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Controlled Growth of the Self-Modulation of a Relativistic Proton Bunch in Plasma
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A long, narrow, relativistic charged particle bunch propagating in plasma is subject to the self-
modulation (SM) instability. We show that SM of a proton bunch can be seeded by the wakefields
driven by a preceding electron bunch. SM timing reproducibility and control are at the level of a
small fraction of the modulation period. With this seeding method, we independently control the
amplitude of the seed wakefields with the charge of the electron bunch and the growth rate of SM
with the charge of the proton bunch. Seeding leads to larger growth of the wakefields than in the

instability case.

Introduction.— Instabilities are of paramount impor-
tance in plasma physics [I]. Similar instabilities occur
in vastly different plasmas, from astrophysical [2, B], to
laboratory [4] and fusion [5], to quantum [6] and even

to quark-gluon plasmas [7]. They can be disruptive and
must then be suppressed, or beneficial and must then
be controlled. Charged particle beams propagating in
plasma are subject to a number of instabilities, including



different occurrences of the two-stream instability [8], ©].
In the case of a long, narrow, relativistic charged particle
bunch, the instability is transverse and it is called the
self-modulation instability (SMI) [10].

Relativistic charged particle bunches traveling in
plasma leave behind a perturbation in the plasma elec-
tron density. This perturbation provides a restoring force
that induces an oscillation of the plasma electrons with

npee?

Me&
electron density, e and m, aref) the electron charge and
mass, £¢ is the vacuum permittivity. The local charge
non-neutrality sustains fields with transverse and longi-
tudinal components, known as wakefields, that can have
amplitudes appealing for high-gradient particle accelera-
tion [IT} 12].

SMI [I0] develops when the bunch duration is
much longer than the period of the wakefields:
or > Tpe = 21 /wpe. Transverse wakefields act back on
the bunch, modulating its radius and thus its charge den-
sity. The modulated distribution drives enhanced wake-
fields, causing the growth of SMI that, at saturation,
leaves the long bunch fully modulated into a train of mi-
crobunches with periodicity ~ Tp,.. The timing of the
microbunches along the train is tied to that of the wake-
fields since microbunches develop in their focusing phase.

angular frequency wpe = , where nyp, is the plasma

When a long proton (p*) bunch enters a pre-ionized
plasma, SMI develops from the wakefields driven by
noise [I3] or by imperfections in the incoming bunch
charge distribution [I4]. Thus, the initial conditions vary
from event to event and so do the timing and amplitude
of the wakefields. However, the outcome can be con-
trolled by seeding the instability, i.e., by fixing the initial
conditions from which the instability grows.

Seeding requires driving initial transverse wakefields
with amplitude larger than those driven by the noise or
imperfections in the bunch so that the self-modulation
(SM) develops from a well-defined time, and with well-
defined initial amplitude and growth rate. We demon-
strated experimentally that a high-energy, long p* bunch
undergoes SMI when traveling in plasma [I5], and that
the resulting microbunch train resonantly excites large
amplitude wakefields [16] [I7]. A relativistic ionization
front (RIF) generating the plasma and co-propagating
within the p* bunch can provide the seed by the rapid
onset of the beam-plasma interaction [I4]. In this case,
the amplitude of the seed wakefields and the growth rate
of SM depend on the p* bunch density at the RIF and
cannot be varied independently. Moreover, the front of
the bunch propagates as if in vacuum and thus remains
unmodulated.

The initial transverse seed wakefields can also be pro-
vided by a preceding charged particle bunch [I8] [19]. In
this case, seeding amplitude and growth rate of SM can
be varied independently. Moreover, as the seed wake-
fields act on the whole p* bunch, the entire bunch self-

modulates.

The protons that are defocused out of the wake-
fields are probes for the amplitude of the wakefields
at early distances along plasma, during SM growth,
before saturation [16, 20]. Theoretical and numerical
simulation results [I0, 2IH23] show that, in the lin-
ear regime, the amplitude of the transverse wakefields
along the bunch (¢) and along the plasma (z) grows
as W (t,z) =Wigexp (I'(t,2)z). In the case of seed-
ing with an electron (e~) bunch, the amplitude of the
initial wakefields W, o(z = 0) depends solely on the e~
bunch parameters, while the growth rate of SM T'(¢, 2)
depends solely on those of the p™ bunch. The radial ex-
tent reached by defocused protons a distance downstream
of the plasma is proportional to the transverse momen-
tum they acquire from these wakefields, and therefore
increases with the growth of SM.

In this Letter, we demonstrate with experimental re-
sults that SM of a long, relativistic p™ bunch in plasma
can be seeded by a preceding e~ bunch. We show that
the growth of SM increases when increasing the charge
of the seed e~ bunch Q. or the charge of the p™ bunch
Qp. We attribute these changes to a change in the am-
plitude of the transverse seed wakefields W, ¢(Q.) or in
the SM growth rate I'(Q,). These observations are pos-
sible because the e~ bunch effectively seeds SM and they
are in agreement with theoretical and simulation predic-
tions [10, 2], 23, 24]. When seeding, the growth of the
process is larger than in the SMI case [10]. We also ob-
serve adiabatic focusing of the front of the p™ bunch,
where the growth of SM is small. In addition, e~ bunch
seeding allows for the timing of the process to be con-
trolled at the sub-modulation-period, picosecond time
scale.
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FIG. 1. Schematic of the experimental setup: the ionizing
laser pulse enters the vapor source ¢, ahead of the p™ bunch
center and ionizes the rubidium atoms, creating the plasma.
The seed e~ bunch follows, tseeq ahead of the p™ bunch. The
optical transition radiation produced at a screen positioned
3.5m downstream of the plasma exit is imaged on the en-
trance slit of a streak camera. A schematic example of a
time-resolved image of the self-modulated p* bunch provided
by the streak camera is shown in the inset. The magnetic
spectrometer is located downstream of the screen.

Ezxperimental Setup.— The measurements took place



in the context of the AWAKE experiment [25], whose goal
is to accelerate e~ bunches to GeV energies, ultimately
for high-energy physics applications [20].

Figure [I| shows a schematic of the experimental setup.
A 10-m-long source provides rubidium vapor density ad-
justable in the ny,p = (0.5—10)-10'* ¢cm™ range [25]. The
density is measured to better than 0.5% [27] at the source
ends. An ~ 120fs, ~ 100mJ laser pulse (A = 780nm)
produces a RIF that creates the plasma by ionizing the
vapor (RbI—RbII). Previous experiments [I5] showed
that the RIF ionizes ~ 100% of the vapor along its
path, producing an ~ 2-mm-diameter plasma column
with density equal to that of the vapor. The RIF is
placed ¢, = 620ps (~ 2.50,) ahead of the center of the
400 GeV/c, o4 ~ 240 ps, p™ bunch provided by the CERN
SPS. Therefore, it does not seed SM [14]. The p™ bunch is
synchronized with the RIF with root mean square (rms)
variation of 15 ps< oy, which is therefore negligible.

Optical transition radiation (OTR) is emitted when
protons enter an aluminum-coated silicon wafer, posi-
tioned 3.5 m downstream of the plasma exit. The OTR
is imaged onto the entrance slit of a streak camera that
provides time-resolved images of the charge density dis-
tribution of the p™ bunch (¢,y) [28] in a ~ 180-pm-wide
slice (the spatial resolution of the optical system) near
the propagation axis. The streak camera temporal res-
olution is ~ 2ps in the 210ps time window, sufficient
to resolve the microbunch train as the plasma period is
Tpe = 11.04 and 11.38 ps, for the values of n,,. used in this
experiment. An ultraviolet pulse derived from the same
laser oscillator as that producing the RIF generates an
18.3MeV e~ bunch in a photo-injector and booster cav-
ity [29]. The e~ bunch and the RIF have a relative rms
timing jitter < 1ps (< Tpe) [30]. The delay tgeeq between
the e~ and the p* bunch centers can be adjusted using a
translation stage. We use a magnetic spectrometer [31]
to measure the energy spectrum of the e~ bunch after
propagation with and without plasma [32].

We use a bleed-through of the ionizing laser pulse, thus
also synchronized with the e~ bunch at the sub-ps time
scale [33], to determine on the time-resolved images the
bunch train timing with respect to that of the e~ bunch.
This is necessary to circumvent the ~ 5ps rms jitter
(~ Tpe/2) of the triggering system.

Ezxperimental Results.— We first present a new and
important result that is necessary for the measurements
presented hereafter: the seeding of SM by the e~ bunch.
The incoming p* bunch with @, = (14.7 £ 0.2) nC has
a continuous charge distribution (Fig. a), no plasma)
with an approximately 2D-Gaussian (¢,y) charge density
profile. With the plasma (n,. = 1.02-10* cm™3) and the
Q. = (249+17) pC e~ bunch placed tgeeq = 612 ps ahead
of the center of the p™ bunch, we observe the clear for-
mation of a train of microbunches on the image resulting
from the average of ten consecutive single-event images
(Fig. [2[b)). This indicates that SM is reproducible from

event to event. The period of the modulation is 11.3 ps,
close to Tp. as expected from SM [I0, [I5]. We measure
the timing variation of the microbunch train with respect
to the e~ bunch by performing a discrete Fourier trans-
form (DFT, see Supplemental Material of [14]) analysis
of the on-axis time profile of single-event images. The
rms timing variation is At;,s = 0.06 T}, demonstrating
that the e~ bunch effectively seeds SM. The same mea-
surement without the e~ bunch yields At,p,s = 0.26 T)e,
consistent with uniform variation of the timing over T},
(Atyms = 0.29T),.), confirming the occurrence of SMI, as
was also observed in [14].
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FIG. 2. Time-resolved images (t,y) of the p* bunch at the
OTR screen obtained by averaging ten single-event images
(210 ps, Qp = 14.7nC). Bunch center at ¢ = 0ps, the bunch
travels from left to right. Horizontal axis: time along the
bunch normalized to the incoming bunch duration o¢. a) No
plasma (incoming bunch). b) Plasma (1, = 1.02-10'* cm™3)
and e~ bunch with Q. = 249 pC, tsecea = 614 ps ahead of
the p* bunch center. c) Same as (b) but e~ bunch delayed by
6.7 ps (tseea = 607.3 ps). All images have the same color scale.
d) On-axis time profiles of (b) (blue line) and (c) (red line)
obtained by summing counts over —0.217 < y < 0.217 mm.

We also observe seeding of SM  with
Qp = (46.9 = 0.5) nC and the same value of Q. = 249 pC,
i.e., with p™ bunch and plasma parameters similar to
those of [I4]. This indicates that the e~ bunch drives
transverse wakefields with amplitude exceeding the
seeding threshold value of (2.8 — 4.0) MV /m, determined
in [I4] when seeding with RIF. The amplitude thus also
exceeds that for the lower @, = 14.7nC (Fig. [2) since
the seeding threshold is expected to scale with @,.

Figure c) shows an averaged time-resolved image ob-
tained after delaying the seed e~ bunch timing by 6.7 ps
with respect to the case of Fig. [2(b). The bunch train
is again clearly visible and timing analysis shows an rms
variation of 0.07 T}, confirming the seeding of SM. Fig-
ure2fd) shows that the temporal profiles of Fig.[2|(c) (red
curve) is shifted in time by (7.2 £ 1.0) ps with respect to
that of Fig. 2{b) (blue curve). This demonstrates that
the timing of the p™ bunch modulation and thus also the
timing of the wakefields are tied to that of the seed within
a small fraction of Tj..

As the amplitude of the wakefields grows along the



bunch and along the plasma [I5] [16], one may expect
them to produce a smaller size of the successive mi-
crobunches at the plasma exit, possibly also with larger
emittance due to the nonlinear nature of the transverse
wakefields. These two effects are the likely causes for the
increase in transverse size of the microbunches along the
train observed in Figs. 2b) and (c), as the OTR screen is
positioned 3.5 m downstream of the plasma exit. We also
note that the p* bunch self-modulates starting from the
visible front of the bunch (¢t > —1.82 0, on Figs. P|b) and
(c)), as the seed wakefields act on the entire bunch, and
that on these figures the charge density at the bunch front
is higher than in the case without plasma (Fig. 2fa)).
This is due to the focusing associated with the forma-
tion of the microbunches and to global plasma adiabatic
focusing (see Fig. |3).

We measure the transverse extent of the p™ bunch dis-
tribution along the bunch on 1.1 ns, time-resolved images
(Fig. [3). We define this extent w for each time-column
of the image as the distance between the two points
(y) where the transverse distribution reaches 20% of its
peak value, when detectable. In the case without plasma
(Fig. [3(a), incoming bunch), weg = 1.7mm is constant
along the bunch (black dashed line) and corresponds to
the o, ~ 0.37mm rms size of the bunch at the screen.
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FIG. 3. Time-resolved images (t,3) of the p™ bunch

(I.1ns, Qp = 14.7nC) obtained by averaging ten single-
event images. a) No plasma (incoming bunch). b) Plasma
(npe = 0.97 - 10" cm™3) and no e~ bunch (SMI). ¢) Plasma
and e~ bunch with Q. = 249 pC (seeded SM). All images have
the same color scale. Black dashed lines in (a) and continu-
ous lines in (b) and (c) indicate, for each time-column of the
images, the points where the transverse distribution reaches
20% of its peak value. The distance between the lines is the
transverse extent wog (a) and w (b, ¢). Dashed lines of (a)
also plotted in (b) and (c) for reference.

In the case with plasma (hereafter n,. = 0.97 -
10 em=3) and no e~ bunch (SMI [14], Fig. (b)), the
transverse extent (black continuous lines) indicates that
first the effect of plasma adiabatic focusing dominates,
i.e., w decreases, due to the cancellation of the p™ bunch
space-charge field by the plasma electrons (¢t < —0.8 o).
Then the effect of defocusing due to SM development
dominates and w increases.

We note that the time resolution of these images is not
sufficient to evidence the microbunch structure and the
charge distribution appears continuous along the bunch.

In the case with plasma and e~ bunch (Q. = 249 pC,
seeded SM, Fig. c), all other parameters kept con-
stant), the same focusing effect as in the SMI case first
dominates, but the effect of defocusing starts earlier:
t ~ —1.5 0, rather than ¢t ~ —0.8 0, (Fig. [3[b)).

Figure [4(a) shows that, when increasing the charge of
the seed bunch ., the width w along the bunch ini-
tially decreases, following the same curve in each case,
due to the effect of adiabatic focusing. It then increases
with SM growth, reaching the value of the case with-
out plasma (weg) earlier along the bunch, for larger Q.
(red points). Since the global focusing effect is equal
in all cases (Q, = const), this shows that an increase in
Q. causes the SM defocusing effect to dominate earlier
along the bunch. Afterwards, w increases monotonically
and reaches larger values at all times for larger Q., as
shown in Fig. [f{b) for two times along the bunch (blue
points: ¢t = —1.19 0y, red points: t = —0.84 oy; first and
last t when w > weg for Q. > 0 and all measurements
provide a value).
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FIG. 4. Top row: transverse extent w along the p™ bunch as
a function of time along the bunch normalized to the incom-
ing bunch duration o;. a) Varying the e~ bunch charge (see
legend), Q. = 0 (SMI), Q. > 0 (seeded SM), Q, = 14.7nC. c)
Varying the p* bunch charge @, (see legend), Q. = 249 pC.
Red points indicate the time along the bunch when w = wog.
Bottom row: b) w as a function of Q. at t = —1.19 (blue
points) and ¢ = —0.84 0¢ (red points). d) w as a function of
Qp at t = —1.48 (blue points) and ¢t = —1.30 0 (red points).
The error bars indicate the standard deviation of w, and of
Q. and Qp. Note: blue line: same data on (a) and (c).

Measurement of the energy spectrum of the seed e~
bunch (not shown) [32], and numerical simulation re-
sults [34] indicate that the amplitude of the wakefields
driven by the e~ bunch W g over the first ~ 2m of
plasma increases as a function of Q. and exceeds 4 MV /m
in all cases. The earlier occurrence of SM defocusing
and the increase in w at all times when w > wyg for
larger Q. are thus directly caused by the increase in am-
plitude of the seed wakefields W, ¢(Q.), since all other
parameters were kept constant (I'(Q,) = const). Fig-
ure [{{(a) also shows that in the SMI regime (Q. = 0)



the defocusing effect of SM dominates much later along
the bunch (~ —0.780;) and w is much smaller than in
the seeded regime (Q. > 0). This lower growth can be
attributed to the lower amplitude of the (uncontrolled)
initial wakefields, as well as to a later start of SM along
the bunch [14].

When increasing the p* bunch charge @, (Fig. c)),
we observe again that w increases at all times along
the bunch when SM defocusing effect dominates, as also
shown in Fig. d) for two times along the bunch (blue
points: ¢t = —1.48 0y, red points: ¢t = —1.30 04; ¢ chosen
as in the previous case). Increasing @), also increases the
emittance, transverse size and bunch density n,, of the p™
bunch at the plasma entrance [35], and also weg at the
screen (red points, Fig.(c)). Therefore, and unlike with
Qc, when increasing @), the effect of adiabatic focusing
(o< np) also increases. However, measurements show that
the increase in w with @), is even larger and thus the ef-
fect of SM defocusing starts dominating earlier along the
bunch.

The expected variation of I' with n, is I' n;/g 10,
211, 23]. Measurements of o, , and o [35] show that over
the @, = (14.7 — 46.9) nC range, n, changes only from
6.9 to 8.9 - 102 cm 3. However, the effect of this change
is observed after exponentiation of SM.

The effect of the increase in transverse size and emit-
tance of the p™ bunch when increasing @, [35] (not
explicitly included in I') is to reduce the growth of
SM [36, B7]. Thus, the increase in I' with @, is likely
larger than the increase in w shown by Fig. [4(d).

We note here that the measurement of w is not direct
measurement of the amplitude of the seed wakefields W ¢
or growth rate I'. However, changes in w are direct con-
sequences of changes in W,¢(Q.) and I'(Qp). For a di-
rect measurement of I" all protons would have to leave
the wakefields at the same position along the plasma
and propagate ballistically an equal distance to the OTR
screen. Numerical simulation results show that with the
plasma of these experiments longer than the saturation
length of SM [20], protons may leave the wakefields earlier
or later depending on the amplitude of the wakefields and
on the distance they are subject to them. However, sim-
ulations also show monotonic increase of w, as observed
in the experiments, and that w increases with increasing
amplitude of the wakefields along the bunch.

Summary.— We demonstrated in experiments that a
short e~ bunch can seed SM of a long p™ bunch in
plasma. We showed that when increasing the e~ (Q.) or
the p™ (Q,) bunch charge, the transverse extent of the p™
bunch distribution w along the bunch (measured after the
plasma) also increases. We attribute these changes to the
change in amplitude of the seed wakefields (Q. — W)
and in growth rate of SM (@, — I'), in agreement with
theoretical and simulation results.

These results show that SM is well understood and can
be well controlled. Control is key for optimization of the

SM wakefields for particle acceleration [38], [39].
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