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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 andigartistributions from a 2D
particle-in-cell (PIC) simulation performed withetlPICLS code for a laser intensity
I, = 6.6 X 102° W cm™2, a pulse duration of00 fs, and a wavelength, = 0.5 pm
(corresponding to a dimensionless field strength= 11). From the electron energy
density (Supplementary Figure 1c), we observe thate population of electrons that
are detached from the target (and which were a@teld early on in the laser pulse,
before theB-field would reach its maximum strength), theraistrong depletion in the
strongB-field regions [Supplementary Figure 1b]. We aléserve that those electrons
crossing the target rear in the late part of tlsergulse are trapped by the magnetic
field along the target surface (see the detailedtedn trajectories in Fig. 1 of the main
text) and are prevented to move forward in the tbheBhis disrupts the continuous
supply of hot electrons which is crucial for TNSAcaleration to be efficient; by
limiting the number of hot electrons within the axping sheath, the magnetization
guenches the ion accelerating electrostatic fieldiex than would have taken place
otherwise. Note that this is true for such reldtideng laser pulses — Supplementary
Notes 7 and 8 discuss the benefit brought in #spect by using shorter laser pulses.

The proton energy density displayed in Supplemgritaggure 1d further reveals
that the protons at the acceleration front arestrarsely (and hence angularly as well,
see Supplementary Notes 2 and 3 for more detadsluiated due to the magnetic field;
being deflected outwards, they also move away ftbm high-sheath-field region,
which reduces further the acceleration efficientlyis impresses on them a ring-like
pattern that is well consistent with the experimaénbservations 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®é x 10%2° W cm™2 intensity,400 fs FWHM duration,
0.5 um wavelength and.6 yum FWHM spot size interacting with Zum thick Al target.a
Laser electric field (in units a§.4 x 1012 Vm™1). b Quasistatic magnetic field (in units of
10° G). ¢ Electron energy density (in units bd0n. keV, wheren, = 1.1 x 10%* cm™3 is the
critical density atl um wavelength.d Proton energy density (in units ®00n. keV). All
shapshots are takdif0 fs after the peak of the laser pulse.
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Supplementary Note 2: Modeling particle trajectories inside expanding plasma
fields

In complement to Fig. 1 of the main text, it iSiterest to analyze the trajectories
of electrons and protons inside the strong DC $igjdnerated at the target surfaces. For
this purpose, we consider a 2p domain, where theg-axis is taken to be parallel to the
target rear normal (consistently with the simulasigoresented in the main text). The
electromagnetic field is considered steady, \#itk (E,,0,0) andB = (0,0,B,). A
relativistic treatment is considered for the pdes¢c which do not interact between
themselves.

The trajectory of a particle of charge, massm, positionx, velocity v,

momentump and Lorentz factoy is defined by the following equations of motion,

e q(Ex + vyB,), (1)
P - —qus, @
==t 3
v=y=12 )

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

p(to) = mecyy?(to) — 1,

Px(to) = p(to) cos O(to),

py (to) = p(to) sin 6(to),
where we have introduced the initial Lorentz fastes(t,) = 1 + €.(t,)[MeV]/0.511
for the electrons, ang, = 1 + €,[GeV]/0.94 for the protons, where, , denotes the
kinetic energies. The initial angle with respeaxtthiex axis is taken to be(t,) = 0.
The initial velocitiesy, (t,) andv,(t,), are used in Supplementary Egs. (1) and (2) to
yield p(t;), 6(t;) and y(t;) . Then, the particle position is advanced through
p(t; — At)At/my(t,). The time ste@t is chosen to be.02 fs for electrons an@.1 fs
for protons.

TheB-field map shown in Fig. 1a,e of the main textpp@ximated in the form



B, = —By(x) sin (%yA_}]:())
47  for |y — yo| < Ayg, and in the form
B, = —seny ~ yoBs ) exp (L2
yB
48 for |y — yo| > Ayg. The longitudinal profile is assumed to be
Bo(x) = Bmax €xp[—(x — xo)/Lygl,
49 for x = x, and By(x) = 0 otherwise To reproduce the PIC-simulate8-field
50 distributions shown in Fig. 1a,e we sgt= 10 um andy, = 30 um, and use the best-
51 fitting values detailed in Supplementary Table 1.
52
53  Supplementary Table 1: Best-fitting parametersfor the PIC-simulated B-field distributions
Fig. 1a Fig. 1le
A2 = 6.5 % 10 W um%cm 2 A2 =2 % 10?1 W pum2cm™2
¢L=1um ¢, = 1.6 um
Brax 100 MG 500 MG
Ayg 5 um 6 um
L.p 4 pym 5 um
Lyg 20 um 20 pm

54

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

Fig. 1.al Fig. 1.b1
[ A2 = 6.5 % 10 W um?cm™2 A2 =2 % 10%T W um2cm™2
¢L =1pum ¢L =16 um

Enax 1TVm™? 3TVm™?
Axg 0.5 pm 0.5 pm
Ayg 2 pm 2 pm
L.g 4 pm 5 um
Lyg 20 pm 20 pm

56

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

Ex(xr :V) = Eo(x)

58 for |y — yo| < 4yg, and in the form
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Fe(x,y) = Fox) 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) /Lyl

otherwise. Moreovelf,(x) = 0 is assumed inside the target< x,). The parameters
best fitting the simulated E-field results are give Supplementary Table 2.

Typical particle trajectories are shown in Suppletagy Figure 2 [ A7 = 6.5 X
10Y° Wum2cm™2 |, ¢ = 1um, Bp.x = 100 MG ) and Supplementary Figure 3
(ILA2 = 2 X 102 Wum?cm™2, ¢, = 1.6 um, Bpax = 500 MG), which correspond to
Fig. 1a and Fig. 1e of the main text, respectively. B,,,.x = 100 MG (Supplementary
Figure 2), electrons of energies in tieMeV range suffer strong magnetic deflections,
yet still move in the forward directiont (> 0). By contrast, protons of a few MeV
energies are weakly influenced by the magneticdfieFor By, = 500 MG
(Supplementary Figure 3), the proton trajectorressarongly deflected so that a hollow
pattern forms in their spatial distribution. Asesult, one of the outstanding features of
TNSA protons, namely their high laminarity, is rech As for the electrons, their
forward motion is severely hampered, most of thesndp trapped at the target rear

surface (consistently with the PIC simulations shawSupplementary Figure 1).
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Model-predicted fields and particle trajectories at a 6.5 X
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101° W um?cm~2 intensity. a,b B, (in MG) andE, (in TVm™1) field mapsreproducing the PIC
simulation results at an intensity 65 x 10° W um?cm~2 (see Fig. 1a of the main text). The
parameters arB,,, = 100 MG andE,,, = 1TVm™!. c-e Trajectories of 10 electrons starting
from different initial transverse positionsy(t,) —y, = —10,—8,—6, ...+ 10 um] around the
symmetry axiyy = y,. The initial kinetic energy of the electronsl®MeV and they are injected
alongx > 0 at various locations:c] x(ty) = x¢, (d) x(ty) = x¢ + 2 um and €) x(ty) = x¢ +

5 um. f-g Trajectories of 10 protons starting fram= x, and different initialy positions §(t,) —

Yo = —10,—8,—6,...+ 10 um). The initial kinetic energies of protons arB § MeV and ()
22 MeV, and they are injected alomg> 0. The symmetry axis is positionedygt = 30 um and

xo = 10 um 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
1021 W um?cm~2 intensity. a, b B, (in MG units) andg, (in TV m~?! units) mapgeproducing the
PIC simulation results at an intensity 2k 1021 W um?cm™2 (see Fig. 1e of the main text). The
parameters are angl,,, = 500 MG andE,,,x = 3TVm™!. c-e Trajectories of 10 electrons
starting from different initial transverse positofy(t,) —y, = —10,—8,—6, ...+ 10 um] around
the symmetry axiy = y,. The initial kinetic energy of the electronsli¥ MeV and they are injected
alongx > 0 at various locations:c] x(ty) = x¢, (d) x(ty) = xo + 2 um and €) x(ty) = xo +

5 um. f-g Trajectories of 10 protons starting fram= x, and different initialy positions §(t,) —
Yo = —10,—8,—6,...+ 10 um). The initial kinetic energies of protons arB % MeV and @)
22 MeV, and they are injected alowg> 0. The symmetry axis is positionedygt = 30 um and

Xo = 10 um is the location of the target rear surface.
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Supplementary Note 3: Angle-energy proton distributions

The peaks of the angular distributions measureth®yRCF at a laser intensity of
I,A% = 1.3 X 102 W um? cm™2 and a spot size @f;, = 1.6 um (Figs. 4f-h of the main
text) exhibit strong dependency on the proton enerfhis is summarized in
Supplementary Figure 4a, on which is overlaid thgleenergy distribution extracted
from the 2D PICLS simulation (red dots). Both expental and simulated
distributions show two distinct proton groups, tated by lines 1 and lines 2. Line 1
(resp. 2) corresponds to a population of protortk weflection angle increasing (resp.
decreasing) with energy. Moreover, the average etagfield, (B,), seen by protons of

a given energy, as inferred from their measured deflection angtete relatiord =

e(B,)l/myv,, is plotted in Supplementary Figure 4a with opemebdéquares. We have

definedv, = \/2¢,/m,, as the longitudinal proton velocity, ahds the longitudinal
extent of the magnetized region. We tadke5 um as suggested by the simulatéd

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

The PIC-simulated angular distributions of the pnst are further detailed in
Supplementary Figure 4b,c for low- and medium-epepgotons. These angular
distributions are observed to be quite consisteitlh Whe experimental data shown

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

Number of protons
o = N W & O O

PICLS simulation performed at2ax 102! W um? cm~2 intensity (see Fig. 4.b of the main text),
measure®00 fs after the laser peak. Large black dots are exmsrtah results obtained at similar
intensity (see Fig. 4f-h of the main text). Blueeapsquares are the average magnetic fielGG@n
extracted from the experimentally observed angdleflection (see text in detailb Angular
distribution of low-energy protons<(10 MeV), obtained from PICADOR simulations performed

with the same parameters asah € Same ask) for mid-energy protonsl() — 20 MeV).
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Supplementary Note 4: Experimental scalings of the maximum proton energy

The plot shown in Supplementary Figure 5is an upadat-ig. 4 of Ref. [1]. The
plot compiles data from the following reference$:[2,3,4,5,6,7,8,9,10,11,12,13] for
laser pulse durations betwegh and100 fs; (i) [14,15,16,17,18,19,20,21,22,23] for
pulse durations betwed0 fs and1 ps; (iii) [24,25] for pulse durations aboveps.

The dispersion in the data for a given laser intgrtan be attributed to different
target and laser parameters (notably, the prepels). However, this compilation
displays the same trend as in Ref. [2] betweerasliort laser pulses<(100 fs) and
longer pulses: below0® W pum? cm™~2, the proton energies obtained with ultra-short

pulses & 100 fs) are clearly below those achieved with longer @siswhile they

progressively become of the same order, and pgdsidpher, abovel 02° W pm? cm™2.
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Supplementary Figure 5. Maximum proton energy vs. on-target laser intensity. Compilation of
experimental data obtained using various lasetitiasi 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-

pulseinteraction regime

In Supplementary Figure 6are shown additional Rt@iktions, the aim of which
is to show that, for few-cycle laser pulses interac with nanometer-size foils, no
significant B-field develops on the target surfaces and that rddation-pressure
mechanism is able to accelerate ions (lH€feandC®*) to very high energies, in
contrast to the simulations presented in the réshe paper, which employed longer
laser pulses and thicker targets.

These 2D simulations were performed using the CARDEode [26]. The

simulation domain has dimensioB8000Ax x 8000Ay with mesh sizeAx = 1.3 nm

andAy = 6.4 nm. The laser pulse, &8 pm wavelength, is Gaussian in space and time,
with 1.9 um spot size and5 fs duration (FWHM). The peak intensity is eitlgr= 5 x

102? Wem™2or I, = 1.8 X 1022 W cm™2. The target is 400 nm-thick, fully ionized
carbon foil at solid density, coated on both frand rear sides with &x-thick H* layer.
The initial electron and ion temperatures Bre= T; = 10 eV. Collisions and radiation
losses are not described. 500 particles are usetkpp@nd species.

The above interaction conditions correspond to tlktivistic-transparency
regime which is known to optimize ion accelerati@i], and which translates into both
significant laser absorption~(20 — 25%) and reflection £ 30 — 60%) rates. In this
regime, ion acceleration results from the combiaettbn of radiation pressure and rear-
side sheath field. Maximum proton energies ®® MeV and250 MeV are reached for
I, =5x%x 102 Wcem2 and 1.8 x 10?22 W cm™2, respectively. Because the electrons
keep on being accelerated (reaching mean enerdies50- 10 MeV for the two
intensities considered) as part of the laser pshsees through the foil, they are less
affected by the magnetostatic field, whose peakngth is measured to be in the
0.5 — 1 GG range when proton acceleration starts saturattunsequently, the hot-
electron density does not exhibit any depletionasds, in contrast to what is observed
in Supplementary Figure 1. Also, tBefield peaks quite far away transversely from the
central region where the ion acceleration takeseplaausing the ion density patterns
shown in Supplementary Figure 6c,d,g,h (evolving imushroom-shaped profiles at

later times).

11
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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 D5 fs laser pulses of
intensity @-d) Iy =5x 102 Wcem™2 and €g) I, = 1.8 x 1022 Wcm™2 with a 100 nm -thick
carbon foil.a,e Quadratic average of tiigfield, (BZ)'/? (in units 0f100 MG = 10* T, note that the
strong peak corresponds to the laser figdgf) Density (in units ofl02* cm™3) of electrons of kinetic
energies> 100 keV. c¢,g Density of carbon ions of kinetic energiesl00 keV. d,h Density of
protons of kinetic energies 100 keV. Space and time coordinates are in units/af, = 0.16 um
andwy® = 0.53 fs, respectively ), is the angular laser frequency). The on-targek peinsity is
reached at = 205w . The title of each figure indicates the time atichihit is recorded. The ion

density maps are shown at the saturation timeofoacceleration.
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Supplementary Note 6: Model-predicted laser dependence of the B-field strength

Supplementary Figure 7 displays the variation &fBHield with the laser spot
size, as predicted by our 1-D model. To calculatee first introduce the characteristic
time, t.har, When the expanding protons have moved a distaquaal to the local Debye
length. From the model, this characteristic timpegys to be about twice the inverse
plasma ion frequencyu;il. Supplementary Figure 7b shows that, depends on the
laser intensity, but also the laser spot size. Thidue to the fact that, for a given hot
electron divergence @5° half angle is used here) and target thicknésgn{), hot
electron dilution occurs faster at smaller spoesiZSupplementary Figure 7a explains
how the lateral spread of the hot electrons duedwoculation is estimated at= t,,
yielding the sheath diametér;. Then, the magnetic field strengBy,(t), follows from
time integrating the sheath electric fiekj(t) divided by the sheath radius.
Supplementary Figure 7d plots tBdield strength at the laser intensity peBK(tmax)-

Note that its maximum value is limited By,,, = (2y0nh,rearkBTo)1/2. It appears that
moderate spot sizesp( =4 — 10 um) give slightly strongemB-fields than at tight
focusing ¢, = 0.9 um). Only when the spot size becomes comparable thélsheath
size, does thB-field start to decrease.

Overall, this implies that the magnetic inhibitibighlighted in our present study,
using tight focusing in order to access high lastmnsities, will likely be even stronger
under more standard focusing conditions (¢;9= 4 — 10 um).

Supplementary Figure 8 illustrates the model-ptedidependency of tH&field
against the laser pulse duration. Although shopglse durations lead to smaller
magnetic fields (due to the finite growth rate loé B-field, see also further discussion
in Supplementary Note 7), strong magnetic fieldéeof 100 MG are predicted for laser
intensities> 102! W cm™2, even for50 fs duration pulses. However, Supplementary
Figure 8b shows that the electron magnetizatiomrftified by the ratio of the electron
Larmor radius and the acceleration front), and efege the magnetic inhibition of
proton acceleration, is reduced when shorteningthge duration down tg, = 50 fs.

In short, this clearly shows the benefit of usiagdr shorter pule durations to lessen the

magnetic inhibition highlighted in our study.

13
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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 efhbt electrons due to recirculation is

estimated at = t.,,-, Yielding the sheath diametér. b Characteristic time.,,. when the

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

the local Debye lengthc Sheath diameter at=t.,,, due to fast electron recirculation and

transverse spread. Magnetic field strength calculated for variouselaspot sizes and laser peak

intensities, taken at the laser intensity peak. dHocurves, the laser wavelengtiis= 1 pm. The

red circles correspond to experimental observat{XsG. Sarri et al., Phys. Rev. Left09, 205002
(2012), [B] B. Albertazzi et al., Phys. Plasn#®s 123108 (2015), [C] W. Schumaker et al., Phys.
Rev. Lett.110, 015003 (2013), [D] M. Tatarakis et al. Natddb, 280 (2002)), while the blue boxes

come from the PIC simulations of the paper (se€lFéfthe main text).

14



173

108 |

B-field (MG)

102 |

1D model:700 fs

e — — 1D model:100fs

B]/ _~"|—-—"- 1Dmodel:50 s

(Al R L e T
7o B Ficsimulations
e O  experimental data
-
“ \ ,
10 1020 1021

Intensity (Wum?cm™2)

102

10§

front

100 f

e
RL/X

. =700fs
|- 7 =100fs
T =50fs
~ \‘\
~ ~
~
\o
~
~
-
~

101°

1020

102"
Intensity (Wum?cm2)

1022

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 pedk.

Normalized electron Larmor radi® /xq.on: at the laser intensity peak. The laser spot sk a

wavelength ared; = 1.6 um andA;, = 1 um, respectively.

15



174
175

176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195

Supplementary Note 7: Proton acceleration and electron magnetization with a

50 fs laser pulse

Supplementary Figure 9 displays the results of@ $tinulation run with a laser
pulse of duration 50 fs) much shorter than that used in the highest-iitercase
discussed in the main tex800 fs, at SNL). The other laser parameters were kepalequ
to those used in Fig. 1e of the main text (ig= 2 X 1021 W um?cm™2, ¢, = 1.6 pm
and4;, = 1 um). This simulation, performed with the PICADOR co@ee Methods),
aims to show that the reduction in the accelerdiimescale that results from a shorter
laser pulse weakens the magnetization effects otopracceleration. When comparing
the simulation results witB0 fs and 700 fs pulse durations, several points can be
noticed: (i) In the50 fs case, the generated magnetic field at the pedétikeofaser pulse
is the same order. (ii) Similar electron energiesraached (which was rather expected
since the laser intensities are the same). (iiMil&r maximum proton energies are
attained, although a slightly higher value is found a50 fs pulse, consistent with
previous researches (Supplementary Figure 5).

Since in th&0 fs case, the laser intensity reaches its maximum muatker, the
protons reach their saturation energy over a mbohter distance, and hence the sheath
longitudinal length is shorter than for780 fs pulse. It is in fact even shorter than the
electron Larmor radius over the timescale of pratoneleration, so that the electrons
are weakly magnetized in t5® fs case, even though the magnetic field strength are
similar for both pulse durations (compare SupplemamgnFigure 9¢ and Fig. 1h in the

main text).
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Supplementary Figure 9: Proton acceleration at high intensity by a 50 fs laser pulse. 2D
PICADOR PIC simulation of 80 fs laser pulse of intensity = 2 x 1021 W um?cm™2, spot size
¢ = 1.6 um and wavelengtfi;, = 1 um interacting with & pm thick Al foil coated with &0 nm
thick proton layer on its rear side. Shown are (#eelectron andk) ion densities (itm~3), (c)
trajectories of sampled energetic electrons, ahdhe transverse magnetic fiell, (in MG). All
snapshots are taken at the laser intensity peak.
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Supplementary Note 8: Proton acceleration and electron magnetization in a

reduced masstarget
In Supplementary Figure 10 are shown the resulesaidditional PICADOR PIC

simulation performed with a small-width target (i.a so-called reduced mass target,
RMT). The laser parameters are those used in Eify. In the main texti.e, 7y, =
700fs, ¢p = 1.6 um, I, =2 X 1021 Wpm?cm~2 . The target is similar to that
considered in Fig. 1 except that its transverseahwisl reduced t@0 um. The purpose
of this simulation is to demonstrate that protooederation in RMTs is still affected by
magnetization effects.

In this case, it is seen that the transverse gn&lief the magnetic field on the
target rear side are smaller than when using & lenget (as in Fig. 1 of the main text).
However, the field itself is comparable in strengtid topology with that in a large
target. This may contradict the intuitive view thhatlucing the target transverse size
makes the electron sheath flatter, thus reduciegritluctiveB-field generated by the
transverse gradient of the sheath electric fieklow,/dt « dE,/dy. However, the
magnetic field is also produced B¥, /dx gradients, which can be greater in RMTs.
Indeed, whilst the longitudinal scales are therselto those found in large targets, the
transverse electric field is somewhat greater dudenser hot electrons.

Generally speaking, thB-field generation at the target rear side follovwesf the
hot electrons expelled by the laser pulse. Themfan electric current on axis, which is
actually the original source of the magnetostagéltlf The electric fields involved in the
time-dependent Faraday law can be seen as an ed&ta step between the current
and the magnetic field, which determine the stegryvth of the magnetic field up to
the stage when the magnetic pressure becomes cainigavith the plasma pressure.
From simulations, we estimated the current intgresiid the magnitude of the magnetic
field and found that, close to the target rear amef they are consistent with the
guasistatic Ampere’s laW x B = u,J. The current intensity, in turn, depends only on
the number and velocities of the laser-driven hetteons, both depending on the laser
intensity and target density, rather than on tihgetageometry. This is the reason why
the B-field strength is weakly sensitive to the transeetarget width. This magnetic

field is strong enough to magnetize electrons as loba seen from the electron
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228 trajectories shown in Supplementary Figure 10caAsnsequence, it acts detrimentally
229 on proton acceleration (through the same mechangndescribed in the manuscript).
230 This explains why RMTs yield only a modest increas@roton energies compared to
231 large targets and why, even at very high intersitie102* W pm?cm™2), they do not
232 give rise to the proton acceleration level predichy the simple 1D, unmagnetized
233 model.
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Supplementary Figure 10: Proton acceleration at high laser intensity in a reduced mass tar get.
2D PICADOR PIC simulation of a00 fs laser pulse of intensity = 2 x 10%* W pm?cm™2, spot
size¢;, = 1.6 um and wavelengtid; = 1 um interacting with an Al foil of2 um thickness and
20 um transverse size, coated witl2@nm thick proton layer on its rear side. Shown are (t)e
electron andl) ion densities (ikm™3), (c) trajectories of sampled energetic electrams] ¢) the
transverse magnetic fiel@, (in MG). All snapshots are taken at the laser intenggkp
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Supplementary Note 9: Sensitivity of elipsoid plasma mirror focusing to plasma
expansion

The peak laser intensity on the ellipsoid plasmaaniEPM) surface was about
3 x 101* — 5 x 10* W cm™2 for both the LULI and SNL experiments. This yielde

cumulated fluence on the plasma mirror surfac€ ef 130 — 180 ] cm~2 around the

pulse maximum, and df ~ 280 — 370 ] cm™2 at the end of the pulsé.€, att = 7,
after the laser intensity peak). The time-depengé&gma temperatuf® at the critical-
density surface of th8i0, material composing the EPM approximately varies as
T.(eV) =~ F(J cm™2) [28]. This simple scaling allows one to infer #epansion of the
critical-density surface, as shown in Supplemenkgure 11. The expansion length is
predicted to be 0d.07 um around the laser peak, and0of9 um at the end of the pulse.

Ray-trace simulations were performed to assesseffect of this surface
expansion on the focusing quality of the EPM (Sapm@ntary Figure 12). Within the
f/4 laser cone incoming into the EPM, we selected a§k with a0.2° angular step.
The plasma was assumed to expand normally to tHd E&face. The ray-trace
calculations reveal that the plasma expansionasweak to degrade significantly the
final spot size. Even for a much larger {0 x) expansion length2(um), the spot size
at the second focus of the EPM is significantly kenahan the diffraction limited size.
Hence, for our laser parameters, the surface eiqgang 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-fluehiteeSperiment90 J on-target laser energy,um
wavelength800 fs duration and the beam diameter on the plasma mnsudface is5/cos 6 mm,

with 8 = 39°. The expansion length is predicted to be~df.07 um around the laser peak and
~ 0.19 um at the end of the pulse, i.e., when the lasemsitg reacheg(t = 800 fs) ~ 0.06/;..
Shown are the temporal evolutions (@ the laser intensity on the EPM surfa¢e) cumulated
fluence (in] cm™2), (c) expansion velocity of the critical-density surfage um ps~') and ¢)
plasma expansion length (im). The expansion velocity is estimated tocpe= \/ZegT,/Am,
with A the atomic massn,, the proton mass and an ionization sfaig/ Z = 0.7, assuming all the
electrons except the 1s and 2s of Si and O aredadniThe electron temperature at the expanding

surface is supposed to vary &s(eV) ~ F(J cm™2) [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 um along the local normal of
the ellipsoid to take into account the surface agfmn.b is a zoom of&) around the second focus
of the ellipsoid. The resulting focal spot is, heee significantly smaller than the diffraction-
limited spot size € 1 um). Black rays are reference rays in the absengdasina expansion, thus
they focus to an infinitively small spot. Irc,(d) an exaggerated um expansion length is
considered. The resulting spot size is still smahan1 um, which demonstrates the robustness of
the EPM against plasma expansion during the plisal cases, the incident rays are fixed.
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