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Supplementary Note 1: Correlation between regions of strong magnetic fields, 1 

electron depletion and proton deflection 2 

Supplementary Figure 1 shows various field and particle distributions from a 2D 3 

particle-in-cell (PIC) simulation performed with the PICLS code for a laser intensity 4 

�� = 6.6 × 10	
	W	cm�	, a pulse duration of 400	fs, and a wavelength �� 	= 	0.5	μm 5 

(corresponding to a dimensionless field strength �
 	= 	11). From the electron energy 6 

density (Supplementary Figure 1c), we observe that, in the population of electrons that 7 

are detached from the target (and which were accelerated early on in the laser pulse, 8 

before the B-field would reach its maximum strength), there is a strong depletion in the 9 

strong B-field regions [Supplementary Figure 1b]. We also observe that those electrons 10 

crossing the target rear in the late part of the laser pulse are trapped by the magnetic 11 

field along the target surface (see the detailed electron trajectories in Fig. 1 of the main 12 

text) and are prevented to move forward in the sheath. This disrupts the continuous 13 

supply of hot electrons which is crucial for TNSA acceleration to be efficient; by 14 

limiting the number of hot electrons within the expanding sheath, the magnetization 15 

quenches the ion accelerating electrostatic field earlier than would have taken place 16 

otherwise. Note that this is true for such relatively long laser pulses – Supplementary 17 

Notes 7 and 8 discuss the benefit brought in this respect by using shorter laser pulses. 18 

The proton energy density displayed in Supplementary Figure 1d further reveals 19 

that the protons at the acceleration front are transversely (and hence angularly as well, 20 

see Supplementary Notes 2 and 3 for more details) modulated due to the magnetic field; 21 

being deflected outwards, they also move away from the high-sheath-field region, 22 

which reduces further the acceleration efficiency. This impresses on them a ring-like 23 

pattern that is well consistent with the experimental observations made at high intensity 24 

(see Fig. 4 of the main text). 25 



 2

  26 

 

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 × 10	
	W	cm�	 intensity, 400	fs FWHM duration, 

0.5	μm wavelength and 1.6	μm FWHM spot size interacting with a 2	μm thick Al target. a 

Laser electric field (in units of 6.4 × 10�		V	m��). b Quasistatic magnetic field (in units of 

10�	G). c Electron energy density (in units of 100��	keV, where �� = 1.1 × 10	�	cm�  is the 

critical density at 1	μm  wavelength. d Proton energy density (in units of 100��	keV ). All 

snapshots are taken 100	fs after the peak of the laser pulse. 
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Supplementary Note 2: Modeling particle trajectories inside expanding plasma 27 

fields 28 

In complement to Fig. 1 of the main text, it is of interest to analyze the trajectories 29 

of electrons and protons inside the strong DC fields generated at the target surfaces. For 30 

this purpose, we consider a 2D !" domain, where the x-axis is taken to be parallel to the 31 

target rear normal (consistently with the simulations presented in the main text). The 32 

electromagnetic field is considered steady, with # = (%&, 0, 0)  and ) = (0, 0, *+). A 33 

relativistic treatment is considered for the particles, which do not interact between 34 

themselves. 35 

The trajectory of a particle of charge , , mass - , position . , velocity / , 36 

momentum 0 and Lorentz factor 1 is defined by the following equations of motion,  37 

23&24 = 	,5%& + 78*+9, (1)	
23824 = −,7&*+ , (2)	
7& = !; = 3&-1, (3)	
78 = "; = 38-1. (4)	

A particle trajectory starting at 4 = 4
 has as input parameters: 38 

 0(4
) = -=>?1	(4
) − 1,  

 3&(4
) = 3(4
) cos A(4
),  

 38(4
) = 3(4
) sin A(4
),  

where we have introduced the initial Lorentz factors, 1=(4
) = 1 + DE(4
)FMeVH 0.511⁄  39 

for the electrons, and 1J = 1 + DKFGeVH/0.94 for the protons, where DE,K denotes the 40 

kinetic energies.  The initial angle with respect to the ! axis is taken to be A(4
) = 0. 41 

The initial velocities, 7&(4
) and 78(4
),	are used in Supplementary Eqs. (1) and (2) to 42 

yield N(4�) , A(4�)  and 1(4�) . Then, the particle position is advanced through 43 

N(4� − Δ4)Δ4 -1(4�)⁄ . The time step Δ4 is chosen to be 0.02	fs for electrons and 0.1	fs 44 

for protons. 45 

The B-field map shown in Fig. 1a,e of the main text is approximated in the form  46 
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*+ =	−*
(!) sin PQ2
" − "
R"S T 

for |" − "
| ≤ R"S, and in the form 47 

*+ =	−sgn(" − "
)*
(!) exp Z− |" − "
| − R"S[8S \, 
for |" − "
| > R"S. The longitudinal profile is assumed to be 48 

*
(!) = *^_` expF−(! − !
)/[&SH, 
for ! ≥ !
  and *
(!) = 0  otherwise. To reproduce the PIC-simulated B-field 49 

distributions shown in Fig. 1a,e we set !
 = 10	μm and "
 = 30	μm, and use the best-50 

fitting values detailed in Supplementary Table 1. 51 

 52 

Supplementary Table 1: Best-fitting parameters for the PIC-simulated B-field distributions 53 

 Fig. 1a 

����	 = 6.5 × 10�b	W	μm	cm�	 
c� = 1	μm 

Fig. 1e 

����	 = 2 × 10	�	W	μm	cm�		 
c� = 1.6	μm 

*^_` 100	MG 500	MG 

R"S 5	μm 6	μm 

[&S 4	μm 5	μm 

[8S 20	μm 20	μm 

 54 

Supplementary Table 2: Best-fitting parameters for the PIC-simulated E-field distributions 55 

 Fig. 1.a1 

����	 = 6.5 × 10�b	W	μm	cm�	 
c� = 1	μm 

Fig. 1.b1 

	����	 = 2 × 10	�	W	μm	cm�	 
c� = 1.6	μm 

%^_` 1	TV	m�� 3	TV	m�� 

R!e 0.5	μm 0.5	μm 

R"f 2	μm 2	μm 

[&f 4	μm 5	μm 

[8f 20	μm 20	μm 

 56 

As for the E-field, it is taken in the form 57 

%&(!, ") = %
(!) 
for |" − "
| ≤ R"e, and in the form 58 
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%&(!, ") = %
(!) exp Z− |" − "
| − R"e[8e \ 

for |" − "
| > R"e.  The longitudinal profile is assumed to be 59 

%
(!) = 	%^_` 
for ! ≤ !
 + R!e, and 60 

%
(!) = %^_` expF−(! − !
 − R!e)/[&eH 
otherwise. Moreover, %
(!) = 0 is assumed inside the target (! < !
). The parameters 61 

best fitting the simulated E-field results are given in Supplementary Table 2. 62 

Typical particle trajectories are shown in Supplementary Figure 2 (����	 = 6.5 ×63 

10�b	W	μm	cm�		 , c� = 1	μm , *^_` 	= 	100	MG ) and Supplementary Figure 3 64 

(����	 = 2 × 10	�	W	μm	cm�		, c� = 1.6	μm, *^_` 	= 	500	MG), which correspond to 65 

Fig. 1a and Fig. 1e of the main text, respectively. For *^_` = 100	MG (Supplementary 66 

Figure 2), electrons of energies in the 10	MeV range suffer strong magnetic deflections, 67 

yet still move in the forward direction (! > 0). By contrast, protons of a few MeV 68 

energies are weakly influenced by the magnetic field. For *^_` = 500	MG 69 

(Supplementary Figure 3), the proton trajectories are strongly deflected so that a hollow 70 

pattern forms in their spatial distribution. As a result, one of the outstanding features of 71 

TNSA protons, namely their high laminarity, is ruined. As for the electrons, their 72 

forward motion is severely hampered, most of them being trapped at the target rear 73 

surface (consistently with the PIC simulations shown in Supplementary Figure 1). 74 
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Supplementary Figure 2:  Model-predicted fields and particle trajectories at a h. i ×
jkjl	m	nopqo�p intensity. a,b *+ (in MG) and %& (in TV	m��) field maps reproducing the PIC 

simulation results at an intensity of 6.5 × 10�b	W	μm	cm�	  (see Fig. 1a of the main text). The 

parameters are *^_` 	= 	100	MG and %^_` 	= 	1	TV	m��. c-e Trajectories of 10 electrons starting 

from different initial transverse positions ["(4
) − "
 = −10,−8,−6,…+ 10	μm ] around the 

symmetry axis " = "
. The initial kinetic energy of the electrons is 10	MeV and they are injected 

along ! > 0  at various locations: (c) !(4
) = !
 , (d) !(4
) = !
 + 2	μm  and (e) !(4
) = !
 +
5	μm. f-g Trajectories of 10 protons starting from ! = !
 and different initial "	positions ("(4
) −
"
 = −10,−8,−6,…+ 10	μm ). The initial kinetic energies of protons are (f) 5	MeV  and (g) 

22	MeV, and they are injected along ! > 0. The symmetry axis is positioned at "
 	= 	30	μm and 

!
 	= 	10	μm is the location of the target rear surface.  
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Supplementary Figure 3: Model-predicted fields and particle trajectories at a p ×
jkpj	m	nopqo�p intensity. a, b *+ (in MG units) and %& (in TV	m�� units) maps reproducing the 

PIC simulation results at an intensity of 2 × 10	�	W	μm	cm�	 (see Fig. 1e of the main text). The 

parameters are and *^_` 	= 	500	MG  and %^_` 	= 	3	TV	m�� . c-e Trajectories of 10 electrons 

starting from different initial transverse positions ["(4
) − "
 = −10,−8,−6,…+ 10	μm] around 

the symmetry axis " = "
. The initial kinetic energy of the electrons is 10	MeV and they are injected 

along ! > 0  at various locations: (c) !(4
) = !
 , (d) !(4
) = !
 + 2	μm  and (e) !(4
) = !
 +
5	μm. f-g Trajectories of 10 protons starting from ! = !
 and different initial "	positions ("(4
) −
"
 = −10,−8,−6,…+ 10	μm ). The initial kinetic energies of protons are (f) 5	MeV  and (g) 

22	MeV, and they are injected along ! > 0. The symmetry axis is positioned at "
 	= 	30	μm and 

!
 	= 	10	μm is the location of the target rear surface.  

 75 

  76 
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Supplementary Note 3: Angle-energy proton distributions 77 

The peaks of the angular distributions measured by the RCF at a laser intensity of 78 

����	 = 1.3 × 10	�	W	μm		cm�	 and a spot size of c� = 1.6	μm (Figs. 4f-h of the main 79 

text) exhibit strong dependency on the proton energy. This is summarized in 80 

Supplementary Figure 4a, on which is overlaid the angle-energy distribution extracted 81 

from the 2D PICLS simulation (red dots). Both experimental and simulated 82 

distributions show two distinct proton groups, indicated by lines 1 and lines 2. Line 1 83 

(resp. 2) corresponds to a population of protons with deflection angle increasing (resp. 84 

decreasing) with energy. Moreover, the average magnetic field, 〈*+〉, seen by protons of 85 

a given energy DK as inferred from their measured deflection angle via the relation	A =86 

v〈*+〉w -K7∥⁄ , is plotted in Supplementary Figure 4a with open blue squares. We have 87 

defined 7∥ = ?2DK -K⁄  as the longitudinal proton velocity, and w  is the longitudinal 88 

extent of the magnetized region. We take w ∼ 5	μm as suggested by the simulated B-89 

field map displayed in Fig. 1e in the main text. 90 

The PIC-simulated angular distributions of the protons are further detailed in 91 

Supplementary Figure 4b,c for low- and medium-energy protons. These angular 92 

distributions are observed to be quite consistent with the experimental data shown 93 

respectively in Fig. 4.g,h,j,k of the main text 94 
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Supplementary Figure 4: Angle-energy proton distributions. a Red small dots are from a 2D 

PICLS simulation performed at a 2 × 10	�	W	μm		cm�		 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) 

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). c Same as (b) for mid-energy protons (10 − 20	MeV).  

  95 
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Supplementary Note 4: Experimental scalings of the maximum proton energy 96 

The plot shown in Supplementary Figure 5is an update of Fig. 4 of Ref. [1]. The 97 

plot compiles data from the following references: (i) [2,3,4,5,6,7,8,9,10,11,12,13] for 98 

laser pulse durations between 30 and 100	fs; (ii) [14,15,16,17,18,19,20,21,22,23] for 99 

pulse durations between 100	fs and 1	ps; (iii) [24,25] for pulse durations above 1	ps. 100 

The dispersion in the data for a given laser intensity can be attributed to different 101 

target and laser parameters (notably, the prepulse level). However, this compilation 102 

displays the same trend as in Ref. [2] between ultra-short laser pulses (< 100	fs) and 103 

longer pulses: below 10�b	W	μm		cm�	, the proton energies obtained with ultra-short 104 

pulses (< 100	fs) are clearly below those achieved with longer pulses, while they 105 

progressively become of the same order, and possibly higher, above 10	
	W	μm		cm�	. 106 

 107 

 
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). 

  108 
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Supplementary Note 5: Proton acceleration in the ultra-high-intensity ultra-short-109 

pulse interaction regime 110 

In Supplementary Figure 6are shown additional PIC simulations, the aim of which 111 

is to show that, for few-cycle laser pulses interacting with nanometer-size foils, no 112 

significant B-field develops on the target surfaces and that the radiation-pressure 113 

mechanism is able to accelerate ions (here H{  and C�{ ) to very high energies, in 114 

contrast to the simulations presented in the rest of the paper, which employed longer 115 

laser pulses and thicker targets. 116 

These 2D simulations were performed using the CALDER code [ 26 ]. The 117 

simulation domain has dimensions 30000Δ! × 8000Δ" with mesh sizes Δ! = 1.3	nm 118 

and Δ" = 6.4	nm. The laser pulse, of 0.8	μm wavelength, is Gaussian in space and time, 119 

with 1.9	μm spot size and 15	fs duration (FWHM). The peak intensity is either �� = 5 ×120 

10	�	W	cm�	 or �� = 1.8 × 10			W	cm�	. The target is a 100	nm-thick, fully ionized 121 

carbon foil at solid density, coated on both front and rear sides with a Δ!-thick H{ layer. 122 

The initial electron and ion temperatures are }E = }~ = 10	eV. Collisions and radiation 123 

losses are not described. 500 particles are used per cell and species. 124 

The above interaction conditions correspond to the relativistic-transparency 125 

regime which is known to optimize ion acceleration [27], and which translates into both 126 

significant laser absorption (∼ 20 − 25%) and reflection (∼ 30 − 60%) rates. In this 127 

regime, ion acceleration results from the combined action of radiation pressure and rear-128 

side sheath field. Maximum proton energies of 120	MeV and 250	MeV are reached for 129 

�� = 5 × 10	�	W	cm�	  and 1.8 × 10			W	cm�	 , respectively. Because the electrons 130 

keep on being accelerated (reaching mean energies of ∼ 5 − 10	MeV  for the two 131 

intensities considered) as part of the laser pulse shines through the foil, they are less 132 

affected by the magnetostatic field, whose peak strength is measured to be in the 133 

0.5 − 1	GG range when proton acceleration starts saturating. Consequently, the hot-134 

electron density does not exhibit any depletion off axis, in contrast to what is observed 135 

in Supplementary Figure 1. Also, the B-field peaks quite far away transversely from the 136 

central region where the ion acceleration takes place, causing the ion density patterns 137 

shown in Supplementary Figure 6c,d,g,h (evolving into mushroom-shaped profiles at 138 

later times).  139 
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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) �� = 5 × 10	�	W	cm�	  and (e-g) �� = 1.8 × 10			W	cm�	  with a 100	nm -thick 

carbon foil. a,e Quadratic average of the B-field, 〈*+	〉�/	 (in units of 100	MG = 10�	T, note that the 

strong peak corresponds to the laser field). b,f Density (in units of 10	�	cm� ) 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 > �
⁄ = 0.16	μm 

and �
�� = 0.53	fs, respectively (�
 is the angular laser frequency). The on-target peak intensity is 

reached at 4 = 205����. 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. 

  141 
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Supplementary Note 6: Model-predicted laser dependence of the B-field strength 142 

Supplementary Figure 7 displays the variation of the B-field with the laser spot 143 

size, as predicted by our 1-D model. To calculate it, we first introduce the characteristic 144 

time, 4��_�, when the expanding protons have moved a distance equal to the local Debye 145 

length. From the model, this characteristic time appears to be about twice the inverse 146 

plasma ion frequency, �K~��. Supplementary Figure 7b shows that 4��_� depends on the 147 

laser intensity, but also the laser spot size. This is due to the fact that, for a given hot 148 

electron divergence (a 45° half angle is used here) and target thickness (2	μm), hot 149 

electron dilution occurs faster at smaller spot sizes. Supplementary Figure 7a explains 150 

how the lateral spread of the hot electrons due to recirculation is estimated at 4 = 4��_�, 151 

yielding the sheath diameter, 2�. Then, the magnetic field strength, *+(4), follows from 152 

time integrating the sheath electric field %&(4)  divided by the sheath radius � . 153 

Supplementary Figure 7d plots the B-field strength at the laser intensity peak, *+(4^_`). 154 

Note that its maximum value is limited to *^_` ≡ 52�
��,�E_��S}
9�/	. It appears that 155 

moderate spot sizes (c� = 4 − 10	μm) give slightly stronger B-fields than at tight 156 

focusing (c� = 0.9	μm). Only when the spot size becomes comparable with the sheath 157 

size, does the B-field start to decrease. 158 

Overall, this implies that the magnetic inhibition highlighted in our present study, 159 

using tight focusing in order to access high laser intensities, will likely be even stronger 160 

under more standard focusing conditions (e.g. c� = 4 − 10	μm).  161 

Supplementary Figure 8 illustrates the model-predicted dependency of the B-field 162 

against the laser pulse duration. Although shorter pulse durations lead to smaller 163 

magnetic fields (due to the finite growth rate of the B-field, see also further discussion 164 

in Supplementary Note 7), strong magnetic fields of few 100 MG are predicted for laser 165 

intensities > 10	�	W	cm�	 , even for 50	fs duration pulses. However, Supplementary 166 

Figure 8b shows that the electron magnetization (quantified by the ratio of the electron 167 

Larmor radius and the acceleration front), and therefore the magnetic inhibition of 168 

proton acceleration, is reduced when shortening the pulse duration down to �� = 50	fs. 169 

In short, this clearly shows the benefit of using laser shorter pule durations to lessen the 170 

magnetic inhibition highlighted in our study. 171 
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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 4	 = 	 4��_� , yielding the sheath diameter, 2� . b Characteristic time 4��_�  when the 

plasma expansion starts, defined as the time when the front protons have moved a distance equal to 

the local Debye length. c Sheath diameter at 4 = 4��_�  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 �� = 1	μm. 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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Supplementary Figure 8: Model-predicted variations of the B-field strength and electron 

magnetization level with the laser pulse duration. a B-field (in MG) at the laser intensity peak. b 

Normalized electron Larmor radius ��E/!����� at the laser intensity peak. The laser spot size and 

wavelength are c� = 1.6	μm and �� = 1	μm, respectively. 
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Supplementary Note 7: Proton acceleration and electron magnetization with a 174 

ik	��	laser pulse 175 

Supplementary Figure 9 displays the results of a PIC simulation run with a laser 176 

pulse of duration (50	fs) much shorter than that used in the highest-intensity case 177 

discussed in the main text (800	fs, at SNL). The other laser parameters were kept equal 178 

to those used in Fig. 1e of the main text (i.e., �� = 2 × 10	�	W	μm	cm�	, c� = 1.6	μm 179 

and �� = 1	μm). This simulation, performed with the PICADOR code (see Methods), 180 

aims to show that the reduction in the acceleration timescale that results from a shorter 181 

laser pulse weakens the magnetization effects on proton acceleration. When comparing 182 

the simulation results with 50	fs  and 700	fs  pulse durations, several points can be 183 

noticed: (i) In the 50	fs case, the generated magnetic field at the peak of the laser pulse 184 

is the same order. (ii) Similar electron energies are reached (which was rather expected 185 

since the laser intensities are the same). (iii) Similar maximum proton energies are 186 

attained, although a slightly higher value is found for a 50	fs pulse, consistent with 187 

previous researches (Supplementary Figure 5). 188 

Since in the 50	fs case, the laser intensity reaches its maximum much quicker, the 189 

protons reach their saturation energy over a much shorter distance, and hence the sheath 190 

longitudinal length is shorter than for a 700	fs pulse. It is in fact even shorter than the 191 

electron Larmor radius over the timescale of proton acceleration, so that the electrons 192 

are weakly magnetized in the 50	fs case, even though the magnetic field strength are 193 

similar for both pulse durations (compare Supplementary Figure 9c and Fig. 1h in the 194 

main text). 195 
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Supplementary Figure 9: Proton acceleration at high intensity by a ik	�� laser pulse. 2D 

PICADOR PIC simulation of a 50	fs laser pulse of intensity �� = 2 × 10	�	W	μm	cm�	, spot size 

c� = 1.6	μm and wavelength �� = 1	μm interacting with a 2	μm 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� ), (c) 

trajectories of sampled energetic electrons, and (d) the transverse magnetic field, *� (in MG). All 

snapshots are taken at the laser intensity peak. 

  196 
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Supplementary Note 8: Proton acceleration and electron magnetization in a 197 

reduced mass target 198 

In Supplementary Figure 10 are shown the results of an additional PICADOR PIC 199 

simulation performed with a small-width target (i.e., a so-called reduced mass target, 200 

RMT). The laser parameters are those used in Fig. 1e-h in the main text, i.e., �� =201 

700	fs , c� = 1.6	μm , �� = 2 × 10	�	W	μm	cm�	 . The target is similar to that 202 

considered in Fig. 1 except that its transverse width is reduced to 20	μm. The purpose 203 

of this simulation is to demonstrate that proton acceleration in RMTs is still affected by 204 

magnetization effects. 205 

In this case, it is seen that the transverse gradients of the magnetic field on the 206 

target rear side are smaller than when using a large target (as in Fig. 1 of the main text). 207 

However, the field itself is comparable in strength and topology with that in a large 208 

target. This may contradict the intuitive view that reducing the target transverse size 209 

makes the electron sheath flatter, thus reducing the inductive B-field generated by the 210 

transverse gradient of the sheath electric field via �*+ �4⁄ ∝ 	�%&/�".  However, the 211 

magnetic field is also produced by �%8/�! gradients, which can be greater in RMTs. 212 

Indeed, whilst the longitudinal scales are then close to those found in large targets, the 213 

transverse electric field is somewhat greater due to denser hot electrons. 214 

Generally speaking, the B-field generation at the target rear side follows from the 215 

hot electrons expelled by the laser pulse. They form an electric current on axis, which is 216 

actually the original source of the magnetostatic field. The electric fields involved in the 217 

time-dependent Faraday law can be seen as an intermediate step between the current 218 

and the magnetic field, which determine the steady growth of the magnetic field up to 219 

the stage when the magnetic pressure becomes comparable with the plasma pressure. 220 

From simulations, we estimated the current intensity and the magnitude of the magnetic 221 

field and found that, close to the target rear surface, they are consistent with the 222 

quasistatic Ampere’s law ∇ × ) = �
�. The current intensity, in turn, depends only on 223 

the number and velocities of the laser-driven hot electrons, both depending on the laser 224 

intensity and target density, rather than on the target geometry. This is the reason why 225 

the B-field strength is weakly sensitive to the transverse target width. This magnetic 226 

field is strong enough to magnetize electrons as can be seen from the electron 227 
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trajectories shown in Supplementary Figure 10c. As a consequence, it acts detrimentally 228 

on proton acceleration (through the same mechanisms as described in the manuscript). 229 

This explains why RMTs yield only a modest increase in proton energies compared to 230 

large targets and why, even at very high intensities (> 10	�	W	μm	cm�	), they do not 231 

give rise to the proton acceleration level predicted by the simple 1D, unmagnetized 232 

model. 233 

 234 

 

 

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 �� = 2 × 10	�	W	μm	cm�	, spot 

size c� = 1.6	μm and wavelength �� = 1	μm interacting with an Al foil of 2	μm  thickness and 

20	μm transverse size, coated with a 20	nm thick proton layer on its rear side. Shown are the (a) 

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

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

  235 
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Supplementary Note 9: Sensitivity of ellipsoid plasma mirror focusing to plasma 236 

expansion 237 

The peak laser intensity on the ellipsoid plasma mirror (EPM) surface was about 238 

3 × 10�� − 5 × 10��		W	cm�	 for both the LULI and SNL experiments. This yielded a 239 

cumulated fluence on the plasma mirror surface of � ≃ 130 − 180	J	cm�		around the 240 

pulse maximum, and of � ≃ 280 − 370	J	cm�	 at the end of the pulse (i.e., at 4 = �� 241 

after the laser intensity peak). The time-dependent plasma temperature }E at the critical-242 

density surface of the SiO	  material composing the EPM approximately varies as 243 

}E(eV) ≃ �(J	cm�	)  [28]. This simple scaling allows one to infer the expansion of the 244 

critical-density surface, as shown in Supplementary Figure 11. The expansion length is 245 

predicted to be of 0.07	μm around the laser peak, and of 0.19	μm at the end of the pulse. 246 

 Ray-trace simulations were performed to assess the effect of this surface 247 

expansion on the focusing quality of the EPM (Supplementary Figure 12). Within the 248 

�/4 laser cone incoming into the EPM, we selected 71 rays with a 0.2∘ angular step. 249 

The plasma was assumed to expand normally to the EPM surface. The ray-trace 250 

calculations reveal that the plasma expansion is too weak to degrade significantly the 251 

final spot size. Even for a much larger (> 10 ×) expansion length (2	μm), the spot size 252 

at the second focus of the EPM is significantly smaller than the diffraction limited size. 253 

Hence, for our laser parameters, the surface expansion of the EPM is not expected to 254 

affect our results. 255 
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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	J on-target laser energy, 1	μm 

wavelength, 800	fs duration and the beam diameter on the plasma mirror surface is 5 cosA	mm⁄ , 

with A	 = 39∘. The expansion length is predicted to be of ∼ 0.07	μm around the laser peak and 

∼ 0.19	μm at the end of the pulse, i.e., when the laser intensity reaches �(4 = 800	fs)	~	0.06��. 

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

fluence (in J	cm�	), (c) expansion velocity of the critical-density surface (in μm	ps��) and (d) 

plasma expansion length (in μm). The expansion velocity is estimated to be >  = ?¡E��}E ¢-K⁄ 	 
with ¢ the atomic mass, -K the proton mass and an ionization state ¡E�� ∕ ¡ = 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  }E	(eV) ≈ �(J	cm�	) [28]. 
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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	μm 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	μm). 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	μm  expansion length is 

considered. The resulting spot size is still smaller than 1	μm, 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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