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We report on experimental measurements of energy transfer efficiencies in a GeV-class laser wakefield
accelerator. Both the transfer of energy from the laser to the plasma wakefield and from the plasma to the
accelerated electron beam was diagnosed by simultaneous measurement of the deceleration of laser photons
and the acceleration of electrons as a function of plasma length. The extraction efficiency, which we define as
the ratio of the energy gained by the electron beam to the energy lost by the self-guided laser mode, was
maximized at 19� 3% by tuning the plasma density and length. The additional information provided by the
octave-spanning laser spectrum measurement allows for independent optimization of the plasma efficiency
terms, which is required for the key goal of improving the overall efficiency of laser wakefield accelerators.
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Intense laser pulses can drive compact plasma-based
electron accelerators using a process known as laser
wakefield acceleration (LWFA). As the laser pulse prop-
agates through a plasma, it drives electron oscillations

that produce large electrostatic fields, typically of order
100 GV=m. LWFA has been successfully used to accel-
erate electrons to > 1 GeV energy levels over interaction
distances on the order of a centimeter [1–6]. A crucial
consideration for LWFAs is the efficiency of energy
transfer from the laser to the accelerated particle bunch.
In radio-frequency (rf) linear accelerators, efficient oper-
ation is achieved by storing the drive energy in a high-
quality factor cavity, which is then extracted by multiple
electron beams in a bunch train. In high-amplitude
plasma accelerators, nonlinearities eventually damp out the
plasma oscillations and so high-efficiency energy transfer
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must be achieved within a relatively small number of
plasma oscillation periods.
In plasma accelerators, the driver energy is converted to

the accelerating fields via the plasma response so that the
total efficiency of the accelerator can be broken down as
η ¼ ðηAC→driverÞ · ðηdriver→plasmaÞ · ðηplasma→beamÞ, where the
last term, from here on abbreviated as ηb, is the extraction
efficiency. In beam-driven plasma wakefield acceleration
(PWFA), the extraction efficiency is simply calculated as
the ratio of the energy gained by the witness beam to the
energy lost by the driver. Using this measure, an efficiency
of > 30% has been observed experimentally [7]. In LWFA,
energy transfer to the plasma wakefield occurs through
redshifting of the driving laser pulse and so can be
determined from spectral measurement of the postinteraction
laser pulse [8,9]. Combined with the measurement of the
accelerated electron beam spectrum, it is possible to simul-
taneously diagnose the efficiency with which the laser
excites the plasma wakefield and the efficiency with which
the electron beam extracts that energy. Higher-order laser
modes that are not guided in a central filament will not drive
strong plasma waves and therefore do not transfer signifi-
cant energy to the wake [10]. Consequently, the extraction
efficiency for LWFA only includes energy transfer from the
guided and therefore redshifted, laser mode.
Regardless of the nature of the driver, 100% extraction

efficiency would require that the wake of the witness beam
perfectly cancels the plasma wake generated by the driver.
With a suitably chosen trapezoidal electron beam current
profile [11], the accelerating field over the electron bunch
can be kept constant at EzðξSÞ, where ξS is the location of
the head of the electron bunch in the comoving frame
ξ ¼ z − ct. Doing so allows for simultaneous high plasma
wake extraction efficiency and low energy spread for
the accelerated beam in linear [11] or nonlinear blowout
[12–14] regimes. If dephasing occurs, then this ideal beam-
loading condition can not be maintained, leading to
increased energy spread and lower overall efficiency.
Any modification to the wakefield amplitude, i.e., as the
laser evolves, will affect both the ideal beam-loading
condition and the dephasing rate.
In this paper, we present experimental measurements of

the transfer of laser energy into a plasma wakefield and
the efficiency with which that energy was extracted by an
electron beam as it was accelerated to > 1 GeV. This
required measurement of an extended spectral range of the
shifted laser pulse at the exit of the plasma, which in this
regime extended up to 1600 nm. Studying the energy
transfer among the laser, plasma, and electron beam as a
function of the plasma length was used to reveal the
dynamics responsible for this optimum.
For the driving laser of an LWFA, assuming conservation

of photon number (valid for Δω < ω0 and ωp ≪ ω0

[15,16] and negligible levels of ionization or incoherent
scattering), the energy loss per unit length is given by

−dWL=dz¼ −ðWL0=ω0Þdhωi=dz, where WL0 and ω0

are the initial laser pulse energy and frequency, respec-
tively. The electron-beam energy-gain per-unit-length,
NBmec2dhγi=dz, where NB is the number of accelerated
electrons and hγi ¼ R

SðγÞdγ=NB is the average energy of
the beam, which can be inferred from measurements of the
electron spectrum SðγÞ as a function of plasma length.
Therefore, the instantaneous energy extraction efficiency
for an LWFA can be written as

η̃b ¼ −
NBmec2ω0

WL0

�
dhγi
dz

��
dhωi
dz

�
−1
: ð1Þ

Due to contributions by dephasing, drive laser evolution,
beam injection, and beam loss (changing NB), the extrac-
tion efficiency is not a constant but changes along the
accelerator length. For the results of this paper, we measure
the accelerator averaged extraction efficiency ηb, i.e., the
ratio of the total energy gained by the electron beam to the
energy lost by the laser pulse over the full acceleration
length.
An experiment was performed (setup as shown in

Supplemental Materials [17]) with the Gemini laser at
the Central Laser Facility. Each pulse contained 6.3� 0.6 J
in a pulse length of τFWHM ¼ 52� 4 fs, with a peak
power of P0 ¼ 113� 19 TW. The pulse had a positive
chirp of 500 fs2 compared to the shortest pulse length
of 45 fs. The pulse was focused to a spot width of
50ð�2Þ × 40ð�2Þ μm2 (x × y FWHM) using an f=40
parabolic mirror and was linearly polarized along the
x axis. A deformable mirror was used to optimize the
wavefront, giving a peak intensity in a vacuum of I0 ¼
3.9ð�0.7Þ × 1018 Wcm−2 and a peak normalized vector
potential a0 ¼ 1.34� 0.11 at focus.
The laser pulse was focused into a 3D printed two-stage

gas cell [18], filled with a 2%/98% nitrogen/helium mix for
the first “injector” stage and pure helium in the second
“accelerator” stage. The cell walls had 1-mm wide vertical
slits to allow for the gas cell to be translated vertically. This
enabled the accelerator length to be adjusted continuously
as the exit wall was angled at 45 ° to the vertical plane. The
injector stage has an internal length of 3 mm and the
accelerator length was variable over 8–21 mm, giving a
total gas cell length of 14–27 mm (including the cell
boundaries). The electron density in the gas cells was
varied in the range ne ¼ 0–2.6 × 1018 cm−3, which was
diagnosed by observing the spectrum of Raman side
scattering from plasma waves generated by low intensity
(a0 < 1), long duration (τFWHM ≈ 200 fs) laser pulses [19].
After interaction with the plasma, the transmitted laser

pulse was reflected from two glass plates into a fiber
coupler, sampling a 1-cm diameter region (1=10 of the full
beam diameter at this point). A fiber splitter directed the
signal onto two spectrometers, one measuring 350–840 nm
(Andor Shamrock) and one measuring 900–1700 nm
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(Ocean Optics NIRQuest 512). The relative spectral sensi-
tivities of the laser spectrometers were calibrated using a
precalibrated white light source. The electron beam spec-
trum was measured using a magnetic dipole with integrated
field strength

R
Bdz ¼ 0.45 Tm, which dispersed electrons

in the energy range of 385–3000 MeV onto a Lanex
scintillator.
In order to determine the optimal conditions for electron

generation, the gas cell was positioned at its longest length
and the plasma density ne and longitudinal gas cell position
were independently scanned. The results of the gas cell
density scan, for an accelerator length of 21 mm (total
plasma length of 27 mm), are plotted in Figs. 1(a) and 1(b).
The laser spectrum, shown in Fig. 1(a), was increasingly

redshifted and broadened at higher plasma density. For the
highest plasma density ne ¼ 2.6 × 1018 cm−3, the laser
spectrum extended to the limit of the spectrometer with
a peak occurring at 1600 nm. Comparatively little laser
energy was blueshifted for the full density range demon-
strating that ionization blueshift and photon acceleration at
the rear of the plasma wave were not significant [20].
As shown in Fig. 1(b), the highest electron energy

occurred for ne ¼ 1.5 × 1018 cm−3, where a peak in the
spectrum was observed at 1.4 GeV. At higher densities,
the maximum electron energies decreased, while the total
measured charge remained approximately constant at
eNB ≈ 210 pC. The increasing laser redshift indicates
that a strong plasma wave continued to be driven at these
high densities, but the injected electrons experienced less
acceleration.
Figures 1(c) and 1(d) show the result of scanning the

accelerator length for a fixeddensity ofne¼1.25×1018 cm−3.
The laser Fig. 1(c) redshifted at an approximately linear
rate as the acceleration length was increased. The electron

spectra [Fig. 1(d)] shows two distinctive electron bunches
were accelerated, with the higher energy component reach-
ing 1.2 GeV. For plasma length z < 18 mm (acceleration
cell length z < 13 mm), the charge in the higher energy
component wasmuch reduced, indicating that injectionwas
sensitive to small changes in the plasma profile as the cell
was translated vertically. Also for the longest plasma
lengths (z > 25 mm), the laser redshift was reduced,
indicating that less energy was coupled into the plasma.
This was likely due to obstructions of the laser path at the
top of the gas cell slits.
Both the laser and electron beam energies were calcu-

lated by integrating the measurements in Fig. 1 over the
spectral axes. For the laser spectrum, there was a small gap
between the ranges of the two spectrometers. In order to
determine the interacting laser energy, Gaussian process
regression (GPR) was used to fit the observed signal and
interpolate over this region. The relative error of the
interacting laser energy measurement introduced by this
procedure was calculated from the GPR model uncertain-
ties as less than 3% (standard deviation). Furthermore, the
spectra were corrected to account for frequency dependent
divergence of the source, using the assumption that all
frequencies were emitted from a constant spot size. With
this assumption, the divergence is inversely proportional to
frequency and so the collection efficiency for an on-axis
sample scales as ω2 and so the corrected spectrum was
obtained by dividing the measured spectrum by ω2, i.e.,
ScorðωÞ ∝ SmeasðωÞ=ω2. Analysis of transmitted laser spec-
tra from the PIC simulations (described later in this
paper) indicates that this assumption leads to laser
depletion being underestimated by ≈5%. Finally, it was
assumed that the total photon number of the driving laser
pulse (Nph ¼ WL0=ℏω0) was conserved throughout the

FIG. 1. Laser and electron spectrum at the exit of the 27-mm gas cell as functions of electron density (a) and (b) and as functions of
accelerator stage length for ne ¼ 1.25� 0.06 × 1018 cm−3 (c) and (d). The red-bordered region in the laser spectra plots indicates the gap
between the measurement ranges of the two spectrometers, which was filled by interpolation. Each column of each image shows the
average from three to five shots at the same conditions.
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interaction [8], such that the energy loss can be calculated
from the change in average laser frequency as in Eq. (1).
The laser pulse energy loss and electron energy

gain are plotted as functions of plasma density in
Figs. 2(a) and 2(b). The laser lost more energy for
increasing plasma density until reaching a plateau for
ne>1.6×1018 cm−3. The electron beam total energy reached
a maximum of 0.18�0.04 J at ne¼1.6×1018 cm−3 and was
lower for both higher and lower plasma densities. The
extraction efficiency, ηb ¼ −WB=ΔWL, plotted in Fig. 2(c),
reached a maximum of 13� 3% at ne ¼ 1.05 × 1018 cm−3.
Increasing the plasma density beyond this point resulted in
lower extraction efficiency, even though the electron beam
energy increased.
The laser energy loss and electron beam energy for

the length scan are shown in Figs. 2(d) and 2(e). The laser
energy loss was approximately linearly proportional to
the plasma length up to z ¼ 25 mm. The electron beam
total energy increased suddenly with the appearance
of the higher energy feature in the electron spectrum
[visible in Fig. 1(d)], at z ¼ 18 mm. Over the range
ð20 ≤ z ≤ 26Þ mm, the electron charge had an average
of eNB ¼ 220� 70 pC, while the electron beam total
energy increased with z. The extraction efficiency, shown
in Fig. 2(f), also increased with the length for z < 20 mm
as more charge was injected, before stabilizing at an
average of ηb ¼ 16� 3% for ð20 ≤ z ≤ 26Þ mm with a
maximum of ηb ¼ 19� 3%. The maximum electron beam
total energy wasWb ¼ 0.25� 0.03 J, giving a total LWFA
efficiency ηlaser→beam ¼ 4.0� 0.5%.
In order to explore the dynamics of the experiment, we

performed quasi-3D PIC simulations using FBPIC [21],
using four azimuthal modes (see details in Supplemental
Material [17]). The laser pulse was initialized using the
experimentally measured temporal profile and a Gaussian
approximation to the measured focal spot energy

distribution with an a0 ¼ 1.34. The simulation results
matched the experimentally observed maximum electron
energy and laser redshift, with relative differences of 5%
and 0.1%, respectively. However, the simulated idealized
laser pulse contained only 4.2 J of energy (66% of the laser
energy in the experiment), indicating that the combi-
nation of laser pulse and target imperfections resulted in
a lower proportion of the laser energy being guided than
for a pure Gaussian mode, in-line with previous observa-
tions [10,22].
The laser and electron spectra, as functions of propaga-

tion distance within the PIC simulation, are shown in
Figs. 3(a) and 3(b). The laser spectrum was seen to redshift
and broaden by the same amount as the experimental
measurements of Fig. 1(c), with a redshifted peak at
ω ¼ 1.9 rad fs−1. The laser reached a peak normalized
vector potential of a0 ¼ 3 at z ¼ 4.4 mm due to the effects
of self-focusing and self-compression. For the rest of the
accelerator, a0 < 3 and no self-injection was observed. The
accelerated electron beam resulted from the trapping of
inner shell electrons from nitrogen (ionization injection
[23–26]) during the first 5 mm. A total beam charge of
255 pC was observed in the accelerated beam at the end of
the simulation, with a peak in the energy of 1.2 GeV.
Approximately 16% of the electron beam energy at the end
of the simulation lies below the 385 MeV detection
threshold of the experimental spectrometer, indicating that
the experimentally measured extraction efficiency is under-
estimated by a similar amount.

FIG. 2. Laser energy loss, electron beam energy, and extraction
efficiency as functions of plasma density for z ¼ 27 mm (a)–(c),
and length (d)–(f) with ne ¼ 1.25 × 1018 cm−3.

FIG. 3. (a) Laser and (b) electron spectra as functions of
propagation distance taken from a PIC simulation with a plateau
density of ne ¼ 1.25 × 1018 cm−3. (c) The extraction efficiency,
calculated as the ratio of the electron beam energy to the laser
energy loss, for simulations with ne ¼ ð1.25; 1.5Þ × 1018 cm−3

and the experimental measurements (blue points) at ne ¼
1.25 × 1018 cm−3.
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The extraction efficiency is shown in Fig. 3(c) for
ne ¼ 1.25 × 1018 cm−3 and for a slightly higher density
ne ¼ 1.5 × 1018 cm−3. For the higher density case, the
laser intensity reached a larger value during the initial self-
focusing, resulting in the trapping of ∼40% more charge.
Also for the higher density, the laser pulse maintained
a0 > 2.5 over the full acceleration distance, thereby driving
a higher amplitude wake. As a result, beam loading was less
severe and so the extraction efficiency was initially higher
than for the lower density case. However, for the higher
density case, the efficiency dropped significantly through-
out the accelerator, as the electron beam was dephased and
started to decelerate for z > 17 mm.
Simulations using the same plasma profile with plateau

densities of ne ¼ ð1.1; 1.2; 1.3; 1.4Þ × 1018 cm−3 show that
both the maximum final electron energy and extraction
efficiencies were optimized for ne ¼ 1.2 × 1018 cm−3.
Operating the LWFA at a higher density but over a shorter
length allows for higher efficiency but results in lower
maximum electron energy.
Figure 4 shows the electron beam position relative to the

axial longitudinal electric field in the lab frame with a
Galilean coordinate transform to the linear group velocity
of the laser ξ ¼ z − vgt. The fields are shown both with
[Fig. 4(a)] and without [Fig. 4(b)] the contribution of the
trapped electron bunch. After the initial self-focusing
phase, the laser pulse a0 steadily dropped from a0 ¼ 2
to a0 ¼ 1.5 at z ¼ 22 mm, causing a gradual reduction in
the wavelength of the wakefield λp. In addition, the shape
of the wakefield smoothly changed from the saw-tooth
profile of the highly nonlinear regime to a quasilinear
sinusoidal profile, which also had the effect of moving the
position of the peak accelerating field further forward. As
shown in Fig. 4(b), these effects combined to balance the

subluminal group velocity of the driving laser pulse and so
the trapped highly relativistic electrons closely tracked the
position of highest field strength. Figure 4(a) shows the
effect of beam loading, which reduced the accelerating field
experienced by the rear of the bunch to ≈15% of the value
at the head.
During injection, the normalized vector potential reached

a peak value of a0 ¼ 3, significantly above the threshold
for ionization injection. Electrons injected at this point were
trapped on deep orbits [26] in which electrons obtained the
wakefield phase velocity v ¼ vϕ significantly before the
back of the wake and so never experienced the maximum
accelerating wakefield. From this point on, a nonevolving
laser driver would have caused the electron beam to
dephase at Lϕ ¼ 14.5 mm with a maximum energy of
800 MeV. However, the driver evolution acted to mitigate
dephasing, resulting in the higher observed electron beam
energy of 1.2 GeV.
Methods for accelerating electrons to energies beyond

the dephasing limit have been explored, including non-
uniform plasma profiles [27–30] or using alternative laser
focusing geometries with spatiotemporal couplings [31–
33]. Phase-locked LWFA dynamics in a constant density
plasma have been observed in PIC simulations previously
[34] although in that case it was attributed to pulse
depletion. However, depletion increases the wakefield
amplitude due to laser redshifting (a0 ∝ ω−1=2) and so
this effect alone would actually increase the wakefield
wavelength and cause the electron beam to dephase more
rapidly. Here we show that through careful management
of the laser evolution, it is possible to mitigate dephasing
so that pulse depletion determines the electron energy
limit for the accelerator.
In conclusion, we have measured the extraction effi-

ciency for an LWFA, which reached a maximum of
19� 3%, close to that previously observed in electron
beam–driven PWFA [7]. The measurements indicated that
only approximately 20% of the laser pulse energy was
transferred to the plasma wakefield, with approximately
one-third of the laser energy wasted due to a nonideal focal
spot. The overall efficiency could therefore be increased by
improving the spatial distribution of the laser pulse, as
indicated by PIC simulations with a Gaussian distribution
as well as previous studies on the effects of non-Gaussian
focal spots [10]. Laser energy that remains after the
interaction could possibly be recovered to further improve
the total efficiency of an LWFA facility. For the highest
plasma densities and longest interaction length, the laser
pulse spectrum was observed to span a complete octave
from 800 to 1600 nm. Further harnessing these effects may
open up a route to relativistic intensity single cycled mid-
IR laser pulses [35–37].

The data and analysis scripts are available at the online
repository zenodo.org at [38].

FIG. 4. (a) Loaded and (b) unloaded longitudinal electric field
and injected electron bunch position (green) over the propagation
axis z of PIC simulations with ne ¼ 1.25 × 1018 cm−3. The
unloaded fields were extracted from a simulation without the
ionization injection species. The maximum accelerating field
position in the first plasma period (black line) is overlaid.
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