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We report on experimental measurements of energy transfer efficiencies in a GeV-class laser wake-
field accelerator. Both the transfer of energy from the laser to the plasma wakefield, and from the
plasma to the accelerated electron beam were diagnosed by simultaneous measurement of the de-
celeration 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 maximised at 19 ± 3% by tuning of the plasma
density and length. The additional information provided by the octave-spanning laser spectrum
measurement allows for independent optimisation of the plasma efficiency terms, which is required
for the key goal of improving the overall efficiency of laser wakefield accelerators.

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 or-
der 100GV/m. LWFA has been successfully used to ac-
celerate electrons to > 1GeV energy levels over inter-
action distances on the order of a centimeter [1–6]. A
crucial consideration for LWFAs is the efficiency of en-
ergy transfer from the laser to the accelerated particle
bunch. In radio-frequency (RF) linear accelerators, ef-
ficient operation 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 non-linearities eventually
damp out the plasma oscillations and so high efficiency
energy transfer must be achieved within a relatively small
number of plasma oscillation periods.
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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 = (𝜂AC→driver) · (𝜂driver→plasma) · (𝜂plasma→beam),
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 wit-
ness beam, to the energy lost by the driver. Using this
measure, an efficiency of > 30% has been observed exper-
imentally [7]. In LWFA, energy transfer to the plasma
wakefield occurs through redshifting of the driving laser
pulse, and so can be determined from spectral measure-
ment of the post-interaction laser pulse [8, 9]. Combined
with measurement of the accelerated electron beam spec-
trum, it is possible to simultaneously diagnose the ef-
ficiency with which the laser excites the plasma wake-
field, and the efficiency with which the electron beam ex-
tracts 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 significant energy to
the wake [10]. Consequently, the extraction efficiency for
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LWFA only includes energy transfer from the guided, and
therefore redshifted, laser mode.

Regardless of the nature of the driver, 100% extrac-
tion efficiency would require that the wake of the wit-
ness beam perfectly cancels the plasma wake generated
by the driver. With a suitably chosen trapezoidal elec-
tron beam current profile [11], the accelerating field over
the electron bunch can be kept constant at 𝐸𝑧(𝜉𝑆) where
𝜉𝑆 is the location of the head of the electron bunch in
the co-moving frame 𝜉 = 𝑧 − 𝑐𝑡. Doing so allows for si-
multaneous high plasma wake extraction efficiency and
low energy spread for the accelerated beam in linear [11]
or non-linear blowout [12–14] regimes. If dephasing oc-
curs, then this ideal beam-loading condition can not be
maintained, leading to increased energy spread and lower
overall efficiency. Any modification to the wakefield am-
plitude, i.e. as the laser evolves, will affect both the ideal
beam-loading condition and the dephasing rate.

In this letter, 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 > 1GeV.
This required measurement of 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 between 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 a LWFA, assuming conserva-
tion of photon number (valid for Δ𝜔 < 𝜔0 and 𝜔𝑝 ≪ 𝜔0

[15, 16], and negligible levels of ionization or incoher-
ent scattering), the energy loss per unit length is given
by −d𝑊𝐿/d𝑧 = −(𝑊𝐿0/𝜔0)d⟨𝜔⟩/d𝑧, where 𝑊𝐿0 and 𝜔0

are the initial laser pulse energy and frequency, respec-
tively. The electron-beam energy-gain per-unit-length,
𝑁𝐵𝑚𝑒𝑐

2𝑑⟨𝛾⟩/𝑑𝑧, where 𝑁𝐵 is the number of accelerated
electrons and ⟨𝛾⟩ =

∫︀
𝑆(𝛾)d𝛾/𝑁𝐵 is the average energy

of the beam, can be inferred from measurements of the
electron spectrum 𝑆(𝛾) as a function of plasma length.
Therefore, the instantaneous energy extraction efficiency
for a LWFA can be written as,

𝜂𝑏 = −𝑁𝐵𝑚𝑒𝑐
2𝜔0

𝑊𝐿0

[︂
d⟨𝛾⟩
d𝑧

]︂ [︂
d⟨𝜔⟩
d𝑧

]︂−1

. (1)

Due to contributions by dephasing, drive laser evolution,
beam injection and beam loss (changing 𝑁𝐵), the ex-
traction 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 sup-
plemental materials) with the Gemini laser at the Central
Laser Facility. Each pulse contained 6.3±0.6 J in a pulse
length of 𝜏FWHM = 52± 4 fs, with a peak power of 𝑃0 =
113 ± 19TW. 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 50(±2)𝜇m ×40(±2)𝜇m
(𝑥× 𝑦 FWHM) using an 𝑓/40 parabolic mirror and was
linearly polarised along the 𝑥-axis. A deformable mirror
was used to optimize the wavefront, giving a peak in-
tensity in vacuum of 𝐼0 = 3.9(±0.7)× 1018 W cm−2 and
a peak normalised vector potential 𝑎0 = 1.34 ± 0.11 at
focus.

The laser pulse was focused into a 3D printed two-
stage gas cell [17], 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 1mm wide
vertical slits to allow for the gas cell to be translated
vertically. This enabled the accelerator length to be ad-
justed continuously as the exit wall was angled at 45 ∘

to the vertical plane. The injector stage has an internal
length of 3mm and the accelerator length was variable
over 8-21mm, giving a total gas cell length 14-27mm (in-
cluding the cell boundaries). The electron density in the
gas cells was varied in the range 𝑛𝑒 = 0−2.6×1018 cm−3,
which was diagnosed by observing the spectrum of Ra-
man side-scattering from plasma waves generated by low
intensity (𝑎0 < 1), long duration (𝜏FWHM ≈ 200 fs) laser
pulses [18].

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 mea-
suring 350–840 nm (Andor Shamrock) and one measur-
ing 900–1700 nm (Ocean Optics NIRQuest 512). The
relative spectral sensitivities of the laser spectrometers
was calibrated using a pre-calibrated white light source.
The electron beam spectrum was measured using a mag-
netic dipole with integrated field strength

∫︀
𝐵d𝑧 =

0.45Tm, which dispersed electrons in the energy range
385–3000MeV onto a Lanex scintillator.

In order to determine the optimal conditions for elec-
tron 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
21mm (total plasma length 27mm), are plotted in fig-
ure 1a-b.

The laser spectrum, shown in figure 1a, was increas-
ingly redshifted and broadened at higher plasma density.
For the highest plasma density 𝑛𝑒 = 2.6×1018 cm−3, the
laser spectrum extended to the limit of the spectrometer
with a peak occurring at 1600 nm. Comparatively lit-
tle laser energy was blueshifted for the full density range
demonstrating that ionization blueshift or photon accel-
eration at the rear of the plasma wave were not significant
[19].

As shown in figure 1b, the highest electron energy oc-
curred for 𝑛𝑒 = 1.5 × 1018 cm−3, where a peak in the
spectrum was observed at 1.4GeV. At higher densities,
the maximum electron energies decreased, while the to-
tal measured charge remained approximately constant at
𝑒𝑁𝐵 ≈ 210 pC. The increasing laser redshift indicates
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FIG. 1. Laser and electron spectrum at the exit of the 27mm gas cell as functions of electron density (a and b) and as
functions of accelerator stage length for 𝑛𝑒 = 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 3–5 shots at the same conditions.

that a strong plasma wave continued to be driven at these
high densities, but the injected electrons experienced less
acceleration.

Figure 1c-d show the result of scanning the accelerator
length for a fixed density of of 𝑛𝑒 = 1.25 × 1018 cm−3.
The laser (figure 1c redshifted at an approximately lin-
ear rate as the acceleration length was increased. The
electron spectra (figure 1d, shows two distinctive electron
bunches were accelerated, with the higher energy compo-
nent reaching 1.2GeV. For plasma length 𝑧 < 18mm (ac-
celeration cell length 𝑧 < 13mm) the charge in the higher
energy component was much reduced, indicating that in-
jection was sensitive to small changes in the plasma pro-
file as the cell was translated vertically. Also for the
longest plasma lengths (𝑧 > 25mm), the laser redshift
was reduced, indicating that less energy was coupled into
the plasma. This was likely due to obstructions to 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 figure 1 over the
spectral axes. For the laser spectrum, there was a small
gap between the ranges of the two spectrometers. In or-
der to determine the interacting laser energy, Gaussian
process regression (GPR) was used to fit the observed sig-
nal and interpolate over this region. The relative error of
the interacting laser energy measurement introduced by
this procedure was calculated from the GPR model un-
certainties as less than 3% (standard deviation). Further-
more, 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 spec-
trum by 𝜔2, i.e. 𝑆cor.(𝜔) ∝ 𝑆meas.(𝜔)/𝜔

2 . Analysis
of transmitted laser spectra from the PIC simulations
(described later in this paper) indicate that this assump-
tion leads to the laser depletion being underestimated by
≈ 5%. Finally, it was assumed that the total photon
number of the driving laser pulse (𝑁𝑝ℎ = 𝑊𝐿0/~𝜔0) was
conserved throughout the interaction [8], such that the
energy loss can be calculated from the change in average
laser frequency as in equation (1).

The laser pulse energy loss and electron energy gain
are plotted as functions of plasma density in figure 2a &
b. The laser lost more energy for increasing plasma den-
sity 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 𝑛𝑒 = 1.6 × 1018 cm−3 and was lower for
both higher and lower plasma densities. The extraction
efficiency 𝜂𝑏 = −𝑊𝐵/Δ𝑊𝐿, plotted in figure 2c, reached
a maximum of 13 ± 3% at 𝑛𝑒 = 1.05 × 1018 cm−3. In-
creasing the plasma density beyond this point resulted
in a 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 figure 2d & e. The laser
energy loss was approximately linearly proportional to
the plasma length up to 𝑧 = 25mm. The electron
beam total energy increased suddenly with the appear-
ance of the higher energy feature in the electron spectrum
(visible in figure 1d), at 𝑧 = 18mm. Over the range
(20 ≤ 𝑧 ≤ 26)mm, the electron charge had an average
of 𝑒𝑁𝐵 = 220± 70 pC, while the electron beam total en-
ergy increased with 𝑧. The extraction efficiency, shown
in figure 2f), also increased with length for 𝑧 < 20mm as
more charge was injected, before stabilizing at an average
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FIG. 2. Laser energy loss, electron beam energy and extrac-
tion efficiency as functions of plasma density for 𝑧 = 27mm
a-c), and length d-e) with 𝑛𝑒 = 1.25× 1018 cm−3.

of 𝜂𝑏 = 16±3% for (20 ≤ 𝑧 ≤ 26)mm with a maximum of
𝜂𝑏 = 19±3%. The maximum electron beam total energy
was 𝑊𝑏 = 0.25 ± 0.03 J, giving a total LWFA efficiency
𝜂laser→beam = 4.0± 0.5%.

In order to explore the dynamics of the experiment,
we performed quasi-3D PIC simulations using FBPIC
[20], using 4 azimuthal modes (see details in supplemen-
tal material). The laser pulse was initialised using the
experimentally measured temporal profile, and a Gaus-
sian approximation to the measured focal spot energy
distribution with an 𝑎0 = 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 idealised
laser pulse contained only 4.2 J of energy (66% of the
laser energy in the experiment), indicating that the com-
bination 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
observations [10, 21].

The laser and electron spectra, as functions of prop-
agation distance within the PIC simulation, are shown
in figure 3a and b. The laser spectrum was seen to
redshift and broaden by the same amount as the ex-
perimental measurements of figure 1c, with a redshifted
peak at 𝜔 = 1.9 rad fs−1. The laser reached a peak nor-
malised vector potential of 𝑎0 = 3 at 𝑧 = 4.4mm, 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 trapping of inner shell electrons from nitrogen (ion-
isation injection [22–25]) during the first 5mm. A total
beam charge of 255 pC was observed in the accelerated
beam at the end of the simulation, with a peak in energy
of 1.2GeV. Approximately 16% of the electron beam en-
ergy at the end of the simulation lies below the 385MeV
detection threshold of the experimental spectrometer, in-
dicating that the experimentally measured extraction ef-

ficiency is underestimated by a similar amount.

FIG. 3. a) Laser and b) electron spectra as functions of prop-
agation distance taken from a PIC simulation with a plateau
density of 𝑛𝑒 = 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 = (1.25, 1.5)× 1018 cm−3

and the experimental measurements (blue points) at 𝑛𝑒 =
1.25× 1018 cm−3.

The extraction efficiency is shown in Figure 3c for
𝑛𝑒 = 1.25 × 1018 cm−3 and for a slightly higher den-
sity 𝑛𝑒 = 1.5 × 1018 cm−3. For the higher density case,
the laser intensity reached a larger value during the ini-
tial 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 ef-
ficiency was initially higher than for the lower density
case. However, for the higher density case the efficiency
dropped significantly throughout the accelerator, as the
electron beam dephased and started to decelerate for
𝑧 > 17mm.
Simulations using the same plasma profile with plateau

densities of 𝑛𝑒 = (1.1, 1.2, 1.3, 1.4)×1018 cm−3, show that
both the maximum final electron energy and extraction
efficiencies were optimised for𝑛𝑒 = 1.2× 1018 cm−3. Op-
erating the LWFA at a higher density but over a shorter
length allows for higher efficiency, but results in a 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 ve-
locity of the laser 𝜉 = 𝑧 − 𝑣𝑔𝑡. The fields are shown
both with (figure 4a) and without (figure 4b) the contri-
bution of the trapped electron bunch. After the initial
self-focusing phase, the laser pulse 𝑎0 steadily dropped
from 𝑎0 = 2 to 𝑎0 = 1.5 at 𝑧 = 22mm, causing a gradual
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FIG. 4. a) Loaded and b) unloaded longitudinal electric field
and injected electron bunch position (green) over the propa-
gation axis 𝑧 of PIC simulations with 𝑛𝑒 = 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.

reduction in the wavelength of the wakefield 𝜆𝑝. In addi-
tion, as the shape of the wakefield smoothly changed from
the saw-tooth profile of the highly non-linear regime to a
quasi-linear sinusoidal profile, which also had the effect
of moving the position of peak accelerating field further
forward. As shown in figure 4b, 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. Fig-
ure 4a, 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 normalised vector potential
reached a peak value of 𝑎0 = 3, significantly above the
threshold for ionisation injection. Electrons injected at
this point were trapped on deep orbits [25] in which elec-
trons obtained the wakefield phase velocity 𝑣 = 𝑣𝜑 signif-
icantly before the back of the wake, and so never expe-
rienced the maximum accelerating wakefield. From this
point on, a non-evolving laser driver would have caused
the electron beam to dephase at 𝐿𝜑 = 14.5mm with a
maximum energy of 800MeV. However, the driver evolu-
tion acted to mitigate dephasing, resulting in the higher
observed electron beam energy of 1.2GeV.

Methods for accelerating electrons to energies beyond

the dephasing limit have been explored, including non-
uniform plasma profiles [26–29] or by using alternative
laser focusing geometries with spatio-temporal couplings
[30–32]. Phase-locked LWFA dynamics in a constant den-
sity plasma have been observed in PIC simulations pre-
viously [33] although in that case it was attributed to
pulse depletion. However, depletion increases the wake-
field 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 ef-

ficiency 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 approx-
imately one third of the laser energy wasted due to a
non-ideal focal spot. The overall efficiency could there-
fore 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 a LWFA facility.
For the highest plasma densities and longest interaction
length, the laser pulse spectrum was observed to span
a complete octave from 800–1600 nm. Further harness-
ing of these effects may open up a route to relativistic
intensity single cycled mid-IR laser pulses [34–36].
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C. M. Schlepütz, M. Shahzad, M. Smid, R. Spesyvtsev,
D. R. Symes, G. Vieux, L. Willingale, J. C. Wood, A. J.
Shahani, and A. G. R. Thomas, Scientific Reports 9,
3249 (2019).

[18] T. Matsuoka, C. McGuffey, P. G. Cummings,
Y. Horovitz, F. Dollar, V. Chvykov, G. Kalintchenko,
P. Rousseau, V. Yanovsky, S. S. Bulanov, A. G. R.
Thomas, A. Maksimchuk, and K. Krushelnick, Physical
Review Letters 105, 034801 (2010).

[19] J. Schreiber, C. Bellei, S. P. D. Mangles, C. Kamperidis,
S. Kneip, S. R. Nagel, C. A. J. Palmer, P. P. Rajeev,
M. J. V. Streeter, and Z. Najmudin, Physical Review
Letters 105, 235003 (2010).

[20] R. Lehe, M. Kirchen, I. A. Andriyash, B. B. Godfrey,
and J.-L. Vay, Computer Physics Communications 203,
66 (2016).

[21] S. P. D. Mangles, G. Genoud, M. S. Bloom, M. Burza,
Z. Najmudin, A. Persson, K. Svensson, A. G. R. Thomas,
and C.-G. Wahlström, Physical Review Special Topics -
Accelerators and Beams 15, 11302 (2012).

[22] T. P. Rowlands-Rees, C. Kamperidis, S. Kneip, A. J.
Gonsalves, S. P. D. Mangles, J. G. Gallacher, E. Brunetti,
T. Ibbotson, C. D. Murphy, P. S. Foster, M. J. V.
Streeter, F. Budde, P. A. Norreys, D. A. Jaroszynski,
K. Krushelnick, Z. Najmudin, and S. M. Hooker, Phys-
ical Review Letters 100, 105005 (2008).

[23] A. Pak, K. A. Marsh, S. F. Martins, W. Lu, W. B.
Mori, and C. Joshi, Physical Review Letters 104, 025003
(2010).

[24] C. McGuffey, A. G. R. Thomas, W. Schumaker, T. Mat-
suoka, V. Chvykov, F. J. Dollar, G. Kalintchenko,
V. Yanovsky, A. Maksimchuk, K. Krushelnick, V. Y. By-
chenkov, I. V. Glazyrin, and a. V. Karpeev, Physical
Review Letters 104, 025004 (2010).

[25] M. Chen, E. Esarey, C. B. Schroeder, C. G. R. Ged-
des, and W. P. Leemans, Physics of Plasmas 19, 033101
(2012).

[26] A. Pukhov and I. Kostyukov, Physical Review E 77,
025401(R) (2008).
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