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Abstract
The goal of this paper is to examine experimental progress in laser wakefield
acceleration over the past decade (2004–2014), and to use trends in the data
to understand some of the important physical processes. By examining a set
of over 50 experiments, various trends concerning the relationship between
plasma density, accelerator length, laser power and the final electron beam en-
ergy are revealed. The data suggest that current experiments are limited by
dephasing and that current experiments typically require some pulse evolution
to reach the trapping threshold.
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1 Introduction
This paper is a summary of a lecture given at the CERN Accelerator School 2015 on plasma-based
wakefield accelerators. Its purpose is to provide an overview of recent experimental progress in laser
wakefield acceleration, concentrating on the energy frontier and general trends that can be observed in
the data produced by the many groups around the world contributing to this growing field. There are now
more than 20 active laboratories performing laser wakefield acceleration experiments. We will not detail
the key results from each of these laboratories in this paper, although we will examine data from various
published experiments and use the trends in the data to try to gain some understanding of the underlying
physical processes.

Laser wakefield accelerators were proposed 36 years ago in the seminal 1979 paper by Tajima
and Dawson [1] and experiments in laser wakefield acceleration were undertaken as soon as laser pulses
of sufficiently short duration and high power became available, thanks to the development of the laser
technique called ‘chirped pulse amplification’ [2]. Some of the early work in what we call laser wakefield
acceleration (i.e., where the pulse duration, τL is comparable to the plasma period 2π/ωp) occurred in
the 1990s (e.g., Refs. [3, 4]) using picosecond glass lasers. The field passed a major milestone in the
early 2000s as high-power (∼10 TW) femtosecond laser pulses, using titanium sapphire laser systems,
became available. One major result from that era occurred when three groups from the UK, USA and
France all demonstrated that laser wakefield accelerators could produce electron beams with well-defined
energies [5–7]. The electron beams produced by these ∼10 TW lasers had energies of ∼100 MeV and
were produced in plasmas of a plasma density ∼1019 cm−3 that were only ∼1 mm long.

One of the key challenges that has driven progress in the field of laser wakefield acceleration
is the maximum achievable beam energy, and this paper will concentrate on this challenge. There
have, of course, been many other significant areas of experimental progress including: improving beam
stability, especially by controlling injection (e.g., Refs. [8, 9]); diagnosis of wakefield accelerators (e.g.,
Refs. [10,11]) and the resulting improvements in our understanding of the underlying processes; and the
application of laser wakefield accelerators for a range of applications, perhaps most notably their use as
novel sources of X-radiation (e.g., Refs. [12–14]). Details of the progress in these areas are outside the
scope of this paper.

This paper will examine how the maximum achievable beam energy has progressed over the last
decade, and will use a set of published results [5–9,15–60] to try to understand some of the physics behind
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Fig. 1: Reported electron beam energies from laser wakefield experiments at various laboratories over the last
decade; data from Refs. [5–9, 15–60].

this progress. The progress in the maximum beam energy in laser wakefield accelerator experiments has
been rapid, as shown in Fig. 1, from a maximum beam energy of 0.2 GeV reported in 2002 [61] to the
current record of 4 GeV from the group at the Lawrence Berkeley National Laboratory [58] achieved in
2014 – an increase by a factor of 20 in just over a decade. It should be noted that this is by no means an
exhaustive list of all published experiments in laser wakefield accelerators (there are just 52 publications
in this dataset, whereas a literature search for papers on ‘laser wakefield’ will find over 1000 papers).

2 Overall trends in laser wakefield acceleration experiments
The rapid progress shown in Fig. 1 is impressive. But how has it been achieved? Over the same period of
time, short-pulse (≈30 fs) laser systems have become more powerful. Figure 2 shows that there is a clear
trend: higher-power lasers are capable of producing higher-energy electron beams. However, these gains
were not achieved by simply increasing the laser power, the researchers behind these experiments have
often found the optimum conditions for their experiments. Key parameters involved in this optimization
include the operating plasma density, the length of the accelerator and the laser intensity. This section
will examine the data from various experiments and compare them with predicted trends, to see whether
they can confirm those predictions and the underlying physical processes.

2.1 Accelerator length and operating plasma density
Let us first consider the density of the plasma accelerator. The energy gained by a particle of charge q
in an accelerating structure is simply proportional to the product of the electric field and the length of
the accelerator, d, i.e., W ' qEd, where E is the average accelerating electric field experienced by the
particle. One of the key physical limitations in a laser wakefield accelerator is dephasing. The electrons
trapped in a wake are highly relativistic (γ � 1), so they travel at a speed approaching that of light in
vacuum (ve → c), but the phase speed of the wake is determined by the speed of the laser pulse that
drives the plasma wave. A simple expression for the speed of a laser pulse in a plasma can be found by
using the standard expression for the group velocity of an electromagnetic wave in a plasma,

vg
c

=

√
1− ne

nc
≈ 1− 1

2

ne
nc

, (1)

where ne is the electron density of the plasma, nc is the critical density for propagation of the electro-
magnetic (i.e., when the plasma frequency ωp equals the frequency of the electromagnetic wave, ω0) and
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Fig. 2: Variation of reported electron beam energy with laser power from various experiments; data from Refs.
[5–9, 15–60].

it is assumed that ne � nc. The wake’s phase speed is therefore slightly, but significantly, less than c;
crucially, the lower the plasma density, the faster the phase velocity.

Because of this difference between the electron velocity and the wake phase velocity, electrons in a
laser-driven wake will outrun the wake1. If the electron is injected at the start of the accelerating phase of
the plasma wave and then outruns the wave by half a plasma wavelength (i.e., λp/2 = πc/ωp), it can no
longer gain energy from the plasma wave. If the electron has an initial velocity ve = βec and the plasma
wave has a phase velocity vφ = βφc, then the time it takes for this to occur is td = λp/(2c(βe − βφ)).
The dephasing length is then the distance that the electron travels in this time. Since βe → 1 and
βφ ' 1− 1

2(ne/nc), this reduces to

Ldephasing '
nc
ne
λp ∝ n

− 3
2

e . (2)

It is interesting to see how the lengths of the accelerators in the set of experiments vary, and how
this compares with what we might expect if dephasing is important. These data are shown in Fig. 3. The
top panel shows how the reported electron beam energy varies with the length of the wakefield acceler-
ator. There is a clear correlation – the higher electron energies are achieved with longer accelerators, as
we might expect. The bottom panel of Fig. 3 shows how the length of the accelerator and the plasma
density at which it was operating are related. The line on this curve is the simple expression for the
dephasing length (Eq. (2)).

The maximum electric field that a plasma wave can support increases with plasma density, since
it scales as

Emax ' mcωp/e ∝
√
ne . (3)

The maximum energy that can be gained by an electron in a plasma wave as a function of plasma
density is therefore expected to be

W (ne) ' EmaxLdephasing ∝
1

ne
. (4)

1Note that dephasing does not occur in wakefield accelerators driven by highly relativistic charged particle beams as both
the accelerated and driver beams are highly relativistic.
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Fig. 3: Top: Variation of reported electron beam energy with accelerator length. Bottom: Relationship between
operating plasma density and accelerator length. The line shows the expression for the dephasing length (Eq. (2)).
Data from Refs. [5–9, 15–60].

Figure 4 shows how the plasma density and beam energy vary in the set of experiments. The line on
Fig. 4 is simply W/(mec

2) = κnc/ne and shows good agreement with the entire dataset for κ = 1. The
scaling laws in Ref. [62], by Wei Lu et al., for the blow-out or ‘bubble’ regime of wakefield accelerators,
suggest that the scaling law should be

W (ne, a0) '
2

3
a0
nc
ne
mec

2 ∝ a0
ne

, (5)

where a0 = eA0/(mec) = eE0/(meω0c) is the normalized peak vector potential (or strength parameter)
of the laser pulse. This scaling predicts that the beam energy should not only be proportional to 1/ne but
also proportional to the laser strength, a0. The experiments shown correspond to a wide range of initial
laser intensities (corresponding to a0 = 0.5–4.0), yet they do not appear to show a dependence on a0.

One possible reason for this apparent discrepancy is that the initial value for a0 is not the value
of a0 that determines the wake amplitude. It is well known that laser pulses can undergo significant
evolution once they enter the plasma. The processes of self-focusing, self-compression and photon
acceleration [63] can all act to change a0 as the pulse propagates. Together, these processes can be
termed the ‘self-evolution’ of the laser pulse. One interpretation of the experimental data is, therefore,
that the process of self-evolution has occurred until a0 ≈ 3 for all of the data shown. Why would this
be the case? One reasonable hypothesis is that each point in the dataset corresponds to the maximum
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Fig. 4: Variation of reported electron beam energy with the density in the accelerator. The line shows the relation
W/(mec

2) = κnc/ne with κ = 1. Data from Refs. [5–9, 15–60].

energy achieved during a particular experiment and that this will occur at (or at least close to) the lowest
density at which a particular experiment can trap and accelerate electrons. Many experiments operate by
fixing the laser power and plasma length while varying the plasma density, for reasons of experimental
simplicity. When an experiment is conducted in this manner, there will be a minimum density at which
electron beams are trapped and accelerated (the trapping threshold). Because self-evolution happens
less quickly and severely at lower densities, the maximum a0 that is reached inside the accelerator will
decrease with decreasing plasma density. Therefore, the maximum achieved electron beam energy will
correspond to the minimum laser strength required to produce trapping. The fact that the experimental
dataset matches the non-linear wakefield scaling but only if a0 ≈ 3 suggests that the minimum a0
required for trapping is a0 ≈ 3.

2.2 Laser spot size and matched guiding
The experimental data clearly show that higher-power lasers are required to achieve higher electron beam
energies. But what are the physical processes behind this trend? It was argued that the experimental
trends are consistent with there being a minimum value of a0 ≈ 3, which is needed for trapping, and that
this value is reached because of the way the pulse evolves as it propagates.

Consider the relationship between the intensity, I (∝ a20), and power, P , of a laser pulse. Since
I = P/A, where A (∝ w2, the laser spot size) is the focal spot area, we have

P ∝ a20w2 . (6)

The fact that higher-power lasers are needed to reach the a0 ≈ 3 threshold at lower densities therefore
implies that the spot size that these laser pulses produce after evolution is larger. Pulse evolution is a
result of the feedback between the refractive index gradient associated with the plasma wave and the
laser pulse, i.e., it is mediated by the plasma itself. Lower-density plasmas, therefore, have a lesser effect
on the laser pulse – resulting in slower evolution – and crucially this affects the properties that the pulse
obtains as a result of self-evolution.

One important concept that arises from this is that of the matched spot size – i.e., one where
the self-focusing caused by the plasma balances the natural diffraction of the laser pulse and stable
propagation occurs. In the blow-out regime (where the laser pulse expels practically all the electrons
from inside the bubble), the transverse density profile of the bubble is approximately zero and flat inside
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the bubble, with very steep walls at the edges. The refractive index of an underdense plasma is η ≈
1 − ne/(2nc), so the refractive index profile of this bubble is similar to that of a single-mode optical
fibre, i.e., we have a ‘core’ of a certain diameter (the bubble diameter) surrounded by ‘cladding’ (the
bubble sheath) of a lower refractive index. The guided mode in such an optical fibre has a transverse size
that is approximately equal to the size of the core, so we expect that in a laser wakefield accelerator we
will get stable propagation (i.e., no spot size oscillations) when the transverse size of the laser pulse is
approximately equal to that of the bubble.

Of course, one main difference between the bubble and an optical fibre is that the size of the bubble
is determined by the properties of the laser pulse itself. If the laser spot is too small, then it will drive
a bubble that is larger than the laser spot. This over-sized bubble will support a larger mode and the
laser pulse will expand, which in turn reduces the bubble size. The radius of the bubble can be found
by balancing the ponderomotive force of the laser pulse with the force due to the electric field of the
bubble. If the bubble is approximately the same size as the laser pulse then it will be matched. The size
of the matched spot can be found by balancing the forces on an electron at the edge of the bubble (i.e.,
the laser’s ponderomotive force and the force due to the electric field inside the bubble). An expression
for the matched spot size, wm is

wm ' 2
c

ωp

√
a0 , (7)

where the numerical factor of two was found through particle-in-cell simulations [62]. This expression
is particularly useful for finding the correct initial parameters of the accelerator, i.e., for a given laser
system, one should first determine the spot size at which the threshold a0 ' 3 is reached; this expression
can then be used to determine the correct operating plasma density. However, when self-focusing plays
an important role, we need an expression for the matched spot size that depends not on the initial laser
intensity but rather the value of a0 that it reaches after self-focusing. We can use the fact that the ratio of
the laser power, PL, to the critical power for self-focusing, Pc, can be written as

PL

Pc
=

1

32

ω2
p

c2
a20w

2 , (8)

and the fact that a20w
2 is constant during focusing (assuming that self-focusing happens more rapidly

than any pulse compression) to eliminate a0 from Eq. (7). This results in the following expression for
the matched spot size:

wm ' 2
√
2
c

ωp

(
PL

Pc

) 1
6

. (9)

Note that 2wm ≈ λp, as long as PL is not many times greater than Pc.

It is interesting to examine how the spot size used in experiments compares with this matched spot
size. Figure 5 shows the variation in the initial (i.e., vacuum) laser focal spot size with the operating
plasma density in the experiments in the dataset. There is a clear overall trend towards larger initial spots
at lower densities (and therefore higher electron beam energies), and the spot sizes used are reasonably
close to λp (shown as a solid blue line in Fig. 5). However, given that the evidence suggests that most
of these experiments reached a0 ≈ 3 as a result of pulse evolution, it is also interesting to compare the
initial spot size with the expected matched spot size for a0 ≈ 3 (this is shown as a dashed red line in
Fig. 5). Most of the experiments are clearly operating at an initial spot size significantly larger than
this matched spot size, and none of the selected experiments operate with a spot size below this. This
suggests either that most experiments are operating with too large an initial spot size, wasting accelerator
length and laser energy while the laser pulse self-focuses, or that there is some experimental advantage
in starting at a spot size larger than the matched spot size and letting pulse evolution happen.
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Fig. 5: Variation of initial laser focal spot size with operating plasma density in various laser wakefield acceleration
experiments. Solid blue line, plasma wavelength, λp; red dashed line, matched spot size assuming a0 ≈ 3. Data
from Refs. [5–9, 15–60].

2.3 To guide or not to guide?
It is well known that a tightly focused laser pulse will quickly diffract in a vacuum. Effectively, the
pulse can only remain intense over a distance of about a Rayleigh length, zR = πw2

0/λ. The accelerator
lengths used in laser wakefield experiments are typically much longer than this and some sort of ‘guiding’
is therefore needed to keep the laser intensity sufficiently high to drive a wake throughout the structure.
There are two principal techniques to achieve this guiding, which both rely on creating a waveguide
structure to counteract diffraction. This requires that the transverse plasma density profile has a minimum
on-axis. Such a density minimum is naturally created by the laser pulse itself – that is, the bubble itself
acts as a waveguide. Alternatively, a preformed density minimum can be formed, for example using a
capillary discharge [24]; using a preformed waveguide brings significant complexity to an experiment
and restricts diagnostic access (e.g., for wake imaging diagnostics based on ultrashort probes [11]).
However, the bubble cannot self-guide the very front slice of the laser pulse, since the density minimum
is not formed immediately. Because of this, external channels are expected to be more efficient, i.e.,
they allow the laser to propagate over greater distances at high a0. With these points in mind, it is
interesting to see whether the experimental evidence supports the use of external waveguides. In Fig. 6,
the data are sorted into self-guided and externally guided experiments. The top panel of Fig. 6 appears to
show that there is no real advantage to using external guiding structures; the electron beam energy, as a
function of plasma density, follows the same trend for both subsets of the data, i.e., they are both limited
by dephasing. However, the bottom panel of Fig. 6 reveals the distinct advantage that experiments in
externally guided structures have over self-guided ones. The highest electron energy achieved at a given
laser power is almost always from an externally guided experiment; the self-guided experiments at the
same power tend to produce lower energy electron beams.

Are these data sufficient to suggest that external guiding structures improve the efficiency of laser
wakefield accelerators, owing to reduced energy losses as the pulse propagates? Or is something more
subtle occurring? In one experiment with an external waveguide using a '20 TW laser [30], differences
between the plasma density measured during a high-intensity laser shot and plasma density measure-
ments made offline suggested that, under the conditions in which electron beams were observed, the laser
pulse caused additional ionization of the plasma. As the plasma used in that experiment was formed
from hydrogen, which is readily ionized, this suggested that high-Z impurities from the walls of the
capillary were being ionized by the main pulse and injected into the plasma wave. Since that work, a
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Fig. 6: Variation of reported electron beam energy from various experiments. Top: Variation of beam energy
with plasma density. Bottom: Variation of beam energy with laser power. Filled circles, experiments in preformed
guiding structures; open squares, experiments without preformed guiding structures. Data from Refs. [5–9,15–60].

number of groups have proceeded to exploit this ionization injection mechanism to reduce the threshold
for injection and increase the beam charge (e.g., Refs. [36, 39]). There are also various other injection
techniques, including injection due to propagation in a density gradient [9, 35] and colliding pulse in-
jection [8]. In Fig. 7, the variation of electron beam energy with laser power is plotted again, this time
with the data divided into subsets based on injection type. As it is not known whether the majority
of capillary-discharge-based experiments rely on self-injection or whether ionization injection plays a
role, as in Ref. [30], these experiments have been placed in their own subset. Some of the ionization in-
jection experiments also produce higher electron beam energies for a given laser power than self-injection
experiments, and lie on the upper curve of the entire dataset, just as the capillary discharge dataset
does. This might suggest that the injection mechanism is more important than the guiding mechanism in
determining the maximum energy that can be achieved from a given laser power. This makes sense, as the
value that a0 reaches after self-evolution decreases with decreasing laser power, but alternative injection
mechanisms should lower the value that a0 needs to reach in order for injection to occur. However,
injection mechanisms other than ionization injection seem to perform similarly to self-injection in terms
of the electron energy that can be obtained for a given laser power. At present, the evidence is still
inconclusive; this is clearly a matter that requires further study.
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Fig. 7: Variation of reported electron beam energy from various experiments as a function of laser power and for
different injection mechanisms. Filled black circles, capillary discharge experiments; black squares, ionization
injection; green diamonds, density down-ramp injection; cyan triangles, colliding pulse injection; open black
squares, self-injection. Data from Refs. [5–9, 15–60].

3 Future directions
Having examined the trends in experimental data from laser wakefield experiments over the last decade,
we find that there is one overriding message. To keep pushing the electron energy achievable from a
single stage of a laser wakefield to ever higher values clearly requires operation at lower densities and
over longer distances, and such experiments will need more powerful lasers. However, it should be noted
that laser power can be increased in two ways, either by increasing the laser energy or by decreasing the
pulse duration. Most of the data presented were obtained using laser pulses with a duration of ∼30 fs,
so the trends in laser power are dominated by the pulse energy. Simulations demonstrate that the pulse
length in a laser wakefield accelerator should not be too short. Energy is lost predominantly from the
front of the laser pulse (this is the part of the laser that is doing work on the plasma), so the shorter the
laser pulse, the more quickly it runs out of energy. As new laser facilities come online around the world,
it is worth remembering that the shortest pulse is not necessarily the best for driving laser wakefield
accelerators. Pulse durations where cτL is comparable to the plasma wavelength, λp, drive efficient
wakes and allow the pump depletion length to match the dephasing length [62]. Pulses significantly
shorter than λp/2 expend their energy before the maximum energy can be reached.

The experimental trends show that most experiments are attaining electron beam energies that are
limited by dephasing. If the community is to be able to keep up the impressive pace it has sustained over
the last decade then methods to overcome this limitation will become increasingly important, especially
as further increases in laser power become ever more expensive. As a result, techniques to overcome
dephasing, such as quasi-phase matching [64], staging [65] and density tapering [66] will all become
important areas of research.

The final point that we would like to make is that the laser systems currently used to drive laser
wakefield accelerators are woefully inefficient. A titanium sapphire laser has a ‘wall plug’ efficiency of
∼0.1%. They also currently run at very low repetition rates compared with a conventional accelerator. As
laser wakefield accelerators push the energy frontier and strive to become workhorses for applications, it
will become increasingly important that both repetition rate and efficiency are properly considered and
significantly improved. Much more efficient laser architectures are available, including thin-disc [67]
and fibre [68] lasers, that can also readily operate at much higher repetition rates. However, these sys-
tems do not yet have the capability to produce laser pulses with the high energy and short pulse duration
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needed to drive current laser wakefield acceleration experiments. Innovative solutions, including the
use of coherent [69] and incoherent [70] combinations of many low-energy laser pulses to drive wake-
field experiments, or the use of trains of many low-energy pulses to resonantly drive a high amplitude
wakefield [71], may well form the most promising routes to high repetition rate, high-efficiency laser
wakefield accelerators suitable for particle physics experiments or light-source based applications.
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