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Acceleration of particles from the interaction of ultraintense laser pulses up to 5 × 1021 Wcm−2 with
thin foils is investigated experimentally. The electron beam parameters varied with decreasing spot size, not
just laser intensity, resulting in reduced temperatures and divergence. In particular, the temperature
saturated due to insufficient acceleration length in the tightly focused spot. These dependencies affected the
sheath-accelerated protons, which showed poorer spot-size scaling than widely used scaling laws. It is
therefore shown that maximizing laser intensity by using very small foci has reducing returns for some
applications.
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The interaction of high intensity laser pulses with solid
targets is fundamental to many applications of high power
lasers including energetic ion and x-ray sources [1–3], fast
ignition inertial confinement fusion [4–6], radiobiology
[7,8], materials science [9,10], and others [11,12]. Progress
in high power laser technology [13] has recently enabled
experimental investigation at intensities approaching the
radiation-reaction dominated and QED regime [14], and
facilities are coming online to demonstrate applications
based on such interactions.
When ultraintense lasers (normalized vector potential

a0 ≫ 1) interact with solids, electrons are accelerated to
relativistic energies by the extreme laser fields [15,16].
Estimating the electron energy is complicated by field
patterns generated by the focusing and reflected laser
[17], plasma fields [18,19], and prepulse induced preplasma
[20,21]. A commonly used scaling law to predict the
increase in electron temperature, Te, with laser intensity
IL is the ponderomotive scaling Tpond¼ðγt−1Þmec2, where

γt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ a20Þ

p
, the maximum transverse kinetic energy in

a plane wave [15]. However, other theories based on energy
conservation [22], time-averaged momentum [16], and
empirical scalings [23] predict worse scaling. The scaling
of this and other electron parameters to ultrahigh intensities
is not clear, particularly in the ∼fs pulse regime.
One key application of electron heating is target

normal sheath acceleration (TNSA), or sheath acceleration,
of ions [24–27]. Although other acceleration mechanisms
have been investigated such as radiation pressure accel-
eration [28,29], collisionless shockwave acceleration
[30–32], and relativistically induced transparency or break-
out afterburner [33–35], sheath acceleration is attractive for
applications due to its simplicity, robustness, and smooth
beam profile. Electrons propagate through a thin foil,
generating a quasielectrostatic field on the target surface
which accelerates ions. Various acceleration models predict
ion energies based on electron flux, temperature, and
divergence [36–45]. To understand model efficacy, exper-
imental studies on laser-electron coupling and ion accel-
eration at the high intensity frontier are crucial for realizing
the potential of next generation high power lasers.
In this Letter, we investigate the laser intensity scaling

of electron and proton acceleration in laser-solid interaction
up to IL ≈ 5 × 1021 Wcm−2 (a0 ≈ 50). We demonstrate
that electron temperature depends not only on laser
intensity, but also on focal spot size, which restricts the
electron acceleration length and therefore temperature.
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We find reduced electron divergence for tightly focused
laser pulses due to beam generated magnetic fields in the
preplasma. We demonstrate that the resultant sheath accel-
erated proton energies increase only modestly with
decreased focal size due to reducing acceleration time.
Increasing laser energy, not just laser intensity, may be the
only route for achieving significant increase to maximum
proton energies without employing more sophisticated
acceleration schemes.
An f=1.4 off-axis parabolic mirror focused the 0.1 Hz,

τL ≈ 40 fs, EL ≈ 10 J (on target), λL ≈ 800 nm J-KAREN-
P laser [46–48] to a focal size rL ≈ 1.5 μm (FWHM),
resulting in a peak IL ¼ 5 × 1021 Wcm−2, measured at full
power [46]. A motorized tape provided a d ¼ 5 μm thick
stainless steel foil at 45° to the p-polarized laser. The
intensity was controlled by reducing EL or moving the
target with respect to the laser focus, measuring IL at the
offset. This setup allowed accumulation of a relatively large
dataset compared to that typically used in ultrahigh
intensity laser-solid interaction experiments (∼100 shots).
The experiment is shown in Fig. 1(a) [49]. The electron

spectrum is measured along the laser axis using a magnetic
spectrometer with a phosphor scintillator (Mitsubishi DRZ),
and the electron beam spatial profiler used another scintil-
lator filtered by 6 mm polytetrafluoroethylene, eliminating
ions, and < 2 MeV electrons. The proton spectrum was
measured along target normal with a time-of-flight (TOF)
diagnostic with 5 m drift length [56], with a scintillator-
based proton beam profile monitor ensuring target normal
pointing [59]. Radiochromic film (RCF) stacks could be
inserted for high dynamic range spatially resolved spec-
troscopy [60], confirming the TOF measurement.
The laser prepulse causes pre-expansion of the target,

affecting the main pulse interaction. The laser contrast was
measured using a third order cross-correlator, and its effect
on the target was calculated using FLASH [49]. The axial
density profile 10 ps before the main pulse is shown in
Fig. 1(b) for different laser conditions, showing a character-
istic double scale length transitioning near the critical
density nc ≈ 1021 cm−3 where the prepulse is strongly
absorbed. Because of transverse heat transport, a small
variation of laser parameters does not significantly affect the

preplasma. In the preplasma, the proportion of contaminant
protons to ions is less than a few percent, and therefore front
side acceleration is dominated by the more abundant target
ions, resulting in inefficient acceleration [58].
Typical electron spectra are shown in Fig. 2(a) for three

shots: IL ≈ 5 × 1021 Wcm−2, and reduced intensity IL ≈
6 × 1020 Wcm−2 by defocusing (rL ≈ 5 μm), or reducing
energy (rL ≈ 1.5 μm). At the highest intensity, the high
energy tail has a temperature Te ≈ 12 MeV [least square
fitting of dN=dE ∝ exp ðE=TeÞ at E > 7 MeV], signifi-
cantly lower than Tpond ≈ a0mec ≈ 24 MeV predicted from
the ponderomotive theory. When IL is reduced by increas-
ing rL at fixed energy, the Te ≈ 9 MeV is close to the
ponderomotive scaling prediction ≈8 MeV. Unexpectedly,
for the same IL but a smaller rL, Te is reduced to ≈5 MeV.
The temperature not only depends on IL, but also rL. Data
from a single shot sequence in which the energy and focal
spot were varied are shown in Fig. 2(b). Although Te
follows ponderomotive scaling at low intensities, it is
suppressed as the intensity increases. Furthermore, sup-
pression is more significant for the small rL used when
varying EL.
A typical electron beam spatial profile is shown in

Fig. 2(c) at highest intensity. The electrons are directed
near laser axis with divergence θe ≈ 30° (FWHM), similar
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FIG. 1. (a) Experimental setup and (b) simulated prepulse-
driven target expansion in different conditions 10 ps before
main pulse.

(°
)
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(c) (d)
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FIG. 2. (a) Electron spectrum for best focus full energy
(purple), larger focus full energy (blue), best focus reduced
energy (red), Te fits (dashed), and ponderomotive prediction
Tpond (black). (b) Experimental measurements of Te against IL by
changing rL (blue circles), or EL at best focus (red circles),
typical uncertainty (black cross) and respective PIC results
(empty blue square, red diamond). The black dashed line is
ponderomotive scaling, and the blue and red dotted lines the
modified scaling. (c) Typical electron spatial profile (best focus
and full energy). The blue dot and ring are laser axis and angular
scale, white ring is the fitted Gaussian FWHM. Black regions
were blocked by other diagnostics. (d) Experimental measure-
ments of θe against IL for changing rL (blue circles) or EL (red
circles), typical experimental uncertainty (black cross) and linear
fits to guide the eye (dashed).
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to or smaller than observations for longer pulse lasers at
similar energies [64–66]. As shown in Fig. 2(d), lowering
IL by increasing rL results in increased electron divergence,
contrasting with previous measurements at lower intensities
and larger focal spots [67]. However, using a tight focus
and varying IL by changing EL showed little variation,
indicating a process inherent to the laser geometry.
Therefore, we have shown a spot size dependence on both
electron temperature and divergence.
The impact of rL has not previously appeared in

electron heating models. For an electron in a plane wave,
the characteristic transverse and longitudinal acceleration
length, y0 ∝ a0 and x0 ∝ a20, can exceed the focal size
bounded by rL ∼ λL and Rayleigh length xR ∼ πλL typical
of high intensity lasers. Electron energy gain, given by
the work done by the transverse electric field Wy ¼
−
R
c jejEydy, can therefore be suppressed due to insuffi-

cient acceleration length.
However, actual field distributions are complicated by

focusing, reflection, and plasma effects. It has been
shown that longitudinal oscillating electric fields [68,69]
or static plasma magnetic [70] and electric fields [71,72]
affect electron heating. Therefore, particle-in-cell (PIC)
simulations were performed using EPOCH2D [73]. A box
of 60 × 60 μm was simulated with spatial resolution
10 × 20 nm. A τL ¼ 40 fs laser was focused on the target
with varied rL and IL using p polarization unless otherwise
specified. The target was d ¼ 5 μm preionized iron at 45°
angle of incidence, with 50(4) particles per cell for
electrons(ions). To minimize numerical heating, the peak
target electron density was restricted to 250nc, still sig-
nificantly higher than ncr. To isolate the electron accel-
eration physics, the same preplasma conditions were used
for all simulations described below [Fig. 1(b) blue line].
Additional simulations using the preplasma profiles from
Fig. 1(b) showed variation in Te of <10%.
The focal region is shown in Fig. 3(a) for best focus

conditions (rL¼1.5μm, IL ¼ 5 × 1021 Wcm−2). The laser
penetrates the preplasma and is reflected at the relativistic
critical density ne ≈ ncr, with no appreciable self-focusing.
The electrons within the focal spot are driven along the
laser axis and generate a strong azimuthal magnetic field
B̄z > 40 kT [74]. This pinching field is even more evident
in simulations with the laser polarization rotated out-of-
plane (s-pol.). As evidenced by the overlaid electron
trajectories, forward accelerated electrons are reflected
by this field towards the laser axis [75], reducing their
divergence [18,76]. The electron distribution is exponential
above >5 MeV, and fitting a temperature at the pulse peak
including all simulation particles, gives Te ≈ 11 MeV,
significantly less than Tpond ≈ 24 MeV and matching the
experimental observation.
Increasing rL with fixed intensity causes Te to increase

until it reaches the ponderomotive scaling [Fig. 3(b), blue
circles]. Despite the same field strength, using a small focus

has affected not just the number, but also the average
kinetic energy of the electrons. Suppression of Te at
small focal spots is also apparent at lower intensities
[5 × 1020 Wcm−2 Fig. 3(b), green circles], agreeing with
the model [Eq. (1)]. Further simulations varying focal spot
size and energy over the experimental range are shown in
Fig. 2(b), reproducing the trend. As the focal spot increases,
the azimuthal magnetic field which reduced the electron
divergence at small rL [Fig. 3(b)] weakens due to decreas-
ing current density and increase in focal size to much larger
than the preplasma spatial scale. The resultant electron
momentum distribution extends to larger angles, also seen
experimentally.
Following individual electron trajectories shows that the

complex field pattern at the front surface results in rapidly
varying accelerating trajectories, with most electrons
experiencing semistochastic accelerating phases before
entering the target [77]. On average, the majority of
work was done by the transverse field [>80%–90%,
depending on focusing geometry (see Supplemental
Material [49] for more detail), depending on focusing
geometry], therefore electrons require a transverse accel-
eration length y0 ¼R jvyjdt to gain energy. In Fig. 3(c),
y0 during acceleration (defined as when 5mec2<E<Emax),
is plotted against electron energy gain ΔE for two different
focal sizes for IL¼6×1020Wcm−2, showing strong posi-
tive correlation. The most energetic electrons are accele-
rated over a path significantly larger than the minimum

( '

(a) (b)

(c)

FIG. 3. From PIC: (a) ne and Ey (visible where a0 > 10) at the
pulse peak, with dotted and dashed lines representing nc and
ncr ¼ a0nc, respectively, and representative electron traces over-
laid (top). Laser-cycle averaged magnetic field Bz for simulations
with p and s polarization (middle and bottom). (b) Te against rL
for two values of IL, and respective model prediction [dotted line,
Eq. (1)]. (c) y0 against ΔE for IL ¼ 6 × 1020 Wcm−2 and
rL ¼ 1.5, 5 μm of 1300 traced electrons > 5 MeV (red, blue
respectively). The dashed lines are the respective focal spot sizes,
solid lines are a linear regression fit, and the green dashed line
is y0min.
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y0min ¼ ΔE=eEL (green dashes). As indicated by the histo-
grams, the smaller focal spot leads to lower acceleration
lengths, despite the self-generated azimuthal field, and
therefore lower energies.
Although describing average electron dynamics in

such a complex field pattern is analytically challenging,
a heuristic model based on ponderomotive scaling can
replicate the observed Te. For a plane wave, an electron
has a maximum transverse momentum py ¼ a0mec and
transverse acceleration distance y0 ¼ a0λL=2π. In the
ponderomotive model [15], the electron temperature is
set to the transverse kinetic energy of the electron, Te ¼
½

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðpy=mecÞ2

q
− 1�mec2. Instead, if acceleration ceases

at y ¼ rLe, where rLe ¼ rL=ð2
ffiffiffiffiffiffiffi
ln 2

p Þ is the radius where
the intensity reduces by 1=e, then by rewriting py in terms
of y and setting py ¼ y ¼ 0 before acceleration, the final
momentum at y ¼ rLe is

pf ¼ a0mec

�
1 −

�
1 −

rLe
y0

�
2
�
1=2

ð1Þ

for rLe < y0. When rLe > y0, there is no restriction by the
field size and pf ¼ a0mec; however, for rLe ≪ y0 the
momentum saturates. Using py ¼ pf for calculating Te

predicts the saturation of Te and the rL dependence seen
experimentally [dotted lines Fig. 2(b)] and numerically
[dashes Fig. 3(b)].
An important application of electron heating in laser-

solid interactions is ion acceleration in the surface sheath,
which depends on the electron source parameters discussed
above. The maximum proton energy Ep against EL
(rL ≈ 1.5 μm) and rL (EL ≈ 10 J) is plotted in Figs. 4(a)
and 4(b). Increasing EL shows an approximate power law
scaling Ep ∝ E0.6

L ∝ I0.6L , weaker than observed previously
at lower laser energy for ∼fs lasers [43]. However,
increasing intensity by decreasing rL shows even weaker
scaling, Ep ∝ r−1=2L ∝ I1=4L . Focusing to rL < 5 μm has
neither increased Te, nor significantly boosted the maxi-
mum proton energy Ep despite increasing IL.

These observations were compared to widely used
sheath models. The Mora model [36] was calculated
following the assumptions in Ref. [38] except for Te and
θe which were taken from experimental data (Fig. 2) and
using conversion efficiencies of laser energy into electrons
η ¼ 0.07 as a free variable to fit maximum proton energy at
best focus (Fig. 4). This η is significantly lower than
expected for such high intensities, and the validity of an
isothermal approximation for ∼fs lasers is doubtful [78].
We also plot the Schreiber model, which assumes a
quasistatic potential generated by a finite size surface
charge of radius R ¼ rþ d tan θ on the target surface
[42], where r ¼ rL=

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
is the focus radius (1=e2)

and θ ¼ θe=2
ffiffiffiffiffiffiffi
ln 2

p
is the electrons half-angle (1=e). The

predictions of the model are shown with the red dashed line
in Figs. 4(a), 4(b), using τL ¼ 40 fs, d ¼ 5 μm, and θE
from the linear fits in Fig. 2(d). The laser energy input to the
model is E0

L ¼ SEL where S is the experimental Strehl ratio
S ≈ 0.5 [46] to include the difference in fluence between
the experimental and diffraction limited spot, i.e., not all
laser energy is usefully focused. We apply the widely used
scaling η ¼ 1.2 × 10−15I3=4L ðWcm−2Þ up to a maximum
η ¼ 0.5 [38,42,79,80], using the experimentally inferred IL
(the discontinuity at η ¼ 0.5 also causes a discontinuity in
the model). Despite these assumptions, the model reason-
ably reproduces the EL scan in Fig. 4(a) without free
variables, demonstrating its appropriateness for tightly
focused spots. However, both models severely under-
estimate Ep for larger focal spots [Fig. 4(b)].
This model assumes electrons only contribute once to the

sheath, accelerating ions during a time τ ¼ τL over which
the equation of motion is integrated [42]. However,
electrons recirculating between the front and rear surfaces
can increase the accelerating potential [81,82]. For small
sheath size R, the recirculating electrons are unlikely to
reappear within the same area. However, for larger R,
recirculated electrons can contribute to the sheath.
Considering an average electron velocity perpendicular
to the target veT ≈ c=2, they escape after τesc ≈ 2R=c,
resulting in an acceleration time calculated by adding in
quadrature τ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2L þ τ2esc

p
[40]. Furthermore, the sheath

size is modified due to the 45° angle of incidence to
R0 ≈ rþ ffiffiffi

2
p

d tan θ, reducing the sheath potential for small
rL. The resulting estimates are plotted in Fig. 4 (red
dashes), resulting in agreement over 3 orders of magnitude
in intensity. This energy enhancement for large spots leads
to weak Ep scaling with reducing rL. We note that for
current fs-class lasers, timescales are too short for magnetic
fields to suppress ion energies [83]. Although our demon-
stration of proton beams up to 30 MeV at 0.1 Hz is
promising for midenergy applications, generation of higher
energies for applications such as radiotherapy using sheath
acceleration requires increased laser energy, motivating
research into alternative acceleration schemes.
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FIG. 4. (a) Ep against EL for energy scan and (b) rL for focal
scan. Gray dots represent E0.6

L and r−1=2L power law fits, yellow,
red, and green dashes are the Mora, Schreiber, and modified
models, respectively. Error bars are from uncertainty in laser
parameters and TOF accuracy.
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To conclude, due to insufficient acceleration length at
ultrahigh intensities we observed a focal-spot dependent
saturation of electron temperature. The resultant sheath
accelerated protons showed weak energy scaling when
increasing intensity by tightly focusing due to a decrease in
effective acceleration time. Therefore, we have demon-
strated fundamental limitations of using very tightly
focused spots in ultraintense laser-solid interactions.
Deviations from scaling laws are important for applications
using lasers operating at the high-intensity frontier.
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