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We measure the effects of transverse wakefields driven by a relativistic proton bunch in plasma with
densities of 2.1 × 1014 and 7.7 × 1014 electrons=cm3. We show that these wakefields periodically
defocus the proton bunch itself, consistently with the development of the seeded self-modulation process.
We show that the defocusing increases both along the bunch and along the plasma by using time resolved
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and time-integrated measurements of the proton bunch transverse distribution. We evaluate the transverse
wakefield amplitudes and show that they exceed their seed value (< 15 MV=m) and reach over
300 MV=m. All these results confirm the development of the seeded self-modulation process, a
necessary condition for external injection of low energy and acceleration of electrons to multi-GeV
energy levels.

DOI: 10.1103/PhysRevLett.122.054801

Particle-driven plasma wakefield acceleration offers the
possibility to accelerate charged particles with average
accelerating gradients of the order of GV=m over meter-
scale distances [1,2]. The distance over which plasma
wakefields can be sustained depends, among other para-
meters, on the energy stored in the relativistic drive bunch.
It was demonstrated that a 42 GeV electron bunch can
increase the energy of some trailing electrons by 42 GeV
over a distance of 0.85 m [2]. Reaching much higher
witness bunch energies would require staging of multiple
acceleration stages, each excited by a new drive bunch.
Staging is however experimentally challenging [3]. Using
a proton bunch to drive wakefields can help overcome the
need for staging since available proton bunches, for
example at CERN, carry enough energy to drive GV=m
plasma wakefields over hundreds of meters in a single
plasma [4,5].
The maximum accelerating field depends on the plasma

electron density npe and can be estimated from the cold
plasma wave breaking field [6] Emax ¼ meωpec=e, where

me is the electron mass, ωpe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nee2=ϵ0me

p

is the angular
electron plasma frequency, c is the speed of light, e is
the electron charge, and ϵ0 is the vacuum permittivity.
To reach GV=m fields, the plasma electron density has to
exceed 1014 cm−3. At these densities, the plasma wave-
length λpe ¼ 2πc=ωpe is shorter than 3 mm.
From linear theory, the root-mean-square (rms) drive

bunch length σz optimal to drive wakefields for a given
plasma density is on the order of the plasma electron
wavelength λpe and can be expressed as kpeσz ≅

ffiffiffi

2
p

, where
kpe ¼ ωpe=c [7]. The shortest high-energy proton bunches
available have an rms length of σz ¼ 6–12 cm. When
satisfying kpeσz ≅

ffiffiffi

2
p

, these proton bunches are therefore
much too long to drive GV=m wakefield amplitudes.
However, when the bunch is much longer than the plasma
electron wavelength, it is subjected to a transverse insta-
bility called the self-modulation instability (SMI) [8–10] or,
when seeded, the seeded self-modulation (SSM) [11,12].
When a long proton bunch enters the plasma, it drives

transverse and longitudinal wakefields with a period
determined by the plasma electron density (λpe ∝

ffiffiffiffiffiffiffinpe
p )

and an amplitude also determined by the drive bunch
parameters [13]. The transverse wakefields are periodically
focusing and defocusing and act back on the bunch itself.
Where transverse fields are defocusing, the bunch radius
increases and the bunch density nb decreases. Where they

are focusing, the bunch radius decreases, creating regions
of higher bunch density that drive stronger wakefields
(∝ nb) and thus create the feedback loop for the self-
modulation process [14].
The regions of focused protons are spaced by λpe and

form a train of microbunches. Each microbunch satisfies
kpeσz ≅

ffiffiffi

2
p

, and the bunch train can thus resonantly drive
large amplitude plasma wakefields. During the self-
modulation process the wakefield amplitude grows both
along the bunch and along the plasma. Seeding ensures
that (a) the bunch self-modulates, (b) the phase of the
wakefield is stable and reproducible [15,16], and (c) that
the hose instability [17] (with a comparable growth rate) is
suppressed.
The successful and controlled development of the SSM

is a necessary requirement to be able to use long proton
bunches to drive large amplitude wakefields and to accel-
erate particles (eþ, e−) in these wakefields. Previous work
showed self-modulation resulting in the formation of two
[18] or a few microbunches [19]. In Ref. [18], the authors
claim that the instability grew above seed level, but the
argument is based on simulation results. Results of the
Advanced Wakefield Experiment (AWAKE) show forma-
tion of a large number of proton microbunches (up to 100).
These results also show agreement between the measured
modulation frequency and the plasma frequency over an
order of magnitude in plasma densities [20].
In this Letter, we demonstrate that a highly relativistic

proton bunch self-modulates radially. We show unambigu-
ous experimental proof of wakefield growth along the
plasma and along the bunch. We conclude that, as a result
of the growth, the driven wakefield amplitudes reached
hundreds of MV=m, which is much larger than the initial
seed level.
In AWAKE [11,21,22], and for the measurements

presented in this Letter, we used the following proton
bunch parameters: a population of ð0.5–3Þ × 1011 par-
ticles/bunch, an rms length σz ¼ 6–8 cm, a radial size at
the plasma entrance σr ∼ 0.2 mm, and a normalized bunch
emittance ϵN ¼ 2.2 mmmrad.
A 10 m-long vapor source [23,24] provides a rubidium

density adjustable in the n ¼ ð1–10Þ × 1014 atoms=cm3

range. A 120 fs, <450 mJ laser pulse ionizes the outermost
electron of each rubidium atom creating a plasma with a
radius of approximately 1 mm [11]. The laser pulse creates
a relativistic ionization front, much shorter than the wake-
field period, that effectively seeds the wakefields [25].
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When the ionization front is placed near the middle of
the proton bunch, the seed wakefields reach an amplitude
of a few MV=m, far above the expected noise amplitude of
a few tens of kV=m [26]. From this initial seed amplitude,
the wakefields and the proton bunch modulation grow
along the bunch and plasma.
As shown in Fig. 1(a), to experimentally diagnose proton

bunch self-modulation, we measure the structure of the
bunch in space and time with a streak camera [20,27] and
the time-integrated transverse distribution with imaging
stations (IS) [28].
The streak camera produces an image of the transverse

bunch distribution as a function of time, with picosecond
resolution. As protons traverse an aluminium coated silicon
wafer, they emit forward and backward optical transition
radiation (OTR). The backward OTR is imaged onto the
entrance slit of the streak camera.
Figure 2 shows a streak camera image of the first few

modulation periods of the proton bunch for a plasma
density of 2.1 × 1014 electrons=cm3. We observe regions
of higher and lower light intensity along the time axis,
corresponding to higher and lower proton densities.

Regions of focused protons are observed at times ∼16,
∼24, and ∼32 ps, defocused protons are observed in
between at times ∼12, ∼20, and ∼28 ps. The image
clearly shows that the maximum transverse position at
which protons are observed increases along the bunch
(1.5 mm at around 2 ps to 2.5 mm at around 30 ps), as
indicated by the white line in Fig. 2. At later times the
defocused proton density falls below the detection thresh-
old of the streak camera.
For our proton bunch with σz ≫ λpe and seeded at the

peak, the initial transverse wakefields near the entrance of
the plasma and the seed point are either zero or focusing, and
their maximum amplitude is essentially constant (or decreas-
ing) over the first wakefield periods. Figure 2 shows periodic
zones of focused and defocused protons. This indicates that
the wakefields developed to include defocusing fields and
that their amplitude increases along the bunch. This clearly
demonstrates growth of the self-modulation along the bunch.
On the image, the effect appears to be slightly asymmetric as
the light transport optics setup with limited aperture clips the
light on the right-hand side of the image.
Since wakefields driven by a train of microbunches

increase along the train, protons are defocused to much
larger radii further along the bunch. Measurements at the
first imaging station [see Fig. 1(a)], located 1.5 m upstream
of the streak camera screen, show that the maximum radius
of the defocused protons reaches ∼7 mm in radius, much
larger than the ∼2–3 mm visible in Fig. 2.
To overcome the dynamic range limitations of the streak

camera and to detect the most defocused protons, we
measured the transverse, time-integrated proton bunch
charge distribution with two imaging stations (IS) installed
∼2 m (IS 1) and ∼10 m (IS 2) after the plasma exit [see
Fig. 1(a)]. The IS consist of a scintillating Chromox
(Al2O3∶Cr2O3) screen mounted inside a stainless steel
vacuum vessel. A schematic drawing of the setup of an IS is
shown in Fig. 1(b).
The light output of the scintillator is proportional to the

energy deposited by the protons in the screen material.
Since the energy of all protons remains within �10 GeV
of their initial ∼400 GeV, we take the light intensity to be
proportional to the number of protons. The emitted light is
imaged onto a digital camera.
In order to record at the same time the proton bunch

core (∼109 protons=mm2) and the defocused protons
(∼106 protons=mm2), we split the emitted light with a
beam splitter and send it to two cameras: the “core
camera” records the entire charge distribution; for the
halo camera, we block the light emitted by the bunch core
with a mask. The mask is placed in the image plane of the
first lens imaging the Chromox screen and is reimaged
onto the camera by the second lens.
We show two different measurements at IS 2 (bunch

parameters as stated above). Figures 3(a) and 3(b) show
the core camera images and Figs. 3(c) and 3(d) show the

FIG. 1. (a) Schematic location of the imaging stations (IS1 and
IS2) and of the OTR streak camera screen with respect to the
plasma. The proton bunch moves from left to right. (b) Schematic
drawing of the optical setup of the imaging stations.

FIG. 2. Streak camera image showing the transverse distribu-
tion of the self-modulated proton bunch as a function of time. The
image is obtained by summing ten individual measurements. The
bunch moves down along the time axis. The timescale is set to
show only 34 ps of the ∼73 ps image. The white line indicates the
observed increase of the maximum defocusing of the protons
along the bunch.
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same events as measured by the halo camera. In Figs. 3(a)
and 3(c), we show the proton bunch after propagation
in 10 m of rubidium vapor at a density of 7.7 ×
1014 atoms=cm3 (inferred from measurements of the rubid-
ium density [29]), with no ionizing laser pulse, i.e., no
plasma. The images show the transverse distribution of the
unmodulated bunch.
Figures 3(b) and 3(d) show the proton distribution after

propagation in 10 m of plasma. The ionizing laser pulse
copropagated at the center of the proton bunch, creating a
plasma with a density of 7.7 × 1014 electrons=cm3. Note
that the Figure shows two consecutive events with no
change to the optical or camera settings.
The microbunches observed in Fig. 2 and the protons

ahead of the laser pulse form the bunch core of Fig. 3(b).
The defocused protons acquire a larger diverging angle

along the bunch, as suggested by Fig. 2. In Fig. 3(b) they
form a faint halo, below detection threshold, but are clearly
visible on the halo camera image [Fig. 3(d)]. The effect
of the transverse plasma wakefield on the proton bunch is
clearly seen in the differences between Figs. 3(c) and 3(d)
and is suggested by Figs. 3(a) and 3(b).
Figure 3(e) compares the vertical projections of the

measurements shown in Figs. 3(a)–3(d). Since we know
the centroid position of the cores as well as the scale factor
between the core and halo cameras from measurements
without plasma and mask, we can combine the images from
the core and halo to form one profile. Without plasma, there
is a gap between the profiles, caused by the large difference
in attenuation and the limited dynamic range of the
cameras. We interpolate the profile between the distribution
using a cubic 1D interpolation routine (blue dotted line).
From the images and bunch centroid position, we

determine the maximum radius of the self-modulated bunch
distribution (as well as its uncertainty) with the contour
method described in Ref. [30]. The resulting maximum
radius is shown with green bars on Fig. 3(e). The halo is
clearly observed in Figs. 3(b) and 3(d) and extents to a
radius of rmax ¼ ð14.5� 1.0Þ mm.
Figures 3(b), 3(d), and 3(e) show that, with the plasma,

the peak intensity of the core image decreases as defocused
particles leave the core for the halo. Integrating the areas
under the blue and red curves, we find that the total number
of counts on the image is conserved at the percent level
when normalized to the incoming charge.
The figures also show that this increase in charge density

at large radial positions is symmetric around the bunch
center (as was the case for all measurements in this Letter).
This shows that the self-modulation process developed
symmetrically along the plasma and suggests that the
nonsymmetric version of the process, known as the hose
instability [17], did not develop. This is consistent with
numerical results [31,32] that show that, although the two
processes have a comparable growth rate, the seeding of the
symmetric self-modulation process can suppress the devel-
opment of the asymmetric process.
The defocused protons at rmax experienced the highest

product of transverse wakefield amplitude and interaction
time with the wakefields, and hence gained the largest
transverse momentum. Figure 3(e) shows that, for a plasma
density of 7.7 × 1014 electrons=cm3, defocused protons
reach to a maximum radius of rmax ¼ ð14.5� 1.0Þ mm.
The IS 2 is located ∼20 m downstream of the plasma
entrance, and the protons moving at the speed of light must
acquire their transverse momentum before exiting the
wakefields within a maximum time corresponding to a
length of 10 m of plasma. Their defocusing angle (θ) must
thus be between 0.73 mrad (exit wakefield at z ¼ 0 m) and
1.45 mrad (exit at z ¼ 10 m), which corresponds to a total
transverse momentum between 290 and 580 MeV=c.
From the defocusing angle θ, we estimate the average

transverse wakefield amplitude (W⊥;av) that must have been

FIG. 3. Time-integrated proton bunch charge distributions after
the bunch propagated in rubidium vapor with a density of
7.7 × 1014 atoms=cm3 (a) and (c) and plasma with a density
of 7.7 × 1014 electrons=cm3 (b) and (d). Panels (a) and (b) show
the core camera and panels (c) and (d) the halo camera
measurements. In panels (c) and (d), the center of the proton
bunch is blocked by a mask. Note the logarithmic scales.
(e) Combined projections of the images of Figs. 3(a)–3(d).
The blue lines show the measurement without plasma and the
red lines with plasma. Green vertical bars show the maximum
radius of the proton distribution, defocused by the plasma.
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driven by the self-modulating proton bunch. We assume that
defocused protons experience constant amplitude transverse
wakefields, both along the plasma over a distance L and
radially until they exit the wakefields transversely:

W⊥;av ¼
θ · pkc
qL

ð1Þ

where q is the proton charge and pk the proton longitudinal
momentum of 400 GeV=c. The rms value of the emittance
driven proton bunch divergence (θϵ ¼ 0.034 mrad) is sub-
tracted from θ. We calculate the lowest limit of the wakefield
amplitude W⊥;av;min from the measurements and Eq. (1) by
assuming that the protons experience their transverse
momentum over the full plasma distance of L ¼ 10 m.
Since the bunch nb to plasma density npe ratio is initially

small, nb=npe ∼ 10−2, we use linear plasma wakefield
theory to calculate the transverse seed wakefields ampli-
tude. We calculate it according to Ref. [33] for the case of a
step density of the Gaussian proton bunch at the seed point
one quarter σz ahead of the center of the bunch.
The maximum transverse initial seed wakefield ampli-

tude for the experimental proton bunch and plasma para-
meters is 15 MV=m (at their radial maximum r ≃ σr). Note
that these initial transverse wakefields are only focusing
and located close to the seed point. The amplitude of the
defocusing fields at ξ ¼ σz behind the bunch center yields
only ∼6 MV=m.
We obtained images similar to those of Fig. 3 as a

function of the proton bunch population, with the laser
pulse one-quarter σz ahead of the bunch center and all other
parameters kept constant.
In Fig. 4, we compare the calculated maximum initial

seed field amplitude (red line) with the lowest limit of the
wakefield amplitude [W⊥;av;min, black dots, Eq. (1)] as a
function of the proton bunch charge for two different
plasma electron densities. We observe that the minimum

average wakefield amplitude increases with increasing
proton bunch charge. This is as expected since both the
initial wakefield amplitude and the growth rate increase
with increasing bunch charge [34].
Figure 4 also shows that the lowest limit of the wakefield

amplitude is larger than the initial seed amplitude for all
measured proton charges, even under the very conservative
assumptions used to estimate their values from the exper-
imental data. In all cases presented here,W⊥;av;min is at least
a factor 2.3 larger than the seed wakefield amplitude. At the
highest plasma density and with the largest proton bunch
population, they are a factor of 4.5 larger. It is clear
evidence of the growth of the wakefields from their seed
values along the plasma.
It is however also clear that the peak amplitude of the

wakefield must be larger than these W⊥;av;min values since
the wakefield amplitude (1) has a nonconstant transverse
dependency (zero on-axis and peak at r ¼ σr) and (2) grows
along the plasma as stated above.
From simulations results [35], we expect protons to

radially exit the wakefields after ≈4 m, much earlier than
the 10 m used above. Simulations and estimates show that
the strongly defocused protons gain most of their transverse
momentum over ∼0.5–1.5 m, since the wakefields ampli-
tude at the beginning of the plasma is small. The blue
diamonds in Fig. 4 show the average transverse wakefield
amplitude from the measurements (W⊥;av), assuming pro-
tons interact with the plasma over a distance of 1.5 m and
exit the plasma at 4 m. In this case the average wakefield
amplitude reaches hundreds of MV=m.
Simultaneously to the symmetric defocusing of the

protons on IS 1 and 2, we observe the formation of
microbunches on the streak camera diagnostic [20,27],
see Fig. 2. This is proof for successful radial self-modu-
lation over the 10 m of plasma.
The experimental results presented here show that the

time structure of the relativistic proton bunch exiting the
10 m-long plasma is due to periodic defocusing along
the bunch. They show that defocusing increases along the
bunch and along the plasma. The transverse wakefields
causing the defocusing exceed the seed amplitude value
(< 15 MV=m) and reach over 300 MV=m. The defocusing
is symmetric around the bunch propagation axis. These
results therefore show that the seeded self-modulation of
the proton bunch occurred along the long bunch and suggest
that its non-axis-symmetric counterpart, the hose instability,
did not develop. Together with the excitation of the trans-
verse wakefields causing the effects reported here come
longitudinal wakefields. These components have been used
to accelerate externally, low energy injected electrons
(10–20 MeV) to multi-GeV energy levels [36] and possibly
to hundreds of GeVs or TeVs in the future and for high-
energy physics applications [4,37].
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assuming that the protons exit at 4 m.
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