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Abstract

We briefly describe the current status of the AWAKE ex-
periment in terms of physics and experimental program.

INTRODUCTION

Plasma wakefield acceleration has made remarkable
progress since it was proposed [1] and plasma wakefields
were first observed [2]. In particular, very large accelerating
gradient (~ 50 GeV /m) and energy gain (~ 42 GeV') where
measured in a meter-scale plasma [3]. A witness electron
bunch was accelerated with a narrow energy spread (~ %)
and a significant energy transfer efficiency (~ 30%) [4].

The AWAKE experiment at CERN [5] aims at explor-
ing the possibility of using a proton (p*) bunch to drive
large amplitude wakefields (~ GV/m) in plasmas. Proton
bunches are interesting because they carry large amounts for
energy (kilojoules). It was shown in numerical simulations
that a single LHC p* bunch could potentially be used to ac-
celerate electrons to TeV scale energies, in a single plasma
stage with GeV/m accelerating gradient [6].

The large momentum p* bunches (~ 400 GeV /c at SPS
and ~ 7TeV/c at LHC) are long (o, = 10 — 12¢m). In
order to reach ~ GV /m accelerating fields, the plasma den-
sity n.o needs to be in the 10'* — 10" cm ™3 range since
their amplitude is on the order of Ewp = m.cwp./e. Here

Wpe = (neoez/ eome)l/2 is the plasma electron (angular)
frequency. At these electron plasma densities the plasma
wave or wakefields wavelength (1, = 27¢/wp.) is on the
order of 1 mm. A relativistic charged particle bunch travel-
ing in a plasma with wakefields period much shorter than
its length (1. < 0) is subject to the self-modulation in-
stability (SMI) [7].

The SMI is a transverse instability that arises from the
interplay between transverse components of the plasma
wakefields locally increasing (decreasing) the bunch den-
sity through focusing (defocusing), and the wakefields be-
ing driven stronger (weaker) by regions of larger (smaller)
bunch density. The modulation period is = A,. and the
modulated bunch resonantly drives the plasma wakefields.
In order to avoid another transverse instability, the current
filamentation instability (CFI) [8], the bunch must be fo-
cused near the entrance of the plasma to a transverse size o,
smaller than the cold plasma collisionless skin depth ¢/wp.:
o < 168 um for neo up to 10" em 3.

The occurrence of the SMI can be detected by charac-
terizing the structure of the p* when exiting the plasma,
the corresponding plasma density modulation and the wake-
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fields this density modulation supports through the acceler-
ation of externally injected electrons.

Experiments will start in late 2016 with the first goal of
observing and characterizing the SMI of the p™ bunch, in-
cluding seeding of the SMI, in a single, 10 m-long plasma.
Experiments scheduled for mid 2017 will focus on the exter-
nal injection of electrons into the wakefields. Acceleration
from ~ 20 MeV to over 1 GeV is expected. Later experi-
ments will use two plasmas, the first one for seeding and
SMI development, and the second one for acceleration. The
second one can be very long thanks to the high energy of the
p” bunch that is thus able to drive wakefields over many tens
of meters [9].

PROTON BUNCH

In the AWAKE experiment, the ~ 400 GeV/c, o, =
12 ¢cm SPS bunch with 1 — 3 x 10! p* is focused to o, =
200 pm near the entrance of the plasma. The p* bunch has a
low normalized emittance, 3.5 mm — mrad and a small rela-
tive momentum spread of 0.35%. Its focused beta function
is = 5 m, half the plasma length.

PLASMA SOURCE

The plasma source consists of a rubidium (Rb) vapor ion-
ized by a short (= 100 fs) and intense laser pulse [10]. Ru-
bidium was chosen because it has a low ionization poten-
tial (4.177 eV) for its first electron and a relatively large
one for the second (27.28 ¢V). Since the appearance in-
tensity for ionizations scales with the fourth power of the
laser intensity [11], only about 1.3 x 10" W/cm? are nec-
essary to free the first electron, while a 1984 times larger
intensity is required to ionize the second one. Note that
in this case the p* beam impact or field ionization frac-
tion is very small. Rubidium also has a relatively large ion
mass, which makes the experiment less sensitive to ion mo-
tion [12]. This is important since the useful wakefields span
many plasma wavelengths behind the ionizing laser pulse
and the start of the wakefields. The Rb vapor with density
ng = 10 — 10" ¢m=3 is created in an oil heat-exchanger
and can accommodate either a very uniform constant den-
sity that may be necessary for external injection [13] or a
(linear) density gradient. The density is reached at oil and
vapor temperatures between 150 and 200 C. The vapor col-
umn is 40 mm in diameter and = 10 m-long. The vapor den-
sity is measured using the hook method [14].

Since field-ionization is a threshold process, the plasma
density and its uniformity are equal to those of the Rb vapor.
At the densities considered here, the plasma radius needs
to be everywhere at least one millimeter (> ¢/wp.). Sim-
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ple calculations show that this can be achieved with only
=~ 70mJ of laser energy. However, propagation consider-
ations indicate that a larger energy may be required. The
laser has a maximum energy of = 450mJ. Propagation
and ionizations studies are currently underway [15].

Simulation results [16] show that at the plasma entrance
the transition between vacuum and full plasma density must
occur over less than 10 ¢m in order not to completely lose
the injected electrons by plasma defocusing by the wake-
fields wavelength changing in the ramp. Flow simulations
indicate that a cm-long transition can be obtained with a
continuous vapor flow through a small diameter aperture
(= 10mm) [17]. Flow at both ends, with two vapor sources,
allows for control of the vapor density gradient along the
plasma, while a single source at one end of the vapor source
with a fast opening valve at the other allows for very uniform
density but a long plasma ramp.

SMI SEEDING

Numerical simulations of the SMI development indicate
that without seeding the SMI does not develop over the
10 m-long plasma and the AWAKE parameters [18].

The SMI is seeded by using the abrupt creation of the
plasma by the intense laser pulse with a length = 100 fs
much shorter than the plasma period, typically a few ps.
Seeding of the SMI fields by a sharp rise time of the particle
bunch, an equivalent seeding method, was demonstrated ex-
perimentally [19]. In the AWAKE case, where the bunch is
much longer than the plasma wavelength and the SMI grows
over many tens of them, the laser ionization seed serves to
set the start phase of the wakefields. Controlling the start of
the wakefields is important experimentally to deterministi-
cally inject external electrons at a phase corresponding to a
large accelerating field and in the corresponding focusing re-
gion of the wakefields (only 1/4 of the wakefields period in
linear theory) by adjusting the laser pulse to electron bunch
delay.

SMI DIAGNOSTICS

The first round of experiments will focus on the observa-
tion and study of the occurrence of the SMI. A number of
diagnostics are being developed and integrated in the exper-
imental layout.

The first diagnostic is based on optical transition radia-
tion (OTR). OTR is prompt and its time structure reflects
that of the bunch charge density hitting the radiator foil
placed in the beam path. Time integrated images of the
OTR can reveal the focussing/defocusing action of the SMI
development on the p* bunch [20]. Using multiple screens
can yield information about the angular divergence of the
bunch particles and about some details of the development
of the SMI [21]. The time structure of the light and p*
bunch can be characterized using a = 1 ps-resolution streak
camera. In particular, the period of the modulation (ex-
pected to be that of the plasma wave) can in principle be
measured up to frequencies of = 300 GH z, as was demon-

3: Alternative Particle Sources and Acceleration Techniques

A22 - Plasma Wakefield Acceleration

WEPWA007

strated in test measurements [22]. For the AWAKE plasma
densities, the plasma and modulation frequency range is
100 - 300 GHz.

The modulated p* bunch also emits coherent transition
radiation (CTR), whose spectrum reflects the bunch longitu-
dinal (Gaussianwith o, = 12cmor f = 3 GH z, untouched
by the transverse SMI action) and transverse structure (ra-
dial modulation with longitudinal period approximately that
of the plasma wave). Therefore CTR emission at the plasma
frequency from the radially modulated p™ bunch can in prin-
ciple be detected. The long p* bunch radiation can be fil-
tered out by a section of wave guide in cut-off (high-pass fil-
ter) and the high-frequency time evolution of the radiation
detected using a fast Schottky diode (~ 200 ps rise time). In
particular CTR emission at high frequency should be corre-
lated with the ionizing laser position within the p* bunch,
i.e., with the SMI seed.

The modulation frequency can in principle be determined
using a heterodyne measurement system, mixing the RF
modulation signal of unknown frequency with a known lo-
cal oscillator frequency in a crystal that generates the differ-
ence or intermediate frequency. By choosing the frequen-
cies and crystal one can bring the intermediate frequency
within the measurement range of a wide bandwidth oscillo-
scope (< 10 -40GH?z).

Other diagnostics involving electro-optic sampling are
also considered to obtain more detailed information [23].

Complementary diagnostics such as Smith-Purcell radia-
tion yielding the modulation radiation frequency in a single
event and photon acceleration yielding information about
the plasma density perturbation associated with the bunch
charge modulation are also under consideration.

EXTERNAL INJECTION

Various schemes for external injection of electrons are in-
vestigated for AWAKE. The initial injection scheme called
side injection [24] aims at avoiding the effect of the wake-
fields changing phase velocity during the growth of the
SMI [25]. In this scheme the electrons propagate outside of
and parallel to the plasma and are bend towards the wake-
fields to be trapped and accelerated after the point where the
SMI has reached saturation. Numerical simulations show
that with this scheme, a narrow electron energy spread (a
few %) around ~ 2 GeV can be reached. However, this
scheme was deemed too complex for the first AWAKE ex-
ternal injection experiments.

The current injection scheme is a simple on-axis injec-
tion, at the plasma entrance [16]. Initially, the injected elec-
tron bunch will be at least one plasma period long (typically
4 ps or 1.2 mm) in order to avoid precise timing of a much
shorter electron bunch with respect to the wakefields. In
this scheme the trapping efficiency of electrons is very sen-
sitive to the length of a possible density ramp at the plasma
entrance, whereas that of positrons is not [13]. In all cases
the trapping efficiency is less than ~ 10%. Numerical simu-
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lations show that with this scheme, a finite electron energy
spread (tens of %) around ~ 1.3 GeV can be reached.

For those injection schemes the plasma density needs to
be very uniform, on the order of 0.2% over the 10 m plasma.
However, recent simulation results suggest that a plasma
density ramp along the beam path may be beneficial for trap-
ping or acceleration [26].

Deterministic injection of a short bunch (when compared
to the plasma period or ~ 300 f's) is also considered for later
experiments.

Another injection scheme considers the case of two plas-
mas: seeding and development of the SMI in the first one
and driving of the wakefields and acceleration in the sec-
ond. In this case the injected electrons could be gener-
ated by an RF electron gun or a laser wakefield accelerator
(LWFA) [27].

ELECTRON BEAM

The electron source is the PHIN radio-frequency gun
used at CERN for the CTF3 project. It produces an =
4 MeV electron bunch with up to 1nC charge (typically
200 pC), and a low normalized emittance of = 2 mm—mrad
and low energy spread ~ 0.5%. The energy is boosted to be-
tween 10 and 20 M eV in a traveling wave structure powered
by the same klystron as the gun. The 10 — 20 MeV range
is necessary for optimum trapping and acceleration in the
wakefields [16]. The electron bunch is focused to a radius
of 250 um near the entrance of the plasma. The parame-
ters of the laser pulse for the RF gun allow for producing
bunches a few picoseconds long for injection in an entire
plasma bucket for the initial experiments, down to 300 f's
for injection within one bucket. The electron transport line
is described in these proceedings [28].

ELECTRON ACCELERATION

Ultimately, the purpose of the experiment is to acceler-
ate the externally injected electrons. A magnetic spectrome-
ter was developed with a relatively large energy acceptance,
from a few hundred MeVs to a few GeVs [29]. It is based
on a C-shape magnet existing at CERN and providing a B-
field integral Bdl = 1.3 —1.6 Tm. The spectrometer system
includes a quadrupole doublet in a point-to-point imaging
configuration to focus the beam exiting the plasma onto the
spectrometer screen to increase the energy resolution. The
light produced on a ScintiMax screen is transported to a low-
radiation area and captured by a CCD camera. Calculations
show that a Y-level energy resolution can be achieved with
a signal to noise ratio larger than 1000:1.

SUMMARY

The AWAKE experiment will, for the first time, use a
p* bunch to drive wakefields in a plasma. The first experi-
ments, scheduled to start in late 2016, will aim at studying
the development and seeding of the SMI of the p* bunch
ina~ 10m, 10 — 105 ¢m™ electron density plasma.
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Later experiments scheduled for 2017 will study the injec-
tion of a RF-gun produced, long electron bunch in the wake-
fields and its acceleration to GeV energies. Future experi-
ments will use two plasma sources and an ultra-short elec-
tron bunch to address accelerator related issues [30]. Long
term prospects include using a short p* bunch to drive wake-
fields without resort to SMI with the possibility of acceler-
ating electrons to very high energies, possibly the energy
frontier.
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