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Particle acceleration in a quasilinear plasma wake provides access to high acceleration gradients

while avoiding self-trapping of the background electrons.

However, the plasma response to the

externally injected witness bunch leads to a variation of the focussing fields along the bunch length,
which can lead to a emittance growth. In order to investigate the impact of this emittance growth
on the overall beam quality, we develop a single figure of merit based on a potential high-energy
application for the AWAKE experiment at CERN. We show that the development of such a figure
of merit naturally gives rise to constraints on both the tunability and stability of the initial witness
bunch parameters. It is further shown that the unique physics of the quasilinear wake gives rise
to broad tolerances for the witness bunch radius at the injection point, as the plasma wakefields

self-match to the witness bunch.

I. INTRODUCTION

Wakefield acceleration in plasma has attracted con-
siderable attention [Il [2] since it was first proposed by
Tajima and Dawson in 1979 [3]. A driver, either a laser
pulse or a charged particle beam, excites a plasma wave,
which in turn is used to accelerate a trailing witness
bunch. Since plasma is used for the accelerating medium,
the acceleration gradients can be orders of magnitude
larger than those supported by conventional RF acceler-
ators.

The energy gain which can be achieved in a wake-
field accelerator depends on a number of factors. For
the laser-driven case, the accelerated witness bunch will
begin to catch up with the driver, with this dephasing
setting a maximum distance over which acceleration can
occur. For an electron driver, acceleration is limited by
the depletion of the driver energy. In both cases, these
limitations could be overcome by repeatedly re-injecting
the accelerated witness bunch into further acceleration
stages, each with a fresh driver[d]. Alternatively, acceler-
ation to high energies in a single stage could potentially
be achieved through the use of a structured driver [5, [6].
Of course, both of these options result in an increasingly
complex configuration.

The AWAKE experiment at CERN [7] instead makes
use of a high-energy proton driver, which essentially re-
moves the constraint of driver depletion [8]. However,
large acceleration gradients require high plasma densi-
ties, which in turn mean high plasma frequencies. Avail-
able proton bunches are therefore too long to effectively
drive a plasma wave, with the driver suppressing its own
wakefield. However, the transverse-two-stream instabil-
ity in plasma [9, [10] causes such long drive beams to
“self-modulate”, i.e. break into a train of microbunches
[11], which can resonantly drive a plasma wave. The
modulated proton beam excites a quasilinear wake [12],
below the threshold for wavebreaking and self-injection
[13]. This process is similar to the proposed use of
self-modulation for laser-driven acceleration [14] [I5], be-

fore the widespread availability of ultrashort, ultraintense
laser sources. The self-modulation of the proton beam
can be seeded in order to control the phase of the ac-
celerating wakefield [I6]. Further, the nonlinear evolu-
tion of the process could be exploited to avoid dephas-
ing between the driver and witness over long acceleration
lengths [17].

This quasilinear plasma wake is an attractive scheme
for plasma-based acceleration, providing high field gra-
dients while avoiding self-trapping of the background
plasma electrons. Although this regime arises natu-
rally for the modulated proton beam used in AWAKE,
this property may also be attractive for a staged laser-
wakefield accelerator in order to avoid the generation of
dark-currents [I8]. However, unlike the blowout regime in
which plasma electrons are completely expelled from the
region which the witness occupies [19], the local plasma
density in the region of the witness bunch will depend on
the plasma response to the witness bunch itself. This re-
sults in a variation in the focussing field along the witness
bunch length.

In order to avoid betatron oscillations of the witness
bunch radius, the transverse size of the witness bunch
should be matched to the focussing field which acts upon
it. For the case of a blowout, the transverse gradient of
the focussing field is constant, arising due the unshielded
ion charge. The matched radius for the ion channel can
then be calculated as:
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where €/, is the normalised emittance and v the Lorentz
factor of the witness bunch. For the quasilinear regime,
the matching condition will vary along the bunch length,
and, if the witness bunch is sufficiently dense, it may
drive its own blowout. If the bunch is short, the blowout
will form behind the witness bunch [20]. In this case,
the transverse wakefields do not vary significantly along
the bunch length, and a regime of “assisted matching”




may be accessed, in which betatron oscillations of the
witness bunch are sufficiently small that its emittance
is conserved. For a longer witness bunch, the tail may
occupy the blowout driven by the head. In this regime,
the radius of the bunch may be matched to the focussing
field provided by the ion column, allowing the emittance
to be preserved for the fraction of the beam inside the
blowout [21I]. However, betatron oscillations of the head,
which experiences a lower focussing field, can result in
emittance growth for the leading section of the witness
bunch.

This emittance growth, which varies along the length
of the witness bunch, is determined by the plasma re-
sponse to the witness bunch itself. However, varying
the initial witness bunch parameters can also impact on
the charge capture, energy gain and energy spread. In
order to investigate how the plasma response can im-
pact on the overall beam quality, we therefore develop
an applications-based figure of merit which provides a
single metric for the beam quality. We show how such a
metric naturally leads to constraints on both the tunabil-
ity and stability of the initial parameters of an externally
injected witness bunch.

We show that the unique physics of the quasilinear
regime leads to large tolerances for the witness bunch
radius at the injection point, with the focussing fields
“self-matching” to the bunch radius over a wide range of
initial bunch radii. This process promises to greatly re-
duce the technical constraints of realising such a scheme,
as the high focussing fields in plasma result in a small
matched radius.

The paper is laid out as follows. Section [[I] details the
simulation model used for these studies, along with some
initial simulations. In section [[II} these simulation re-
sults are used to motivate a single figure-of-merit for the
accelerated witness bunch, which is demonstrated for the
case of optimising the witness bunch delay for different
charges. The figure of merit is then used in section [[V]
to study the impact of the initial witness bunch radius
on the acceleration process, illustrating the self-matching
of the wakefields. Additional studies for constraints on
the focal position, duration and initial emittance, as well
as the influence of the accelerating wakefield amplitude,
are shown in section [V} before conclusions are drawn in
section [VI

II. SIMULATION CONFIGURATION

AWAKE Run 1, which gathered data between 2016 and
2018, injected the electron witness bunch off-axis relative
to the un-modulated proton beam. A self-selected por-
tion of the witness bunch was trapped and accelerated
[7]. Simulations suggest that the varying wakefield phase
prevents effective acceleration during the growth period
of the self-modulation process [22, 23], which also reduces
the charge capture. In order to better control the accel-
eration process, AWAKE Run 2 will make use of a sep-
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FIG. 1. Toy model configuration used for simulations. a) A
short, positively charged driver (violet) is trailed by an elec-
tron witness bunch (black). b) The driver excites a quasilinear
plasma density perturbation, which results in periodic c) lon-
gitunal and d) transverse fields. The plasma also responds
to the witness bunch charge, leading to generation of b) a
plasma blowout, c) loading of the longitudinal field and d) a
modification of the transverse fields.

arate self-modulation stage, with a short witness bunch
injected on-axis into a subsequent acceleration stage, to-
gether with the modulated proton beam [24426]. Simu-
lations show that the use of a plasma density step dur-
ing the self-modulation stage will result in near-constant
wakefields during the acceleration process [27] [28].

The train of driver microbunches have a periodicity
determined by the plasma response, and so their col-
lective wakes sum near coherently. The witness bunch
experiences this combined wake from the preceding mi-
crobunches. Full simulations of the microbunch train are
computationally expensive due to its length, with a sin-
gle bunch from the SPS spanning many plasma periods.
However, this overhead can be greatly reduced by ex-
ploiting the coherent response to the modulated beam
- instead of a train of microbunches, a single, higher-
density microbunch is used. The wake behind this drive
bunch mimics that generated by the full bunch train in
the second plasma cell.

This “toy model” is shown in Fig.[I] Lengths are nor-
malised to the plasma wavenumber k, = w,/c, where w,
is the plasma frequency and ¢ the vacuum speed of light.
For the baseline plasma density of ng = 7 x 10 cm ™3,



the plasma electron skin depth 1/k, = 200 pm. The
drive bunch has a length of 40 pum, 3000 times shorter
than the typical SPS bunch, greatly reducing the com-
putational overhead.

Other parameters of the drive bunch are chosen to re-
produce the wake from the full bunch train. In the exper-
iment, the use of a plasma density step in the modulation
stage will result in a plasma wake which is essentially con-
stant during the acceleration stage [28]. The toy model
therefore uses a non-evolving drive bunch with a Lorentz
factor of 426, chosen to match the 400 GeV proton beam
delivered by the SPS at CERN. In order to reproduce the
radial extent of the of the wakefield, the drive bunch ra-
dius is chosen as 200 pm to match the SPS beam. Finally,
the bunch charge is 2.34 nC, giving a peak beam density
of ny = 0.83ng. This is significantly higher than the pro-
ton beam density used in the experiment, resulting in an
unloaded wakefield amplitude of ~ 470 MV /m, equiva-
lent to the wake excitation after many microbunches.

This model is exactly that first used by Olsen et al.[2]].
Although that work was based on an early concept for
the experiment, the wakefield amplitude is close to the
value predicted in recent simulations including a plasma
density step during the self-modulation stage and a 1 m
gap between the self-modulation and acceleration stages
[26]. The impact of a higher-amplitude wakefield is con-
sidered later (see Fig. [12).

The witness bunch trails the driver and is accelerated
by the wakefield. The plasma also reacts to the wit-
ness bunch charge, which can be beneficial. Beamload-
ing is the reduction of the accelerating field caused by
the witness bunch’s own wake, as can be seen in Fig. [Tk.
This effect can be used to locally flatten the accelerating
field to reduce the final energy spread of the accelerated
bunch. The witness bunch will also experience additional
focussing as the plasma electrons move to compensate its
charge. For a sufficiently dense electron witness bunch,
this effect will saturate with the generation of a plasma
blowout, or “bubble”, as seen in Fig. [Ip, exposing the
witness bunch to the pure ion column, unshielded by
plasma electrons. This results in a focussing field which
increases linearly with transverse displacement, allowing
emittance preservation. As seen in Fig. [Id, the result-
ing perturbation to the periodic transverse fields excited
by the driver also allows the witness bunch to occupy
the region near the peak accelerating field, which corre-
sponds to the point where the unperturbed driver wake-
field would switch from focussing to defocussing. The
radius of the witness bunch can be chosen according to
Eq. , such that the emittance pressure exactly com-
pensates the focussing field in the blowout region.

Simulations were carried out using the radially sym-
metric quasistatic particle-in-cell code LCODE[29] [30],
using 100,000 equally weighted macroparticles for the
witness bunch. Figure [2] shows the evolution of the wit-
ness bunch for three different witness bunch charges. In
each case, the witness bunch has a Gaussian-ellipsoid pro-
file with a length of 60 pm, an initial energy of 150 MeV,
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FIG. 2. Evolution of an injected witness bunch for different
initial charges over 10 m acceleration. Delay in each case is
chosen to reduce the relative energy spread while maintaining
the charge capture. a) Emittance, b) energy and c) charge
capture. Shaded areas in (b) show the RMS energy spread.

and a normalised emittance of 8 pm. The initial ra-
dius is chosen as the matched value of o, = 11.5 pm.
These values differ from those used in [2I] due to the
evolution of the experimental design. Notably, the wit-
ness bunch emittance, and so the radius, is significantly
higher - in Run 2c, the witness bunch will now be injected
through the beam dump for the counterpropagating ion-
izing laser [26], which will result in stochastic scattering
of the bunch prior to injection, increasing the emittance
from the 2 pm used in [2I]. It should be noted that the
scale length for a plasma accelerator is the plasma elec-
tron skin depth, and so the results of this study remain
relevant for other configurations with a lower emittance
and a higher plasma density. For example, the scaled
length of the witness bunch is five times longer than that
used in [20] for the 1 x 10'6 em™2 working point.

As can be seen in Fig. [2h, the different initial charges
evolve in a similar way, with an initial period of emit-
tance growth before reaching a constant value. This oc-
curs because the plasma blowout takes some finite time
to develop after the start of the bunch, and so the wit-
ness bunch head is not matched to the lower focussing
fields of the quasilinear plasma wake [2I]. This causes
the radius of the front of the beam to expand and then
oscillate, until phase mixing leads to a steady-state solu-
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FIG. 3. Witness bunch parameters after 10 m acceleration
for different initial witness charges. Plots show the influence
of the initial witness bunch delay on the final a) emittance,
b) energy and c) charge capture. Shaded areas in (b) show
the RMS energy spread.

tion. The emittance growth is larger for lower charge as
the blowout takes longer to form, resulting in a smaller
fraction of the beam exposed to the focussing fields of the
ion column. For the lowest charge of 100 pC, some of the
initial charge is lost, as shown in Fig. 2. This occurs as
the blowout does not form quickly enough to compensate
the reduction in the focussing field of the driver wake near
the peak accelerating field. This charge loss is accompa-
nied by a period of decreasing emittance, as electrons
with high transverse momentum escape the simulation
domain. After this rapid evolution in the first ~ 50 cm
of propagation, the emittance remains essentially con-
stant for the rest of the 10 m acceleration length. The
energy gain, shown in Fig. 2, is essentially linear, with
some slight deviation due to dephasing between the wit-
ness and the non-evolving driver. A higher witness bunch
charge results in more beamloading, and so a lower ac-
celeration gradient [31].

Such simulations can be used as the basis for a param-
eter scan in order to identify trends and optimal param-
eters. These can also serve to identify the tolerances for
these parameters, an important consideration for the de-
velopment of an experiment. Figure [3]shows the witness
bunch parameters after 10 m of acceleration for varying
initial delay between the driver and witness bunches. Fig-
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ure |3p shows that the emittance depends only weakly on
the delay, while the energy gain and final energy spread,
shown in Fig. [3p, are strongly impacted. The latter arise
as the witness bunch must be carefully placed in order for
beamloading to flatten the accelerating field, with differ-
ent optimal delays for different bunch charges [31]. The
relative energy spread is generally lower for 200 pC than
for 100 pC, with the latter only achieving a lower energy
spread when some of the charge is lost, shown in Fig. Bk.
This is because the 200 pC beam is better able to flat-
ten the accelerating field acting upon it. Conversely, the
400 pC witness bunch overloads the wakefield, increasing
the relative energy spread. This beamloading could be
further optimised through the use of a witness bunch with
a tailored current profile [32], but such optimisations are
not a priority for AWAKE Run 2. Charge capture is only
reduced for larger delays, where the witness bunch head
can be defocussed before the formation of the blowout.

III. FIGURE OF MERIT FOR AWAKE

While parameter scans such as those in Fig. |3| are cer-
tainly informative, they do not provide a definitive mea-
sure for the beam quality. Higher witness bunch charge
leads to a lower emittance, as discussed above, but can
also result in an increase in the relative energy spread.
In some cases, a reduction in energy spread comes at the
cost of lower charge capture.

Furthermore, we expect the slice emittance to vary
along the length of the witness bunch, and so consid-
ering only the projected emittance of the entire bunch
may not give a meaningful measure of the overall beam
quality. One approach is to consider the fraction of the
witness bunch for which the transverse emittance is con-
served [21]. However, even in the beam head where the
slice emittance increases, a lower emittance could be pre-
served through beam cleaning, removing some fraction of
the charge with large betatron amplitudes.

Obviously, the relative importance of these various pa-
rameters will depend on the application. There are sev-
eral potential applications for AWAKE [26], with one po-
tential medium-term application being an electron—solid-
target experiment [33]. However, such configurations
typically make use of a centimetre-scale target [34] [35],
which does not place demanding constraints on the beam
quality. It is therefore useful to consider a longer-term
potential application, which can serve as a basis for op-
timisation. In this study, we will consider the case of
an electron—proton collider [33] [36], as it fully exploits
AWAKE’s unique position at CERN. Here, the figure of
merit is the luminosity, which is maximised by increas-
ing the total charge which can be focussed into the cross-
section of a counterpropagating proton beam, with the
latter having an expected radius on the order of 10 pm.
While emittance certainly plays an important role in how
easily the accelerated witness bunch can be focussed,
chromatic effects due to energy spread can easily domi-
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FIG. 4. Schematic for the idealised beam transport model
used in the figure of merit. An ideal focussing element is
placed 1 m after the plasma exit. The attainable charge on a
10 pm target placed 1 m from the focussing element is mea-
sured.

nate.

We therefore again propose a “toy model”, this time
for a simplified beam transport system, which will serve
as our figure of merit for the accelerated witness bunch.
The model is shown in Fig. @] The beam is focussed
by a single ideal focussing element placed 1 m after the
plasma exit. The total charge that can be focussed within
a radius 10 pm a further 1 m from the focussing element
is then measured.

For the strongly relativistic accelerated witness bunch,
space-charge effects can be ignored, and so the propaga-
tion of the beam through the toy-model focussing system
can readily be calculated on a particle-by-particle basis.
In Cartesian coordinates, the transverse position of a par-
ticle at the target location, x¢, is:
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Here z is the transverse position of the particle, p, and p,
the transverse and longitudinal momenta, all evaluated
at the plasma exit. ky is the focussing strength of the
ideal focussing element, and L = 1 m the distance from
the plasma exit to the focussing element, and from the
focussing element to the target. Performing the same
calculation for y;, the figure of merit can then be written
by summing the following inequality over all particles:

C =3 qle}+v; < R (3)

where ¢ is the particle charge and R = 10 pm is the tar-
get radius. C therefore represents the charge-on-target,
i.e. the charge which would impinge on a circular target
with a radius of 10 pm after the focussing system shown
in Fig. [

Of course, this model is far from complete - any real
beam transport system will certainly be more complex,
with a longer transport length and higher-order optical
elements to introduce corrections to the beam. However,
using a more detailed model may skew the results for the
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FIG. 5. Results from the toy model beam transport shown
in Fig. @ the charge-on-target C' as a function of the fo-
cussing strength. Each line represents a single simulation,
colour coded according to the witness bunch delay at injec-
tion. Each plot shows a different initial witness charge.

figure of merit, which would essentially lead to design-
ing the accelerator for the transport system, rather than
designing the transport system for the accelerator. The
figure of merit does not include the energy of the accel-
erated bunch, as unlike an increase in energy spread or
emittance, this can more readily be compensated, for ex-
ample by extending the length of acceleration stage. It
should also be noted that any real electron—proton col-
lider would also involve a longer acceleration stage, which
would also impact on the beam transport.

However, the great advantage of this figure of merit is
that it is application-oriented and provides a single met-
ric to characterise the accelerated beam. Although the
values for C' will be subject to change as the design pro-
gresses, trends are expected to persist, and so it provides
a basis for the optimisation of the acceleration process,
and a cost-reward basis for future design decisions. A
further benefit is that this figure of merit is not sensi-
tive to outliers in the phase-space distribution, unlike the
statistical measures used in section [[I} Outliers certainly
dominate for the 100 pC case shown in Fig. where
the emittance decreases significantly as particles leave
the simulation domain. While this can be avoided by
making use of more complex statistical techniques, this
does rely on somewhat arbitrary choices. The toy-model
transport system avoids these statistical limitations by
making use of the entire beam distribution.

This model is used in Fig. |5| to determine the charge-



100 T 0.02

75

0.015

0.01

Charge on target (pC)

0.005

Focussing strength (Ap/mcAr)

6.5 6 5.5 5
Delay (1/wp)

FIG. 6. The results of Fig. [f] can be summarised by the max-
imum attainable charge-on-target for each delay. Lines show
adaptive focussing, relevant for the case of a constant delay.
The filled curves show fixed focussing (chosen to give the max-
imum charge-on-target for the optimal delay), relevant for the
case of jitter.

on-target as a function of the focussing force applied to
the beam. Different delays are shown, with each plot
showing a different initial witness bunch charge. Of the
three charges considered, the 200-pC witness bunch de-
livers the most charge-on-target. Despite the 400 pC wit-
ness bunch having a lower emittance at the plasma exit,
as shown in Fig. [3] it delivers significantly less charge-on-
target than the 200-pC witness bunch. This is due to the
larger relative energy spread, which increases chromatic
effects in the focussing system and significantly reduces
the fraction of the charge which can be transported to the
10-pm target. Higher charge reduces the energy gain via
beamloading, and so a lower focussing field is required.
For the 400 pC case, the curves develop complex struc-
ture. In this case, a single bunch with two distinct foci
is indicative of an energy spectrum with two peaks.

Although elegant, the plots shown in Fig. [5| do not
lend themselves to comparisons between many different
parameter sets. They can be summarised by considering
the maximum achievable charge-on-target for a given de-
lay, as shown in Fig. |§| (note the x and colourbar axes
have been swapped relative to Fig. . Lines show the
result of optimising the focussing strength for each delay
in order to maximize the charge-on-target. This corre-
sponds to taking the peak of each of the lines in Fig.
Physically, this corresponds to adaptive focussing - a shift
in the delay can be partially compensated by changing
the focussing strength during the beam transport. This
therefore gives a measure for the required tunability of
the delay.

However, in an experimental setting, beam parameters
may fluctuate on a shot-to-shot basis. In this case, the
focussing optics cannot be optimised for every shot. The
filled curves in Fig. [f] illustrate the impact varying the
delay for fixed focussing, i.e. taking the value of each
line in Fig. [5] at the position of the global peak. These
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FIG. 7. a) The fraction of charge-on-target, C, for different
initial witness bunch radii. In each case, the delay is chosen as
the optimal for ro/0jc = 1. As in Fig. @ lines show adaptive
focussing, filled curves show fixed focussing.

filled curves therefore illustrate the impact of jitter in the
bunch delay, and so give a measure of the of the required
stability of the delay.

As can be seen, the acceleration scheme is much more
robust to a constant offset from the ideal delay than it
is to jitter. This plot therefore allows the tolerances for
both tunability and stability to be gauged, and can read-
ily be applied to other parameters. For the 100 pC case,
the full-width for adaptive focussing at 80% of the peak
achievable charge-on-target is ~ 0.21/w,, corresponding
to a required tunability (half-width) of £70 fs. For the
case of fixed-focussing, the full-width is ~ 0.13/w,, corre-
sponding to a required stability (half-width) of +45fs.

This metric is also robust against numerical fluctu-
ations introduced via simulation methods. The data
points used to create the parameter scans in Figs. [3] [
and [6] show the result of single simulations. Although
the random-number generator used to create the particle
bunch introduces some degree of stochastic behaviour,
repeat runs show that the fluctuation of the charge-on-
target is < 1 pC for the 100 pC witness bunch, and so
taking average values over multiple simulation runs was
not considered necessary.

IV. SELF-MATCHING OF THE PLASMA
WAKEFIELDS TO THE WITNESS BUNCH

Having discussed the need for a figure of merit and
demonstrated its utility for parameter scans, we may now
use it to investigate the tolerances for experimental pa-
rameters of interest.

First among these is transverse size of the witness
bunch. For the AWAKE experiment, achieving the
matched radius for the ion channel is challenging [37] due
to the constraints of the electron beamline. For a laser-
driven wakefield accelerator, higher plasma densities are
typically used, and so achieving the matched radius may
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focal position corresponding to the focus placed before the
plasma entrance.

be even more challenging. Figure [7] shows the influence
of varying the initial witness bunch radius relative to the
ion-channel matched value for different witness charges.
The delay relative to the witness bunch is fixed according
to the results of Fig. [6] as the longitudinal field depends
predominantly on the witness bunch current, rather than
charge density. It is immediately apparent that the toler-
ances are very large, with the charge-on-target decreasing
by only a few percent if the radius is doubled.

This broad tolerance is due to the plasma response to
the witness bunch. The focussing fields increase along
the length of the witness bunch [31], and so the matched
radius for the head will be larger than that for the tail.
Increasing the witness bunch radius therefore results in
better matching of the head. However, this increase in
the bunch radius will reduce the charge density, causing
the focussing fields due to the plasma response to in-
crease more slowly along the bunch length. In this way,
a larger-radius witness bunch experiences a lower aver-
age focussing field, which in turn increases the optimal
radius. It is this “self-matching” of the plasma wake-
field to the bunch radius which gives rise to these broad
tolerances.

This is borne out by the fact that the optimal radius
for the 100 pC case is larger than the matched radius for
the ion channel. Since the charge density is lower, the
blowout takes longer to form, and less of the bunch will
sit in the blowout region.

This behaviour is unique to injection into a quasilinear
wake - for acceleration in a blowout, the entire witness
bunch feels the focussing fields of the ion channel and the
matched radius is essentially independent of the witness
bunch radius.
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FIG. 9. Influence of the duration of a 100-pC witness bunch
on the achievable charge-on-target and timing tolerances. The
bunch radius is chosen as the matched radius for the ion col-
umn.
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FIG. 10. Influence of the duration of a 100-pC witness bunch
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V. ADDITIONAL WITNESS BUNCH
TOLERANCE STUDIES

A closely related parameter of interest is the focal po-
sition of the witness bunch relative to the plasma en-
trance, shown in Fig.[8| Although the tolerances here are
also large, it is notable that shifting the focus decreases
the charge-on-target more rapidly than the equivalent
increase in the beam radius if the focus is kept at the
plasma entrance. It is also interesting to note that the
increase in charge-on-target achieved by increasing the
radius for the 100 pC case is not replicated by shifting
the focus.

Simulations carried out for varying witness bunch du-
ration show that this has only a weak influence on the
achievable charge-on-target, as seen in Fig. [J] for a bunch
charge of 100 pC and a radius matched to the ion column.
When keeping the bunch charge constant, the blowout
forms more rapidly for a shorter bunch, but the fraction
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emittances. The delay for each case is chosen as the optimal
for ro/0ic = 1.

of the bunch within the blowout, and so the transverse
matching, is not strongly affected. A shorter witness does
give a low energy spread over a wider range of delays, as
seen from the wide tuning tolerance for the 20 pm dura-
tion. However, this narrow energy spread also increases
the sensitivity to timing jitter, as the fraction of parti-
cles with a given energy drops more rapidly as the mean
energy shifts away.

As discussed in section [[I} for the planned AWAKE
Run 2 configuration, the witness bunch emittance at in-
jection is dominated by scattering as it passes through
the laser beam dump. Alternative designs could reduce,
or indeed increase, this contribution. Figure shows
the influence of varying both the charge and initial emit-
tance of the witness bunch. For larger emittances, the
optimal radius is increased relative to the ion-channel
matched value, as the reduction in the witness charge
density results in less of the beam sitting in the blowout
region. Although self-matching of the wakefields results
in a broad tolerance for the initial radius in all cases, the
absolute beam quality is higher for a lower initial emit-
tance. This is because self-matching allows the initial
emittance to be conserved, and so a smaller initial emit-
tance results in a smaller final emittance, which is more
easily focussed onto the target.

From a design perspective, it should be noted that al-
though the acceleration process is only weakly influenced
by the witness bunch radius at the injection point, any
variation will also change the bunch radius at the point
where it passes through the laser beam dump, changing
the contribution due to scattering. This in turn will fur-
ther modify the bunch radius at the injection point, as
well as the emittance and the focal position. A combined
treatment of these effects has been carried out during the
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FIG. 12. As Fig.[7 but with double the charge in the drive
beam.

beamline design using numerical optimizers [37].

The optimal parameters for the witness bunch will also
depend on the wakefield excited by the drive beam. Fig-
ure [12| shows the result of scanning the witness bunch ra-
dius at the plasma entrance when the charge of the drive
beam is increased by a factor two, giving a peak wake-
field of ~ 950 MeV /m (slightly more than double due to
increasing nonlinearity). This is similar to the wakefields
achievable if the gap between the self-modulation and
acceleration stages can be avoided [20] 2§]. In this case,
the 400 pC beam gives best results. Again, these results
are dominated by the energy spread, with the higher-
charge witness bunch better suited to load the higher-
amplitude wakefields. Note that the required focussing
strength is higher, due to the increased energy gain. The
fraction of the initial beam achievable on target is also
higher, likely as the stronger wakefield reduces the ex-
pansion of the witness bunch head prior to the formation
of the blowout, combined with the faster blowout forma-
tion for higher charge. The tolerances for the witness
timing (not shown) are similar to those observed for the
lower-amplitude wakefield.

One parameter not considered in this work is the trans-
verse alignment of the witness bunch relative to the wake-
field axis. Such studies would require the use of fully-
3D PIC simulations rather than the radially symmetric
model used here. Misalignment causes the witness to
spread transversely as particles undergo betatron oscilla-
tions in the wakefield excited by the drive beam. For the
Run 2c¢ beamline, the shot-to-shot jitter in the witness
bunch alignment is small, on the scale of a few microns
[37), which does not significantly modify the quality of
the accelerated beam [2I]. The jitter in the proton beam
position is significantly larger, and its influence on the ac-
celeration process will be investigated in a separate study.
However, any collider would necessarily require that the
stability of the proton beam be addressed, and so the
assumption here of aligned beams is reasonable.



VI. CONCLUSION

Acceleration in a quasilinear plasma wake offers high
field gradients, while avoiding self-trapping of the back-
ground plasma electrons. However, in this regime the
plasma wakefield also responds to the witness bunch,
and so the quality of the accelerated bunch depends on
its initial parameters at the injection point. Further-
more, quantities such as the emittance may vary along
the bunch length.

In order to characterise the overall quality of the ac-
celerated witness bunch, in this work we develop a figure
of merit, C', based on an idealised beam transport sys-
tem for a potential high-energy application of AWAKE,
an electron—proton collider. This allows different initial
parameter sets to be easily compared. As the design
concept is necessarily in an early stage, a toy model is
used with a single focussing element. Although the abso-
lute values for the figure of merit are therefore subject to
change, it nonetheless provides a basis for the optimisa-
tion of the acceleration process. As the design progresses,
more advanced models could be adopted. Similarly, al-
ternative models could be developed for different appli-
cations, or indeed for alternative acceleration schemes,
making this approach widely applicable. We show this
metric naturally gives rise to constraints on the stability
and tunability required for high-quality acceleration.

We make use of this figure or merit to study the toler-
ances at the injection point for a witness bunch injected
into a quasilinear wake. We find the tolerances for the
witness bunch radius at the injection point are extremely
broad, with the achievable charge-on-target decreasing
by only a few percent if the radius is doubled. This is at-
tributed to “self-matching” of the plasma wakefields, in
which a larger-radius witness bunch experiences lower fo-
cussing fields. This previously unobserved phenomenon
greatly reduces the degradation of beam quality caused
by mismatch.

While self-matching results in broad tolerances for the
initial radius, a lower initial emittance still provides an
improvement in the absolute beam quality. This is due
to self-matching allowing the initial emittance to be pre-
served even if the matching condition is not exactly satis-
fied. Tt is also shown that, in addition to providing larger
acceleration gradients, larger-amplitude wakes also result
in a higher overall beam quality, as the matched radius
for the quasilinear wake approaches that of the blowout
region.
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