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The results of researches on the wakefield method of high-gradient acceleration of charged particles carried out
within the framework of the projects “FACET” (SLAC), “BELLA” (LNBL), “AWAKE” (CERN) and in other la-
boratories, including NSC KIPT, are presented. The acceleration of charged particles in a plasma wakefield with
acceleration rate up to 100 GeV/m excited by an intense electron bunch (PWFA) or by a powerful laser pulse
(LWFA), and in a dielectric wakefield with acceleration rate up to 1 GeV/m excited by an intense electron bunch

(DWFA) is considered.
PACS: 41.75.Ht; 41.75.Lx

INTRODUCTION

Large Hadron Collider (LHC [1]) and designed and
planned for construction lepton colliders (CLIC [2] and
ILC [3]) producing the center-of-mass energy in TeV
range are destined as the main tool to solve the funda-
mental problems of high energy physics. However, de-
manded further growth in the maximum energy of the
future colliders has slowed down.

Present colliders based on conventional methods of
particles acceleration became costly and time-
consuming and close to the limit of what humanity can
afford to build even with the joint efforts of many coun-
tries. This forces to explore new methods of accelerat-
ing particles to high energies.

Radical reduction of the length of linear high energy
accelerators can be achieved using much higher acceler-
ating fields than the utmost breakdown fields of
30...100 kV/m, which are used now in conventional
methods. Therefore increasing the amplitude of acceler-
ating fields becomes a decisive problem for reducing the
size and cost of high energy accelerators. Such approach
is the main one in motivation of the research of new
promising methods of charged particles acceleration
expanded all over the world.

1. CONCEPT OF WAKEFIELD
ACCELERATION

The first understanding of the end of the path for
conventional acceleration schemes was stated in [4 - 6],
where the ideas of new acceleration methods were an-
nounced, including proposal Fainberg [6] to use plasma
waveguides as accelerating structures.

Acceleration by collective fields of charge density
waves excited in plasma radically differs from other
conventional acceleration schemes by two essential ad-
vantages. Firstly, when using plasma as an accelerating
structure, there is no danger of microwave breakdown,
leading in the conventional accelerating structures of
high energy colliders to the emergence of plasma and
limitation of the maximal possible acceleration rate.
Secondly, plasma can support accelerating high-
frequency fields several orders higher than those
achieved in conventional accelerating structures. Plasma
of density n, can support an electric field

Epe =+/dn,mc? 18- E_ (V / cm) z\/E(Cm_s)’

where m — mass of electron; e — charge of electron.
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For the currently realized plasma densities, the mag-
nitude of the maximum field E. can reach the values
of 10’...10° V/cm. In particular, for the plasma density
ny=10"%cm™ E,,=100 GV/m, which is three orders of
magnitude higher than the one planned in the construct-
ed linear lepton collider CLIC [2]. Later, the idea of
using space-charge waves in plasma was developed by
J. Dawson and his colleagues [7, 8] as a wakefield ac-
celeration scheme in which a high-gradient accelerating
field is the wakefield excited in a plasma by a short
powerful laser pulse or a short electron bunch with a
large charge. The accelerating fields E,., excited in
plasma, are determined by the intensity of the external
exciting factor (driver), namely: E,.=aEn. Where
o=ny/n,, when the accelerating field is excited by an
electron bunch and a=vg%/c?, when it is excited by a
laser pulse. Here, n, is the density of the bunch; vg is the
oscillatory velocity, which is gained by plasma electrons
in the wakefield of the laser wave.

The progress in the development of lasers with a high
peak power and the increase in the intensity of electron
bunches of accelerators based on convential schemes
made it possible to carry out many conceptual experi-
ments based on the wakefield methods of high-gradient
acceleration, including laser wakefield concept (LWFA-
Laser WakeField Acceleration) and beam wakefield con-
cept (PWFA-Plasma WakeField Acceleration).

2. LASER-PLASMA WAKEFIELD
ACCELERATION CONCEPT (LWFA)

In the first experiments on laser-plasma wakefield
acceleration, the acceleration rate was obtained, which
was much higher than that in conventional accelerators.
However, the quality of the beam obtained in these ex-
periments is unsatisfactory because of the large energy
and angular spread. In 2004, experiments were carried
out independently in different laboratories of the world-
Japan [9], England [10], France [11], USA [12], in
which accelerated monoenergetic beams with small an-
gular divergence were obtained. The pulse of a powerful
laser was injected into a supersonic gas jet to create
plasma and excite in it a wakefield in which plasma
electrons were accelerated. In [11], a high-quality elec-
tron beam was produced with a divergence of 10 mrad,
a charge of 0.5+0.2 nC at energy 170+20 MeV. Conse-
quently, the energy of the bunch was 100 mJ, i.e. the
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transformation ratio of the laser energy to the electron
beam energy was 10%.

In all four experiments [9 - 12], high-quality electron
bunches (normalized emittance of less than 1 mm mrad,
duration of tens of femtoseconds, charge of the order of
1 nC) are formed and accelerated with a rate of the or-
der of 100 GeV/m under conditions for which the length
of acceleration is consistent with the length of the
dephasing of the beam with the wakefield, and the in-
tensity of the laser is such that the beam load is strong
enough to prevent a new capture of plasma electrons.

The problem so far remains the necessity to increase
substantially the acceleration length to obtain the energy
of the particles required by high-energy physics. In [13]
the achieved maximal particle energy for laser-plasma
wakefield acceleration is 300 MeV. A further increase
in the acceleration length was achieved when using a
plasma waveguide formed at a capillary discharge of
1 cm long, considerably exceeding the Rayleigh length.
The accelerated beam of 1 GeV was obtained [14].

The first experimental demonstration of capture (so-
called self-injection) and acceleration of electrons to
energy much higher than 1 GeV with a small energy and
angular spread is presented in [15]. In this experiment, a
more powerful PW laser was used and the plasma densi-
ty was optimized. PW pulses are injected into plasma of
much lower density than in previous experiments. It
allows to overcome the physical barriers prevented the
acceleration above 1 GeV: a) dephasing the excited
wakefield and the accelerated electrons, and b) erosion
of the laser pulse.

Linearly polarized pulses from a Texas PW laser
with duration of 150 fs, a wavelength of 1.057 um, and
energy of 150 J were focused on an input aperture of
1.5 mm radius of a gas cell 7 cm long filled with helium
at a pressure of 1...8 Torr. [16]. It was shown that the
maximum energy of 2 GeV electron bunches with an
explicit energy maximum at 2 GeV with energy spread
of only a few percent (5%) and unprecedented sub-mrad
angular spread is achieved in a narrow range of plasma
densities of (4...6)-10* cm™. In this case the so-called
bubble-mode (behind the laser pulse a bubble with
spilled electrons is formed instead of the wake wave)
and at the same time physical barriers for acceleration
above 1 GeV are eliminated. Numerical simulation
shows that with an improvement in the quality of focus-
ing of the laser pulse, it is possible to accelerate the
plasma electrons to almost 10 GeV even with the avail-
able at present pulse energy.

Further progress in increasing the maximum energy
in the laser-plasma wakefield accelerator is expected to
be realized in the project "BELLA" [17], performed in
the laboratory of LBNL (USA). For this, the power of
the laser used should be increased to 1 PW level, which
will make it possible to create a 10 GeV laser-plasma
wakefield accelerator as a block for future multimodal
colliders based on laser drivers. Currently, in LBNL,
when laser pulses with a peak power of up to 0.3 PW
are injected in a pre-created plasma waveguide as a
9cm length capillary discharge of plasma density
7-10" em™, electron bunches with an energy of up to
4.2 GeV, 6% energy spread, charge of 6 pC and an an-
gular divergence of 0.3 mrad are obtained [18].
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The scheme of TeV collider, based on LWFA-
modules, accordingly to the project "BELLA" in LBNL
[19] is shown in Fig. 1.

\ﬁ Strawman design of a TeV LPA Collider

BELLA project at LBNL

Injector
Plasma Channel

Leemans & Esarey, Physics Today, March 2009

Fig. 1

3. BEAM-PLASMA WAKEFIELD
ACCELERATION CONCEPT (PWFA)

The first experiments on the wakefield acceleration
of electrons by plasma waves excited by relativistic
electron bunches (PWFA) were in fact carried out in
KIPT [20, 21] when studying the instability of a relativ-
istic electron beam in plasma. The sequence of short
(less than excited wakefield wave length) bunches of
relativistic electrons, produced on a linear resonant elec-
tron accelerator (energy 2, 14, and 20 MeV, number of
bunches up to 6-10%, bunch repetition frequency
2.705 GHz, charge of each bunch 0.32 nC, its length
and diameter are 1.7 cm and 1cm, respectively) was
injected into the plasma of the resonant density (the
plasma frequency is coincided with the frequency of
bunch repetition), produced with coaxial plasma gun.
The maximum increase in the energy of the electrons of
bunches occurred in the accelerating phases of the ex-
cited wakefields was 4 MeV at a plasma column length
of 10 cm. This indicated the excitation of a wakefield
with an amplitude of 40 MV/m Only after the appear-
ance of theoretical papers [7, 8], the above results were
interpreted as the acceleration of electrons in the fields
excited in plasma by a sequence of bunches (PFWA)
[22, 23].

In KEK (Japan), for wakefields excitation in plasma
jf density 9-10™ ¢cm™ a sequence of 6 bunches with an
energy of 250 and 500 MeV and a total charge of
5...10 nC was used [24]. The maximum energy loss of
the bunch was 12 MeV at a length of 20 cm, which cor-
responds to electric field strength of 60 MV/m.

In ANL (USA), for the first time, an experiment was
performed with a single bunch-driver of a large charge
which excites the wakefield in plasma and a bunch-
witness of a smaller charge whose energy is changed
with a variation in the delay of its injection into the
plasma, that allows to judge the characteristics of the
excited wakefield [25]. The electron bunch-driver (en-
ergy 21 MeV, charge 4 nC, length and diameter 2.1 mm
and 1.4 mm, respectively) was injected into plasma of
density (0.4...7.0)-10" cm™ and length of 3.3 cm. Be-
fore the injection point the bunch-witness, which was
diverted by a magnetic field along a trajectory, the
length of which was varied by means of moving mag-
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nets, and then, with an adjustable delay, was directed
behind the bunch-driver. The delay between these
bunches could vary from 0.2 to 1.0 ns. The measured
energy of accelerated witness in dependence of the de-
lay, indicated its acceleration in the wakefield of excited
plasma oscillations with an amplitude of 5.3 MV/m.

Thus, it can be concluded [26, 27] that the first ex-
periments on multi-bunch excitation of wakefields in
plasma (multi-bunch PWFA) for high-gradient electron
acceleration were performed in KIPT, 1972 and KEK,
1990, and on single bunch excitation of the wakefields
in plasma (single-bunch PWFA) in ANL, 1988.

Subsequent experiments to excite the wakefield in a
meter-long plasma were carried out on a 3 km collider
of the Stanford Linear Accelerator Center (SLAC) using
a single electronic bunch with small dimensions and a
large charge. The high intensity and low emittance the
electron bunch with an energy of 42 GeV passed
through a column of lithium vapor; before the head of
the bunch a completely ionized plasma was created due
to vapor ionization by coulomb field, in which the
bunch excited strong plasma wakefield.

In the experiments at the SLAC (E-157/E-162 [28]),
the goal was to obtain a high-gradient accelerating
wakefield when injected into a 1.4-m long plasma and a
density of 10™ cm™ of an electron bunch with an energy
of 30 GeV and a density more than plasma density. In
the first experiment [29], a single 28.5 GeV bunch of
1.8x10" electrons of the SLAC-accelerator was com-
pressed to a length of 12 pum (40 fs.). The density of
plasma 10 cm in length was equal to the density of lithi-
um vapor 2.8x10%" atoms / cm®. About 7% of the elec-
trons of the tail of the bunch accelerated to energies
above the initial, on average 2.8 GeV more. The maxi-
mum acceleration of the electrons of the trailing edge of
the bunch was 4 GeV at a plasma length of 10 cm, i.e. it
occurred with an accelerating gradient of 40 GV/m.
This result was, firstly, the first demonstration of the
1 GeV barrier overcoming for the accelerators based on
advanced acceleration methods. Secondly, the obtained
acceleration rate was 40 GeV/m, more than three orders
of magnitude higher than the rate 30 MeV/m planned
for the ILC.

In subsequent experiments [30] with an increased
plasma length of up to 30 cm, an energy gain of more
than 10 GeV was measured.

The practically linear increase in the energy gain on
the length of the plasma measured at SLAC [29, 30]
was confirmed by a subsequent experiment with an in-
crease in the plasma length to 85 cm [31]. This experi-
ment allows obtaining a very important result consisting
in doubling the energy of the tail part of the bunch-
driver by excited plasma wakefields. An electron bunch
with parameters: energy 42 GeV with a spread of
1.5GeV, the number of electrons in the bunch
1.83-10" (charge 2.93 nC), bunch length is 15 u was
focused on chamber entrance of 10-um diameter (so the
average electron density in the bunch is 1.03-10" cm™)
and injected into a column of 85 cm-long lithium vapor
with a density of neutral particles of 2.73-10" cm™. It
was experimentally shown that an energy gain of more
than 42 GeV was achieved in a plasma wakefield accel-
erator (PWFA) of 85-cm length, excited by a 42 GeV

36

bunch-driver of a SLAC collider. The energy gain of a
small fraction of the electrons of the injected bunch at a
less than a meter length is the same as on the 3-km
length of the SLAC collider using the conventional ac-
celeration method. This is an important step demonstrat-
ing the perspective developing compact plasma wake-
field accelerators for high-energy physics.

When the length of the column with lithium vapor
was increased from 85 to 113 cm, the measured maxi-
mum energy was 71+11 GeV with less than 3% of the
bunch electrons, which gained additional energy of
more than 30 GeV. The reason for this saturation of the
energy gain is the erosion of the head of the bunch: the
front of the bunch expands because it is not subjected to
the focusing force of the ion column. This expansion
reduces the density of the bunch shifting the ionization
front back along the bunch. Ultimately, the electric field
of the bunch falls below the threshold for the formation
of plasma, stopping the acceleration process before the
energy of the bunch-driver is depleted.

Such restriction on the plasma length, which inevi-
tably leads to the necessity of sectioning, is proposed to
overcome, using relativistic proton bunches (PDPWFA-
proton-driven plasma wakefield acceleration) instead of
relativistic electron bunches. Due to greater mass of
proton bunches are less susceptible to emittance erosion
in strong excited fields [32, 33].

As for the excitation strong wakefield fields in
plasma it is necessary to create plasma with a high den-
sity (at ny/n, is retained), so the wavelength of the plas-
ma wakefield A,=27c/cy, is much smaller than the
length a of the proton bunches of present proton accel-
erators ((1,<<a). Proton microbunches (a < 4,) are sup-
posed to be formed by splitting a long bunch into sever-
al short ones, using self-modulation during beam-
plasma instability [34].

At CERN, the AWAKE (Advanced Wakefield Ex-
periment) project is being carried out, aimed at demon-
strating the PDPWFA experimentally using a sequence
of proton bunches with TeV-band energy as a driver
[35]. Simulation showed [32] that a proton bunch of the
type LHC (1 TeV, 10" protons in the bunch) with a
bunch length of 100 um can accelerate the incoming
10 GeV electron beam to an energy of more than
500 GeV in a 500 m plasma with an average accelerat-
ing gradient of > GeV/m. Recent studies [34] have
shown that such gradients can be achieved with a long
modulated proton bunch. It makes possible the experi-
mental study of PDPWFA with existing proton bunches
at CERN [35].

For the AWAKE experiment at CERN, a proton
beam of an LHC type with an energy of 400 GeV but a
higher intensity (3-10™ protons in the bunch) is extract-
ed from the CERN SPS accelerator and is directed to the
plasma cell to excite the plasma wakefield. The proton
bunch will be focused to the size cy,=200 p near the
entrance to a plasma cell of 10 m long with a density
adjustable in the range 10*...10" cm™. When a proton
bunch with a length 6,= 12 cm (0.4 ns) enters a plasma
cell, it undergoes to self-modulation instability. It pro-
duces a sequence of ultrashort proton bunches, which
can resonantly excite the intense wakefields [34].
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The effective length and period of the modulated
long bunch are determined by the length of the plasma
wave (for AWAKE, usually 4,=1 mm). A high-power
laser pulse (2 TW) propagating coaxially with a proton
bunch is used to ionize gas in a plasma cell, and also
generates a seed of self-modulation of the proton bunch.
An electron bunch with 1.25-10° electrons injected at an
energy of 10...20 MeV serves as a witness for the ac-
celeration in the plasma wakefield of proton bunches.

Further research on new acceleration methods at
SLAC is planned to be carried out within the framework
of the FACET program [36] on another beam channel of
a SLAC collider with 23 GeV electron/positron bunch-
es. Charge of each bunch is 3 nC (10 kA), diameter 10
u, duration 50 fs. Experiments are aimed at improving
the quality of the accelerated bunch (increasing the
number of electrons in the bunch, reducing the energy
and angular spread of electrons), for which the initial
bunch of magnetic systems and / or masks is divided
into a pair of bunch-driver (for excitation wakefield)
and bunch-witness (for acceleration in wakefield).

In [37] it was reported an experiment on the SLAC
in the framework of the FACET program that was di-
rected on highly effective acceleration of a separate
bunch-witness, which contains a sufficient charge to
extract a significant amount of energy from a highgradi-
ent nonlinear plasma wakefield accelerator. In particu-
lar, an acceleration of 74 pC of bunch-witness in an
accelerating gradient of 4.4 GV/m was obtained. The
electrons of the this bunch gain an additional energy of
1.6 GeV with an energy spread of just 0.7% and an en-
ergy transfer efficiency from the wakefield to the bunch
exceeds 30%. Such acceleration of a separate bunch,
containing a substantial charge and having a small ener-
gy spread, with a high accelerating gradient and high
energy transfer efficiency is an important milestone in
the study of plasma wakefield acceleration for the de-
velopment of the technology and design of compact and
accessible accelerators. A perspective goal is the devel-
opment of a PWFA as a block for future multi-section
colliders for high-energy physics.

1 TeV Plasma Wakefield Collider
| FACET project at SLAC |
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Fig. 2

The program "FACET" also includes studies of the
accelerator scheme using the wakefield excited by
SLAC collider bunches in dielectric structures, as well
as the generation of high-power THz radiation.
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Fig. 2 shows the scheme of 1 TeV collider, based on
PWFA-modules, in the project "FACET" at SLAC [36].

4. BEAM-DIELECTRIC WAKEFIELD
ACCELERATION CONCEPT (DWFA)

An accelerating structure loaded with a dielectric, in
which the wakefield is excited by an intense electron
bunch or a sequence of bunches, is another alternative
candidate for the development of the future high-
gradient accelerators, which can overcome the accelera-
tion rate threshold for conventional accelerators of
100 MV/m. As it is shown in theoretical studies [38]
and recent experiments [39], the maximum accelerating
field in dielectric structures, limited by electrical break-
down due to tunneling and collision ionization, can ex-
ceed 1 GV/m, i.e. an order of magnitude greater than
that of conventional metal accelerating structures.
Demonstration of the breakdown threshold of 13.8
GV/m in the specific geometry of the dielectric wake-
field accelerator (DWFA) in the THz range [39] is an
encouraging result for the development of future DWFA
with an accelerating gradient of the order of GVV/m. Die-
lectric structures have a number of advantages due to
the simplicity of the geometry, the ease of avoiding of
harmful asymmetric modes, and realization such distri-
bution of the transverse field, which impedes break-
down on the outer metal wall of the structure. Dielectric
structures are more acceptable due to the advanced
technology of manufacturing micro-products, dielectric
uniformity, simpler microwave matching, etc.

The studies of wakefield excitation in the dielectric
accelerating structure by a single electron bunch was
started in ANL (USA) [40]. In the works of the NSC
KIPT (Ukraine) [41] and the USA [42] the concept of a
multi-bunch dielectric wakefield accelerator was devel-
oped, based on the excitation of wakefields by a se-
quence of bunches in a dielectric structure with a vacu-
um channel for the transit of bunches.

The concept of a multi-bank plasma-dielectric wake
accelerator in which the vacuum channel is filled with
plasma, that leads to the excitation of an additional
plasma wakefield, is of promising interest. The presence
of this field makes it possible to increase the excitation
efficiency of the longitudinal wakefield and to provide,
by focusing, the transverse stability of the exciting and
accelerated bunches.

The first publications on this subject [43] prompted
the deployment in the NSC of KIPT of broad theoretical
and experimental studies [44] of the concept of the
plasma-dielectric wakefield acceleration, in which the
electromagnetic properties of plasma-dielectric acceler-
ating structures are elucidated. The longitudinal and
transverse structure of the excited electromagnetic field
is investigated. The transverse force acting on the elec-
trons of the bunch-driver is always focusing, and the
transverse force acting on the particles of the accelerat-
ed bunch-witness is focusing only when the injection
phase is appropriately selected.

In the multi-bunch excitation mode, the amplitude of
the longitudinal wakefield can be increased by summing
the fields of the radial modes of the dielectric waves
only at the optimum plasma density, determined by the
condition wya = 2 (w, is the plasma frequency, and a is
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the transit channel radius). Besides it is necessary, by
varying the parameters of the vacuum dielectric struc-
ture, to preemptively select the frequency of the field to
be excited in such a way that, when the plasma is filled,
it sipraB coincide with the frequency of bunch repeti-
tion [45].

In ANL developed the project [46] of a dielectric
wakefield collider of only 5 km length for the Higgs
factory, almost an order of magnitude shorter than the
planned International Linear Collider ILC [3]. Its
scheme is shown in Fig. 3.
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KHWJbBATEPHOE YCKOPEHHUE. COCTOSIHUE U TIEPCIHEKTUBbI (OB30P)
HU.H. Onuwenxo, B.U. Ilpucmyna

[pesncTaBieHbl pe3ysibTaThl UCCIIEIOBAaHUN KUIILBATEPHOI'O METO/a BHICOKO-TPAMEHTHOTO YCKOPEHHUS 3apsiKeH-
HBIX YaCTHII, BRIMONHEHHBIX B pamkax npoektoB «FACET» (SLAC), «<BELLA» (LNBL), «<AWAKE» (CERN) u B
npyrux gabopatopusax, sxmodas HHI XDPTH. PaccMoTpeHo yckopeHHe 3apsyKeHHBIX YaCTHIl B IJIA3MEHHOM KHJIb-
BatepHOM rioie 10 100 ['3B/M, BO30y»k1aeMOM MHTEHCHBHBIM IIEKTPOHHBIM crycTkoM (PWFA) i MomHbIM J1a-
3epHbIM umiyibcoM (LWFA); u B TU3IeKTpUYeCKOM KHbBaTepHOM mojie jo 1 '3B/M, Bo30y1aeMOM MHTEHCHB-
HBIM 3JIeKTPOHHBIM cryctkoMm (DWFA).

KIJIbBBATEPHE TIPUCKOPEHHSI. CTAH I HEPCIIEKTUBHU (OI'JISA 1)
I.M. Oniwgenko, B.1. IIpucmyna

[IpencraBneHo pe3yabTaTH JOCIIDKEHb KiIbBATEPHOTO METOJY BHCOKO-TPaJi€EHTHOIO MPUCKOPEHHS 3apsijkKe-
HUX YaCTHHOK, fKi BUKOHaHI B paMkax mpoekTiB «FACET» (SLAC), «BELLA» (LNBL), <KxAWAKE» (CERN) i B
iHmux nabopatopisx, Bkmodatoun HHI[ XDTI. Po3rnsgHyTo mpUCKOPEHHS 3aps/IKEHUX YaCTHHOK Y IUIa3MOBOMY
KimpBaTepHOMY 1oJii 10 100 I'eB/M, 30ymxyBaHOMY iIHTEHCHBHUM eNeKTpOoHHIM 3rycTKoM (PWFA) abo moTyxaNM
nazepHuM imnyiascoM (LWFA); ta B mienexktpuanomy kineBatepHoMy moni 1o 1 I'eB/m, 30ymxkyBaHOMY iHTEHCHB-
HHUM eJeKTpOoHHUM 3rycTkoM (DWFA).
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