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Filamentation of a relativistic proton bunch in plasma
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We show in experiments that a long, underdense, relativistic proton bunch propagating in plasma undergoes
the oblique instability, which we observe as filamentation. We determine a threshold value for the ratio between
the bunch transverse size and plasma skin depth for the instability to occur. At the threshold, the outcome
of the experiment alternates between filamentation and self-modulation instability (evidenced by longitudinal
modulation into microbunches). Time-resolved images of the bunch density distribution reveal that filamentation
grows to an observable level late along the bunch, confirming the spatiotemporal nature of the instability. We
provide a rough estimate of the amplitude of the magnetic field generated in the plasma by the instability and
show that the associated magnetic energy increases with plasma density.
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I. INTRODUCTION

When a perturbation is introduced in a plasma, e.g., by
a streaming relativistic, charged particle bunch, plasma elec-
trons move to restore the charge and current neutrality of the
system. Compensation of the space-charge field of the bunch
can cause oscillatory phenomena such as plasma wakefields
[1]. Depending on the bunch spatial dimensions, compared to
the physical quantities (e.g., plasma wave number and skin
depth) determining the unstable modes, the bunch-plasma
system can be prone to different instability regimes [2,3].

When the root-mean-square (rms) length of the bunch σz is
much longer than the plasma skin depth δ = c/ωpe, where c is
the speed of light and ωpe = √

npee2/meε0 is the plasma elec-
tron angular frequency (with npe the plasma electron density,
e the elementary charge, me the electron mass at rest, and ε0

the vacuum permittivity), wakefields act on the bunch itself.
When the bunch rms transverse size σr0 � δ, the axisymmet-
ric mode of the transverse two-stream instability (TTSI) [4,5],
i.e., the self-modulation instability (SMI) [6–9], can take
place. SMI longitudinally modulates the density of the bunch
along its axis with wave number k = k‖ = δ−1. The result-
ing microbunch train then resonantly drives large-amplitude
wakefields that can be used for particle acceleration, as in the
AWAKE experiment at CERN [7,8,10,11].

When σr0 > δ, the plasma return current can flow within
the bunch. When the peak bunch to plasma electron density
ratio nb0/npe ∼ 1 and the Lorentz factor of the bunch γ ∼ 1,
repulsion between opposite currents tends to reinforce any
transverse anisotropy in the current density distributions, pos-
sibly leading to the development of the current filamentation
instability (CFI) [3,12]. This instability modulates the bunch
transversely (k = k⊥) into multiple filaments, which self-
pinch to transverse size of the order of δ [12] and with a higher
current density than that of the incoming bunch. Calculations
and numerical simulation results show that a wide spectrum
of wave numbers is excited [12–15]. The occurrence of CFI
generates magnetic fields within the medium, thus converting
part of the kinetic energy carried by streaming particles into
magnetic energy [16–18]. This process is, in fact, one of the
plausible candidates for the magnetization of astrophysical
media [19,20], as well as for the magnetic field enhancement
that could explain phenomena such as long-duration afterglow
of gamma-ray bursts [21,22] and collisionless shocks [23].
It also plays an important role in the transport and deposi-
tion of energy by hot electrons in inertial confinement fusion
targets [24,25]. Previous experiments using electron bunches
[26–28] investigated conditions where the instability reached
saturation and filaments even started merging with each other,
a process first described in [29]. The effect of the return
current on the focusing of an electron bunch was observed in
a passive plasma lens with σr0 � δ [30]. CFI is an unwanted
instability for effective plasma wakefield excitation because it
would degrade the structure of the wakefields and therefore
the emittance of the accelerated bunch.

Theory [3,14,31] and numerical simulation results [32,33]
show that in the case of relativistic (γ � 1), wide, long
(σz/δ > 1), and underdense (nb0/npe � 1) bunches, the
oblique two-stream instability (OTSI) is the dominant pro-
cess. In this case, the wave number retains perpendicular

and parallel components: �k = �k⊥ + �k‖. OTSI thus tends to
generate finite-length filaments surrounded by the return cur-
rent of plasma electrons moving nonrelativistically with speed
ve ∼ (nb0/npe)c � c. In the following, we thus refer to this
phenomenon with the general term filamentation.

Using a long, relativistic proton (p+) bunch, we perform
experiments, in the context of AWAKE, in the very un-
derdense (nb0/npe � 10−2) and very relativistic (γp = 427)
regime. Protons have mass mp ∼ 1836 me, increasing the in-
ertia (γpmp) of the bunch particles and slowing the growth of
instabilities, when compared to the most described case of an
electron bunch with γ < 117. OTSI is therefore expected to be
the dominant instability. Both bunch (relative energy spread
∼0.2%) and plasma (electron temperature ∼few eV) can be
considered as cold. The growth rate of OTSI is given by

� =
√

3

24/3

(
nb0me

npempγp

)1/3

ωpe = �e

(
me

mp

)1/3

, (1)

where �e is the growth rate for the case of an infinitely long,
uniform beam [3].

In this paper, we show with experimental results that
when σr0/δ � 1.5 and σz/δ > 1, OTSI, and therefore fila-
mentation, occurs. We observe the presence of filaments on
transverse time-integrated images of the bunch after propa-
gation through 10 m of plasma. Time-resolved images of a
transverse slice of the bunch indicate that filaments become
observable only late along the bunch, consistent with the early
stage of OTSI and with the spatiotemporal nature of filamen-
tation of a finite-length bunch [32–36]. We observe that for
σr0/δ = 1.5, and without observable differences in the in-
coming time-integrated bunch charge density distribution, the
outcome of the experiment alternates between filamentation
(evidenced by transverse modulation) and SMI (evidenced
by longitudinal modulation). For values below this threshold,
SMI always takes place and filamentation is not observed
from time-integrated images of the bunch. We give a rough
estimate the amplitude of the magnetic field generated by the
occurrence of filamentation. We calculate that the amount of
magnetic energy converted from kinetic energy is small, but
increases with the plasma electron density due to an increase
of the number of filaments in a larger area of the bunch.

II. EXPERIMENTAL SETUP

The plasma (see Fig. 1) is generated by a DC-pulsed dis-
charge in a 10-m-long, 25-mm-diameter, cylindrical glass tube
filled with argon at pressure 23.8 Pa [37]. The plasma fills
the entire diameter of the tube. The peak discharge current
used for these experiments is ∼500 A, with a pulse duration
of ∼25 μs.

The 43 nC bunch with normalized emittance εN =
2.5 mm mrad composed of 400 GeV/c p+ is delivered by the
CERN Super Proton Synchrotron. By varying the delay be-
tween the p+ bunch arrival time and the start of the discharge
between 25 and 200 μs, we vary the plasma electron density
between npe = 9.38 and 0.68 × 1014 cm−3, respectively, and
thus the value of σr0/δ (σr0 constant), due to recombination
of the plasma. The values of npe as a function of delay were
measured offline by longitudinal double-pass interferometry

055203-2



FILAMENTATION OF A RELATIVISTIC PROTON BUNCH … PHYSICAL REVIEW E 109, 055203 (2024)

FIG. 1. Schematic of the AWAKE experimental setup (not to
scale). Insets: Typical images of the bunch with neither plasma nor
gas in the source. (a), (b) Transverse time-integrated images of the
bunch at screens A and B, respectively. (c) Time-resolved image at
screen C. Solid black lines in the insets: Transverse projections of
the distributions. Red dashed lines: Gaussian fits of the transverse
projections. Dashed black line in inset (c): Longitudinal projection.

[38] and, in these experiments, from the frequency of the
microbunch train resulting from SMI, with bunches with small
transverse size (σr0 ∼ 0.2 mm) such that σr0/δ < 1 [7].

We measure the bunch current density distribution using
aluminum-coated silicon wafers placed at 45◦ in the beam
path, emitting optical transition radiation (OTR) when pro-
tons enter them. Backward OTR is imaged onto the chips
of CMOS cameras (screens A, B, and C; Fig. 1) to obtain
transverse, time-integrated images of the bunch. The light
produced by screen C is also sent to the entrance slit of a streak
camera, producing time-resolved images of the bunch. Insets
(a), (b), and (c) in Fig. 1 show the corresponding images of
the p+ bunch while neither gas nor discharge are present in
the source.

For the measurements presented here, we employ beam
optics providing a bunch transverse size that is larger than
that normally used for wakefield acceleration and SMI experi-
ments (i.e., σr0 > 0.2 mm) [9]. We perform Gaussian fits (red
dashed lines) on the transverse projections (black solid lines)
to determine the rms transverse size σx,y of the bunch at the
various screens. We measure σx,y = (0.45, 0.54) ± 0.01 mm
(the uncertainty corresponds to the standard deviation of
20 consecutive events) at screen A, ∼1.3 m upstream of
the plasma entrance. As the difference between sizes in the
two transverse planes (x and y) is small and not relevant
for the measurements described here, in the following we
use the average of the two values, σr0 = 0.50 mm, to calcu-
late the ratio σr0/δ. We note here that the beam is diverging
entering the plasma.

At screen B, the transverse sizes obtained with the
same procedure are σx,y = (0.80, 0.87) ± 0.02 mm (σr =
0.84 mm). This screen is purposely placed as close as possible
to the plasma exit (∼0.3 m downstream of it) because we

expect filaments with size a fraction of that of the bunch, and
likely higher emittance, to strongly diverge while traveling in
vacuum from the plasma exit to the screens. Their visibility
is therefore expected to decrease with propagation distance.
The spatial resolution at screen B is ∼0.027 mm, measured
as the 50% modulation of the transfer function. This is much
smaller than the expected transverse size of the filaments:
for the maximum density used in these experiments, npe �
9.38 × 1014 cm−3, δ � 0.17 mm.

We note here that images of the bunch before and after the
source are Gaussian and smooth, i.e., they show no features
at the expected scale size of the filaments (∼δ). The images
at screen A therefore provide a good representation of the
transverse charge density distribution and size of the bunch
entering the source, for every event, with and without plasma.

Screen C is positioned ∼3.5 m downstream of the plasma
exit. Thus, narrow features of the bunch (i.e., filaments)
leaving the plasma with large divergence may not be as
clearly recognizable on time-resolved images as on time-
integrated ones at screen B. We measure the bunch duration
σt = (163 ± 3) ps as the rms of the longitudinal projection
of time-resolved images with no gas in the source [black
dashed line on Fig. 1(c)]. Therefore, σz = σt c � δ and nb0 =
1.3 × 1012 cm−3 < 10−2 npe at the plasma entrance for all
measurements presented here.

III. EXPERIMENTAL RESULTS

Figures 2(a)–2(d) show four, single-event, time-integrated
images of the p+ bunch at the screen close to the plasma
exit (screen B, Fig. 1) after propagation in plasma with npe =
9.38 × 1014 cm−3, and thus σr0/δ = 2.9. All images show
clear evidence of filaments within a radius in the bunch r ∼
0.5 mm < σr = 0.79 mm, while the overall Gaussian dis-
tribution of the bunch is maintained, as indicated by the
horizontal lineouts (black lines, lineouts chosen along the
dashed gray lines to evidence the presence of filaments). This
indicates that beyond a given radius of the bunch, the charge
density and growth rate are not large enough for filamentation
to develop over 10 m of plasma. The rms size of a typi-
cal filament, such as the one indicated by the red arrow in
Fig. 2(a), is ∼0.12 mm, and the distance between neighboring
filaments as those indicated by the red bracket is ∼0.27 mm.
These values are commensurate with δ = 0.17 mm, as ex-
pected from filamentation (OTSI or CFI) [28]. The spaces
between filaments correspond to regions where plasma return
current flows [12]. A hollow ring of bunch charge centered
on a filament is, for example, clearly visible in Fig. 2(c)
(indicated by the red arrow).

Because the transverse component of the instability grows
from nonuniformities in the transverse distribution of the
bunch and return current densities (k = k⊥), the location,
shape, and number of the filaments change from event to
event with no recognizable pattern in the incoming distribu-
tion [monitored with screen A; images not shown, but similar
to Fig. 1(a)]. The instability took place on all 64 events of
the dataset, as evidenced by clear signs of filaments on every
image (see Supplemental Material [39]).

Figure 3 shows the time-resolved image of the entire p+
bunch (traveling from left to right), obtained at screen C,
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FIG. 2. Transverse, time-integrated, single-event images of the p+ bunch after propagation in plasma at screen B (see Fig. 1) with npe =
9.38 × 1014 cm−3 and σr0/δ = 2.9. Black lines: Lineouts along the corresponding dashed gray lines. Color map and lineouts chosen to enhance
the visibility of the filaments (�2 nC/mm2).

corresponding to the event of Fig. 2(b). For t < 0.2 ns (i.e.,
over most of the bunch duration), the transverse distribution
(dashed black line shows the transverse projection around the
gray dashed line, for −0.1 < t < −0.06 ns) remains essen-
tially Gaussian as in the case with no plasma [dashed red line
shows the transverse projection of Fig. 1(c) around the same
time along the bunch], with no sign of occurrence of SMI or
OTSI (filaments). In the case of SMI, the transverse distribu-
tion would widen along the bunch, forming a halo around the
microbunch train [9,40]. This absence of SMI is confirmed by
Fourier analysis of the longitudinal bunch density distribution
(see below) and is in agreement with previous results that
we reported in [9], showing that when increasing the size of
the σr0 ∼ 0.2 mm bunch, which always experiences SMI, to
σr0 ∼ 0.5 mm (as in this experiment) while keeping npe con-
stant, SMI no longer develops. This occurs because increasing
σr0 decreases the bunch density (∝σ−2

r0 ), and therefore also
decreases the amplitude of the initial wakefields from which
SMI can grow. The resulting focusing force from noise wake-
fields becomes too small to overcome the natural divergence
of the bunch due to its emittance.

Even though filaments strongly diverge before reaching
screen C (their relative size becomes much larger than at
screen B, as seen on time-integrated images at screen C; see

FIG. 3. The ns-scale, time-resolved, single-event image at screen
C (see Fig. 1) for the event (b) of Fig. 2. npe = 9.38 × 1014 cm−3,
σr0/δ = 2.9. Front of the bunch at t < 0. Black dashed and contin-
uous lines: transverse projection for −0.1 < t < −0.06 ns (front of
the bunch, along the dashed gray line) and 0.24 < t < 0.28 ns (back
of the bunch, along the continuous gray line), respectively. Red lines:
Transverse projections of Fig. 1(c), for the same t along the bunch.

Supplemental Material [39]), the transverse distribution in the
back of the bunch (continuous black line shows the trans-
verse projection along the gray continuous line, for 0.24 <

t < 0.28 ns) shows evidence of splitting of the distribution
within that time slice, consistent with the formation of two
filaments in the back of the bunch. For comparison, we show a
projection for the case with no plasma [Fig. 1(c)] for the same
time slice (continuous red line). This late occurrence along the
bunch is consistent with the only partial density modulation
observed on time-integrated images and on their transverse
distributions (Fig. 2).

We note here that time-resolved images show a less clear
evidence of filamentation than the time-integrated ones (see
Supplemental Material [39] for the entire dataset). This is
because the streak camera only captures a transverse slice
of the p+ bunch (similar to a smeared-out version of the
lineouts shown in Fig. 2) and because the optical system has a
limited spatial resolution O(200 μm). To obtain the best time
resolution, we choose a 80-μm-wide slice through the center
of the bunch. Thus, filaments can only be observed when they
form within the direction of the slice.

This observation provides an indication of the spatiotem-
poral nature of filamentation of a bunch with finite duration,
as observed in simulations [33,35,36] and shown in theory
[12,14,15], but not in previous experiments with a short elec-
tron bunch [28]. It is also consistent with the reduced growth
of a finite-length, diverging bunch with respect to that of a
uniform, infinitely long, collimated beam [32,33]. We there-
fore observe the result of the early stage of OTSI.

As discussed in [9], decreasing npe, while keeping σr0

constant, increases the amplitude of the initial wakefields be-
cause the fraction of the p+ bunch charge contained within δ

increases. Moreover, when σr0/δ approaches unity, the plasma
return current starts flowing outside of the bunch, favoring
focusing into a single “filament” [30] and (in the case of a
long bunch, i.e., σz/δ > 1) the development of SMI over that
of filamentation. In this experiment, we consistently observe
the occurrence of filamentation (transverse modulation with
no longitudinal modulation) also on all events with plasma
densities npe = 7.37 and 5.82 × 1014 cm−3, corresponding to
σr0/δ = 2.5 and 2.3.

When decreasing npe further to 2.25 × 1014 cm−3, thus
σr0/δ to 1.5, features on time-integrated images obtained
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FIG. 4. (a), (c) Transverse, time-integrated, single-event images
of the p+ bunch at screen B (see Fig. 1) after propagation in plasma
with npe = 2.25 × 1014 cm−3, σr0/δ = 1.5. Black lines: Lineout
along the corresponding dashed gray lines. (b), (d) The ps-scale,
time-resolved, single-event images at screen C, corresponding to
(a) and (c), respectively. Black lines: On-axis longitudinal distribu-
tions obtained by summing counts over −0.217 � y � 0.217 mm.
(e) Average power spectra from DFT of on-axis distributions of
single-event images [as in (b) and (d)]. Average amplitude of the
distributions subtracted to remove the peak at f = 0. Red line: Av-
erage of the power spectra of 20 events showing a single “filament”
on screen B [e.g., (a)]. Black line: Average of the power spectra of
23 events showing multiple filaments on screen B [e.g., (c)]. Shaded
areas show the extent of the rms variations over the events.

at screen B alternate between events with one, on-axis
“filament” [Fig. 4(a)] and events with multiple filaments
[Fig. 4(c)]. For 43 consecutive events collected at this den-
sity, 20 show one on-axis “filament” and 23 show multiple
filaments, indicating an almost even alternation.

When only one filament occurs, time-resolved images at
screen C [e.g., Fig. 4(b), ps scale] show a microbunch train
(i.e., longitudinal modulation of the density all along the
bunch), and the on-axis longitudinal distributions [black line
in Fig. 4(b)] exhibit a periodic modulation, indicating that
SMI has taken place. The average of the power spectra ob-
tained from discrete Fourier transform (DFT) analysis of
the longitudinal distributions of single-event images, for the
20 cases when the time-integrated images show only one
filament, is shown in Fig. 4(e) (red line, the shaded area
represents the rms variation). The spectrum has a clear peak
at fmod = 135 ± 1 GHz (the uncertainty is the standard devi-
ation of the measured values), in agreement with the value of
the plasma electron frequency fpe = ωpe/2π = 135 ± 5 GHz
(the error corresponds to the uncertainty on the interferometric
measurement [38]), as typical of SMI [7]. This is consistent
with the transverse distribution of Fig. 4(a) (black line shows
the lineout along the dashed gray line) showing a bright core
and wide halo, corresponding to the microbunch train and to
the defocused protons, respectively [8].

Conversely, the average power spectrum of the images for
the 23 events with multiple filaments [black line in Fig. 4(e)]
does not have any peak above the noise level, consistent with

the distribution of Fig. 4(d) showing no particular periodicity,
i.e., no detectable occurrence of longitudinal modulation (SMI
or OTSI) along the core of the bunch. In this case, filaments
occur within a radius of the bunch r ∼ 0.25 mm, smaller than
in the higher npe and smaller δ case (Fig. 2). The transverse
modulation also appears less deep than at higher densities.

These results indicate that the parameters of the experiment
are such that over the 10-m-long plasma, filamentation grows
to an observable level, only late along the bunch (Fig. 3),
when σr0/δ > 1.5, and no periodic modulation develops, as
shown with SMI in [9]. When σr0/δ = 1.5, we observe mul-
tiple filaments only when SMI does not develop [Figs. 4(c)
and 4(d)]. When it occurs, SMI grows to a significant level
over most of the bunch (starting from its front) [9,40] and
thus dominates over the possible filamentation. Indeed, the
formation of a fully modulated bunch train is an indication
that SMI reached (or is close to) saturation all along the bunch,
whereas OTSI has barely grown (in contrast, for example,
to what was observed in [28]). When filamentation occurs,
it develops only late along the bunch and we observe that it
splits the bunch charge among short filaments, but we detect
no longitudinal component of modulation. Since neither the
initial perturbation (e.g., noise) that the instabilities grow from
nor their growth rate are measured, only their combination
(exponentiation of the initial level), we can only conclude that
in our experiments, this combination is much smaller for OTSI
than for SMI. We also expect the divergence of the beam at
the plasma entrance to generally decrease the growth of the
instabilities that could develop (SMI and OTSI) [9,32].

The fact that we do not observe longitudinal modulation
in the conditions where filamentation occurs (see Figs. 3,
4 and Ref. [9]) indicates that the effect of the longitudinal
component (k‖) of OTSI is much smaller than the effect of the
transverse component (k⊥), possibly also in agreement with
the early stage of the instability. We also note that longitudinal
components of OTSI recorded in, e.g., two filaments on the
time-resolved images would have the same frequency but
likely different relative phases, which would lower the am-
plitude of the corresponding peak in the DFT average power
spectrum, making detection more difficult. We therefore cal-
culate the amplitude of the magnetic fields generated by OTSI
as only due to the filamentation we observe.

When filamentation grows, the total net current and
magnetic field remain zero on average, but the formation
and pinching of the filaments with higher current density
than that of the bunch without filaments, and the expulsion
of the return current, generate a net local magnetic field.
Since, at the early stage of filamentation, the overall Gaussian
transverse distribution of the bunch is preserved, we use the
time-integrated images from screen B [e.g., Figs. 2(a)–2(d)]
to estimate the magnetic field generated by the bunch-plasma
interaction. We generate the distribution of the return
current as the complementary of the bunch current density
two-dimensional distribution with respect to the underlying
smooth bunch distribution, so that the total current is zero. The
smooth distribution is obtained by applying a median filter
of size (0.38 mm)2, larger than the transverse size of
the filaments for all cases in these measurements, to the
time-integrated images of the bunch after propagation in
plasma. We use this smoothed distribution and not the
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FIG. 5. Magnitude of the transverse magnetic field calculated
from the images in Figs. 2(a)–2(d). npe = 9.38 × 1014 cm−3 and
σr0/δ = 2.9.

plasma off one because of the global focusing that the bunch
experiences along the plasma [41]. We then use Ampère’s law
to calculate the amplitude of the transverse magnetic field due
to filamentation as the sum of the fields generated by the two
current densities. To calculate the current density in each pixel
of the images, we use the bunch charge density (see Figs. 2
and 4) divided by the bunch duration σt (even though filaments
appear only late along the bunch). This procedure allows us to
obtain a rough estimate of the magnetic field averaged over the
bunch duration.

Figures 5(a)–5(d) show maps of the magnitude of the
magnetic field calculated from Figs. 2(a)–2(d). The magnetic
field is maximum positive (convention) at the locations of
the bunch filaments (red areas), changes sign around them
(blue areas), and vanishes on average outside of the bunch
because, by construction, the plasma return current globally
shields the magnetic field of the bunch, but does not shield it
locally, i.e., at the scale of the size of the filaments (∼δ). The
magnetic field at the center of the filaments is not zero because
of the fact that the filaments are not perfectly axisymmetric
and they are surrounded by other nonaxisymmetric filaments
and because of the finite resolution of the diagnostics. The
amplitude of the magnetic field reaches ∼4 mT. We note that
this field amplitude is sufficient to bend the trajectory of a
400 GeV/c proton by δ over the plasma length to form fila-
ments. We also note that the maximum transverse magnetic
field generated by the low-current (∼50 A) bunch at the peak
of its density [t = 0, Fig. 1(c)] is ∼30 mT. Therefore, even
these late filaments generate fields with magnitude compara-
ble to that of the incoming bunch in vacuum.

We calculate the amount of magnetic energy within the
bunch as E = ∫

dV < B2 > /2μ0, where V = (2π )3/2σ 2
r cσt

is the bunch volume with σr the transverse size at screen B.
Figure 6(a) shows that the average magnetic energy (black
symbols) increases with npe and reaches ∼0.13 μJ for npe =
9.38 × 1014 cm−3. The error bars, representing the rms vari-
ation over the >20 events at each density, are relatively

FIG. 6. (a) Magnetic energy within the bunch volume as a func-
tion of npe. Black symbols: Average of consecutive images; error bars
show the rms variation over the events in each dataset. Dashed line:
Result of the fit with function ∝ exp(n1/3

pe ) to the cases where filamen-
tation occurs. Red symbols: Minimum value for each value of npe.
(b) Average number of filaments within transverse, time-integrated
images at screen B; error bars show the rms variation over the events
in each dataset. For npe = 2.25 × 1014 cm−3, only events showing
multiple filaments (see Fig. 4) are considered.

wide. This is consistent with the instability nature of the
process, producing different numbers of filaments with dif-
ferent current densities and distributions for every event (see
Supplemental Material [39]). Since filaments are produced
for every event, the minimum energy (red symbols) at each
density also increases with npe.

The increase of the magnetic energy with npe is due to the
increase of the maximum amplitude of the magnetic field.
The dashed line in Fig. 6(a) shows the result of a fit to the
experimental data where filamentation occurs with a function
∝ B2(z) ∝ exp(2�z/c) ∝ exp(n1/3

pe ). The result of the fit
shows a fairly good agreement with the data, and it is consis-
tent with the (slow) increase of the magnetic field and energy
with plasma electron density. The increase in magnetic energy
is also due to the increase in the number of filaments develop-
ing within the bunch [Fig. 6(b)]. This is consistent with the
radius over which filaments are observed in time-integrated
images [r ∼ 0.5 mm in Fig. 2 and r ∼ 0.25 mm in Fig. 4(c)],
and with the transverse modulation depth.

The small (compared to the total kinetic energy of the
bunch, ∼17 kJ) amount of magnetic energy shown in Fig. 6(a)
is consistent with the late development of the instability along
the bunch (Fig. 3), with the short length of the interaction
and with the low current and current density of the incoming
bunch. Along the earlier part of the bunch, the two currents
compensate for each other, and both the amplitude of the
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magnetic field and the corresponding magnetic energy are
close to zero.

IV. CONCLUSIONS

The experimental results presented here show that a long,
underdense, relativistic p+ bunch propagating in plasma un-
dergoes the oblique instability when its transverse size σr0 is
larger than ∼1.5 plasma skin depth. This is evidenced by the
formation of higher-current-density filaments, transversely
modulating the bunch density and current density. This can
be compared to previous experimental results where the mea-
sured threshold for CFI was σr0 ∼ 2.2 plasma skin depth [28].
They both confirm the expectation of filamentation to develop
when σr0/δ > 1. We also observe the spatiotemporal nature
of OTSI, manifesting itself through its development only late
along the bunch in this case. Conversely, and most importantly
for future plasma wakefield accelerators, filamentation does
not occur when the transverse size is smaller than the plasma
skin depth. Instead, and as measured before, the long p+
bunch undergoes SMI. At threshold and with the parameters
of this experiment, the bunch-plasma system alternates be-
tween the two instabilities. Our analysis of the results also
suggests that filamentation generates magnetic fields in the
system, and that the amount of energy converted into magnetic

energy increases when increasing the plasma electron density.
If the current filamentation or oblique instability of charged
particle streams occurred in the universe, they would thus
generate the initial magnetic fields that may then be amplified
by dynamo processes [42].
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