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Multi-GeV Electron Acceleration in Wakefields Strongly Driven by Oversized Laser Spots
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Experiments were performed on laser wakefield acceleration in the highly nonlinear regime. With laser
powers P < 250 TW and using an initial spot size larger than the matched spot size for guiding, we were

able to accelerate electrons to energies y,x > 2.5 GeV, in fields exceeding 500 GV m~!, with more than
80 pC of charge at energies £ > 1 GeV. Three-dimensional particle-in-cell simulations show that using an
oversized spot delays injection, avoiding beam loss as the wakefield undergoes length oscillation. This
enables injected electrons to remain in the regions of highest accelerating fields and leads to a doubling of
energy gain as compared to results from using half the focal length with the same laser.

DOI: 10.1103/PhysRevLett.132.195001

Laser wakefield accelerators (LWFA) have become
valuable tools in high-field science [1-3] and as drivers
of particle [4] and radiation sources [5—7]. There are now
many reports of acceleration of electrons to multi-GeV
energies by LWFA [8—12]. But for many applications, it is
desirable to have as high a charge of electrons at ~GeV
energies as possible [5,13—15].

The LWFA is a relativistic accelerating structure result-
ing from the space charge separation created by an intense
laser pulse passing through an underdense plasma [16]. To
attain the highest energies, the laser pulse must be guided
over many Rayleigh lengths, which can be achieved by
using plasma waveguides [10,12]. It is also common to use
self-guiding [17-19], where diffraction of the laser pulse is
balanced by the intensity-dependent response of the plasma
refractive index. Self-guiding can occur for lasers exceed-
ing a critical power P, = (2(4req)mic’/e?)(w}/w?) ~
17.4 (ny/n.) GW [20,21], where wy is the laser frequency,
, = (n.e?/eom,)"/? is the plasma frequency, and n,, =
(egm,@})/ € is the critical density.

The properties of the wakefield depend on the peak
normalized vector potential of the laser, ay = eE/m, wqc,
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where E is the electric field of the laser. At high intensity,
ag 2 2, the maximum energy gain is given by [22]

2
gmax = g (wO/wp)zaomecz- (1)

Simulations suggest that in this regime the laser can be self-
guided at a matched size w,, = 2,/agc/w, [23]. In most
experiments, the laser spot is initialized at close to w,, to
ensure good guiding. Previous reports of multi-GeV
acceleration using self-guided LWFA have required lasers
exceeding PW powers [8,9,11].

In this Letter, we show that initiating the laser with an
overly large spot, relative to w,,, leads to maximum
energies of more than 2.5 GeV in electric fields exceeding
500 GV m~! with a laser power of only P = 230 TW. This
energy gain is more than double that which has been
previously achieved in numerous experiments using the
same laser system but with a smaller initial spot size
[7,13,17,24,25]. The slower rate of self-focusing, and the
concomitant reduction in spot width and a, variations,
reduces beam loss of injected electrons that can occur due
to rapid variations in bubble length at early times. Electrons
injected into the extreme fields at the back of the bubble
remain focused and are rapidly accelerated to high energies.

The experiments were carried out using the Gemini laser
at the Rutherford Appleton Laboratory, which provides
linearly polarized laser pulses of central wavelength 4, =
800 nm and pulse lengths down to 7= (43 +5) fs

Published by the American Physical Society
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(FWHM). Using a folded focusing geometry (see
Supplemental Material [36] for schematic), pulses of up
to Ey, = 11 J (P =230 TW) were focused witha f =6 m
spherical mirror (f/40). A deformable mirror before the
focusing optic corrected wavefront aberrations, allowing
focusing to an elliptical spot with 1/e? intensity (major,
minor) radii of (Wpgjors Wiinor) = (48 £2,37 +2) pm.
The peak vacuum intensity for £y = 11 J on target was
Iy = (6.8 £0.9) x 10"® Wcm?, (ap = 1.8 £0.1).

The laser was focused on the entrance of a helium gas
cell of length variable from L = 3 to 42 mm. The plasma
density was characterized by transverse moiré interferom-
etry [26], resulting in an error of 12%. The generated
electron beam was measured with a permanent magnet
dipole spectrometer with B. = 0.95 T over a length of
[p =42 cm and its field set perpendicular to the laser
polarization. The deflected electrons were detected on two
phosphor screens (Lanex regular) imaged on to 16-bit CCD
cameras, allowing the energy of the electron beam to be
determined with no ambiguity due to pointing variations
[27,28]. Typically one common feature in the high-energy
part of the electron was used for backtracking (example in
Supplemental Material).

Single-shot images from the spectrometer are shown in
Fig. 1, highlighting three different acceleration regimes that
could be accessed by varying operating parameters. At the
lowest densities at which electron beams were detected,
typically n, ~ 1.6 x 10'® cm™3, narrow energy spread fea-
tures could be produced, as shown in Fig. 1(a). This is
atypical for self-guided self-injection experiments per-
formed for laser powers P ~200 TW in uniform density
targets, where multiple or even continuous injection is
observed as beams are accelerated to high energy [17].
Beam charges up to 4 pC were produced in FWHM energy
spreads as low as 4%. These features were sensitive to laser
and plasma parameters but interestingly were persistent for
increases in plasma length.

Increasing laser energy increased the spectral brightness
of the electron beam, but was accompanied by an increas-
ing tail of low-energy electrons, as exemplified in Fig. 1(b).
This beam features a high energy peak of about 20 pC in a
10% FWHM energy spread at a central energy
€ =(1.39 £0.02) GeV. At higher plasma density, a fur-
ther increase in maximum energy was observed, but now in
a beam with broad energy spread, as shown in Fig. 1(c). A
maximum energy, defined as the energy where the signal
rises to 5 times the standard deviation of noise at the high
energy end of the spectrometer, of £, = (2.7 £0.1) GeV
was obtained at n, = 2.9 x 10'® cm™3. For this spectrum,
the total beam charge was Q,, ~ 370 pC, corresponding to
more than 0.34 J. The charge exceeding 1 GeV was
Qc-1Gev = (100 £ 2) pC, with the charge exceeding
2 GeV measured to be Qg.» gey = (17 £ 1) pC.

The stability of the generated multi-GeV electron beams
is presented in Fig. 2. Average spectra along with their
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FIG. 1. (a)—(c) Sample electron spectrometer images: (a) narrow

energy spread beam with £ = (0.90 + 0.01) GeV and FWHM
energy spread AE/E = 4%, for (P,L,n,) = (215 TW, 32 mm,
1.6 x 10" cm™3); (b) beam with peak at & = 1.4 GeV
and AE/E =10%, for (240 TW,20 mm, 1.6 x 10'® cm™3);
(¢) multi-GeV electron beam, with cutoff at &, = 2.7 GeV
for (240 TW, 20 mm, 2.9 x 10'® cm~3). Note the different color
scales in (a)—(c). (d) spectra for (a)—(c).

standard deviation are plotted in Fig. 2(a) for P, =
120 TW and P; = 240 TW. Even with half the nominal
laser energy (E; =5 1J), electron energies up to &, =
(1.8 +0.1) GeV and charges up to Q,, =~ 100 pC were
measured for n, =29 x10"® cm™ and L = 10 mm.
Thus, the energy gain was increased by at least 50% as
compared to that obtained with twice the laser energy but
with faster focusing [7,13,17,24,25].

The variation of the cut-off energy as a function of
plasma length is shown in Fig. 2(b) for P;, = 120 TW. The
energy gain varies parabolically with acceleration length, as
expected in the linearly varying fields of a cavitated plasma
bubble [23]. Fitting a quadratic determines a peak field
of Epesc = (360 £30) GVm™! for n, = 2.3 x 10'® cm™
and  Ep = (5704+190) GVm~!  for n, =3.2 x

P
10'® cm™3. These measurements highlight the extreme
field strengths sampled by the electrons.

The scaling of cut-off energy and beam charge is plotted
in Figs. 2(c) and 2(d) for fixed length L = 12.5 mm and
full laser power. £, 1S seen to increase with density and
peaks at n, ~ 2.9 x 10'® cm™3. The total beam charge, Q,,,
increases almost linearly with n,, while the amount of high
energy electrons (£ > 1 GeV) is observed to also peak at

n,~2.9x10"® ecm™ with Q¢.i gev = (80 4+ 7) pC.

195001-2



PHYSICAL REVIEW LETTERS 132, 195001 (2024)

200 1 1 1 1 1 ;2'0 1 1 1 1
(a) — P =120TW >
J 150 — h=200TW4 O
o 1.5 -
jo)]
2100 1 o
o &
=l | 2o .
% S ¥ ne=2.3x10%cm3
=S ne=3.2x10% cm™3
0 1 1 C0.5, . |e L L]
0.5 1.0 15 20 25 2.5 5.0 7.5 10.0
Energy (GeV) Plasma length (mm)
s [ ' ' 400F ) To ot i
Q20F 1 5300} -8 £> 1GeV |
2 a
215t g
(]
&=
i)
31.0 B
o 1 1 1
2.0 2.5 3.0 2.0 2.5 3.0

Plasma density (1018cm~3) Plasma density (10%8cm~3)

FIG. 2. (a) Average spectra (solid line) and standard deviation
(highlighted area) of (red) 6 shots taken with (P,L,n,) =
(120 TW, 10 mm, 2.8 x 10'® cm™3) and (blue) 4 shots taken
with (240 TW, 12.5 mm, 2.9 x 10'® cm™3); these represent all
consecutively taken data for these conditions. (b) Variation of cut-
off energy &,.« With L at two different plasma densities for
P =120 TW. The solid lines are parabolic fits to the data.
Scaling of electron beam: (c) £, and (d) beam charge with
plasma density for L = 12.5 mm and P = 240 TW. The error
bars in (c) and (d) are the standard deviation of the data points.

The maximum energies observed here are more than a
factor of two greater than reported in numerous experi-
ments using f/20 focusing with the laser spot initiated
close to 2w,, [7,13,17,24,25]. This is surprising considering
the lower initial intensity due to the f/40 focusing. To gain
further insight, quasi-3D particle-in-cell simulations were
performed using FBPIC [29]. A linearly polarized laser pulse
with zpwym = 43 fs and a transverse Gaussian profile with
wog = 42 pm was used to model the f/40 focusing. For
P =120 TW, this gives ag = 1.31. To model the f/20
focusing, the laser power was kept constant by halving wy
and doubling a,. The plasma profile consisted of a 0.5 mm
linear ramp followed by a plateau of n, = 2.3 x 10'8 cm™.
The laser was focused at the start of the plateau. The
simulation box size was set to 120 x 120 pm in (x, r).
Three azimuthal (¢) modes were used with (2, 2, 6)
particles per cell in (x, r, ¢). The grid resolution was set
to kpAx = 0.2 and k,Ar = 0.04 where k; = wy/c is the
laser and k, = w,/c is the wake wave number. The
simulation box moved at the linear group velocity of
the laser.

The electron energy spectrum evolution is shown in
Figs. 3(a) and 3(b) for /40 and f/20 focusing, respec-
tively. The simulations reveal that the slower focusing
produces higher energy gain, as observed experimentally.
The increased energy gain can be understood by examining
the variation of the peak a, with propagation distance.
While the a, evolution is almost identical for both focusing
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FIG. 3. Results from 3D particle-in-cell simulations: electron

energy spectra as a function of propagation distance x for
(a) /40 and (b) f/20 focusing. (c) ag as a function of x for
f/20 (blue) and f/40 (red) simulations; inset shows the longi-
tudinal profile of the wakefields (f/20 in gray, f/40 in black
dots) and the independently normalized current profiles of the
electron bunches in the moving window ~1 mm after injection in
both simulations. (d) peak longitudinal electric field in the bubble
E, (dotted lines) and the accelerating field experienced by
electrons that reach the highest energies (solid lines). Electrons
that gain the most energy are highlighted by solid vertical lines in
panels (a) and (b), with their injection x positions highlighted by
the shaded regions in (c) and (d).

geometries beyond 3 mm of propagation (Fig. 3(c)), there is
a marked difference in the early-time behaviour. For the
/20, there is strong self-focusing for x < 1.5 mm. The
rapid increase in intensity leads to a lengthening of the
plasma bubble, since 1, = /ay(27zc/w,) [22], which
stimulates self-injection [30]. The region over which the
injection occurs is indicated in blue in Fig. 3(c). However,
the laser focuses too strongly and diffraction starts to
dominate, leading to a contraction in the bubble length
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and loss of the electrons furthest in the back of the bubble.
After x~3 mm, the diffraction leading to transverse
expansion slows and the laser starts to self-focus again,
leading to renewed bubble expansion followed by stable
propagation. As electrons furthest at the back were lost due
to bubble contraction, the accelerated electrons reside in an
advanced phase and a lower acceleration gradient in the
now larger bubble (see inset Fig. 3(c)).

For the f/40, self-focusing progresses more slowly,
preventing electron injection until x 2 3 mm [red region
in Fig. 3(c)]. At this x, the pulse has a similar intensity
profile to the f/20 case. Consequently, the wakefield is
almost identical in both cases [inset Fig. 3(c)]. However, for
the /40 there was no rapid overfocusing and the injected
electrons are therefore accelerated very close to the back of
the accelerator cavity. As seen from Fig. 3(d), although the
peak accelerating field for x > 3 mm evolves similarly for
both simulations, the injected electrons experience fields of
nearly 800 GV/m in the f/40 case. This value is almost
double the fields experienced by the highest energy
electrons in the f/20 simulations. Note we see no self-
steepening of the pulse in either simulation for x ~ 3 mm,
i.e., prior to injection. Therefore the observed differences
are predominantly due to the self-focussing dynamics
described above.

The difference in behavior between the two focussing
geometries can be understood by considering the (first
order) laser envelope equation d*R/dx? = (1/z%R*)(1-
a), where R = w/w is the spot size normalized to the
vacuum focal spot size, zz = kow3/2 is the Rayleigh range
and a = P/P,, [31]. d>R/dx* < O for a > 1, leading to an
increasing rate of compression of R. For a beam with
dR/dx =0 at x =0, an approximate solution is R> =
1+ (1 —a)(x/zg)?* [32]. This predicts a rapid collapse of
the pulse for x = zz/+v/a — 1. Full collapse is prevented by
considering higher order terms to the envelope equation,
especially plasma motion, which become important at
small R. However, this equation gives a simple under-
standing of the behavior of the laser waist. For P =
120 TW and n, =23 x 10" cm™, a =9.0, and spot
collapse is expected at x ~ (0.7 mm, 2.5 mm) for (f/20,
f/40) focusing, respectively. Given the 0.5 mm ramps for
both simulations, the highest intensity is reached at x ~
(1.3 mm, 3 mm) for (f/20, f/40) focusing, matching the
simulations well.

Previous 3D simulations in the nonlinear regime (ag 2 2)
have suggested that the matched spot size is given by
k,w,, ~2\/ay [22,23]. The factor of 2 was found to
minimize oscillations in the transverse laser envelope,
when the laser spot was initiated at close to this size.
This is not applicable here, where the beam starts far from
this value and evolves dynamically. Instead, the beam size
reduces until the ponderomotive force on sheath electrons
is balanced by the ion channel restoring force, giving
k,w,, = \/a,, thus omitting the factor 2. For constant

power, (aiw} = a2w2), the laser then self-focuses
to w, = (aywo/ k%,)'/ 3, with a corresponding a,, =
(agwok,)*?. A similar scaling was obtained in
Ref. [33]. The model predicts w,, 9 pm with a, =6
for our simulations, reproducing the values observed in the
simulations at the first spot size minimum for the f/20. The
/40 does not focus so strongly. The longer time to the first
self-focusing peak means the laser depletes enough to cause
a small reduction in intensity at the focus, a,, ~ 5. Because
of the weak dependence of w,, on power, though, it focuses
to much the same size. Since the matched size is
approached more gradually in this case, there is less
subsequent expansion due to overfocusing. This more
adiabatic approach to the matched spot size, minimizes
bubble length variation which, as noted before, reduces loss
of accelerating electrons.

Using the above considerations, we expect a,, ~ 6.4 and
a,, ~ 8.1 for the half and full-energy shots, respectively.
These are less than the a5y ~9.3 and a;o; ~ 10.3 inferred
from the measured cut-off energies of beams shown in
Fig. 2 using Eq. (1). The discrepancy can arise from the
idealized temporal pulse used in the simulations; it has been
shown that varying the temporal shape affects laser
evolution and can lead to further power amplification [24].

At the dephasing length, the laser pulse in both con-
figurations is compressed, leading to power amplification
and renewed bubble expansion [24]. This causes further
injection [see Fig. 3(a)], but this high charge beam is
restricted in maximum energy gain by beam loading [34].
For a small range of parameters at lower density, the
overfocusing can happen only once, producing a single
narrow-energy-spread accelerated beam, though with
reduced charge; as exemplified by Fig. 1(a). In this case,
the long interaction length before injection [25] means that
acceleration is limited by laser depletion [24]. With no
significant wakefield to interact with once accelerated, the
narrow-energy-spread feature can be maintained over long
propagation lengths.

We note that our approach to maximizing energy gain in
LWFA is different to the usual approach, which requires
more laser energy to drive a wakefield over longer distances
at lower density [12]. By using an overlarge focal spot to
delay injection, we are able to access a relatively stable
nonlinear wakefield, enabling acceleration of large
amounts of charge to high energies in very short distances.
This improved acceleration is witnessed by comparison to
the energy gain from previous LWFA experiments as a
function of laser power [35,36], shown in Fig. 4. Our results
are comparable to those using plasma waveguides with
similar laser energy, or using self-guiding with much higher
laser energy. Additionally, we have been able to produce
high currents of relativistic electrons, with beam charges
Ot > 200 pC in a simulated duration of 33 fs giving a
current of / ~ 6 kA, suitable for driving hybrid wakefield
setups [85]. Focusing geometry will be an important
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FIG. 4. Scaling of the highest electron energy with laser power
for a selection of laser-driven wakefield experiments. Data are
from references detailed in Supplemental Material.

consideration for similar experiments to be performed on
the many multi-PW laser systems now being developed
[86]. Careful choice of focusing would allow these laser
systems to fulfil their goals as sources of intense x-ray
beams [5,7,13] and ultrashort neutral lepton beams [4,87],
and in studies of intense field effects [2,3,88].
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