PHYSICAL REVIEW RESEARCH 4, 013065 (2022)

Intensity scaling limitations of laser-driven proton acceleration in the TNSA-regime
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We report on experimental results on laser-driven proton acceleration using high-intensity laser pulses. We

present power law scalings of the maximum proton energy with laser pulse energy and show that the scaling
exponent £ strongly depends on the scale length of the preplasma, which is affected by the temporal intensity
contrast. At lower laser intensities, a shortening of the scale length leads to a transition from a square root
toward a linear scaling. Above a certain threshold, however, a significant deviation from this scaling is observed.
Two-dimensional particle-in-cell simulations show that, in this case, the electric field accelerating the ions is
generated earlier and has a higher amplitude. However, since the acceleration process starts earlier as well, the
fastest protons outrun the region of highest field strength, ultimately rendering the acceleration less effective. Our
investigations thus point to a principle limitation of the proton energy in the target normal sheath acceleration
regime, which would explain why a significant increase of the maximum proton energy above the limit of

100 MeV has not yet been achieved.

DOI: 10.1103/PhysRevResearch.4.013065

I. INTRODUCTION

The availability of proton pulses accelerated to kinetic en-
ergies well above 10 MeV during laser-plasma interactions
bears great potential for applications in fundamental sci-
ence, inertial fusion energy [1,2], time-resolved radiography
of plasmas [3,4], as a frontend for conventional accelera-
tors [5-7], for material sciences [8—10], and radiation ther-
apy [11,12]. While plasma-accelerated, multi-10-MeV pro-
tons are already used for applications [13], energies in excess
of 200 MeV are required, e.g., for radiation therapy. To further
increase the proton energy, the driving-laser technology is
continuously improved and acceleration schemes are inves-
tigated. These include radiation pressure acceleration [14],
collisionless shock acceleration [15,16], or mechanisms dom-
inant in the near-critical density or induced-transparency
regime [17,18]. To date, the highest energies (=100MeV)
were achieved via acceleration during the onset of relativis-
tically induced transparency from nanometer-thin foils [19].

In most experiments, however, the target normal sheath
acceleration (TNSA) mechanism [20] is dominant. Here, rel-
ativistic electrons are generated during the interaction of a
high-intensity laser with preplasma formed at the front side
of a solid target—typically a thin foil. Such preplasma can
be generated by prepulses, amplified spontaneous emission
(ASE), or the rising edge of the driving laser pulse itself.
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The relativistic hot electrons then propagate through the foil
and form an electron sheath at its back, generating a strong
electric space charge field. This field ionizes surface con-
taminations; the generated ions are accelerated in the target
normal direction. In this regime, theoretical studies predict
energies between several hundreds of megaelectronvolts and
1GeV [21]. However, these predictions could not be con-
firmed experimentally, the maximum proton energy was only
increased from 58 MeV [20] to 100 MeV [19].

To identify ways for increasing the maximum proton en-
ergy ‘£, with experimental parameters, e.g., laser pulse energy
Ey or intensity I, scaling laws have been derived with &,

EE or E, « I & being the exponent of such power laws.
For the TNSA regime, some models predict a rootlike scaling
E, IE'S [22,23], determined by the ponderomotive potential
of the laser. Other models consider a constant conversion
efficiency of laser energy into hot electrons [21] or derive the
scaling from the electron temperature only [24], leading to dif-
ferent £. Experimentally, rootlike scalings E, o IS'S [25,26]
and scalings of E, o 18'8 [27] up to E, Iﬁ [28] have been
verified but only for limited parameter ranges. Generally,
smaller & were found for driving lasers with longer pulses
(L = 5001s) and larger & for 7. < 30fs. The dependence of
E, on 11 has also been investigated with picosecond- [26] and
femtosecond-range pulses [21,29-31]. Here, a weaker depen-
dence of £, on 11, than £}, was found, while the influence of 7.
significantly changes with preplasma conditions [29]. How-
ever, all published scaling predictions show an unrestricted
increase of £, with E;. On the other hand, the different
scalings have only been verified experimentally for laser peak
powers between 10 and 400 TW. A confirmation of the scal-
ings to the petawatt or even multipetawatt level, where £, >
100 MeV is predicted, has still not been reported [32-34],
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FIG. 1. (a) Layout of the experimental setup with the plasma
mirror (PM), the A /2 waveplate (HWP), and the final f/2.5 focusing.
(b) Temporal intensity contrast measurements with and without PM
with substrates of different Rs. The feature at —6 ps corresponds to
an artifact of the measurement. (c) Electron density distribution from
hydrodynamic simulations for different contrast settings.

even though these systems have been operational for some
time. Generally, the proton energies fall below the predicted
values, suggesting that our understanding of the acceleration
dynamics is still incomplete. The influence of additional ex-
perimental parameters needs to be included in our models.

In this paper, we present results from a study on laser-
proton acceleration from thin foils using 7, = 120fs laser
pulses. We investigated the dependency of &, on Ey. to find
and verify the aforementioned scalings. Furthermore, we var-
ied the preplasma conditions at the target front. In the target
normal direction x, the preplasma density can be approxi-
mated by n.(x) = ng exp[—x/L], L being the preplasma scale
length. By varying £ experimentally, £ increased from 0.5 to
1, underlining the importance of including £ in the scalings.
Furthermore, £, deviated from this power law behavior above
a certain threshold Ep, i.e., further increasing Ey did not
further increase %,. Our results may provide an explanation
why proton energies &, > 100 MeV have not been reported
although predicted by the scalings.

II. EXPERIMENTAL SETUP

The experiments were performed at the POLARIS laser [35].
POLARIS delivered pulses (central wavelength A;, = 1030 nm)
with a full width at half maximum (FWHM) duration
7, = 120fs. The pulses were focused by an off-axis F/2.5
parabolic mirror under an angle of 20° onto the target [see
Fig. 1(a)]. The focal spot had a (7.9 £0.5) um?> FWHM
area, containing 20% of Ep. Varying Ep between 0.3 and
177 resulted in intensities of 0.5...30 x 10'° W/cm?, cor-
responding to amplitudes of the normalized vector potential
ap = [ILA/(1.37 x 108¥Wem=2um?)]Y/? = 2...15. A half-
wave plate allowed the choice between p or s polarization.
Here, 71, was measured online behind the compressor. Also,
Ey, near, and far field were recorded on every shot using the
leakage through the last turning mirror [see Fig. 1(a)]. We

used 6.5-pum-thick aluminum foils, making TNSA the dom-
inant mechanism here. For this target material, the preplasma
formation has been extensively studied in hydrodynamic sim-
ulations [36] and experiments.

The temporal intensity contrast of POLARIS has re-
cently been optimized significantly. At the current stage,
femtosecond-short prepulses arriving nanoseconds [37] and
picoseconds [38] before the main pulse are suppressed
<1070 x ;. Furthermore, the ASE level is <1072 x
I [39,40]. The rising edge of the pulses was steepened by
a recollimating plasma mirror (PM). To realize different con-
trast conditions, PM substrates with residual reflectivities of
Rs < 0.1%, Rs = 4%, or Rs = 30% were used. This led to
a contrast enhancement between a factor of 2 and 600 [cf.
Fig. 1(b)]. The preplasma conditions could be further varied
by not using the PM but introducing an additional prepulse
with 1.5 x 107 x I.. This prepulse was generated before
the second regenerative amplifier of POLARIS (see fig. 1 in
Ref. [35]), therefore having the same duration and focal-spot
size as the main pulse. The prepulse could arrive at t =
—200ps or t = —1 ns before the main pulse. To combine the
different contrast settings in one parameter, one-dimensional
(1D) hydrodynamic simulations using MULTI-FS [41] were
carried out [Fig. 1(c)] based on the measured intensity contrast
[Fig. 1(b)]. From these simulations, £ was determined by
fitting n.(x) = np exp[—x/L] to the underdense region. Both
the change of £ with Ey, and the spatial expansion of the pre-
plasma were considered. At later times, the plasma expansion
can no longer be assumed to be planar, which was accounted
for by using a geometric expansion model (cf. Supplemental
Material [42] ).

The proton energy spectra were measured with a Thom-
son parabola spectrometer using a microchannel plate as the
detector. A scintillating screen was placed in front of the
spectrometer. This screen was imaged onto a gateable charge-
coupled device simultaneously measuring the proton beam
profile, ensuring that the recorded spectrum corresponded to
the central part of the proton beam [43].

III. EXPERIMENTAL RESULTS

‘E, as a function of Ep is shown in Figs. 2(a)-2(c) for
different contrast settings. Figure 2(a) shows the scaling of
E, for the long preplasma case, realized with the additional
prepulse at t = —1ns. The scale length was simulated to
be £, =291 £80% and L; =24.5A; £80% for p and
s polarization, respectively. The scaling of %, with Ey, as
shown in Fig. 2(a), was fitted with &, = 0.5540.04 and
& = 0.62 £ 0.02. This almost rootlike scaling for both polar-
izations indicates that %, mainly follows the ponderomotive
potential of the laser [22].

Figure 2(b) shows the Z, scaling for the intrinsic POLARIS
contrast, i.e., using neither PM nor prepulse. Here, the scale
lengths were simulated to be £, = 3.5AL £ 67% and L, =
2.3iL £67%. For these contrast conditions, significantly
larger exponents of &, = 0.89 £0.06 and & = 0.95 £ 0.08
were found. However, E, followed these scalings only up to
a certain threshold in laser energy of 7J, corresponding to an
intensity of I ~ 1.1 x 10%° W /cm?. Above this threshold, the
E, curve flattens, i.e., doubling £1, from 7 to 14 J only slightly
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FIG. 2. (a)—(c) Double-logarithmic plots of the maximum proton
energy (‘E,) as a function of the on-target laser energy Ei for p
(black) and s (red) polarization and for different contrast settings:
(a) without plasma mirror (PM) but with a 1.5 x 10~° x I prepulse
att = —1ns, (b) without PM, and (c) with PM using a substrate with
Rs < 0.1%. (d) Fitted exponent & as a function of the preplasma scale
length £, which was simulated with MULTI-ES. (e) The threshold Ej ,
above which a deviation of E, from the scaling law was observed, as
a function of £. See Supplemental Material [42] for additional data.

increased ‘£, from 21 to 25 MeV, while >40 MeV would have
been predicted.

Finally, Fig. 2(c) shows the %, scaling with a PM
substrate with Rs < 0.1% (L, =0.4AL £60% and L, =
0.2 AL £60%). We found &, = 1.02 £0.08 and & = 0.97 +
0.05upto Ep, = 3.5J (I, = 5.5 x 10" W/cm?). Again, above
this threshold, we could not further increase %, by increasing
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FIG. 3. Simulation results (I): Two-dimensional (2D) plots of the
normalized electron density n./n. for ap = 10 and scale lengths of
(a) £, =0.25A; and (b) £, = 2.5A, at the time when the protons
start to move. (c) Transverse lineout of the x component of the
electric field &£, on the target back (at x = 1 um) for £; (black) and
L, (gray). (d) Longitudinal lineout of &, along the central axis (at
y =0) for £; (black) and £, (gray). (e) Double-logarithmic plot
of the simulated %, for £ = 0.25 1, (black), £ = 0.5 A (red), and
L = 2.5 1 (gray). The dashed lines are power law fits to E, at lower
laser pulse energies.

Ey. The change of £ as a function of £ is summarized in
Fig. 2(d) for p (black) and s (red) polarization. Here, & ~ 0.5
for longer scale lengths increases toward & ~ 1.0 when re-
ducing L. Furthermore, the % threshold, above which Z,
dropped below the scaling, is shown in Fig. 2(e). For 120 fs
laser pulses, higher proton energies can only be reached with
longer L. For shorter £, E, deviates from the scaling above
a certain threshold. For the longest £, no such threshold was
found within our % range. Furthermore, we did not observe
any significant differences between s and p polarization. Fi-
nally, the behavior was similar for thinner targets (2.4, 1.5,
and 0.75 um, cf. Supplemental Material [42]).

IV. NUMERICAL SIMULATIONS

To explain our observations, we performed two-
dimensional particle-in-cell (2D-PIC) simulations with
the PIC-ANTARES code (cf. Supplemental Material [42]). In
the simulations, we varied ag between 1.5 and 40 and used
different scale lengths £ of 0.25, 0.5, and 2.5 A;. Exemplary
simulation results are shown for £ = 0.25 A in Fig. 3(a) and
for £ = 2.5 Ar in Fig. 3(b) at the time when the protons start
to move away from the rear surface of the target.

For a comprehensive understanding of the &, scaling with
Ej, the evolution of the electric field £ generated on the target
rear surface and the position of the fastest protons within
this evolving field must be considered. Only this allows a
proper estimation of the maximum achievable proton energy.
In Fig. 4, the central lineout of the longitudinal electric field &,
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FIG. 4. Simulation results (II): Evolution of the longitudinal &,
field on the target rear side [cf. Fig. 3(d)] for different values of ag
and scale lengths (a)—(f) £ = 0.25 A1, and (g)—(m) £ = 2.5A. The
trajectories of the fastest protons xp,,, (#) are drawn as continuous
lines. The lineouts correspond to the values of the longitudinal elec-
tric field &, as experienced by the fastest proton with respect to (f)
and (m) time and (n)—(r) space; for (n)—(r), a threshold defined by the
maximum value of &,(¢) is shown as the dotted line for £ = 0.25 A,
and dashed line for £ = 2.5 A,.. Please note that the maximum value
can already be weakened due to the presence of accelerated protons
and ions.

aty ~ 0 [cf. Fig. 3(d)] is plotted as a function of time for five
different values of ay and for (a)—(f) £ = 0.25 A and (g)—(m)
L =2.5iL. In addition, the trajectory of the fastest proton
Xpne () 18 shown by a solid line. Figure 4 shows not only
that the maximum field strength increases with ag but also the
lifetime of the field (r;, was constant). With increasing Ep,
the laser is sufficiently intense for longer durations to produce
hot electrons. Thus, the rear-surface electric field is generated
earlier and maintains its large amplitude longer. In Fig. 4(a)
(ap = 2.5), we observe the onset of &, at ~100fs, while in
Fig. 4(e) (ap = 40), the field already begins at ~60 fs [44].
As a consequence, also the proton acceleration starts earlier,
cf. the sequences in Figs. 4(a)—4(e). Starting at the lowest
intensities [e.g., Figs. 4(a)—4(c)], increasing Ey first leads to
both an increase of the maximum field strength experienced
by the protons and of the duration of the acceleration pro-
cess, cf. the temporal lineouts in Fig. 4(f). Consequently, & is
larger than expected when the maximum field strength alone is
considered. However, if the intensity is increased further, the
proton acceleration process starts earlier, and protons have al-
ready moved away from the target when &, at the rear surface
peaks. In Fig. 4(e), the fastest protons have already moved
~5 um, when &, peaks at t &~ 150fs. Since these protons no
longer experience the highest &,, any further increase of Ej,
does not lead to a proportional increase of the acceleration.
This is also seen in Figs. 4(n)—4(r), where the maximum field
the protons experience is shown in comparison with a thresh-
old defined by the maximum of &,(¢) (horizontal lines). For

L =0.251 and gy < 5, the fastest protons also experience
the maximum field [Figs. 4(n)—4(0)]. From ay > 5 onwards,
the field experienced by the fastest protons no longer reaches
the maximum of &,; this difference increases with increasing
ao [Figs. 4(p)—4(r)]. This ultimately leads to the maximum
proton energy falling below the scaling. This supports our
experimental observations [see Fig. 2(c)] and offers an ex-
planation, why no protons with %, > 100 MeV have been
detected with state-of-the-art petawatt lasers.

Furthermore, the dependence of & on £ can be explained
by the longitudinal extension of &,. Figures 3(d) and 4 show
that &, spatially extends further for longer £. This is due to
the divergence angle of the hot electrons inside the target in-
creasing linearly from 40° to 70° for £ = 1...5 um [45,46].
This larger divergence and the larger effective target thickness
lead to a reduction in electron density and thus a reduced rear-
side field, also shown in Fig. 3. For £ = 0.25)1 [Fig. 3(c),
black], the transverse size of the field region is smaller and
the peak is higher than for £ = 2.5, (gray). The higher field
in turn leads to a higher retaining force on the electrons and
thus a reduced longitudinal extension. Hence, the peak-to-
length ratio of the rear-side field could be varied by varying
L. This ultimately leads to the consequence that the fastest
protons still experience the maximum of &, even at higher ay,
cf. Figs. 4(n)-4(r) (gray lines).

In Fig. 3(e), the simulated %, scalings for the different
preplasma scenarios are shown [44]. Here, £ increases for
decreasing £ in the low-intensity range. Toward higher inten-
sities, we also observe the drop of Z, below the initial scaling.
For longer L, this deviation occurs at higher intensities, agree-
ing very well with our experimental results. It should be
noted that the interpretation of our experimental results does
not depend on the absolute values of the scale length but
only on the trend of the scale length when applying varying
laser contrast conditions. The general trend of the correlation
between scale length and the observed consequences for the
accelerated proton pulses is clearly reproduced also with the
modified simulations of the preplasma.

Finally, the time difference between the onset of the ac-
celeration and the time when &, peaks is crucial for the
undisturbed scaling of &,. A reduction of this difference
would directly lead to a higher %, and could be achieved, for
example, by shortening the pulse duration . or by manipu-
lating the temporal shape I (). Recently, Ziegler et al. [47]
demonstrated experimentally that, by manipulating /;.(t), %,
could be significantly increased. Furthermore, an adjustment
of £ can mitigate the problem due to the increased longitu-
dinal extension of the acceleration field. On the other hand,
the time difference could also be reduced by either using a
separate synchronized proton source like a double-stage ap-
proach [48] or by using cascaded acceleration regimes [49], in
which protons from the front can be postaccelerated within the
rear-side TNSA field. Finally, for targets with buried proton
layers, delaying the injection of protons into the electric field
could also be considered.

V. CONCLUSIONS

In summary, we have investigated the scaling of Z, with
E;, for 120fs high-power laser pulses. 2D-PIC simulations
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confirmed that, with increasing laser intensity, the back-side
electric field is generated earlier and earlier. Hence, an in-
creased laser energy leads to an increase in the electric field
but also to an extension of the acceleration time and thus
to a higher & than expected. However, E, drops below this
scaling above a certain threshold since, with increasing Ei,
the protons have already moved a significant distance away
from the target when the acceleration field peaks. In this case,
the protons no longer experience the maximum field strength,
which ultimately leads to a limitation of the acceleration. This
effect could be partly compensated by a proper choice of L.
A larger £ increases the longitudinal extension of the field
and thus counteracts this limitation. However, to overcome
this limitation in general, the time difference between the
onset of the acceleration and the peak of the field must be
minimized. This can be done by optimizing the temporal laser
pulse characteristics, by external injection of seed protons, or

by delaying the generation of free protons by an adequate
design of the back layers. Thus, our findings lead to a num-
ber of approaches to overcome the current limitations of the
TNSA regime and could enable the acceleration of protons
to energies >100MeV in the near future, which would help
bring envisaged applications closer to reality.
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