro-
ton extraction was achieved on the required level of a few
picoseconds by adjusting the trigger delay for the SPS ex-
traction [12]. A measurement of the laser and proton pulse
on the streak camera is shown in Figure 6. During further
tests, an induced signal from the high power laser shots on
two BPMs in the common beam line was discovered and is
currently under investigation.

Figure 6: Streak camera measurement in a 1 ns time window
for the laser and proton synchronisation. The short laser
pulse is centred longitudinally on the long proton bunch.

CONCLUSION

The proton beam line TT41 for AWAKE was commis-
sioned successfully in 2016. The requirements for the pro-
ton beam size, positioning and shot-to-shot fluctuation at
the plasma cell have been matched and the proton and laser
beam have been synchronised in time and overlapped in
radial position. The first physics run took place in Dec.
2016 [13], [14].

ISBN 978-3-95450-182-3
1749



TUPIK032

(1]

[2]

[3]

(4]

[5]

(6]

[7]

REFERENCES

E. Gschwendtner et al., “AWAKE, The Advanced Pro-
ton Driven Plasma Wakefield Acceleration Experiment
at CERN”, Nucl. Instrum. Methods Phys. Res., A,
doi:10.1016/j.nima.2016.02.026, 2016.

N. Kumar, A. Pukhov and K. Lotov, Phys. Rev. Lett., vol. 104,
p- 255003, 2010.

V. N. Fedosseev et al., “Integration of a Terawatt Laser at the
CERN SPS Beam for the AWAKE Experiment on Proton-
Driven Plasma Wake Acceleration”, IPAC’ 16, Busan, 2016,
paper TUOBBO3.

C. Bracco et al., “CERN AWAKE Facility Ready for First
Beam”, IPAC’ 16, Busan, 2016, paper TUOBBO03.

J. S. Schmidt et al., “Commissioning Preparation of the
AWKAE Proton Beam Line”, IPAC’ 16, Busan, 2016, paper
TUOBBO3.

C. Bracco et al., “The Challenge of Interfacing the Primary
Beam Lines for the AWAKE Project at CERN”, IPAC’ 14,
Dresden, 2014, paper TUPMEQ77.

J. S. Schmidt et al., “Status of the proton and electron transfer
lines for the AWAKE Experiment at CERN”, Nucl. Instrum.
Methods Phys. Res., A, doi:10.1016/j.nima.2016.01.026,
2016.

ISBN 978-3-95450-182-3
1750

(8]
(9]

[10]

(1]

[12]

[13]

[14]

Proceedings of IPAC2017, Copenhagen, Denmark

J. Wenninger, “YASP: Yet Another Steering Program.”

K. Fuchsberger, “Aloha - Optics Studies by Combined Kick-
Response and Dispersion Fits”, CERN-BE-Note-2009-020.

G. Plyushcheyv, “Rubidium flow simulations in the AWAKE
plasma section”, Talk presented at the 11th AWAKE Physics
Board Meeting, CERN, 2015, https://indico.cern.ch/
event/403300/.

S. Mazzoni et al., “Beam Instrumentation Developments for
the Advanced Proton Driven Plasma Wakefield Acceleration
Experiment at CERN”, presented at IPAC’17, Copenhagen,
Denmark, May 2017, paper MOPAB119, this conference.

H. Damerau et al., “RF Synchronisation and Distribution
for AWAKE at CERN”, IPAC’16, Busan, 2016, paper TH-
PMY039.

E. Gschwendtner et al., “Starting Up the AWAKE Experiment
at CERN”, presented at IPAC’17, Copenhagen, Denmark,
May 2017, paper TUOBB?2.

E. Oz et al., “First AWAKE Physics Results”, presented
at IPAC’17, Copenhagen, Denmark, May 2017, paper
TUPIKO15.

03 Novel Particle Sources and Acceleration Techniques

A22 Plasma Wakefield Acceleration



