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AWAKE: summary of runs 1 and 2 a-b,   2014-2025

Toshi TajimaJohn DawsonA
B

A B

2nd gen Rb plasma source 
 AWAKE 2023-25

plasma wakefield probing w/ crossing electron bunch 
～ GV/m

proton micro-bunch synchronisation w/ seeding laser pulse or electron bunch  

effect of density step/gradient on wakefield (in progress) 

self-modulation (micro-bunching) of proton beam in dense plasmas 
～ 0.1 m  to  ～ 1 mm
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AWAKE:  runs 2c and 2d,   > 2027 (in preparation)* 

Toshi TajimaJohn Dawson

Beam quality
… new 150 MeV electron injector
… on-axis injection on SM proton beam

A
B

A - self-modulation plasma

C

B - e-bunch on-axis injection 

C - acceleration plasma 10m (Run 2C) to 100 m (Run 2D) 

Energy scalability
… use of length scalable plasma sources
… HPS plasma source
… DPS plasma source
     … first readiness tests successful (April 2023)
 

Acceleration efficiency
… SM plasma section with density step
… preservation of  WF amplitude
… fine control of plasma density
… compact electron injection 

* AWAKE status report  (November 2024)
https://cds.cern.ch/record/2917426/files/SPSC-SR-356.pdf

https://cds.cern.ch/record/2917426/files/SPSC-SR-356.pdf
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Theoretical and computational contributions to AWAKE

Proton driver stability in plasma Long term plasma dynamics

Identified conditions leading to stable 
acceleration over long propagation 

distancescondition can be fulfilled when the SMI seed is larger than
for HI; i.e., the initial focusing force that seeds hosing
(hW⊥;HIi) needs to be smaller than that seeding self-
modulation (hW⊥;SMIi). This is the same as having the
seed for xw being smaller than the seed for δnp=n0. Among
several SMI seeding mechanisms [21–23] we consider
seeding by bunches with short rise times [24] for which
hW⊥;SMIi ∝ k2βkprb0. Beam tilts that seed hosing lead to
hW⊥;HIi ¼ k2βkpσzδHI. Hence hW⊥;SMIi=hW⊥;HIi ≳ 1 holds
as long as δHI ≲ rb=σz (xc0 ¼ δHIξ), consistent with
Ref. [23]. Stable propagation then occurs for all beamlets
whose centroid initially resides within the bunch radius, at
the bunch front.
A set of 3D PIC simulations was performed with the

numerical code OSIRIS [14]. See the Supplemental
Material [25] for the simulation parameters. Figure 2(a)
illustrates the transition between the linear stage of hosing
to a nonlinear coupling between the SMI and the HI. In this
case, even with a very small seed for the HI
(kpδHI ¼ 0.001) and essentially no SMI seeding, the HI
strongly breaks up the bunch density after a short propa-
gation distance (kβz ¼ 3.5) and before the SMI can grow.
Figure 2(b) shows results from the half bunch. Even with an
initial HI seed 10 times larger than in the case of Fig. 2(a)
(kpδHI ¼ 0.01), the bunch is free of the HI. The beam
becomes fully self-modulated and then stably propagates
over a longer distance into the plasma (kβz ¼ 6.2). In this
case, existing hosing theory for flat bunches significantly
overestimates jxcj [26].
Figures 3(a)–3(b) show that hosing suppression also

occurs for flattop bunches with different initial tilts and
with nb=n0 ¼ 0.01 so long as the wake is still in the linear
regime after saturation. Figure 3(a) shows results from a
simulation in which the tilt was small enough so that
centroid variation across the entire beam was less than the
initial spot size, i.e., where xc0 ¼ δHIσz ¼ 0.6rb < rb. In
this case all the self-modulated beamlets propagate stably.
The y direction focusing force (Wy ¼ Ey − Bz) increases
along the bunch, resulting in betatron frequency detuning
among self-modulated beamlets, which leads to HI

suppression and which is consistent with Eqs. (3) and
(4). The simulation results from Fig. 1(b) correspond to on-
axis lineouts from Fig. 3(a). In Fig. 3(b), results for a beam
with a larger tilt are shown. In this case xc0 ¼ δHIσz ¼
3rb > rb and only beamlets satisfying ξ≲ rb=δHI
(xc0 < rb) propagate stably (i.e., those with kpξ≳ 30), in
agreement with analytical scalings. Also in agreement with
theory, additional simulations (not shown) also confirm
these conclusions for positron bunches.
Figures 3(c)–3(d) illustrate the breakup of the same

bunches as used in Figs. 3(a)–3(b), but with nb=n0 ¼ 0.5
such that the wakefields driven by the SMI eventually reach
the nonlinear blowout regime. As the bunch self-modulates,
the amplitude of the plasma focusing force becomes
constant throughout the entire bunch train and the ampli-
tude is the same for each bunch [solid and dashed lines in
Fig. 3(c)]. As discussed earlier this prevents the suppres-
sion of the HI and the beam is seen to eventually break apart
due to resonant HI growth [Fig. 3(d)]. Other wakefield
saturation mechanisms (e.g., due to fine scale mixing of
electron trajectories [27]) could also lead to HI growth.
In conclusion, we have shown that the hosing instability

of long particle beams can be suppressed and stabilized if the
beam first becomes fully self-modulated and the resulting
wake and density perturbations remain in the linear regime.
This requires that the seed for the SMI is larger than for the
HI. Fully self-consistent PIC simulations show that for long
particle beams with sharp rise times the beam can propagate
for long distances exciting a wakefield that could be used to
accelerate externally injected particles. This suppression
mechanism is analogous to Balakin-Novokharsky-Smirnov
damping in conventional linear accelerators. These results
should also apply to a train of laser pulses [28] and this will
be addressed in future work.

This work was supported by FCT (Portugal), Grant
No. EXPL/FIS-PLA/0834/1012, by the European Research
Council (ERC-2010-AdG Grant No. 267841), and by DOE
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FIG. 2 (color online). OSIRIS simulation results: Bunch density
isosurfaces (color-yellow and green; black and white-lighter and
darker gray). Projections show electron bunch (color-blue, black
andwhite-darkergray) andplasmadensity (lightergray). (a)Bunch
with smooth temporal profile. (b) Bunch with sharp-rise long-fall
current profile for SMI seeding. The dashed lines show HI
theoretical predictions for non-self-modulated bunches.

(a)

(b)

(c)

(d)

FIG. 3 (color online). OSIRIS simulation results of the propa-
gation of the long electron bunch (color-blue red, black and
white-darker gray) in a plasma (lighter gray) in the linear [(a) and
(b)] and nonlinear [(c) and (d)] wakefield regime. The shape of
the initial bunch profile is shown by the short dashed lines. The
initial bunch radius rb0 is also indicated. Plasma focusing force
Ey − Bz (solid lines) and envelope of Ey − Bz (long dashed lines)
are also illustrated.
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the experiment is shown in Fig. 1. AWAKE uses a bunch
of 400GeV protons from the Super Proton Synchrotron
(SPS) to drive wakefields over 10m of plasma. The
bunch contains Np+ =(0.7-3)⇥1011 protons, is trans-

versely focused to an rms size of �x0,y0 ⇡ (160± 4)µm
near the plasma entrance, and has an rms duration of
�⇠ ⇡ (170 ± 2) ps. The bunch is much longer than
⌧pe = 2⇡/!pe

⇠=(10-3) ps (npe
⇠= (1 � 10) ⇥ 1014 cm�3,

typical of these experiments) and undergoes the self-
modulation instability (SMI) over the first few meters
of plasma [27–29]. The SMI results in the formation of a
periodic microbunch train with a spacing of ⇡ ⌧pe. This
train drives wakefields resonantly along the bunch and
plasma, producing large amplitude wakefields.

FIG. 1. Schematic of the experimental setup.

The plasma is provided by a pulsed DC discharge
source [30, 31] and is either made of helium (4He), ar-
gon (40Ar) or xenon (131Xe [32]) (mAr

⇠= 10 ⇥mHe and
mXe

⇠= 3 ⇥ mAr). The discharge source has 0.2mm
aluminum windows at its entrance (and exit) that ex-
clude the option of seeding with a relativistic ionization
front [27, 33] or with a low-energy electron bunch [34].
Therefore, in these experiments, self-modulation grows
from noise as an instability.

Gases are only partially and at most singly ionized [31].
The plasma density is adjusted by changing the gas
pressure (8 to 45Pa), the peak discharge current (300
to 600A, pulse duration ⇡ 25µs), and the timing be-
tween the discharge and the arrival time of the proton
bunch, so that similar plasma densities can be reached
with di↵erent gases. Reachable plasma density ranges
are npe=(0.1-4.8)⇥1014 cm�3 with helium, npe=(0.1-
10)⇥1014 cm�3 with argon, and npe=(1-17)⇥1014 cm�3

with xenon. Plasma densities are measured either by
longitudinal, double-pass interferometry (prior to the ex-
periment) or by measuring the modulation frequency of
the microbunch trains resulting from SMI [27, 31, 35],
and are averages over the plasma length [36].

At a distance of 3.5m downstream of the plasma exit,
protons traverse a screen (150µm thick SiO2, aluminum
coated) and emit transition radiation (Fig. 1). Wave-
lengths in the (450±25) nm range are imaged onto the en-
trance slit of a streak camera, that provides time-resolved
images of the bunch density distribution in a�y =80µm-
wide slice around its axis [37].

Figure 2a shows the time-resolved measured proton

FIG. 2. Single bunch measurements of the time-resolved
proton bunch density np+(x, ⇠) with Np+=(2.8±0.1)⇥1011

measured 3.5m downstream of the plasma exit without
plasma (a) and with 10m of npe=(4.8±0.2)⇥1014 cm�3 xenon
(b), argon (c) and helium (d) plasmas. Red lines show

the vertical sum. The longitudinal bunch center is at ⇠ = 0.
Bunches propagate to the right as indicated by the arrow on
the top right. Color-scale saturated to highlight the bunch
tail. Identical streak camera settings used for all measure-
ments.

bunch density np+(x, ⇠) with Np+=(2.8±0.1)⇥1011 after
propagation in vacuum (no plasma). The distribution
is approximately bi-Gaussian with a transverse rms size
of �x,y,SC = 625µm (� �y). Figure 2 shows the den-
sity after propagating in xenon (b) and argon (c) plas-
mas with npe=(4.8±0.2)⇥1014 cm�3, the highest density
reachable with helium. These show typical features of
successful SMI [27, 28]: observable microbunch struc-
ture when using shorter time-windows (73 ps, Supple-
mental Material) [27]; decrease of the transverse bunch
size (visible from the front of the bunch to ⇠ ' 250 ps),
caused by adiabatic focusing of the bunch in plasma [38];
signal decrease (visible for ⇠ . 200 ps, when compared
to the no-plasma case on Fig. 2a), caused by the in-
crease of proton divergence along the bunch [39]. The
divergence increases because the transverse wakefield am-
plitude increases due to resonant wakefield excitation.
Protons with larger transverse momentum diverge more
during vacuum propagation downstream of the plasma
exit, leading to a lower bunch density measured with the
streak camera because of the e↵ect of the slit. Very little
to no signal is observed for ⇠ . -100 ps on Figs. 2b,c.

The bunch density measured with helium (Fig. 2d)
closely resembles those with argon (Fig. 2c) or xenon
(Fig. 2b) from the front of the bunch to ⇠ ⇠ �100 ps,
showing essentially the same SMI development and wake-
field growth along the bunch and plasma. Microbunches
are visible with all three plasmas on shorter time-
windows also in this case (Supplemental Material). How-
ever with helium (Fig. 2d) and for ⇠ . �100 ps, the bunch

No plasma

Xenon

Argon

Helium

Simulations

Experiments

To estimate the onset of the ion motion in self-
modulated regimes (or in regimes resonantly driven by trains
of particle bunches), we consider that the wakefield grows
secularly along the beam. In this scenario, the ion motion is
mainly driven by the plasma wakefields in the absence of
driver (i.e., through hE>i). The wakefield amplitude (Ê>) at
the back of the driver bunch with length rz, is thus
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Replacing Eq. (34) in the expression for hE>i [Eq. (22)]
yields the average resonantly driven transverse plasma wake-
field ponderomotive force. Near the axis, the onset of the ion
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A typical value for the wake produced by current PDPWFA
experiments is errE
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where nb is the proton bunch density). Thus, in an hydrogen
plasma (mi/me¼ 1836 and Z¼ 1) the ion motion becomes
important for ncrit!200c=xp ’ 30kp ’ rz. It is therefore
expected that experiments currently being prepared could be
affected by the ion motion if hydrogen plasmas are used. In

order to avoid the ion motion heavier ions are thus required.
In this example, the role of the ion motion could be sup-
pressed if Zmi/me ’ 50mproton/me, where mproton is the mass
of the proton.

We can also show that the onset of the ion motion
occurs sooner than plasma wave breaking due to the fine
scale mixing of electron trajectories. The onset of fine scale
mixing of forced plasma electron trajectories occurs after
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where Rmax is the amplitude of the electron oscillation, and
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geometrical effects leading to anharmonic plasma electron
oscillations. Including only geometrical effects leads to
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For the typical parameters mentioned above, and taking
dRmax=drr0 ’ ðnb=n0Þ, then nWB ’ 10

6
c=xp, which is also

much longer than the onset of the ion motion in an hydrogen
plasma.

In order to complement our analytical findings, we per-
formed additional 2D cylindrically symmetric simulations

FIG. 5. Simulation results showing the influence of the background plasma
ion dynamics on self-modulation of a long proton bunch. (a) Background
hydrogen plasma ion density modulations after a propagation of almost 8 m
in the plasma. The arrow indicates the proton bunch propagation direction.
(b) Corresponding proton bunch self-modulated profile showing suppression
of the self-modulation. (c) A fully self-modulated proton bunch profile in an
immobile ion plasma.

FIG. 4. Comparison between simulation results (black), generalized theoret-
ical results (red), and linear theory predictions (blue) for the on-axis back-
ground plasma ion density evolution. The plasma was excited by an external
electric field driver with profile given by Eb
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with rr¼ 0.1 c/xp and E0¼ 0.2 in (a) and E0¼ 0.3 in (b).
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To estimate the onset of the ion motion in self-
modulated regimes (or in regimes resonantly driven by trains
of particle bunches), we consider that the wakefield grows
secularly along the beam. In this scenario, the ion motion is
mainly driven by the plasma wakefields in the absence of
driver (i.e., through hE>i). The wakefield amplitude (Ê>) at
the back of the driver bunch with length rz, is thus
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Replacing Eq. (34) in the expression for hE>i [Eq. (22)]
yields the average resonantly driven transverse plasma wake-
field ponderomotive force. Near the axis, the onset of the ion
motion can then be estimated by determining the position
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A typical value for the wake produced by current PDPWFA
experiments is errEwake
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pÞ ’ 10#2 (nb/n0 ’ 10#2,

where nb is the proton bunch density). Thus, in an hydrogen
plasma (mi/me¼ 1836 and Z¼ 1) the ion motion becomes
important for ncrit!200c=xp ’ 30kp ’ rz. It is therefore
expected that experiments currently being prepared could be
affected by the ion motion if hydrogen plasmas are used. In

order to avoid the ion motion heavier ions are thus required.
In this example, the role of the ion motion could be sup-
pressed if Zmi/me ’ 50mproton/me, where mproton is the mass
of the proton.

We can also show that the onset of the ion motion
occurs sooner than plasma wave breaking due to the fine
scale mixing of electron trajectories. The onset of fine scale
mixing of forced plasma electron trajectories occurs after21
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where Rmax is the amplitude of the electron oscillation, and
T(re0) is the period of oscillation of an electron initially at
r¼ re0. Assuming typical values for Rmax ’ ðnb=n0Þrr, and
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For the typical parameters mentioned above, and taking
dRmax=drr0 ’ ðnb=n0Þ, then nWB ’ 106c=xp, which is also
much longer than the onset of the ion motion in an hydrogen
plasma.

In order to complement our analytical findings, we per-
formed additional 2D cylindrically symmetric simulations

FIG. 5. Simulation results showing the influence of the background plasma
ion dynamics on self-modulation of a long proton bunch. (a) Background
hydrogen plasma ion density modulations after a propagation of almost 8 m
in the plasma. The arrow indicates the proton bunch propagation direction.
(b) Corresponding proton bunch self-modulated profile showing suppression
of the self-modulation. (c) A fully self-modulated proton bunch profile in an
immobile ion plasma.

FIG. 4. Comparison between simulation results (black), generalized theoret-
ical results (red), and linear theory predictions (blue) for the on-axis back-
ground plasma ion density evolution. The plasma was excited by an external
electric field driver with profile given by Eb
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with rr¼ 0.1 c/xp and E0¼ 0.2 in (a) and E0¼ 0.3 in (b).
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To estimate the onset of the ion motion in self-
modulated regimes (or in regimes resonantly driven by trains
of particle bunches), we consider that the wakefield grows
secularly along the beam. In this scenario, the ion motion is
mainly driven by the plasma wakefields in the absence of
driver (i.e., through hE>i). The wakefield amplitude (Ê>) at
the back of the driver bunch with length rz, is thus
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Replacing Eq. (34) in the expression for hE>i [Eq. (22)]
yields the average resonantly driven transverse plasma wake-
field ponderomotive force. Near the axis, the onset of the ion
motion can then be estimated by determining the position
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A typical value for the wake produced by current PDPWFA
experiments is errEwake

> =ðmex2
pÞ ’ 10#2 (nb/n0 ’ 10#2,

where nb is the proton bunch density). Thus, in an hydrogen
plasma (mi/me¼ 1836 and Z¼ 1) the ion motion becomes
important for ncrit!200c=xp ’ 30kp ’ rz. It is therefore
expected that experiments currently being prepared could be
affected by the ion motion if hydrogen plasmas are used. In

order to avoid the ion motion heavier ions are thus required.
In this example, the role of the ion motion could be sup-
pressed if Zmi/me ’ 50mproton/me, where mproton is the mass
of the proton.

We can also show that the onset of the ion motion
occurs sooner than plasma wave breaking due to the fine
scale mixing of electron trajectories. The onset of fine scale
mixing of forced plasma electron trajectories occurs after21
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For the typical parameters mentioned above, and taking
dRmax=drr0 ’ ðnb=n0Þ, then nWB ’ 106c=xp, which is also
much longer than the onset of the ion motion in an hydrogen
plasma.

In order to complement our analytical findings, we per-
formed additional 2D cylindrically symmetric simulations

FIG. 5. Simulation results showing the influence of the background plasma
ion dynamics on self-modulation of a long proton bunch. (a) Background
hydrogen plasma ion density modulations after a propagation of almost 8 m
in the plasma. The arrow indicates the proton bunch propagation direction.
(b) Corresponding proton bunch self-modulated profile showing suppression
of the self-modulation. (c) A fully self-modulated proton bunch profile in an
immobile ion plasma.
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To estimate the onset of the ion motion in self-
modulated regimes (or in regimes resonantly driven by trains
of particle bunches), we consider that the wakefield grows
secularly along the beam. In this scenario, the ion motion is
mainly driven by the plasma wakefields in the absence of
driver (i.e., through hE>i). The wakefield amplitude (Ê>) at
the back of the driver bunch with length rz, is thus
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Replacing Eq. (34) in the expression for hE>i [Eq. (22)]
yields the average resonantly driven transverse plasma wake-
field ponderomotive force. Near the axis, the onset of the ion
motion can then be estimated by determining the position
(ncrit) where on-axis ion density compression reaches an
accepted value. The onset of the ion motion in the PDPWFA
becomes important when ncrit/rz ’ 1. Assuming that the
on-set for the ion motion occurs in 3D when ni ’ 2ni0 then
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A typical value for the wake produced by current PDPWFA
experiments is errEwake

> =ðmex2
pÞ ’ 10#2 (nb/n0 ’ 10#2,

where nb is the proton bunch density). Thus, in an hydrogen
plasma (mi/me¼ 1836 and Z¼ 1) the ion motion becomes
important for ncrit!200c=xp ’ 30kp ’ rz. It is therefore
expected that experiments currently being prepared could be
affected by the ion motion if hydrogen plasmas are used. In

order to avoid the ion motion heavier ions are thus required.
In this example, the role of the ion motion could be sup-
pressed if Zmi/me ’ 50mproton/me, where mproton is the mass
of the proton.

We can also show that the onset of the ion motion
occurs sooner than plasma wave breaking due to the fine
scale mixing of electron trajectories. The onset of fine scale
mixing of forced plasma electron trajectories occurs after21

nWB ¼
1

4

k2
p

Rmax

dre0

dTðr0Þ
; (36)

where Rmax is the amplitude of the electron oscillation, and
T(re0) is the period of oscillation of an electron initially at
r¼ re0. Assuming typical values for Rmax ’ ðnb=n0Þrr, and
using Eq. (6) to determine dTðre0Þ=dre0 ’ ð2pn=/2Þ
ðd/=dre0Þ ’ ð2pc=xpÞðe=mecx2

pÞðd
2Eb

r=dr2
e0Þ ’ ð2pc=xpÞ

ðnb=n0Þð1=r2
r Þ then nWB ’ ðc=xpÞðn0=nbÞ2. Hence, for nb/n0

’ 10#2, nWB ’ 10000c=xp, much longer than the onset of
the ion motion in hydrogen. In this estimate, we neglected
geometrical effects leading to anharmonic plasma electron
oscillations. Including only geometrical effects leads to21

nWB ¼
3p
xp

r2
e0

R2
max

dRmax

dre0

! "#1

: (37)

For the typical parameters mentioned above, and taking
dRmax=drr0 ’ ðnb=n0Þ, then nWB ’ 106c=xp, which is also
much longer than the onset of the ion motion in an hydrogen
plasma.

In order to complement our analytical findings, we per-
formed additional 2D cylindrically symmetric simulations

FIG. 5. Simulation results showing the influence of the background plasma
ion dynamics on self-modulation of a long proton bunch. (a) Background
hydrogen plasma ion density modulations after a propagation of almost 8 m
in the plasma. The arrow indicates the proton bunch propagation direction.
(b) Corresponding proton bunch self-modulated profile showing suppression
of the self-modulation. (c) A fully self-modulated proton bunch profile in an
immobile ion plasma.

FIG. 4. Comparison between simulation results (black), generalized theoret-
ical results (red), and linear theory predictions (blue) for the on-axis back-
ground plasma ion density evolution. The plasma was excited by an external
electric field driver with profile given by Eb

r ¼ ðmecxp=eÞE0x?exp x2
?=r

2
r

# $

with rr¼ 0.1 c/xp and E0¼ 0.2 in (a) and E0¼ 0.3 in (b).
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Plasma accelerator modelling

Most significant outcomes  

One-to-one modeling of AWAKE
Prediction of acceleration capabilities 
Identified conditions for stable propagation 
and acceleration
First simulations of long-term plasma (ion) 
dynamics
Theory and simulation support of on-going 
experiments
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Experiments and technology contributions to AWAKE

Argon

Xenon

Helium
Direct current (DC) electric Discharge Plasma Source (DPS)

… efficient  -  ignition (H Voltage)  + heating (H current) short pulses
… reduced ion motion  - high Z gases (Argon and Xenon )
… uniform plasmas - 50 us shot pulses prevent plasma instabilities

… high ionisation fractions (up to 50%) with J ～ 100 A/cm2

… 10 m single and double plasmas demonstrated
… plasma source operated in AWAKE  (March-April 2023)
     … SMI and proton micro-bunching demonstration
     … plasma ion mass effect on wakefield
     … beam filamentation using DPS at high-density

Preparation for runs 2C and 2D in progress

… reproducibility / uniformity from ～ 2.5% to ～ 0.25%
     … temp. controlled electronics, gas/vacuum and plasma tube
… plasma density matching with SM section
… very short gap electron injection

… length scalability to ～ 100 m (run 2D) using multiple plasma modules in series
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DSP future developments: towards a HEP accelerator

Plasma based accelerator applications under study:

HALHF - hybrid asymmetric linear Higgs factory1

ALIVE - … Higgs factory based on proton-driven 
                 plasma wakefield acceleration2

1  B Foster et al 2023 New J. Phys. 25 093037
2  J Farmer et al 2024 New J. Phys. 26 113011

Both projects projected to use discharge based plasmas

ALIVE** (a follow up of AWAKE technology) 
current baseline plasmas…

… Electron density ～1015 cm-3        (similar to AWAKE)

… Plasma length ～ 100 m  to  ～ km  

… Plasma ion mass ～ Ar - Kr          (similar to AWAKE)

… Repetition rate ～ 50 KHz           ( 1M  x  AWAKE)

Work in progress to study long discharge plasmas…
… high repetition rate issues (plasma does not completely recombine)
… understand scaling of power losses 
… power reduction with low(er) temperature alkali vapor DPS (Na,K,Rb) 
… power loss reduction with solenoid field 
… plasma modulation mitigation with bipolar discharge topology 


