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We use a relativistic ionization front to provide various initial transverse wakefield amplitudes for the
self-modulation of a long proton bunch in plasma. We show experimentally that, with sufficient initial
amplitude [> (4.1 4 0.4) MV /m], the phase of the modulation along the bunch is reproducible from event
to event, with 3%—7% (of 2x) rms variations all along the bunch. The phase is not reproducible for lower
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initial amplitudes. We observe the transition between these two regimes. Phase reproducibility is essential
for deterministic external injection of particles to be accelerated.

DOI: 10.1103/PhysRevLett.126.164802

Introduction.—Accelerators rely on precise control of
parameters to produce high-quality, high-energy particle
bunches for numerous applications. A class of novel
accelerators using plasma as a medium to sustain large
accelerating [1,2] and focusing [3] fields has emerged and
has made remarkable experimental progress over the past
two decades [4-6].

Most of these accelerators use a very short (< 1 ps),
intense laser pulse [1] or a dense, relativistic particle bunch
[2] to drive wakefields in plasma. The amplitude of the
accelerating field that can be sustained with a plasma of
electron density 7, is on the order of the wave breaking field
[7]: Ewg = (m,c/e)®,,. Here w,, = (nyoe?/egm,)"/? is the
plasma electron angular frequency [8]. Assuming the driver of
rms duration o, fits within the structure, i.e., 6,2 1/w,,, one
can rewrite: Eywg = (m,c/e)(1/0,). Therefore, operating at
high accelerating field (> 1 GV/m) requires high plasma
density and short (< 2 ps) pulses or bunches with similarly
small radii (6,9 < ¢/w,, <600 ym) [9].

The system extracts energy from the driver and transfers
it to a witness bunch, through the plasma. The total energy
gain of the witness bunch is limited to the energy carried by
the driver. Short laser pulses and particle bunches available
today and suitable to drive > 1 GV/m amplitude wake-
fields carry less than ~100 J of energy. Laser pulses and
particle bunches carrying much more energy are too long,
typically >100 ps, to drive large amplitude wakefields
when following the above Eywg  1/0, scaling. However,
long laser pulses [10] and long, relativistic particle bunches
[11] propagating in dense plasma, i.e., 6, > 1/w,,, are
subject to self-modulation (SM) instabilities. These insta-
bilities can transform them into a train of pulses or bunches
shorter than, and with a periodicity of 2z/w,,. The train
can then resonantly excite large amplitude wakefields.
Control of the SM process, in particular of the relative
phase of the wakefields, is necessary to deterministically
inject a witness bunch shorter than 1/, into the accel-
erating and focusing phase of the wakefields.

As the first proton-driven plasma wakefield acceleration
experiment, AWAKE [12,13] recently demonstrated that
the SM process does indeed transform a long proton bunch
(o, > 200 ps) into a train of microbunches with period
2n/w,, (<10 ps) [14]. We also demonstrated that the
process grows along the bunch and along the plasma, from
the initial wakefield amplitude, to saturate at much larger
values [15,16]. Electrons were externally injected in the
wakefields, though without phase control (electron bunch
duration on the order of 27/w,,) and accelerated from
~19 MeV to ~2 GeV [17]. For this scheme to become an

accelerator that can produce not only sufficiently high-
energy particles, but also sufficiently high-quality bunches
in terms of high population, low energy spread, and low
emittance [18], one needs to show that the SM process can
be controlled.

Seeding of SM in the sense of triggering the start of its
growth has been demonstrated experimentally with a
relativistic ionization front (RIF) in a long pulse, laser-
driven plasma wakefield accelerator [19], and with the
sharp density front of a long electron bunch in a particle-
driven plasma wakefiled accelerator [20]. However, mea-
surements on the effect of that seeding on the phase of
growing wakefields have not been reported. As demon-
strated below, triggering the SM is not sufficient to ensure
the reproducibility of the phase of the wakefields from
event to event.

In this Letter, we demonstrate experimentally for the first
time that the phase of the SM of a long, relativistic particle
bunch can be controlled by seeding the process with a RIF.
This means that we define seeding as the conditions leading
to a reproducible timing or phase of the SM along the
bunch with respect to the RIF from event to event. From
time-resolved images of the bunch obtained at two plasma
densities, we analyze the relative timing or phase of the
microbunches along the proton bunch, after the plasma. We
control the initial wakefield amplitude through the timing
of the RIF along the bunch. When the process is not seeded,
we observe randomly distributed phases and thus the SM
instability (SMI) [11]. With sufficiently strong initial
amplitude, the phase of the wakefields varies by only a
small fraction of 27 from event to event, the characteristic
of seeded SM (SSM) [13]. This is despite natural variations
of the incoming bunch parameters [21]. We thus observe
the transition from SMI to SSM. We also observe phase
reproducibility over more than 26, along the bunch. Phase
reproducibility is essential for future experiments [13] with
deterministic, external injection of particles to be accel-
erated (e~ or e™) at a precise phase within the accelerating
and focusing region of the wakefields [18].

Experimental results presented here show that the phase
of the self-modulation instability, a fundamental beam-
plasma interaction mechanism [11], can be controlled. It is
also a requirement for future acceleration experiments.

Experimental  setup.—The CERN Super Proton
Synchrotron (SPS) provides a Gaussian bunch with
400 GeV energy per proton, 3 x 10'! particles, and a rms
duration 6, = 250 ps. The bunch enters a 10-m-long vapor
source [22,23], as shown in Fig. 1, with rms waist size
0,0 = 150 ym. The source contains rubidium (Rb) vapor
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with density ng, adjustable in the (0.5-10) x 10 cm™3

range and with uniform temperature and thus density
distributions (Angy/ng, = AT/T < 0.2% [23]). The vapor
density is measured to better than 0.5% [24] at both ends of
the source. A Ti:sapphire laser system provides a 120 fs,
<450 mJ laser pulse that can serve two purposes. First,
when propagating along the vapor column it creates the
plasma at the RIF. The RIF transforms the Rb vapor into a
~2 mm diameter plasma with density and uniformity equal
to those of the vapor [14]. Therefore, hereafter we quote the
corresponding plasma density instead of the measured Rb
vapor density (n, = ng,). Second, when propagating
within the proton bunch, the RIF triggers the sudden
(< 1/w,,) onset of beam plasma interaction that can seed
the SM process. Seeding can occur because this onset
corresponds to the driving of initial plasma wakefields
starting at the RIF and with amplitudes depending on the
local bunch density [14,15].

The train of microbunches resulting from the SM process
leaves the plasma after 10 m and passes through an
aluminum-coated screen where protons emit optical tran-
sition radiation (OTR), 3.5 m from the plasma exit. The
OTR has the same spatiotemporal structure as the modu-
lated proton bunch. A streak camera resolves the incoming
OTR light imaged onto its entrance slit in space and in time
with resolutions of 80 ym and ~1 ps, respectively, over a
73 ps time window. Since the entrance slit is narrower than
the bunch radius at the screen location, images display the
bunch charge density and not its charge [25]. A transfer line
(dashed blue line in Fig. 1 [26]) guides a mirror bleed-
through of the laser pulse to the streak camera. This signal
(in red circle in inset 2 of Fig. 1) indicates on each image
the relative timing of the RIF within the proton bunch with
0.53 ps (rms) accuracy and 0.16 ps precision. It can be
delayed together with the camera trigger signal to appear on
the image at times later than that of the RIF, as seen every
50 ps at the bottom of Fig. 4(a). This signal is necessary to
refer images in time with respect to the RIFs and with
respect to each other’s timing, because the streak camera
triggering system has a time jitter of 4.8 ps (rms),
equivalent to approximately half a period of the wakefields.
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FIG. 1. Schematic of the experimental setup showing the main

components used for measurements presented here. Inset 1: RIF
in the middle of the proton bunch (fgr = 0 ps). Inset 2: streak
camera image of a modulated proton bunch, laser reference signal
at t = 0 ps (red circle).

In the following, we refer to this signal as the laser
reference signal (LRS).

Results.—We observe that when we use the RIF for
plasma creation only, placing it nano- to microseconds
ahead of the proton bunch, SM occurs [27]. In this case
SM can grow from noise present in the system. The
wakefield amplitude driven by shot noise in the proton
bunch distribution was estimated at the tens of kV/m level
[28]. The laser pulse drives wakefields at the <100 kV/m
level at the plasma densities of these experiments [29].
Figure 2(a) shows a composite image of the time structure
of the center part of the modulated proton bunch (compare
Fig. 1, inset 2) for ten events in the 73 ps window, placed
150 ps (0.60,) ahead of the bunch peak. These events are
aligned in time with respect to the LRS. The LRS alignment
procedure yields a ~50-ps-long common window between
images. The LRS (not shown) is placed at # = O ps on each
image. The RIF is 600 ps (2.40,) ahead of the bunch peak
(i.e., 450 ps, 1.80, between RIF and t = 0 on the image).
Each image is normalized to its incoming bunch popula-
tion. The figure clearly shows that from event to event
microbunches appear at no particular times with respect to
the RIF. It also shows that the measured microbunch charge
density varies considerably. Variations in bunch density on
these images can be attributed to amplitude variations of
focusing and defocusing fields [25]. Variations in timing or
phase and amplitude of the modulation are expected for the
occurrence of a (nonseeded) instability such as SMI [11].

Figure 2(b) shows a similar plot to that of Fig. 2(a), but
with the RIF placed closer, 350 ps (1.40,) ahead of the
bunch peak and thus with larger wakefield amplitude at the
RIF, with all other parameters unchanged. It is clear that in
this case the microbunches appear essentially at the same
time with respect to the RIF and with much more consistent
charge density than in the previous case. These data show
the behavior expected from a seeded process such as SSM.
From these two plots we conclude that in the first case the

(b)

Event number
Event number
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t(ps) g t(ps)
FIG. 2. Composite images of the center part of the streak
camera image (see Fig. 1, inset 2) for ten events with (a) RIF
600 ps (2.46,) and (b) RIF 350 ps (1.40,) ahead of the proton
bunch center. Front of the bunch on the right-hand side.
Events aligned with respect to LRS ([26], at # =0, not
visible). Both cases: LRS 150 ps (0.60,) ahead of bunch
center, n,y = 0.94 x 10'* cm™.
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phase of the modulation is not reproducible from event to
event (SMI), whereas it is in the second case (SSM).

In order to quantify the observed effect, we determine
the phase or timing (using the modulation frequency or
period) of the bunch modulation with respect to the RIF.
For this purpose we sum counts of the bunch image in a
= +430-pum-wide region around the axis of the bunch at
the OTR screen to obtain a time profile of the bunch SM.
At this location the incoming bunch transverse rms size is
~ 574 ym [see Fig. 4(a), t < 0 ps]. For each event, we
determine the time of the LRS in the 73 ps window. We
calculate the relative phase or timing of the microbunch
appearing after the LRS as explained in the Supplemental
Material [30]. For the dataset analyzed here (n,, =
0.94 x 10'* cm™3), the modulation frequency is 87.1 GHz.

Figure 3 shows the variation in relative phase for six
series (including the events of Fig. 2) of approximately 18
events each, measured with the analysis window (and LRS)
150 ps ahead of the bunch peak, as a function of the RIF
timing frr along the bunch normalized to the rms bunch
duration. The phase distributions for tg;r > 2.00, cover a
range (blue diamonds) close to 2z and their rms (blue
circles) approaches the value expected for a uniform
distribution, 29%. This corresponds to a phase randomly
distributed from event to event, possibly varying over more
than 2z. On the contrary, for fzip < 1.80,, the ranges are
< 2 z and their rms is small, ~6%, which shows that the
phase of the SM is reproducible from event to event (within
the rms range). This is the transition from SMI, with the
modulation phase not reproducible [Fig. 2(a)], to SSM,
with the modulation phase reproducible within a small
range of 2z [Fig. 2(b)], when the initial wakefield ampli-
tude increases. We show later, by delaying the observation
window timing for a fixed fj, that when reached in one
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FIG. 3. Measured rms (blue circles) and full phase variation

(blue diamond), and initial linear transverse wakefield amplitude
(filled red circles) as a function of #g;r normalized to o,. The error
bars indicate the statistical uncertainty of 10.1% (see text). Error
bars representing the uncertainty in tzr due to the 15 ps (0.060,)
rms proton timing jitter are not plotted. Same LRS timing and 7,
as in Fig. 2.

window, the timing or phase reproducibility occurs all
along the bunch, as expected. In the SMI regime, time-
resolved images (not presented here) of the SM near the
seed point show that full SM starts at different times along
the bunch, unlike in the seeded cases, where it starts at the
RIF [14]. This explains the ~27 (modulo) phase variations
observed with SMI. In the SSM regime, the observed phase
rms variations of ~6% (of 2x) results from at least three
main contributions. First, the intrinsic phase variations that
are the goal of the measurement. Second, variations of
initial parameters from event to event originating from the
bunch or the plasma. We measure rms variations in bunch
length, =1.6%, population, =~5%, and plasma density,
< 0.2%. There may be additional variations in bunch waist
size and location and emittance that we do not monitor for
each event. The influence of these variations on the phase
can in principle be obtained from numerical simulations
[21], though reaching percent level precision is very
challenging. Third, variations due to the measurement
accuracy influenced by the streak camera resolution of
the modulation, the limited number of microbunches per
image, signal noise, and uncertainties in determining the
position of the LRS (0.16 ps). As a consequence, the
measured variations can only be seen as an upper limit for
the real phase variations. They are probably dominated by
the last two contributions mentioned, mainly by uncertain-
ties originating from the noisy measured modulation profile
(see Supplemental Material [30]).

The initial transverse wakefield amplitude (at the plasma
entrance) can be calculated as a function of the RIF timings
of Fig. 3: W, pip(? = tgip) (see Supplemental Material
[30]). The initial proton bunch density [n, () = nyye™"/2,
with n,9 = 1.1 x 10"* cm™3] is smaller than the plasma
density (n,y = 0.94 x 10 cm™3). We thus use two-
dimensional linear plasma wakefield theory [31] to evaluate
this amplitude. The modulation period (= 11.5 ps) is much
shorter than the rms bunch duration (o, = 250 ps). We
therefore consider the Gaussian bunch density n,(f = fgig)
constant over one period behind the RIF and thus
WirE= 2(me02/€)[nh(IRIF)/”leo]dR/d”|r:a,.o- The radial
dependence of wakefields through the R(r) coefficient [31]
is a function of the transverse bunch profile, considered as
Gaussian, and is evaluated at » = o), independent of t.

We plot the amplitude of W gy for each data point in
Fig. 3 (filled red circles). The input parameter variations
mentioned above cause a maximum statistical uncertainty
of 10.1% on the field calculation, which includes a 15 ps
(0.060,) rms timing jitter between the proton bunch and the
laser pulses (RIF and LRS), all added in quadrature. This
uncertainty is indicated by the error bars. The plot shows
that for the parameters of these experiments, the transition
between SMI and SSM occurs between (2.8 +0.3) and
(4.1 £0.4) MV/m. The fact that initial wakefield ampli-
tudes of (2.8 +0.3) MV/m do not seed the SM process
may indicate that the bunch has density irregularities
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FIG. 4. (a) Time-resolved, “stitched” image of the self-modulated proton bunch with g = 125 ps (0.56,), n, = 1.81 x 10'* ecm™3.

The RIF is at = 0 on the image (not visible). The LRS is visible every 50 ps at the bottom of the image. (b) Modulation rms phase

variation for each set of images with equal LRS timing.

driving initial wakefields with amplitude [between
(2.8 £0.3)and (4.1 £+ 0.4) MV/m] much larger than those
of the shot noise assumed in [28] driving < 100 kV/m
fields. These irregularities correspond to 14%—-20% of the
bunch peak density maintained over at least one period
of the wakefields. Since the amplitude of the initial
wakefields at the RIF and that of wakefields driven by
incoming bunch irregularities follow essentially the same
scaling [W | (1) & ny(t)/n.0], we expect the transition from
SSM to SMI to occur at the same time along the bunch,
independently of the bunch and plasma densities. We also
note here that we interpret the reproducibility of the bunch
modulation as also that of the wakefields driven toward the
end of the plasma, after saturation of the SM process [16].
The wakefield structure is intrinsically linked to the
distribution of the self-modulated proton bunch.

The phase reproducibility can be further confirmed by
similar phase variation measurements at various delays
behind the RIF. Sets of approximately ten images with
delay increments of 50 ps between each set were acquired
at a higher plasma density n,, = 1.81 x 10'* cm™ and a
fixed RIF timing of 125 ps (0.56,). Since for these
measurements, the RIF is placed much closer to the bunch
center (0.50,) than the SSM-SMI transition point deter-
mined from the lower plasma density measurements
(~1.906,), we expect the SM process to be in the SSM
regime. This is confirmed by Fig. 4. Because of the time
overlap between sets, all images can be “stitched” together
using the LRS as described in Ref. [26] [see Fig. 4(a)]. Itis
immediately clear from the figure that microbunches of all
events align themselves in time or phase and form a
coherent modulation of the bunch density over ~2¢, behind
the RIF. This is only possible when proper seeding is
provided (SSM) for each event, relative phase variations
between events are small [i.e., all sequences look similar to

that of Fig. 2(b)], and the modulation phase is reproducible
all along the bunch. All features visible in Fig. 4(a)
would wash out if phases were randomly distributed as
in Fig. 2(a).

Figure 4(b) shows the result of the phase analysis applied
to these events. Over the ~26, measurement range, larger
than the delay from the RIF of ~1¢, typically foreseen for
external electron injection, the phase variations remain
small and in a similar range to those obtained at lower
plasma density. Variations along the bunch are most likely
due to changes in signal that can be seen in Fig. 4(a) and on
individual images, which affects the accuracy of the phase
determination. The measured variations remain approxi-
mately constant and between 3% and 7% (of 2x) all along
the bunch.

Summary.—We presented the results of experimental
studies of the SM phase for different timings of the RIF
with respect to the proton bunch, measured after the
10-m-long plasma. These results demonstrate that the
SM process can be seeded; i.e., the phase of the modulation
can be defined by the RIF and reproducible from event to
event. We observe the transition from phase nonreprodu-
cibility and instability (SMI) to seeding and phase repro-
ducibility (SSM) when the transverse wakefield at the RIF
exceeds a threshold amplitude, between (2.8 £ 0.3) and
(4.1 £0.4) MV/m for n,g = 0.94 x 10'* cm=3. This value
is much larger than that calculated from the bunch shot
noise assumed in [28] driving < 100 kV/m fields. We
show that in the SSM regime variations of the modulation
phase along the bunch (~20,) are small, measured at < 7%.
We attribute most of these small variations to the meas-
urement accuracy of the modulation phase within single,
73 ps time windows including only 6-9 modulation
periods. The phase reproducibility also observed at
higher plasma density allows for detailed observation of
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the SM process along the whole bunch with ~ps time
resolution [Fig. 4(a)].

Based on these results, one can thus expect that for the
studies of electron acceleration during AWAKE Run II
[29], the wakefields driven by the bunch train in the second
plasma will have a timing or phase also reproducible from
event to event since they will be driven by the bunch
emerging from the first plasma. Phase reproducibility is
required for deterministic acceleration of electrons exter-
nally injected into the wakefields, with a fixed delay with
respect to the seed.
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