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Abstract

High-intensity lasers interacting with solid foils produce copious numbers of relativistic
electrons, which in turn create strong sheath electric fields around the target. The proton
beams accelerated in such fields have remarkable properties, enabling ultrafast radiography
of plasma phenomena or isochoric heating of dense materials. In view of longer-term
multidisciplinary purposes (e.g. spallation neutron sources or cancer therapy), the current
challenge is to achieve proton energies well in excess of 100 MeV, which is commonly
thought to be possible by raising the on-target laser intensity. Here, we present experimental
and numerical results demonstrating that magnetostatic fields self-generated on the target
surface may pose a fundamental limit to sheath-driven ion acceleration for high enough laser
intensities. Those fields can be strong enough (~ 10° T at laser intensities ~102* W cm™2)
to magnetize the sheath electrons and deflect protons off the accelerating region, hence

degrading the maximum energy the latter can acquire.

PACS numbers: 52.38.Ph, 52.38 Kd, 52.65 Rr, 52.38.Dx
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Introduction

In the search to increase the energy of proton and ion beams accelerated by intense lasers from
solid targets [1], significant work has been devoted to investigating the ion energy scaling with laser
[2,3,4,5,6,7,8,9] and target [10,11,12,13,14,15,16,17,18] parameters (see also Supplementary Note 4). In
the frame of the most investigated acceleration mechanism, i.e. target-normal-sheath-acceleration
(TNSA), which is driven by laser-generated electrons, empirical formulas and analytical models

[3,4,5,7,19,20,21,22] have been used to obtain the sought-after scaling. These models have been found

adequate for I A? < 102° W um2cm™2 (where I;, and A, are the laser intensity and wavelength,
respectively) [2,4,23], but they appear to severely overestimate the measured proton energies at higher
intensities [5]. This discrepancy has been attributed to their reduced geometry (usually 1D) or to
simplistic assumptions about the plasma dynamics (e.g., isothermal or adiabatic). By contrast, particle-in-
cell (PIC) numerical codes provide a first-principles description of the laser-driven ion acceleration
process [24,25], yet computational constraints restrict current simulations to rather limited spatio-
temporal domains and/or reduced dimensionality. Despite these shortcomings, there has been
anticipation of exceeding the 100 MeV energy threshold via TNSA at laser intensities in the
10%* W um?cm™2 range.

Most of these studies, however, have overlooked a potentially important factor: the feedback effect
on the electrons and accelerating ions of magnetic (B) fields that are self-generated on the target surfaces
[25] and can act detrimentally on the particle dynamics for high enough laser intensities. Recently,

mounting experimental evidence [26,27,28,29,30] has been obtained showing that tens of MegaGauss

(MG) strength B-fields grow in a few 100 fs [28,29] on the target surfaces for I; A% > 101 W um?cm™2.
Moreover, we have shown that, for laser pulses with a high temporal contrast, a condition that is sought
in order to irradiate ultra-thin targets, and hence increase the electron sheath density and the accelerated

ion energy [69,10,11,15], the surface B-fields are maintained over durations (tens of ps) much longer

[29] than the timescale of energy transfer from the electrons to the ions (typically less than 1 ps [4,19]).
The potentially detrimental effect of the B-fields on ion acceleration had been evoked in a 3D PIC
simulation study [25], but up to now little attention has been paid to it, likely because the MG-strength

B-fields observed at present-day laser intensities do not indeed impact ion acceleration.

Here we show that when irradiating targets beyond 102° W um?cm™2

in laser intensity, which is
here achieved using a tightly focused laser [31], B-fields of the order of 100 MG (10* T) can grow on the

target surfaces. Inductive in nature, they arise from the steep transverse gradient of the sheath electric
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field accelerating the ions, and hence may continuously affect the cloud of electrons and ions expanding
from the target. At even higher laser intensities (> 102 W um?cm™2), these B-fields can grow to the
GigaGauss (GG) level. The electrons subjected to such extreme fields become trapped on the target
surface, where they further undergo an E X B drift away from the sheath axis. The resulting inhibition of
the electron forward motion is found to hamper the proton acceleration. In addition, part of the protons is
significantly deflected outwards, thus degrading the proton beam’s exceptional emittance [1]. But we
also find that using very short laser pulses (a few tens of fs) might be a way to mitigate the magnetic
inhibition effect under consideration since, in such conditions, the protons can be accelerated promptly
enough before the electron trajectories are strongly perturbed by the B-fields. The magnetization effect
highlighted in our study should be carefully considered when designing ion sources at the upcoming
multi-PW laser facilities [32], in particular those with > 100 fs duration [33]. Indeed, extrapolating the
existing empirical or theoretical scalings to high-intensity conditions may lead to considerable

overestimation of the proton energies, especially for not ultra-short laser pulses.

Results

Magnetic-fields in relativistic laser-solid interaction

Figure 1 shows the spatial distribution of the quasistatic B-fields (B,) observed in 2D PIC
simulations (see Methods) performed at peak laser intensities I; 42 = 6.5 X 10*°> W um?cm~2 (Fig. 1a)
and 2 X 1021 W um?cm™2 (Fig. le). These fields mainly develop on the target surfaces and are polarized
normal to the 2D simulation plane. In an actual 3D geometry, as already observed [28,29], they are
toroidal and oriented clock-wise around the target normal. Their transverse profile presents a steep
increase in strength towards the center, up to the edge of the narrow central region where it abruptly
vanishes and changes sign. They are stronger at the rear surface compared to the front, consistently with
our previous measurements also performed at high temporal contrast [29], and they reach strengths of
about 100 MG and 500 MG, respectively (see also Fig.2a). There, the weak-field region occupies only a
small fraction of the ~ 40 um transverse extent of the electron sheath [34].

These magnetostatic fields are predominantly driven by the currents associated with the laser-
driven hot electrons [35,36,37], the same ones responsible for building up the ion accelerating sheath (the
protons being preferentially accelerated due to their lowest charge-to-mass ratio). The hot electrons are
injected into the target with kinetic energies of several MeV for the laser intensities considered here (see

Methods). When exiting the target, a small fraction of them escape into the vacuum [38], but most are
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retained by the electrostatic potential barrier, and hence form sheaths on the target surfaces [1]. The
inductive generation of the B-field is mainly determined by the spatio-temporal variations of the
longitudinal sheath field: dB,/dt ~ 0E,/dy [39] (see Methods). For the sake of simplicity, and
consistently with the 2D PIC simulations, this equation is written in 2D geometry. The B-field rapidly
grows during the laser irradiation and eventually saturates, an upper limit being reached when the
magnetic and electron pressures become comparable: Bi .y /2o = Ny rearksTo, Where T, Ny, rear are the
hot electrons’ initial temperature and density (at the target rear), kg is the Boltzmann constant and y,
denotes the vacuum permeability. This should be considered as an upper limit since, as soon as the
electrons become magnetized, a further rise in the B-field strength requires a similar rise in 1y, yeqr, which
is increasingly difficult to achieve. This scaling predicts that B, can exceed 0.5 GG at laser intensities

> 10%? W um? cm™2, which is supported by the simulation shown in Fig. le (see also Fig. 2a).

Model for plasma expansion and magnetic-field generation

To determine in which measure the B-fields depicted in Fig. la,e are detrimental to proton
acceleration from the target rear, we resort to a simple 1D analytical model of the temporal evolution of
the particles and fields (see Methods). The use of a 1D model is justified provided that the acceleration
length of the protons does not exceed the lateral extent of the sheath [23]). The electron temperature,
T,(t), is assumed to evolve as T, (t) = T, during 0 < t < 7, and T, (t) = Ty(z./t)? for t > 7y, to mimic
adiabatic cooling [20]. The model yields the longitudinal electrostatic field, E,(t), from which we
evaluate the magnetostatic field, B,(t), as well as the proton front position, X¢.ont(t), and the maximum
ion velocity, v, (t) = Xfrone(t). These quantities are plotted in Fig. 1b.f. The magnetization level can be
assessed from comparison of Xg.n:(t) with the typical values of the electron and proton Larmor radii,
RE’p (t) (see Methods): the particles can be considered strongly magnetized in the cloud if RE’p [Xeont <
1. For a laser intensity of 6.5 X 101® W um?cm~2, Fig. 1c shows that the electrons become magnetized
in ~ 100 fs after the start of the plasma expansion (and during the laser pulse irradiation). When

increasing the laser intensity to 2 X 10?? W yum?cm™2

, as shown in Fig. 1g, not only do the electrons get
strongly magnetized even more quickly, but the protons turn out to be strongly magnetized too during the
laser pulse. While this 1D analytical model does not integrate the feedback of the magnetization on the
particle cloud expansion and proton acceleration, it clearly indicates that B-fields are likely to impact the
electron and proton dynamics at high laser intensity. Complementarily, Fig. 1d,h show the trajectories of

sample electrons in the PIC simulation for the two intensities considered (see also Supplementary Note 2,
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Supplementary Fig. 2, Supplementary Fig. 3, Supplementary Table 1 and Supplementary Table 2 for
modeling of electron trajectories). In agreement with the model predictions, these trajectories show that
the electrons are magnetized, drifting away from the center of the sheath, due to the combined actions of
the B-field gradient and the E X B drive, the effect being aggravated with the laser intensity.

The main effect of the B-field on the electrons is, by scattering them outward along the target
surface, to reduce the longitudinal electron pressure and density (see also Supplementary Note 1 and
Supplementary Fig. 1), which shortens the electron sheath and decreases the E-field strength. As for the
protons, they tend to be deflected outwards, i.e., towards lower-sheath-field regions, also hampering the
energy gain they could expect. Overall, the ion acceleration process is changed from a quasi-1D
geometry (neglecting the intrinsic divergence of the hot electrons, which is valid during most of the ion
acceleration phase [23]) into a pronounced, less efficient, 3D one. Another expected detrimental effect
of the B-field is the inward force exerted by the fluid-like magnetic pressure on the target surface, which

tends to counteract the accelerating TNSA field.

Laser intensity dependence of magnetization effects

Figure 2 quantifies the impact of the magnetic field on the particle dynamics as a function of the
laser intensity, for fixed values of the laser spot size (1.6 um), duration (700 fs) and wavelength (1 um).
Figure 2a plots the B-field strength vs. laser intensity as predicted by our 1D model. This theoretical
scaling is consistent with the PIC simulation results presented above. Also plotted are experimental data
taken from Refs. [27,28,29,30]. Note that these data are not all acquired using the same spot size, but as
detailed in Supplementary Note 6 and Supplementary Fig. 7, the dependence of the B-field strength on
the laser focal spot at a given intensity is actually rather weak. This is due to the fact that the sheath
transverse gradient (responsible for the B-field generation) is dominated by fast recirculation and
transverse spread of the hot electrons before the ions have time to move. This holds as long as the laser
spot size is smaller than the transverse sheath size (of the order of 40 um, see Fig. lae and
Supplementary Note 6). Figure 2b plots the particle magnetization parameter at the time of the laser peak,
as calculated using the same 1D model as above. This graph demonstrates that the magnetization level
increases with the laser intensity. Although electron magnetization starts already for relatively low laser
intensities, strong proton magnetization also starts to kick in if one goes to high intensity, i.e., [} A}, ~
10?2 W pm?cm™2. As mentioned above, the B-field then deflects protons and damages the beam
emittance, one of the outstanding features of TNSA protons [1]. We note that since the highest-energy

ions are accelerated on axis where the B-field vanishes, the impact of the B-field upon them is harder to
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assess. However, the transverse motion of these on-axis ions is unstable, so that they may be rapidly
deflected by the B-field. Finally, note that the electrons will be effectively less magnetized for ultra-short
duration lasers (i.e., below 100 fs): this is predominantly due to the short plasma expansion during the
laser pulse, so that the electrons experience weaker deflections relative to the sheath extent

(Supplementary Note 6,7).

Evidence for magnetization effects at high laser intensity

The above considerations suggest that self-generated B-fields are likely to impact proton
acceleration increasingly when raising the laser intensity. To test this, we conducted two experiments
(see Methods) geared toward investigating proton acceleration under tight focus conditions in order to
maximize the laser intensity, thus falling within the parameter range of Fig. 1 and Fig. 2. This was
achieved by means of re-focusing ellipsoidal plasma mirrors (EPM [31,40], see Methods and the setup
shown in the inset of Fig. 3).

Figure 3 summarizes the maximum proton energy recorded in these experiments (see open
symbols) as a function of the peak laser intensity over three orders of magnitude, up to 1.3 X
10?21 W um?cm™2. The experimental data are fairly well reproduced by 2D PIC simulations (see filled
symbols) performed in the same conditions. The solid lines plot the results of the 1D plasma expansion
model employed in Fig. 1 and Fig. 2, which neglects magnetization effects. These analytical predictions
reasonably agree with the experimental measurements, performed at LULI (blue symbols) and SNL (red
symbols), at low laser intensities. However, both 2D PIC simulations and experimental results gradually

2

deviate from the model's predictions when the laser intensity exceeds 10?? W yum?cm™2: compare the

1D model-predicted solid red line vs. the experimental data (red open circles) and simulations (red filled
circles) for intensities above 10T W um?cm™2.

For laser intensities below 102° W um?cm™2, the consistency between the 1D analytical model,
the 2D simulations and the experimental measurements indicates that the acceleration is quasi-1D, as
already demonstrated in a number of studies [4,23,41]. For higher laser intensities, the progressive
deviation between the 1D unmagnetized model on the one side, and the data and 2D simulations on the
other side points to increasing multi-dimensional effects. This is consistent with the increasing electron
and ion deflections (highlighted in Fig. 1 and Fig. 4) induced by B-fields of growing strength, which can
be only modelled in a multi-dimensional geometry. Under our long-pulse conditions, we expect that 2D

simulations capture the ion acceleration to relatively good accuracy since the protons should reach their

saturation energy within the laser pulse, i.e., during the isothermal acceleration stage [19]. Indeed, as was
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shown in Refs. [42,43], differences between 2D and 3D simulations mostly arise during the adiabatic
acceleration stage (i.e., after the laser irradiation) for protons that have not already reached their final
energy in the isothermal stage.

The perturbations caused to the proton angular distribution by the self-generated B-fields at high
laser intensities are illustrated in Fig. 4f-h, which display the angular distribution of the proton beam
generated at I} A? = 1.3 X 1021 W um?cm™2 (see also Fig. 4i-k which present azimuthally-averaged
angular lineout of the proton dose distributions observed in the films shown in Fig. 4f-h). It is
characterized by a hollow ring structure with the proton flux peaking at a finite angle with respect to the
target-rear normal. We stress that this ring pattern is observed only for high protons energies (compare
Fig. 4f with Fig. 4g-h), and disappears when lowering the laser intensity (Fig. 4c-e), in which case the
protons exhibit the standard bell-shaped profiles expected for TNSA [1]. 2D PICLS simulations
performed under comparable conditions confirm that for the highest laser intensity, the proton beam is
deflected outward and hollowed out (Fig. 4a,b). Moreover, both simulation and measurements show
similar variations of the angular peak with the proton energy range (as shown in Supplementary Note 3
and Supplementary Fig. 4) The measured angular peak allows us to infer the average field experienced
by protons in a specific energy range. The deflection angle is given by 8 = e(B)l/m,v;, where (B) is
the average B-field strength, [ is the longitudinal extent of the magnetized region and v is the
longitudinal proton velocity. Taking [ ~ 5 um as suggested by the simulation of Fig. le and a typical

deflection angle of 12° as suggested by Fig. 4g.j, we deduce that protons of energy E), = mpv"2 /2=

25 MeV undergo an average field (B) ~ 0.3 GG. This estimate is in reasonable agreement with the
results of both the PICLS simulation and the 1D analytical model (see Fig. 2a).

The observed ring pattern could be potentially attributed to a different effect, such as hole boring
[44]. Since thin (1.1 um thick) gold foils were used as targets, light pressure could be strong enough to
bore through the entire thickness of the foil, and disrupt the laminar shape of the sheath field (note,
however, that this scenario could not explain the observed proton energy dependency of the ring
diameter). To evaluate the effectiveness of this effect, we can derive the hole boring velocity from the
conservation of momentum and energy fluxes across the  irradiated region:
v, (t) = [(1 + R (t) cos a/2myn;c]*/?, where a = 23 is the laser incidence angle on target, R is the

laser reflectivity, m; = 3.3 X 1072 kg is the ion mass, and n; = 5.9 X 10?2 cm™3

is the ion density in
the case of gold. For a Gaussian laser pulse of peak intensity /;, = 1.3 X 1021 W cm™2 and assuming

R = 0.5 [4], the hole-boring depth is estimated to reach 0.8 um at the peak of the 800 fs duration pulse,
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while it takes another 300 fs for the laser beam to break out through the target rear. At that moment,
however, according to the PICLS simulation, proton acceleration is already completed and exhibits a
clear signature of magnetic deflections in the sheath field. Finally, note that another alternative scenario
[45], which would invoke resistive B-fields to account for similar proton ring structures, would need

much thicker targets (> 100 um) to be operative.

Discussion

We will now discuss several strategies to limit the magnetization effects on proton acceleration.
First, an important factor is the relative timescale of the B-field growth compared to the proton
acceleration timescale (which is of the order of the laser pulse duration). Experimentally, at I; AZ = 2 X
10 W um?cm™2, we have measured that the B-fields grow to their maximum strength over > 100 fs
(Fig. 6 in Ref. [29]). In the present investigation, the B-fields were hence strongly impacting the electron
dynamics since we used relatively long (> 400 fs) laser pulses. Our PIC simulations (Supplementary Fig.
9) and analytical calculations (Supplementary Fig. 8) suggest that when using very short (< 100 fs) laser
pulses, the protons are accelerated quickly enough so that the electron Larmor radius is still larger than
the longitudinal sheath extent (i.e., the electrons are weakly magnetized). This would be consistent with
the fact that, experimentally, proton acceleration with ultra-short laser pulses seems to display a better
scaling vs. laser intensity than with longer pulses (Supplementary Fig. 5). To confirm this, precise in situ
measurements of the B-field temporal dynamics (e.g. using a magneto-optical effect in the XUV
wavelength range [30]) at high laser intensities and short pulse durations are needed. Nonetheless, we
expect that at very high intensities, even for the shortest pulse durations, the magnetic field strength will
unavoidably become large enough that the magnetization effect highlighted here will start to be effective,
and hence pose a fundamental limit to laser-based ion acceleration.

We tested in the simulations yet another possible strategy for minimizing the B-fields by using
small-width targets (so-called reduced mass targets or RMTs), in which the lateral recirculation of
electrons homogenizes the sheath and relaxes its transverse gradient of the longitudinal E-field [13].
However, the B-field is also produced by the longitudinal gradient of the transverse field, 6Ey /0x, which
is enhanced in the case of RMT due to a higher hot-electron density. As a consequence, our simulation
shows no noticeable reduction of the magnetic field amplitude with RMT (see Supplementary Note 8 and
Supplementary Fig. 10). This agrees with the trend seen in Fig. 3 (red filled squares): the proton energy
is only improved by about 30 — 40 % (mainly as a result of an increased hot electron density and sheath

field) when using 20 x 20 um? wide foils instead of 50 X 50 um? wide foils. Note that in particular
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circumstances (e.g. when irradiating the tip of an RMT in the presence of a large scale preplasma [46]),
self-generated B-fields can be used to compress the sheath and enhance proton acceleration.

The magnetic inhibition effect highlighted in this study will likely impact not only sheath-
accelerated ions, but also alternative ion acceleration schemes, such as relativistic transparency [47] and
radiation pressure [12,14,48], that are envisioned to be efficient at even higher laser intensities than
discussed here. In principle, radiation pressure acceleration does not require, and even desires to
minimize, hot electrons which are at the source of the B-fields investigated here; hence it could be seen
to be immune to magnetic inhibition, as supported by simulations of thin targets irradiated by high-
contrast, ultra-intense laser pulses (Supplementary Fig. 6). However, as recently shown [14], at high laser
intensities, tight laser focusing tends anyway to produce hot electrons, which could reintroduce magnetic
inhibition of ion acceleration. Undoubtedly, the impact of this previously overlooked process will need to
be taken into account when planning for ion acceleration experiments on next-generation ultra-high

intensity laser facilities such as APOLLON, ELI or CALA.

10
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METHODS

Experiments

The experiments investigating proton acceleration from solid targets at high laser intensities were
performed at the Laboratoire pour 1’Utilisation des Lasers Intenses (LULI, France) and Sandia National
Laboratory (SNL, NM, USA). Both employed either direct irradiation of the targets positioned at the
laser focus, or refocusing of the laser by an ellipsoidal plasma mirror (EPM) [31,40,52]. In the first case,
the laser is focused using an f /2.7 off-axis-parabolic (OAP) focusing mirror at LULI (f /4 at SNL) to a
444+ 05um (8+£0.5um at SNL) full-width at half-maximum (FWHM) spot. This “direct shot”
configuration leads to on-target peak intensities as high as I} A? = 1.3 X 101 W um?cm~2 at LULI
and 6 X 10'® W um?cm~2 at SNL. The peak intensity, I, used in this paper is evaluated by assuming a
Gaussian profile for the beam within the FWHM spot size ¢y : I(r,t) = I exp(—41In2 (r/¢)? —
41n2 (t/7t)?), where 7, is the FWHM laser duration (400 fs at LULI and 800 fs at SNL). Using as a

practical parameter the laser energy contained in the FWHM spot, E , one obtains

3
I, =16 (m_z) "L~ 1.66—=L. Note that, since the laser pulse durations employed here are not
a bLTL diTL

extremely short, all of the above intensity calculations do not depend on spatio-temporal couplings
within the laser pulse, which can however affect the intensity distribution of broadband, ultrashort laser
pulses [49].

To generate higher intensities on target, EPMs were placed behind the focus of the laser produced
by the OAP (see the inset of Fig .3 for the setup). The EPM is designed as an ellipsoid of revolution
around its major axis (x), x?/a?+12?/b?=1, where (a,b) = (3.5,2.012) mm at LULI and
(12.25,7.0) mm at SNL, yielding an eccentricity of € = 0.818. The EPM is made of glass treated with
an anti-reflection coating at the laser wavelength. It refocuses the laser with a change in the beam
numerical aperture. The final FWHM spot size is then reduced to 0.9 + 0.1 um at LULI and 1.5 +
0.2 um at SNL (as measured by a CCD coupled with a microscope objective of numerical aperture
NA = 0.6), yet at the cost of lowering the beam energy. The laser spot at the EPM focus was measured
and optimized before each shot. Taking into account the plasma mirror reflectivity and the reduced
encircled energy in the focal spot when the plasma mirror is triggered [31], the peak laser intensities are
estimated to attain 9 X 10 W yum?cm™2 at LULI and 1.7 X 102* W um?cm™2 at SNL. The laser
intensity on the EPM surface was of 3 —5X 10 W cm™2 , similar in both experiments and

2

corresponding to a cumulated fluence on the EPM surface of 130 — 180 ] cm™ around the peak of the

11
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pulse, a standard optimal value for plasma mirrors [50,51]. The expansion velocity of the EPM surface at
critical density is estimated to be ¢s = \/ZegT,/Am,, , with A the atomic mass, m,, the proton mass and

an ionization state Z.¢ / Z = 0.7, assuming all the electrons except the 1s and 2s of Si and O are ionized
[50]. The electron temperature T, (t) depends on the cumulated fluence [50]. The expansion length of the
EPM surface is expected to be slightly larger in the SNL experiment due to longer pulse duration: about
0.07 um around the temporal peak and 0.19 um at the ending foot of the pulse (800 fs after the peak of
the pulse). To evaluate the impact of this expansion on the beam focus after the EPM, we performed ray-
trace simulations, assuming that the plasma expands normally to the local EPM surface. With a 0.19 um
expansion of the reflecting surface, the beam size at the EPM focus increased by 0.2 um, which is
smaller than the diffraction-limited spot size (the spot size vanishes for zero expansion, as diffraction
effects are neglected in these ray-trace calculations). More information on the ray-trace calculations is
provided in Supplementary Note 9, Supplementary Fig. 11 and Supplementary Fig. 12. Note also that the
paraxial approximation starts to fail in the high-NA operating conditions of the EPM. In this case, and for
our laser parameters, the peak intensity of the longitudinal laser electric field at the second focus of the
ellipsoid reaches ~ 10% of that of the transverse laser electric field [52].

Similarly to a plasma mirror [50], the EPM also acts as an ultrafast light reflector that is activated
only in the rising edge of the laser pulse, hence leading to high-contrast interaction conditions. To obtain
similar high-contrast conditions for the direct shots (and thus allow meaningful comparison of their
performance), we made use of frequency-doubled pulses at LULI (i.e., operating at a wavelength of
AL = 0.528 um), and of a planar plasma mirror prior to the laser focus at SNL (operating at the
fundamental frequency, A;, = 1.06 um). In the latter case, the planar plasma mirror was positioned
20 mm before the OAP focus to be irradiated at the same fluence level as the EPM.

The targets consisted of 0.5 - 2 um thick Al and Au foils at LULI and of 1.1 um Au foils at SNL.
At LULI, the targets were irradiated at normal incidence (« = 0°), while oblique incidence (a = 23°)
and p-polarization were used at SNL. The required target positioning accuracy (~ 1 — 2 um) at the EPM
focus was provided by the NA = 0.6 microscope objective, combined with piezoelectric motors. The
accelerated protons were detected using radiochromic films [1,2] and spectrometers positioned 20 —

30 mm away from the target.

Analytical model
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The analytical 1D model used in Figs. 1-3 is based on the theoretical model developed in Ref. [19],

which describes the isothermal and collisionless expansion (along the longitudinal x axis in our case, i.e.
normal to the target surface) of a plasma into the vacuum, as driven by a population of initial hot
electrons’ temperature (or energy) Ty and density at the target surface ny, reor. The plasma expands into
the vacuum due to electrons pulling out protons through the space-charge electrostatic field. The hot
electrons are generated through the ] X B [1] and Brunel [53] mechanisms, with kinetic energies of
several MeV for the laser intensities considered here [54,55]. In the present paper, the initial hot-electron
temperature was estimated as kzTy, = m.c?(y, — 1), where y, = m/2K(—a) is the mean hot-electron
relativistic factor, a, = (A% / 1.37 x 10 W um?cm~2)'/2 is the normalized laser field and K is the
elliptical integral of the first kind. This scaling, suggested by Kluge et al. [55], is specifically adapted to
the interaction of intense lasers with steep-gradient plasmas, i.e., as is achieved under our high-contrast
experimental conditions. Furthermore, we found that this scaling gives the closest match to our
numerical simulation results. The hot-electron density at the laser-interaction surface is estimated to be
ny = 0.5y,n. where n, = g;mew?/e? is the critical density and y,, = a, / V2 + 1 is the relativistic
factor derived from one-dimensional energy and momentum flux conservation. Here, the factor 0.5 is
introduced to take into account the time-averaged value of y,,. This gives a total absorbed energy into hot
electrons of Ey, 1ot = Np totkpTo Where Ny ¢or = TNy 2T, Ve /4 assuming v, ~ c. This results in a laser-
to-hot-electron coupling efficiency Ey, (o1/EL ~ 25 — 40% in the intensity range discussed in this paper.
The density at the target rear is Ny, rear = Ny (1 + dri; 'tand) ~?where the target thickness is d = 2 um,
1. = ¢1./2 is the laser spot radius on target, and the half-angle electron divergence within the target is

0 ~ 45° [4]. In the model, the initial (maximum) electric field in the sheath is given by E, =

\/ NhrearkBTo/€0 - We extracted the proton energy at ¢ = 71,. At that moment, according to the PICLS
simulation, proton acceleration is already completed for the case of laser pulse durations we explored
here.

The azimuthal magnetic field at the target rear is assumed to be generated by the time-dependent
Faraday law, dB,/dt = 0E, /0y — 0E, /0x ~ 0E,/dy, assuming a 2D geometry with B = (0,0, B,). It
leads to steady growth of the magnetic field up to the stage when the magnetic pressure becomes
comparable with the plasma pressure. We note that other sources (e.g. gradients of density and
temperature [29]) may induce magnetostatic fields on the target surfaces, yet these processes occur over

time-scales longer than the ion acceleration time scales of interest here. In this frame, assuming a

2
Gaussian transverse profile for the longitudinal sheath field, E,(y) = Eyf (0)e~0/)" | we can
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approximate its peak transverse gradient as (0Ey/0y)max~ Eof (t)/7,. The inductive B-field is then

estimated to be B,(t) = (E /1) fot f(t")dt'. We consider here the electric field in the plateau region of

the sheath where most of the particles are confined. During the isothermal phase (0 <t < 1), f(t) =

2/ |2en + wlit?, wy = \/nh,rearez/mpeo yields B,(t) = (Eo/rywpi)In|a + V1 + a?|, where a =

wpit/+/2ey. The velocity of the accelerating protons increases as v,(t) = 2¢goln|a(t) + /1 + a(t)?|,

and the position of the ion front is then given by Xgont(t) = fot vp(t")dt’. After the laser pulse, as the

electrons progressively give their energy to the ions and cool down in the expansion, T, decreases with

time (see Fig. 1.b). Last, the electron and proton Larmor radii are calculated using

Rf(t) = myv,(t)/eB,(t) and R{(t) = mecyy(t)? — 1/eB,(t), where y(t) = 1 + kgT.(t)/mec?.

Numerical simulations

To analyze the plasma dynamics at play during and following the intense laser irradiation, we
resort to particle-in-cell (PIC) numerical codes, which provide a first-principles simulation framework
more adequate than magneto-hydrodynamics (MHD) codes. Indeed, MHD is based on the assumptions
of quasi-neutrality, small particle Larmor radii and thermal particle distributions. While part of these
assumptions may locally hold off axis and inside the expanding electron-ion plasma (where quasi-
neutrality holds, the B-field is at its strongest, and the electrons may gyrate with radii smaller than the
plasma/field scale-lengths), MHD is invalid at the ion front (where the quasi-neutrality assumption
breaks down) and/or around the axis (where the B-field weakens and/or changes sign), that is, in the
regions where the maximum ion energies are to be found.

The 2D PIC numerical simulations presented in this work are performed using the PICLS,
PICADOR and CALDER codes. PICLS features binary collisions among charged particles and dynamic
ionization [26]. Absorbing boundary conditions are used for particles in the transverse direction (i.e., no
electron reflux is imposed to represent the actual large transverse size of the target). The target consists
of a neutral plasma of electrons and Al3* ions. A 20-nm thick layer of protons is added at the target rear
surface to mimic the surface contaminants. The resulting two-layer target can lead to modulations in the
low-energy side of the proton spectrum [56], especially if the protons in the contaminant layer are
depleted [57,58], but this cannot affect the proton maximum energy [56], the observable on which we
concentrate here. The ion density is initialized to 5 X 1022 cm~3, while the electron and ion temperatures

are both set to zero. The electron density increases dynamically during the laser irradiation via ionization
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processes. The spatial (resp. temporal) resolution was 1/50 of the wavelength (resp. laser oscillation
period). The laser focal spot and temporal shape obey Gaussian distributions. The collisionless
PICADOR code is run on heterogeneous cluster systems including Xeon Phi coprocessors [59]. The
PICADOR simulations use exactly the same parameters as the PICLS simulations, except that they
neglect the ionization dynamics (i.e., the ion charge state keeps a constant value, Z = 3, during the
simulations). The CALDER [61] simulations discussed in Supplementary Note 5 consider fully ionized

carbon nanometric foils assuming negligible Coulomb collisions.

Code availability

The Matlab code solving the 1D model used in Figs. 1-3 is available from the corresponding authors

upon reasonable request.

Data availability

The data that support the findings of this study are available from the corresponding authors upon

reasonable request.

15



408

409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428

429

430
431
432
433
434
435

NCOMMS-16-19781-T, Nakatsutsumi et al.

Acknowledgements

We acknowledge the expert support of the ELFIE and Sandia 100 TW laser operation crews and
engineering teams. We thank Y. Kuramitsu and G. Revet for useful comments and discussions. This
work was supported by grant E1127 from Région Ile-de-France, by CREST Japan Science and
Technology, and in part by the Ministry of Education and Science of the Russian Federation under
Contract No0.14.250.31.0007. This project has received funding from the European Union's Horizon 2020
research and innovation programme under grant agreement no 654148 Laserlab-Europe, and was partly
done within the LABEX Plas@Par project and supported by Grant No. 11-IDEX-0004-02 and ANR-17-
CE30-0026 PINNaCLE grant from Agence Nationale de la Recherche (France).. The simulations were
partially performed on resources provided by the Joint Supercomputer Center of the Russian Academy of
Sciences. A. Kon acknowledges support from the JSPS Global COE program. M. N. was partially
supported by a JSPS Postdoctoral Fellowship for Research Abroad. Y. S. was supported by the JSPS
KAKENHI under Grant No. JP15K21767 and the DOE-OFES under Grant No. DE-SC0008827. L. H.
acknowledges support by the NASA Earth and Space Science Fellowship Program under grant
NNX13AM28H. Sandia National Laboratories is a multi-mission laboratory managed and operated by
National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of
Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NAQ0003525. Support was also provided by Sandia’s Laboratory
Directed Research and Development program. The CALDER simulations were performed using HPC

resources at TGCC/CCRT (Grant No. 2013-052707).

Author contributions

M.N.,R.K and J.F. designed the project, M.N., S.B., A. Kon, M.G., L.H., P.R., M.Sc and J.F. performed
the experiment, M.N., J.F., S.B., and A. Kon analyzed the data, Y.S., A.Kor., and L.G. performed the
simulations, B.A., P.A. M. K., J.S., M.St., and R K. supported the students and the project, M.N., Y.S.,
A Kor.,SN.C,,L.G. and J.F. wrote the paper. All authors discussed the results and reviewed the paper at

its various stages.

16



436

437
438

439

NCOMMS-16-19781-T, Nakatsutsumi et al.

Competing financial interests

The authors declare that they have no competing interests as defined by Nature Publishing Group, or

other interests that might be perceived to influence the results and/or discussion reported in this article.

17



440

441
442
443
444
445

446
447
448
449
450
451
452
453

454
455
456
457

458

459
460
461
462
463
464

465
466
467
468
469

NCOMMS-16-19781-T, Nakatsutsumi et al.

Figure legends

Figure 1. Laser-driven magnetic-field generation and resulting particle dynamics.

(a,d,eh) 2D particle-in-cell (PIC) simulation results obtained using the (a,e) PICLS [26] and (d.h)
PICADOR [59] codes (see Methods). The laser pulse impinges from the left onto a 2-um thick Al foil,
coated on its rear side (located at x = 12 um) with a 20-nm thick proton layer. The laser FWHM spot
size ¢, duration 7, wavelength A; and intensity I; A? are, respectively, (a,d) 1 um, 400 fs, 0.5 um,
6.5 X 10 W um?cm~2 and (e;h) 1.6 um, 700 fs, 1 um and 2 X 1021 W um?cm™2. (a,e) Magnetostatic
field B, (in MG units) developing inside and outside the target at 100 fs after the laser peak. (d,h) Sample
electron trajectories from the PIC simulations, exiting the target at the laser peak. In d, the electron
energies lie in the same range: 13.8 MeV (green), 14.3 MeV (red), 12.3 MeV (blue) and 18.7 MeV
(cyan), yet the green electron proves more strongly magnetized because it is ejected into the vacuum
about 50 fs later, and thus experiences a higher B-field. In h, the electron energies are 25.2 MeV (blue),
27.7 MeV (green), 90.9 MeV (red) and 162.7 MeV (cyan). (b.c.f.g) Results from the 1D expansion model
(see Methods) at a laser intensity of (b,c) [[AZ = 6.5 x 10*° Wum2cm™2 and (fg) I A2 =2 x
102 W um?cm~2 using the corresponding PIC simulation parameters. (b,f) Time evolutions of the
proton velocity, v,(t), normalized to its final value (dashed green line), of the electron temperature,
T.(t), normalized to its initial value (T, = 1.1 MeV in b and T, = 5.6 MeV in f, see Methods) (dashed-

dotted red line), and of the inductive B-field, normalized to its predicted saturation value B, ,x =

(Zﬂonh,rearkB TO)

evolutions of the electron (R[, blue) and proton (R?, red) radii, normalized to the instantaneous

Y2 (B .. =144 MG in b and By, = 537 MG in f) (solid blue line). (c.g) Time

longitudinal extent of the proton plasma, X¢.ont(t). The horizontal dashed black line delimitates the
boundary between the regimes of strong (Rf’p [Xeront < 1) and weak (RE’p /Xfront > 1) magnetization.
The vertical dashed-dotted line indicates the time when the ion front has moved a distance larger than the

local Debye length.

Figure 2: Magnetic field strength and particle magnetization vs. laser intensity.

(a) Blue solid curve: magnetic field strength (in MG units) as a function of laser intensity (ILAf) from the
1D model (see text for details on the parameters) taken at 350 fs after the plasma expansion starts (i.e.,
corresponding to the temporal peak for the 700 fs pulse). Experimental data are shown as red points ([A]

correspond to Ref. [27], [B] to Ref. [29], [C] to Ref. [28], and [D] to Ref. [30]), while PIC simulation
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results are shown as blue boxes (see Fig. 1). (b) Normalized Larmor radii of electrons (Rf /X¢ront, red)
and protons (RE /Xtront» dashed blue), at the laser intensity peak, as predicted by the 1D model. The laser

parameters are those of Fig. le-h: ¢, = 1.6 um, t;, = 700 fs and A4;, = 1 um.

Figure 3: Experimental maximum proton energy vs. on-target peak intensity (I A%).

For the LULI experiments (black or blue open symbols), the targets were Al and Au foils of thickness
between 0.5 um and 2 um and of transverse dimensions > 1 X 1 mm?2. For the SNL experiment (red
open symbols), the targets were 1.1 um thick Au foils with transverse dimensions between 50 X 50 um?
and 300 X 300 um? (note that no trend on the size was observed). Each point corresponds to a single
laser shot. Lines plot predictions of the 1D plasma expansion model considered in Fig. 1 and Fig. 2, and
which neglects magnetic field effect (see Methods). Filled symbols represent 2D PICLS simulation
results with 2 um-thick Al targets: filled circles and triangles are for 50 X 50 um? wide targets and filled
red squares for 20 X 20 um? wide targets. The error bars on the proton energy quantify the energy range
of the radiochromic films used to diagnose the TNSA protons. The error bars in the laser intensity arise
from the uncertainty in estimating the encircled laser energy within the FWHM spot. (inset)
Experimental setup employing a refocusing ellipsoidal plasma mirror (EPM) to reduce the laser focal

spot and increase the laser intensity [31].

Figure 4: Magnetic deflections of protons at high laser intensity.

(a,b) Maps of the proton energy density (in units of 100 n. keV, where n, = 1.1 X 10?*cm™3 is the
critical density at 1 um wavelength) as recorded, at the time of the laser peak, from the 2D PICLS
simulations illustrated in Fig. 1a and Fig. le, respectively. Panel b clearly reveals that at high laser
intensity, the protons at the acceleration front are deflected by the magnetic field, forming a ring-like
pattern. (c-h) Experimental 2D proton dose distributions (in Gy units) measured using stacks of
calibrated radiochromic films. In c-e, the laser parameters are I; A7 =9 x 10 W um?cm™2, 4}, =
0.5 um, ¢, = 0.9 um, t;, = 400 fs, and the target consists of a 0.5 um thick Al foil. In f-h, the laser
parameters are I} A2 = 1.3 X 1021 W um?cm™2, 1, = 1 um, ¢, = 1.5 um, 7, = 800 fs, and the target is
a 1.1 um thick Au foil, yielding a ring-like pattern on the proton dose distribution, consistent with the
simulation shown in b. For the > 28 MeV protons, this ring pattern encircles what looks like a central jet,
which may result from some high-energy protons emitted on axis and having experienced relatively

weak deflections. The white bars in c¢-h indicate an angular spread of 20°. (i-k) Proton dose vs. angle
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501  with respect to the target-rear normal, as extracted from the proton distribution displayed in f-h,

502  respectively. Arrows indicate the angular peaks.
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Supplementary Note 1: Correlation between regions of strong magnetic fields,

electron depletion and proton deflection

Supplementary Figure 1|shows various field and particle distributions from a 2D

particle-in-cell (PIC) simulation performed with the PICLS code for a laser intensity
I, = 6.6 X 102° W cm™2, a pulse duration of 400 fs, and a wavelength 1;, = 0.5 um
(corresponding to a dimensionless field strength a, = 11). From the electron energy
density (Supplementary Fig. 1c), we observe that, in the population of electrons that are
detached from the target (and which were accelerated early on in the laser pulse, before
the B-field would reach its maximum strength), there is a strong depletion in the strong-
B-field regions [Supplementary Fig. 1b]. We also observe that those electrons crossing
the target rear in the late part of the laser pulse are trapped by the magnetic field along
the target surface (see the detailed electron trajectories in Fig. 1 of the main text) and
are prevented to move forward in the sheath. This disrupts the continuous supply of hot
electrons which is crucial for TNSA acceleration to be efficient; by limiting the number
of hot electrons within the expanding sheath, the magnetization quenches the ion
accelerating electrostatic field earlier than would have taken place otherwise. Note that
this is true for such relatively long laser pulses — Supplementary Notes 7 and 8 discuss
the benefit brought in this respect by using shorter laser pulses.

The proton energy density displayed in Supplementary Fig. 1d further reveals that
the protons at the acceleration front are transversely (and hence angularly as well, see
Supplementary Notes 2 and 3 for more details) modulated due to the magnetic field;
being deflected outwards, they also move away from the high-sheath-field region,
which reduces further the acceleration efficiency. This impresses on them a ring-like
pattern that is well consistent with the experimental observations made at high intensity

(see Fig. 4 of the main text).
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Supplementary Figure 1: Interaction of a tightly focused intense laser with a thin Al foil.
2D PICLS simulation of a laser pulse of 6.6 X 102 W cm™2 intensity, 400 fs FWHM duration,
0.5 um wavelength and 1.6 yum FWHM spot size interacting with a 2 um thick Al target. (a)
Laser electric field (in units of 6.4 X 1012 V. m™1) (b) Quasistatic magnetic field (in units of
10° G). (c) Electron energy density (in units of 100n. keV, where n, = 1.1 X 10?! cm™3 is the
critical density at 1 um wavelength. (d) Proton energy density (in units of 100n, keV). All

snapshots are taken 100 fs after the peak of the laser pulse.



Supplementary Note 2: Modeling particle trajectories inside expanding plasma
fields

In complement to Fig. 1 of the main text, it is of interest to analyze the trajectories
of electrons and protons inside the strong DC fields generated at the target surfaces. For
this purpose, we consider a 2D xy domain, where the x-axis is taken to be parallel to the
target rear normal (consistently with the simulations presented in the main text). The
electromagnetic field is considered steady, with E = (E,,0,0) and B = (0,0,B,). A
relativistic treatment is considered for the particles, which do not interact between
themselves.

The trajectory of a particle of charge g, mass m, position X, velocity v,

momentum p and Lorentz factor y is defined by the following equations of motion,

d

dptx = q(Ey + vsz), (1)

dp

d_ty = —qu,B,, ()

m=i= 3
. by

vy =y = m_y (4)

A particle trajectory starting at t = t, has as input parameters:

p(to) = mecyy?(to) — 1,

Px(to) = p(to) cos6(ty),

Py (to) = p(toy) sinB(ty),
where we have introduced the initial Lorentz factors, y, (ty) = 1 + €.(t,)[MeV]/0.511
for the electrons, and ¥, = 1 + €,[GeV]/0.94 for the protons, where €, , denotes the
kinetic energies. The initial angle with respect to the x axis is taken to be 8(t;) = 0.
The initial velocities, v, (ty) and v, (t,), are used in Supplementary Egs. (1) and (2) to
yield p(t,), 68(t;) and y(t;) . Then, the particle position is advanced through
p(t; — At)At/my(t,). The time step At is chosen to be 0.02 fs for electrons and 0.1 fs
for protons.

The B-field map shown in Fig. 1a,e of the main text is approximated in the form



_ . AR Y =Yg
B, = Bo(x)sm<2 AyB)

for |y — yo| < 4yg, and in the form

ly — ol — 4y
B, = —sgn(y — yo)Bo(x) exp (— LO 2,
yB

for |y — yo| > Ayg. The longitudinal profile is assumed to be
BO(x) = Bmax exp[—(x - xO)/LxB];
for x > x, and By(x) =0 otherwise. To reproduce the PIC-simulated B-field

distributions shown in Fig. la,e we set x; = 10 um and y, = 30 um, and use the best-

fitting values detailed in Supplementary Table 1.

Supplementary Table 1: Best-fitting parameters for the PIC-simulated B-field distributions

Fig. la Fig. le
I,A2 = 6.5 X 10° W pm%cm—2 I,A2 = 2 x 10%* W um?cm ™2
¢L=1pum ¢L =1.6 um
Biiax 100 MG 500 MG
Ayg 5um 6 um
L.g 4 um 5 um
Lyg 20 ym 20 ym

Supplementary Table 2: Best-fitting parameters for the PIC-simulated E-field distributions

Fig. 1.al Fig. 1.bl
A2 = 6.5 % 10'° W cm™2um? A2 =2 %1021 W cm™2um?
¢, =1pum ¢; = 1.6 um

Emax 1TVm™? 3TVm?
Axg 0.5 um 0.5 um
Ayg 2 um 2 um
Lyg 4 um 5um
Lyg 20 ym 20 pym

As for the E-field, it is taken in the form

E.(x,y) = Eo(x)
for |y — yo| < Ayg, and in the form




ly — ol —AyE>

Ee(x,y) = By(x) exp (— ;

yE
for |y — yo| > Ayg. The longitudinal profile is assumed to be
Eq(x) = Emax
for x < xy + Axg, and
Eo(x) = Emax exp[—(x — xo — Axg)/Lye]
otherwise. Moreover, E,(x) = 0 is assumed inside the target (x < x,). The parameters

best fitting the simulated E-field results are given in Supplementary Table 2.

Typical particle trajectories are shown in |Supplementary Figure 2| (I A% = 6.5 X

10 W um?cm=2 |, ¢, =1um, B, = 100 MG ) and |Supplementary Figure 3

(ILA?2 = 2 x 10?2 W um?cm™2 , ¢pp = 1.6 um, B,..x = 500 MG), which correspond to
p

Fig. 1a and Fig. le of the main text, respectively. For By, = 100 MG (Supplementary

Figure 2), electrons of energies in the 10 MeV range suffer strong magnetic deflections,

yet still move in the forward direction (x > 0). By contrast, protons of a few MeV

energies are weakly influenced by the magnetic field. For B, = 500 MG

Supplementary Figure 3), the proton trajectories are strongly deflected so that a hollow

pattern forms in their spatial distribution. As a result, one of the outstanding features of
TNSA protons, namely their high laminarity, is ruined. As for the electrons, their

forward motion is severely hampered, most of them being trapped at the target rear

surface (consistently with the PIC simulations shown in Supplementary Figure 1).
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Supplementary Figure 2: Model-predicted fields and particle trajectories at a 6.5 X
10'° W um?cm~2 intensity. (a) B, (in MG units) and (b) E, (in TVm™! units) field maps
reproducing the PIC simulation results at an intensity of 6.5 X 101 W cm™2um? (see Fig. la of the
main text). The parameters are By, = 100 MG and Ej ., = 1TV m™1. (c-e) Trajectories of 10
electrons starting from different initial transverse positions [y(t,) — ¥y = —10,—8,—6, ... + 10 um]
around the symmetry axis y = y,. The initial kinetic energy of the electrons is 10 MeV and they are
injected along x > 0 at various locations: (¢) x(ty) = xg, (d) x(ty,) = xo + 2 um and (e) x(t,) =
Xo + 5 um. (f-g) Trajectories of 10 protons starting from x = x, and different initial y positions
(y(ty) —yo = —10,—8,—6, ...+ 10 um). The initial kinetic energies of protons are (f) 5 MeV and
(g) 22 MeV, and they are injected along x > 0. The symmetry axis is positioned at y, = 30 um and

xo = 10 pum is the location of the target rear surface.
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Supplementary Figure 3: Model-predicted fields and particle trajectories at a 2 X
10%! W um?cm™2 intensity. (a) B, (in MG units) and (b) E, (in TV m~?! units) maps reproducing
the PIC simulation results at an intensity of 2 X 1021 W cm™2um? (see Fig. le of the main text).
The parameters are and By.x = 500 MG and E,x = 3 TV m~1(c-e) Trajectories of 10 electrons
starting from different initial transverse positions [y(t,) — ¥y = —10,—8,—6, ... + 10 um] around
the symmetry axis y = y,. The initial kinetic energy of the electrons is 10 MeV and they are injected
along x > 0 at various locations: (¢) x(t;) = xg, (d) x(t;) = xo + 2 um and (e) x(ty) = xo +
5 um. (f-g) Trajectories of 10 protons starting from x = x, and different initial y positions (y(t,) —
Yo = —10,—8,—6, ...+ 10 um). The initial kinetic energies of protons are (f) 5MeV and (g)
22 MeV, and they are injected along x > 0. The symmetry axis is positioned at y, = 30 um and

xo = 10 pum is the location of the target rear surface.



Supplementary Note 3: Angle-energy proton distributions
The peaks of the angular distributions measured by the RCF at a laser intensity of
I,A% = 1.3 X 102 W um? cm™2 and a spot size of ¢p;, = 1.6 um (Figs. 4f-h of the main

text) exhibit strong dependency on the proton energy. This is summarized in

Supplementary Figure 4a, on which is overlaid the angle-energy distribution extracted

from the 2D PICLS simulation (red dots). Both experimental and simulated
distributions show two distinct proton groups, indicated by lines 1 and lines 2. Line 1
(resp. 2) corresponds to a population of protons with deflection angle increasing (resp.
decreasing) with energy. Moreover, the average magnetic field, (B,), seen by protons of

a given energy €, as inferred from their measured deflection angle via the relation 6 =

e(B,)l/myv,, is plotted in Supplementary Figure 4| with open blue squares. We have

defined vy = ,/2€,/m,, as the longitudinal proton velocity, and [ is the longitudinal
extent of the magnetized region. We take [ ~ 5 um as suggested by the simulated B-
field map displayed in Fig. 1e in the main text.

The PIC-simulated angular distributions of the protons are further detailed in

Supplementary Figure 4b,c for low- and medium-energy protons. These angular

distributions are observed to be quite consistent with the experimental data shown

respectively in Fig. 4.g,j and Fig. 4.h k of the main text.



05 + PICLS (2.0 X 102' W pm? cm2) 10.5 ?
- ® Experiment (1.3 X 102' W pm?em2)| @ @
c 04 104 &
Rl @

< E 0.3 103 @
=2 02 RN O 1 Line:1 lo2 &
c =1
< 0 3 101 @
T @
O ;' g - - - . 1 0
0 10 20 30 40 50 60
Energy (MeV)
12
6 x 10
0 b
5 5
<)
< 4
S 3 '.‘
s 1
Z 0

Number of protons
o = N W s o O

Supplementary Figure 4: Angle-energy proton distributions. (a) Red small dots are from a 2D

PICLS simulation performed at a 2 X 1021 W ym? cm™2

intensity (see Fig.4.b of the main text),
measured 300 fs after the laser peak. Large black dots are experimental results obtained at similar
intensity (see Fig. 4f-h of the main text). Blue open squares are the average magnetic field (in GG
units) extracted from the experimentally observed angular deflection (see text in detail). (b) Angular
distribution of low-energy protons (< 10 MeV), obtained from PICADOR simulations performed

with the same parameters as in a. (¢) Same as b for mid-energy protons (10 — 20 MeV).



Supplementary Note 4: Experimental scalings of the maximum proton energy

The plot shown in Supplementary Figure 5 is an update of Fig. 4 of Ref. [m]. The
plot compiles data from the following references: (i) [@,@,@,E,E,ﬁ,@,@,,,,] for
laser pulse durations between 30 and 100 fs; (ii) [,,,,,,@,@,,@] for
pulse durations between 100 fs and 1 ps; (iii) [@,@] for pulse durations above 1 ps.

The dispersion in the data for a given laser intensity can be attributed to different
target and laser parameters (notably, the prepulse level). However, this compilation

displays the same trend as in Ref. [2] between ultra-short laser pulses (< 100 fs) and

longer pulses: below 10'® W um? cm™2, the proton energies obtained with ultra-short

pulses (< 100 fs) are clearly below those achieved with longer pulses, while they

progressively become of the same order, and possibly higher, above 102° W um? cm™2.

100 T T . T
>
()
=3
>
Sl
()
C
() i
£ 10} |
S 2
S
é S )
c —@—30fs<t=100fs
=
o
o -4 tz1ps

1 ! | ]

Laser Intensity (Wpm?cm™2)

Supplementary Figure 5: Maximum proton energy vs. on-target laser intensity.
Compilation of experimental data obtained using various laser facilities and grouped according to

the laser pulse duration (denoted “t” in the legend).
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Supplementary Note 5: Proton acceleration in the ultra-high-intensity ultra-short-

pulse interaction regime

In [Supplementary Figure 6| are shown additional PIC simulations, the aim of

which is to show that, for few-cycle laser pulses interacting with nanometer-size foils,
no significant B-field develops on the target surfaces and that the radiation-pressure
mechanism is able to accelerate ions (here H* and C*) to very high energies, in
contrast to the simulations presented in the rest of the paper, which employed longer
laser pulses and thicker targets.

These 2D simulations were performed using the CALDER code [@]. The

simulation domain has dimensions 30000Ax X 8000Ay with mesh sizes Ax = 1.3 nm

and Ay = 6.4 nm. The laser pulse, of 0.8 um wavelength, is Gaussian in space and time,
with 1.9 um spot size and 15 fs duration (FWHM). The peak intensity is either I}, = 5 X
1022 Wem™2or I;, = 1.8 X 1022 W cm™2. The target is a 100 nm-thick, fully ionized
carbon foil at solid density, coated on both front and rear sides with a Ax-thick H* layer.
The initial electron and ion temperatures are T, = T; = 10 eV. Collisions and radiation
losses are not described. 500 particles are used per cell and species.

The above interaction conditions correspond to the relativistic-transparency
regime which is known to optimize ion acceleration [@] , and which translates into both
significant laser absorption (~ 20 — 25%) and reflection (~ 30 — 60%) rates. In this
regime, ion acceleration results from the combined action of radiation pressure and rear-
side sheath field. Maximum proton energies of 120 MeV and 250 MeV are reached for
I, =5%x 1022 Wcem™2 and 1.8 X 1022 W cm™2, respectively. Because the electrons
keep on being accelerated (reaching mean energies of ~5— 10 MeV for the two
intensities considered) as part of the laser pulse shines through the foil, they are less
affected by the magnetostatic field, whose peak strength is measured to be in the
0.5 — 1 GG range when proton acceleration starts saturating. Consequently, the hot-
electron density does not exhibit any depletion off axis, in contrast to what is observed
in Supplementary Fig. 1. Also, the B-field peaks quite far away transversely from the

central region where the ion acceleration takes place, causing the ion density patterns

shown in Supplementary Figure 6| (evolving into mushroom-shaped profiles at later

times).
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Supplementary Figure 6: Proton acceleration from sub-micron targets driven by ultra-high-
intensity ultra-short lasers. 2D CALDER PIC simulation of the interaction of 15 fs laser pulses of
intensity (a-d) I, =5 X 102* Wcem™2 and (e-g) I, = 1.8 X 10?2 W cm™2 with a 100 nm -thick
carbon foil. (a,e) Quadratic average of the B-field, (BZ)*/? (in units of 100 MG = 10* T, note that
the strong peak corresponds to the laser field). (b.f) Density (in units of 102 cm™3) of electrons of
kinetic energies > 100 keV. (c,g) Density of carbon ions of kinetic energies > 100 keV. (d.h)
Density of protons of kinetic energies > 100 keV. Space and time coordinates are in units of
c/wy = 0.16 um and wy! = 0.53 fs, respectively (wy is the angular laser frequency). The on-target
peak intensity is reached at t = 205wi . The title of each figure indicates the time at which it is

recorded. The ion density maps are shown at the saturation time for ion acceleration.
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Supplementary Note 6: Model-predicted laser dependence of the B-field strength

Supplementary Figure 7|displays the variation of the B-field with the laser spot

size, as predicted by our 1-D model. To calculate it, we first introduce the characteristic
time, t.har, When the expanding protons have moved a distance equal to the local Debye

length. From the model, this characteristic time appears to be about twice the inverse

plasma ion frequency, w;il.

Supplementary Figure 7b shows that t ., depends on the laser intensity, but also

the laser spot size. This is due to the fact that, for a given hot electron divergence (a 45°

half angle is used here) and target thickness (2 um), hot electron dilution occurs faster

at smaller spot sizes.

Supplementary Figure 7a explains how the lateral spread of the hot electrons due

to recirculation is estimated at t = t,, yielding the sheath diameter, 2r. Then, the
magnetic field strength, B,(t), follows from time integrating the sheath electric field

E,(t) divided by the sheath radius 7.

Supplementary Figure 7d plots the B-field strength at the laser intensity peak,

1/2
B, (tmax)- Note that its maximum value is limited to Bpay = (2Uonh rearksTo) 2 1

appears that moderate spot sizes (¢, = 4 — 10 um) give slightly stronger B-fields than
at tight focusing (¢, = 0.9 um). Only when the spot size becomes comparable with the
sheath size, does the B-field start to decrease.

Overall, this implies that the magnetic inhibition highlighted in our present study,
using tight focusing in order to access high laser intensities, will likely be even stronger

under more standard focusing conditions (e.g. ¢;, = 4 — 10 um).

Supplementary Figure 8 illustrates the model-predicted dependency of the B-field

against the laser pulse duration. Although shorter pulse durations lead to smaller
magnetic fields (due to the finite growth rate of the B-field, as further discussed in

Supplementary Note 7), strong magnetic fields of few 100 MG are predicted for laser

intensities > 102 W cm™2, even for 50 fs duration pulses. However, |Supplementary

Figure 8b shows that the electron magnetization (quantified by the ratio of the electron

Larmor radius and the acceleration front), and therefore the magnetic inhibition of

13



proton acceleration, is reduced when shortening the pulse duration down to 7, = 50 fs.
In short, this clearly shows the benefit of using laser shorter pule durations to lessen the

magnetic inhibition highlighted in our study.
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Supplementary Figure 7: Model-predicted variation of the B-field strength with the laser spot
size. (a) Schematic drawing to show the lateral spread of the hot electrons due to recirculation is
estimated at t = t.,., yielding the sheath diameter, 2r. (b) Characteristic time t ., When the
plasma expansion starts, defined as the time when the front protons have moved a distance equal to
the local Debye length. (¢) Sheath diameter at t = t.,, due to fast electron recirculation and
transverse spread. (d) Magnetic field strength calculated for various laser spot sizes and laser peak
intensities, taken at the laser intensity peak. For all curves, the laser wavelength is A;, = 1 um. The
red circles correspond to experimental observations ([A] G. Sarri et al., Phys. Rev. Lett. 109, 205002
(2012), [B] B. Albertazzi et al., Phys. Plasmas 22, 123108 (2015), [C] W. Schumaker et al., Phys.
Rev. Lett. 110, 015003 (2013), [D] M. Tatarakis et al. Nature 415, 280 (2002)), while the blue boxes

come from the PIC simulations of the paper (see Fig.1 of the main text).
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peak (b) Normalized electron Larmor radius Rf /X¢.one at the laser intensity peak. The laser spot size

and wavelength are ¢;, = 1.6 um and A;, = 1 um, respectively.
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Supplementary Note 7: Proton acceleration and electron magnetization with a

50 fs laser pulse

Supplementary Figure 9 displays the results of a PIC simulation run with a laser
pulse of duration (50 fs) much shorter than that used in the highest-intensity case
discussed in the main text (800 fs, at SNL). The other laser parameters were kept equal
to those used in Fig. le of the main text (i.e., I, = 2 X 102? W um?cm™2, ¢p;, = 1.6 um
and A;, = 1 um). This simulation, performed with the PICADOR code (see Methods),
aims to show that the reduction in the acceleration timescale that results from a shorter
laser pulse weakens the magnetization effects on proton acceleration. When comparing
the simulation results with 50 fs and 700 fs pulse durations, several points can be
noticed: (i) In the 50 fs case, the generated magnetic field at the peak of the laser pulse
is the same order. (ii) Similar electron energies are reached (which was rather expected
since the laser intensities are the same). (iii) Similar maximum proton energies are
attained, although a slightly higher value is found for a 50 fs pulse, consistent with
previous researches (Supplementary Fig. 7).

Since in the 50 fs case, the laser intensity reaches its maximum much quicker, the
protons reach their saturation energy over a much shorter distance, and hence the sheath
longitudinal length is shorter than for a 700 fs pulse. It is in fact even shorter than the
electron Larmor radius over the timescale of proton acceleration, so that the electrons

are weakly magnetized in the 50 fs case, even though the magnetic field strength are

similar for both pulse durations (compare |Supplementary Figure 9¢ and Fig. 1b in the

main text).

16



particle concentration (ecm )

40

10 15 20 25 30 °70-5 0 5 10 15 20 25 30
x (pm)

y (pm)

510 15 20 25 30
x (pm)

Supplementary Figure 9: Proton acceleration at high intensity by a 50 fs laser pulse. 2D
PICADOR PIC simulation of a 50 fs laser pulse of intensity I}, = 2 X 1021 W cm™2, spot size
¢;, = 1.6 um and wavelength A;, = 1 um interacting with a 2 um thick Al foil coated with a 20 nm
thick proton layer on its rear side. Shown are the (a) electron and (b) ion densities (in cm™3 units),
(c) trajectories of sampled energetic electrons, and (d) the transverse magnetic field, B, (in MG

units). All snapshots are taken at the laser intensity peak.
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Supplementary Note 8: Proton acceleration and electron magnetization in a

reduced mass target

In|Supplementary Figure 10|are shown the results of an additional PICADOR PIC

simulation performed with a small-width target (i.e., a so-called reduced mass target,
RMT). The laser parameters are those used in Fig. le in the main text, i.e., 7, = 700 fs,
¢ = 1.6 um, I; = 2 X 10?1 W cm™2. The target is similar to that considered in Fig. 1
except that its transverse width is reduced to 20 um. The purpose of this simulation is to
demonstrate that proton acceleration in RMTs is still affected by magnetization effects.

In this case, it is seen that the transverse gradients of the magnetic field on the
target rear side are smaller than when using a large target (as in Fig. 1 of the main text).
However, the field itself is comparable in strength and topology with that in a large
target. This may contradict the intuitive view that reducing the target transverse size
makes the electron sheath flatter, thus reducing the inductive B-field generated by the
transverse gradient of the sheath electric field via dB,/dt «< OE, /dy. However, the
magnetic field is also produced by JE,, /dx gradients, which can be greater in RMTs.
Indeed, whilst the longitudinal scales are then close to those found in large targets, the
transverse electric field is somewhat greater due to denser hot electrons.

Generally speaking, the B-field generation at the target rear side follows from the
hot electrons expelled by the laser pulse. They form an electric current on axis, which is
actually the original source of the magnetostatic field. The electric fields involved in the
time-dependent Faraday law can be seen as an intermediate step between the current
and the magnetic field, which determine the steady growth of the magnetic field up to
the stage when the magnetic pressure becomes comparable with the plasma pressure.
From simulations, we estimated the current intensity and the magnitude of the magnetic
field and found that, close to the target rear surface, they are consistent with the
quasistatic Ampere’s law V X B = p,J. The current intensity, in turn, depends only on
the number and velocities of the laser-driven hot electrons, both depending on the laser
intensity and target density, rather than on the target geometry. This is the reason why

the B-field strength is weakly sensitive to the transverse target width.

18



particle concentration (cm*)

5 10 15 20 25 30

x (pm) x (pm)
-4 - - " . - -4 e - - - d 500
‘ : ! C
—30| : g A G ), e . 400
P i 300
—20b- e I S L rmn b
: : : 200
— 1 n
g g
=1 0 =
> —10093”
-200
e : -300
30 ‘ : 30 e —-400
4910 -5 0 5 10 15 20 25 30 4910—5 0 5 10 15 20 25 30 500
z (pm) x (pm)

Supplementary Figure 10: Proton acceleration at high laser intensity in a reduced mass target.
2D PICADOR PIC simulation of a 700 fs laser pulse of intensity I; = 2 X 1021 W cm™2, spot size
¢1, = 1.6 um and wavelength A;, = 1 um interacting with an Al foil of 2 um thickness and 20 um
transverse size, coated with a 20 nm thick proton layer on its rear side. Shown are the (a) electron

3

and (b) ion densities (in cm™ units), (c) trajectories of sampled energetic electrons, and (d) the

transverse magnetic field, B, (in MG units). All snapshots are taken at the laser intensity peak.

This magnetic field is strong enough to magnetize electrons as can be seen from

the electron trajectories shown in Supplementary Figure 10c. As a consequence, it acts

detrimentally on proton acceleration (through the same mechanisms as described in the
manuscript). This explains why RMTs yield only a modest increase in proton energies
compared to large targets and why, even at very high intensities (> 1021 W cm™2), they
do not give rise to the proton acceleration level predicted by the simple 1D,

unmagnetized model.

19



Supplementary Note 9: Sensitivity of ellipsoid plasma mirror focusing to plasma

expansion

The peak laser intensity on the ellipsoid plasma mirror (EPM) surface was about

3 x 10 — 5 x 10 W cm™2 for both the LULI and SNL experiments. This yielded a
cumulated fluence on the plasma mirror surface of F =~ 130 — 180 ] cm™2 around the

pulse maximum, and of F =~ 280 — 370 ] cm™~2 at the end of the pulse (i.e., att = 1,
after the laser intensity peak). The time-dependent plasma temperature T, at the critical-
density surface of the SiO, material composing the EPM approximately varies as
T.(eV) = F(J cm™2) [@]. This simple scaling allows one to infer the expansion of the
critical-density surface, as shown in Supplementary Figure 11. The expansion length is
predicted to be of 0.07 um around the laser peak, and of 0.19 um at the end of the pulse.

Ray-trace simulations were performed to assess the effect of this surface
expansion on the focusing quality of the EPM (Supplementary Fig. 12). Within the f /4
laser cone incoming into the EPM, we selected 71 rays with a 0.2° angular step. The
plasma was assumed to expand normally to the EPM surface. The ray-trace calculations
reveal that the plasma expansion is too weak to degrade significantly the final spot size.
Even for a much larger (> 10 X) expansion length (2 um), the spot size at the second
focus of the EPM is significantly smaller than the diffraction limited size. Hence, for
our laser parameters, the surface expansion of the EPM is not expected to affect our

results.
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Supplementary Figure 11: Predicted expansion of the critical-density surface of the EPM. The
laser parameters are those of the highest-fluence SNL experiment: 90 ] on-target laser energy, 1 um
wavelength, 800 fs duration and the beam diameter on the plasma mirror surface is 5/cos 6 mm,
with & = 39°. The expansion length is predicted to be of ~ 0.07 um around the laser peak and
~ 0.19 pm at the end of the pulse, i.e., when the laser intensity reaches I(t = 800 fs) ~ 0.061.

Shown are the temporal evolutions of (a) the laser intensity on the EPM surface, (b) cumulated

fluence (in ] cm™2 units), (¢) expansion velocity of the critical-density surface (in um ps~? units)

and (d) plasma expansion length (in um units). The expansion velocity is estimated to be cg =
v ZofTe /Amp with A the atomic mass, m, the proton mass and an ionization state Zegs / Z = 0.7,
assuming all the electrons except the 1s and 2s of Si and O are ionized. The electron temperature at

the expanding surface is supposed to vary as T, (eV) ~ F(J cm™2) .
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Supplementary Figure 12: Ray-tracing simulation of the EPM focusing in the geometrical
optics approximation. In (a, b), the reflection surface is shifted by 0.2 um along the local normal of
the ellipsoid to take into account the surface expansion. b is a zoom of a around the second focus of
the ellipsoid. The resulting focal spot is, however, significantly smaller than the diffraction-limited
spot size (~ 1 um). Black rays are reference rays in the absence of plasma expansion, thus they
focus to an infinitively small spot. In (c, d) an exaggerated 2 um expansion length is considered. The
resulting spot size is still smaller than 1 um, which demonstrates the robustness of the EPM against

plasma expansion during the pulse. In all cases, the incident rays are fixed.
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