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The dynamics of self-generated magnetic B-fields produced following the interaction of a high
contrast, high intensity (I > 10w cm_z) laser beam with thin (3 um thick) solid (Al or Au) targets
is investigated experimentally and numerically. Two main sources drive the growth of B-fields on
the target surfaces. B-fields are first driven by laser-generated hot electron currents that relax over
~10-20 ps. Over longer timescales, the hydrodynamic expansion of the bulk of the target into
vacuum also generates B-field induced by non-collinear gradients of density and temperature. The
laser irradiation of the target front side strongly localizes the energy deposition at the target front,
in contrast to the target rear side, which is heated by fast electrons over a much larger area. This
induces an asymmetry in the hydrodynamic expansion between the front and rear target surfaces,
and consequently the associated B-fields are found strongly asymmetric. The sole long-lasting
(>30 ps) B-fields are the ones growing on the target front surface, where they remain of extremely
high strength (~8—10MG). These B-fields have been recently put by us in practical use for
focusing laser-accelerated protons [B. Albertazzi et al., Rev. Sci. Instrum. 86, 043502 (2015)]; here

we analyze in detail their dynamics and structure. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936095]

I. INTRODUCTION

Self-generated magnetic fields (B-fields), following the
interaction between an ultra-short, ultra-high intensity (i.e.,
having typical duration <1 ps and intensity >10"*W cm 2
pm?) laser beam and a solid target, can be of extremely large
strength, i.e., in the several MegaGauss (MG) range. They
have been the subject of numerous investigations, both
experimental and theoretical, which were mostly motivated
by the strong influence these fields can have on the evolution
of laser-produced plasmas and laser-produced fast elec-
trons.'~'% These B-fields can be used for applications, e.g., to
focus laser-generated energetic and high-current charged
particle beams. In particular, we have recently investigated''
exploiting such B-fields to produce a high-density focused
proton beam from an initially divergent source'? generated
through the Target Normal Sheath Acceleration (TNSA'?)
mechanism from a laser-irradiated solid target.

These B-fields have been initially experimentally inves-
tigated by measuring polarization rotation of light either
emitted from the plasma'® or probing it.'>'® More recently,
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Schumaker et al.'” probed such B-fields using a high-energy,
wakefield-accelerated electron beam, by taking advantage of
the deflections induced on the probing particles by the fields
they cross. The obvious advantage of using high-energy
charged particles compared with optical probe is that the
former can probe the B-fields through solid targets, i.e., even
B-fields developing within the solid matter. Since such self-
generated B-fields have a toroidal structure,lf11 with the axis
of the torus being aligned with the target normal, the most
effective way to probe the fields is to send the particles along
the torus axis, i.e., “face-on,” so that they can be deflected by
the Lorentz force q(v x B). This way, the probing particles
will also be less sensitive to E-fields, which are generally
oriented along the target normal.'® Alternatively to using
electrons, protons, either monochromatic'® as produced by
nuclear reactions or broadband®® as produced by the TNSA
mechanism, can be used to radiograph B-fields. Of particular
interest are the latter since, being broadband and non-
relativistic, the probing protons quickly spread in time from
the source to the object to be probed. Hence, by resolving
them in energy after they have crossed the B-field structure,
one can record, in a single shot, the evolution of the fields

© 2015 AIP Publishing LLC
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over a time span that corresponds to the overall proton beam
temporal spread up to the B-field structure.?*!

The goal of the present paper is to analyze in detail,
using the proton radiography technique coupled to numerical
simulations, the dynamics and structure of the B-fields we
used in the proton focusing device'' mentioned earlier.
Compared with our previous investigation,”' we use here a
laser having high-temporal contrast to trigger the B-field
growth. This prevents the formation of a pre-plasma at the
target front side, and thus allows us to observe and separate
the various mechanisms inducing B-field generation, i.e.,
field generation by hot electron currents and by target hydro-
dynamic expansion. This is possible since the B-field prob-
ing is also performed over longer times than in Ref. 21. We
will also show that over tens of ps only a strong B-field
remains on the front target surface. This is essentially due to
the strong asymmetry between the target front and rear sides
induced by the laser irradiation at the target front: as there
the laser energy has been deposited over a small area (of the
order of the laser focal spot, i.e., a few um?), the temperature
gradients are strong and so are the induced B-fields (of the
order of 10s of MG). In contrast, the target rear side is heated
over a much larger area (~10* um?)** by fast electrons that
are widely divergent from the target front. Hence, the tem-
perature gradients are there smoother, resulting in weaker
surface B-fields (of the order of 10s of kG).

This paper is organized as follows. In Section II, we
present the results of the experiment conducted to measure
the B-fields while Section III is devoted to the analysis of the
topology and evolution of the B-fields inferred from the
experimental data. In Section IIT A, we discuss the various
mechanisms through which B-fields can be self-generated
following the high-intensity laser-target interaction. Section
III B focuses on the numerical simulations performed using
the Particle-In-Cell code PICLS and on the comparisons
with the experimental data of the B-fields induced at early
time by the hot electron currents within the target. In Section
IIIC, we investigate the transition between the B-fields
induced by hot electrons and the thermoelectric B-fields, i.e.,
the ones induced by the hydrodynamic expansion of the
plasma.?® Section IIID presents further discussion on the
analytical and numerical analysis of the thermoelectric
B-fields, and the comparison with the experimental results.
Section IV concludes the study.

Il. EXPERIMENTAL RESULTS

We here briefly recall the setup and main results of the
experiment which were already presented in Ref. 11 as we
will use them to conduct the discussion on the B-field struc-
ture and dynamics.

A. Experimental setup

The experiment was performed using the Titan laser at
the Jupiter Laser Facility located at the Lawrence Livermore
National Laboratory (USA). The short-pulse arm of Titan
was split in two inside the target chamber to produce two
high intensity beams. As shown in Figure 1, the first laser
beam (B1, having an intensity I>10""W cm™?) irradiated

Phys. Plasmas 22, 123108 (2015)
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affected by the
magnetic field
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unaffected by the|
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FIG. 1. Experimental set-up (see text). In the experiment, target #2 was var-
ied in thickness and in material (Au or Al).

target #1 (Au 50 ym thick) from which, through the TNSA
mechanism, a proton beam having maximum energy of
15 MeV was accelerated.

The second laser beam (B2) was used to trigger the self-
generation of the B-fields on target #2. B2 was incident on tar-
get #2 at an angle of ~30° from the target normal. Each laser
beam had an energy of approximately 55J = 10%, a pulse du-
ration of ~700 fs full width at half maximum (FWHM) and
was focused down to 8—10 um. Prior to its focusing on target
#2, B2 was reflected off a plasma mirror (PM)** to improve its
temporal contrast, i.e., to remove the long-duration energy ped-
estal prior to the 700 fs duration main pulse. This prevented
the formation of plasma, induced by the pedestal, at the front
of target #2. Such plasma, expanding into vacuum, would have
induced the growth of thermoelectric B-fields prior to the irra-
diation by the peak of the laser pulse, thus preventing us from
probing the B-fields triggered solely by the action of the high-
intensity irradiation of target #2 by B2. The plasma mirror has
an efficiency of 70%, which resulted in B2 having an on-target
intensity of ~2-3 x 10"*W cm ™2

As shown in Figure 1, the proton beam accelerated from
target #1 was used to probe the spatial distribution and
strength of the B-fields on target #2. The two targets were
parallel to each other to allow “face-on” probing. The proton
deflections are projected onto a stack of radiochromic films
(RCFs),'? with a projection factor that is equal to (d + D)/d
where d =4 mm was the distance from target #1 to target #2,
and D =39 mm is the distance from target #2 to the RCF. In
our case, the projection factor is 10.75.

Each RCF film detects a narrow energy range of the
incident protons (E ~ 0.5 MeV) due to the Bragg peak asso-
ciated with the energy deposition of protons in matter.”> As a
result of the difference in time of flight of protons within this
0.5MeV energy range, the temporal integration through
target #2 of the probing protons in each film is ~2 ps at
9.5MeV, i.e., for early probing times, and ~15 ps at
4.5MeV, i.e., for late probing times, i.e., shorter than the
B-fields evolution timescale in each phase of their evolution,
which we will detail later.

There are also protons accelerated from target #2 and
incident on the RCF, but these, at the energies we analyze,
are of negligible dose compared with the ones produced from
target #1, as shown by comparing Figures 2(q) and 2(r).
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B. Results

The experimental proton deflection maps obtained with
a 3 um thick Al foil and a 3 um thick Au foil as target #2''
are shown, respectively, in Figures 3(a) and 3(i). Target #2 is
kept at a minimum thickness, otherwise multiple scattering”®
of the probing protons induced by passing through the solid
would blur the field-induced deflections. At all times,
the proton deflection structure is circular, indicating an
axi-symmetric B-field structure (with its symmetry axis
along the target normal), which is consistent with the toroi-
dal topology mentioned earlier and with previous experimen-
tal results and theory.' ™"

Phys. Plasmas 22, 123108 (2015)

At t~ 0 (i.e., the time at which B2 is irradiating target #2),
we observe for both types of target a similar depletion of pro-
tons in the center of the deflection structure, with the protons
being accumulated in an outer ring in a similar way. This char-
acteristic pattern disappears quickly in the case of the Al target,
but persists up to t=8 ps for the Au target. At later times (t >4
ps for the Al target and t> 14 ps for the Au target), a strong
accumulation of protons appears in the center of the structure.
Simultaneously, the outer proton accumulation ring progres-
sively vanishes. In the case of the Al target, after 13.5 ps, the
outer ring disappears completely and only the central proton
accumulation spot remains up to the last probing time (~43 ps).

y@) Al 3 pm
t~0-1ps t~4ps t~8ps t~13.5ps t~20ps t~29ps t~43 ps
9.5 MeV 8.1 MeV 6.5 MeV .
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z
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FIG. 2. (a) Proton deflection maps as recorded on RCF films after the protons have propagated through target #2, being an Al 3 um thick foil, for different pro-
ton energies (as indicated above each film), corresponding to different times at which the protons have crossed target (as indicated). Time t =0 corresponds
to the time at which the laser B2 irradiates target #2. Darker signal represents an increase of the proton dose. The 5 mm scale indicated by the horizontal bar in
the image is given in the plane of the RCF. (b)—(h) represent azimuthally averaged profiles of the proton dose modulation recorded in each RCF, normalized
to the incident proton dose, i.e., on/n = [Necorded-Nincident)/Mincident Where n is the proton dose. (i) and (j)—(p) are the same as (a) and (b)—(h) for an Au 3 um thick
foil as target #2. (q) presents the spatial distribution of the protons generated from target #1, demonstrating that the deflections observed in (a) and (i) are
indeed linked with the presence of fields on target #2. This is the standard distribution of TNSA-generated protons.'? In this case target #1 is a 10 um thick Au
foil. (r) displays the spatial distribution of the protons generated from target #2, i.e., there is no target #1 in this shot and B1 is blocked. This shows that the pro-
ton signal recorded in (a) and (i) is largely dominated by the protons originating from target #1 since the dose of the protons produced from target #2 for proton
energies >4.5 MeV is negligible compared with the one of the protons having same energies and produced from target #1. In this case, target #2 is a 3 um thick
Al foil. The 25 mm scale shown in between (q) and (1) is given in the plane of the RCF and applies for both (i) and (j). Reproduced with permission from Rev.
Sci. Instrum. 86, 043502 (2015). Copyright 2015 AIP Publishing LLC.
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FIG. 3. Particle tracing simulations of protons originating from target #1 (located at x =0) and going through target #2 (located at x =4 mm) in two extreme
cases: (a) where there are only B-fields at the front of target #2 without diffusion, and (c) corresponding protons deflections observed onto a detector placed at
39 mm in the cases with and without diffusion, and (b) where there are only B-fields at the rear of target #2 without diffusion, and (d) corresponding protons
deflections observed onto a detector placed at 39 mm in the cases with and without diffusion (e) sketch of the B-fields topology used in the simulations.

C. Topology of the B-fields corresponding to the
observations

In order to understand the B-field topology that pro-
duced the deflection patterns observed in Figure 2, we per-
formed particle tracing simulations. As shown in Figure 3(e),
the B-fields are modeled as two toroids, one on each surface
of target #2, with the two torus axes parallel and along the
target normal. On each target surface, the B-field is oriented
clock-wise around the local target normal.'™ The protons,
originating from target #1, and having a 20° divergence
angle at the source'>?’ as in the experiment, are propagated
through these B-fields, and the deflections they are subjected
to are projected on a plane simulating the RCF. We simu-
lated two extreme cases: one (a) where we consider only the
B-fields that are present on the front side of target #2 (the
one facing target #1 and the probing protons), and the second
(b) where we consider only the B-fields that are present on
the target rear surface. In both cases, the B-field strength is 8
MG. We do not here consider the B-fields that develop inside
the target since, as will be shown later in Section IIIB 2,
they induce negligible deflections upon the protons com-
pared with what the surface B-fields do.

Case (a) results on the detector in a concentration of pro-
tons in the center (see Figure 3(a)). On the contrary, case (b)
results on the detector in a central depletion and an accumu-
lated outer ring (see Figure 3(b)). The ray-tracing shown in
Figures 3(a) and 3(b) do not include the scattering (diffusion)
of the probing protons through the target. Figures 3(c) and 3(d)
present the influence the scattering has on the final proton mod-
ulation as seen on the RCF. In the case of a front surface
B-field, the scattering has a tendency to smooth the two central
peaks observed in Figure 3(c) in only one central dot (corre-
sponding to increased dose). For a rear surface B-field, simi-
larly, the scattering smoothes the modulation in the dose

depletion at the center (see Figure 3(d)). In both cases, the am-
plitude of the deflection An/n is lower and the dose peaks and
depressions are wider.

With these two cases, we can then interpret the results
of Figure 2: the early phase where protons are accumulated
on an outer ring corresponds to case (b), i.e., to B-fields pre-
dominantly on the target rear surface. Note that this situation
is similar for both targets since the proton deflections
recorded at t ~0—1 ps are similar for both targets. Very late
times where protons are accumulated in a central dot corre-
spond to the opposite case (a), i.e., to B-fields predominantly
on the target front surface. This late-time situation is also
similar for both targets (see Figures 2(p) and 2(h)). The inter-
mediate situation, where the outer ring progressively disap-
pears and the inner concentration of protons increases thus
corresponds to a transition from the B-fields being predomi-
nant on the rear to being predominant on the front. This
transition is very short and abrupt in the case of the Al target
(see Figures 2(a)-2(h)) while it is more progressive in the
case of the Au target (see Figures 2(i)-2(p)).

More quantitatively, we can deduce, from the particle
tracing, the B-fields strength that induces the observed pro-
ton deflections. This is shown in detail in Fig. 4 of Ref. 11.
In the case of the Al target, the rear surface B-field is
observed to vanish at ~15-20 ps, with a decrease ~exp(—t
[ps]/4), while the front B-field, of the order of 8 MG, remains
almost constant. In the case of the Au target, since there is
significantly more scattering of the probing protons, the fit-
ting of the data to retrieve an unequivocal distribution of the
B-fields is more difficult. At this latest time, we can only
state that the front B-field is ~6 MG and is predominant (as
attested by the strong central peak in the proton dose), while
the rear B-field is between 0 and 8 MG.

We will now analyze, with the help of models and nu-
merical simulations of the laser-matter interaction, the origin
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of these B-fields and of the transition of their predominant
location from the rear to the front of target #2.

lll. ANALYSIS AND DISCUSSION
A. Mechanisms of B-fields generation

There are different possible mechanisms of B-fields
self-generation; they are schematically illustrated in Fig. 4.
Following Ref. 28, Faraday’s law can be expressed as:

OB B
E:Vx((v+VN)><B)7V>< <JRXM)
First
Second

JrLVTe x Vn, =V x (nJg) . 3.1
—_——

nee
Fourth

Third

The first term (where v is the fluid velocity and V)y is the
Nernst Velocity29) represents the B-field convection, the sec-
ond and the third terms are source terms induced, respec-
tively, by the hot electron forward current Jg, which also
triggers a counter-stream return current Jg with Jp= —JR%°
(see Fig. 4(a)), and the thermoelectric effect, related to the
non-collinearity of the gradients of the electron temperature
(T, the gradient being mostly along radial, i.e., along y) and
of the electron density (n,, the gradient being mostly along
longitudinal, i.e., along Xx), and which is also known as the
Biermann battery effect’®! (see Fig. 4(b)). These two terms
will obviously not take place on the same time scales, the
hot electrons being likely damped quickly32 while the hydro-
dynamic target evolution takes place over long times (ns).>?
The fourth term is driven by the Ohmic fields Egx =  Jx
where 1 is the plasma resistivity that dynamically changes
during target heating due to the hot-electron flow.

Hot electrons are mainly generated, in our case, through
the J x B> and Brunel®™ mechanisms, yielding electrons
with energy >600keV. Having MegaAmpere (MA) current,
they propagate along the surface®® as well as inside the tar-
get.® For small incidence angle on target (B2 irradiates target
#2 at 30°, as stated earlier), it has been shown experimentally
in various conditions*®?” as well as theoretically,38 in condi-
tions relevant to our study, that the population of electrons
injected in the target is predominant over the electrons

Cold return
electron current

(a) ®)

Expanding

plasma \

Hot electron
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Hot electron
current
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confined at the target front. The injection of a large popula-
tion of electrons inside the target triggers, as shown by Bell
et al.,” the generation of a comparable cold return electron
current Ji in order for the forward net current not to exceed
the Alfven limit.** Note also that since target #2 is relatively
thin, longitudinal refluxing*' quickly takes place in the tar-
get. However, since the partial neutralization of the forward
electrons by the return current is global and not local, the
local non-compensation between the hot and cold return
electron current gives rise, through the so-called “fountain
effect”4 (see Fig. 4(a)), to an azimuthal self-generated
B-field, with a strength on the order of tens of MG. The B-field
induced by the thermoelectric effect can be expressed as:*®

BIT] ~ 1.0004 <’£—m) (eT—V> <g) (p%) (3.2)

where L, is the longitudinal (x-wise) density gradient scale
length, T, is the bulk electron temperature, Ly is the radial
(y-wise) temperature gradient scale length, and 7 is the laser
pulse duration. As expressed by Eq. (3.2), the field strength
is directly dependent on the density and temperature gra-
dients; hence, a poor temporal contrast of the laser, inducing
an early plasma expansion and long gradients, will lead to
low B-fields. Previous studies of Ref. 15 showed that this B-
field is long-lived (few tens of ps) and of high strength (1-3
MG) at the target front side.

In order to understand what the source of the B-fields
observed in the experiment is, as well as how and why the
B-fields transit from being predominant at the rear to being
predominant at the front, we will use numerical simulations.
To model the B-fields induced by the hot electrons, we will
first use a kinetic description of the plasma, i.e., particle-in-
cell simulations. Then, to model the thermoelectric B-fields,
we will use hydrodynamic-radiative simulations.

B. Numerical simulations of the B-fields induced
by the hot electron current

To assess the growth and evolution of the B-fields
induced by the hot electrons (the refluxing of which is
intrinsically accounted for in the simulations), we have per-
formed 2D PIC simulations of the interaction between B2
and target #2 (see Fig. 5) using the PICLS code.*® As in the

FIG. 4. Schematic representation of the
B-field related to (a) the hot electron
currents and (b) the non-colinearity of
the gradients of the electron temperature
(T,, the gradient being mostly along
radial, i.e., along y) and of the electron
density (n,, the gradient being mostly
along longitudinal, i.e., along x).

VTe Magnetic

field
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FIG. 5. Map of the self-generated magnetic field on target #2 (3 um thick
Au), at ~1 ps after the beginning of the interaction, as simulated using the
PICLS code.

experiment, the laser in the simulation is at the fundamental
wavelength 4= 1.06 um. It is incident on the target along the
target normal, has a peak intensity of I=5 x 10"°W cm 2,
propagates from the left to the right of the simulation box,
and irradiates a 3 um thick solid target at 400 n. of Al or Au.
The targets include a thin layer (100 nm) of hydrogen on the
front and rear surfaces in order to model the adsorbed impur-
ities on the target surfaces.** Due to the relatively long dura-
tion of the laser pulse (700 fs FWHM) and to minimize edge
effects, a simulation box with high dimension is necessary; it
is here of 100 um x 120 um. The resolution of the simulation
is 80 mesh//, and the total number of particles is ~7.5 X 10°.
Collisions implemented in the code based on the model of
Takizuka and Abe® are used, as well as ionization of the tar-
get material, based on the Thomas Fermi model. The dura-
tion of the simulation is approximately 2 ps. Fig. 5 displays a
typical B-field map at t ~ 1 ps after the beginning of the laser
irradiation for a 3 um thick Au (Z = 79) foil.

It is important to note several limitations intrinsic to run-
ning such simulations. Indeed, PIC simulations have a tend-
ency to underestimate the magnetic field due to the 2D
geometry which restricts the recirculation of hot electrons
(which takes place in volume in 3D), as well as the amplifi-
cation of the magnetic field due to thermal instabilities for
example, Ref. 46 which can develop perpendicularly to the
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heat flow and are more important for high Z materials. Also,
due to the finite dimension of the simulation box, we observe
in Fig. 5 that the fields extend up to the edge of the box
(where we use periodic boundary conditions). As an exam-
ple, for a time of t=0.7425 ps the B-field at the edge of the
simulation box is still of ~7 MG. Its radial extension is thus
obviously limited by the size of the simulation box, which is
constrained (in our case) by computing power limitations.

One can distinguish in Fig. 5 two strong, toroidal-shape
magnetic fields developing on the target surfaces. We can
also distinguish some smaller scale magnetic fields inside the
target, which will be detailed later on.

1. Analysis of the magnetic fields developing
on the target surfaces

The temporal evolution of the maximum of the B-field
on each surface of the target as calculated in the simulation
is shown in Fig. 6. These values are averaged over a box that
is 0.5 um deep along the x axis and 5 um long along the y
axis (see Fig. 5) around the location of the maximum field
strength position. For both targets, we observe that the
B-fields grow rapidly over a few 100s of fs and are stronger
on the target rear side, which is well consistent with what we
deduced in Section II C from the experimental observations.
This asymmetry is more pronounced in the case of the Au
target where the maximum B-field is of the order of 16-20
MG on the front surface while it is 25-28 MG at the rear
surface. The asymmetry in the field strength is due to the
maximum electron density which is observed in the simula-
tion to be higher at the rear side than at the front side of the
target. As mentioned earlier, this predominance of electrons
being injected into the target and contributing to the rear
B-field over the electron confined at the target front, is con-
sistent with previous experimental’®*?’ and theoretical
studies.®® It is due to the fact that we use a small incidence
angle on target #2. We have also tested in the simulations
the influence of a large incidence angle (70°), keeping oth-
erwise the same parameters for the PICLS simulations, and
found then, consistently with those previous works,36’38
that the situation becomes reversed, the electrons are pre-
dominantly at the target front, and hence the B-field
becomes there predominant. This could be used to obtain a
reversal effect of the action of the B-field, e.g., to focus
protons at early time instead of defocusing them (see
Figure 2).

15 30
(a) 3pmAl [ Alrear (b) 3pmAu [ Ay rear
= — Al front|| —~ 25 —— Au front ||
g g
< 10 1< 20 ]
% % FIG. 6. Temporal evolution of the
ic i 15 peak strength of the B-field on both
8 2 target surfaces as observed in the
2 5 2 10 PICLS simulations for (a) a 3 um thick
g g Al foil and (b) a 3 um thick Au foil.
= = 5
0 s ‘ . 0 ) , :
0 500 1000 1500 2000 0 500 1000 1500 2000

time during the interaction (fs)

time during the interaction (fs)
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for the map of (a).

2. Analysis of the self generated magnetic field
developing inside the target

Fig. 7(a) presents the central region of the B-field map
shown in Fig. 5, detailing the B-fields developing within the
Au target, and Fig. 7(b) shows the same region for the Al tar-
get. Both display filamented magnetic structures resulting
from the interpenetration of the forward and return electron
currents,”’ although these are significantly stronger in the
case of the Au target. The typical magnetic channels for the
case of the Au target are of the order of 0.45 um in diameter
with an average strength of 10 MG.

Inside the target, i.e., at solid density, the principal
source of the magnetic field is given by the fourth term of
Equation (3.1) that can be developed as

OB
—~nV xXJr+JrV x1.

T (3.3)

We have investigated in detail these B-fields in a previous
work® where we showed that due to the small heat capacity
and ionization level of Al, there is compensation between
the first term and the second term of the right hand side of
Equation (3.3). This leads to relatively low B-fields in the
case of the Al target. In opposition, the high heat capacity
and ionization level of Au leads to a different evolution of
the resistivity inside the target, and the two terms of
Equation (3.3) do not compensate each other. In this case,

the first term of the right hand side is dominant, allowing the
generation of a multi-MG magnetic field (see Fig. 7(a)),
albeit in a very filamentary form, likely due to the strong
refluxing of the hot electrons at play in such thin target.*!

3. Comparison with the experimental data at early
times

To compare quantitatively the PIC simulations with the
experiment, we simulate the probing proton deflections through
the simulated B-fields by means of a particle tracing code. This
code takes into account the divergence of the protons source, as
well as the diffusion through the target (see Fig. 3).

First, we tested in a simple case the influence of the pa-
rameters of the B-field (radial and longitudinal extent, as
well as strength) on the simulation of the dose modulation.
From Figure 8, we can observe the following things: (a) the
amplitude of the B-field mostly impacts the amplitude of the
proton dose modulation An/n, and not its radial location on
the film (see Figure 8(c)), (b) the radial location on the film
of the peak of the proton dose modulation depends mostly on
the B-field radial extent (R), and very little on its longitudi-
nal extent (compare Figures 8(b) and 8(d)).

Then, we performed this particle-tracing simulation
using the full B-field map obtained from the PIC simulation
shown in Figure 5, i.e., including the B-field within the target
shown in Figure 7. In the simulation the protons are

.3 (b) 0.3

0.2

0.1

An/n

= £
«—> = 0 Z
Ly <
-0.1 -0.1
y R
B=8MG ——R-ssum
-3000 -2000 -1000 0 1000 2000 3000 -3000 -2000
X ¥ (um) in the plane of the detector at 39 mm

-1000 0 1000 2000 3000 -3000 -2000 -1000 L 1000 2000 3000
¥ (um) in the plane of the detector at 39 mm
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FIG. 8. (a) Arrangement of B-field that are used in the particle tracing simulation, mimicking the B-field at the target rear (see Figure 5). The protons are
launched from the left, at the position of the proton source target, from a point source, and after being propagated through the B-field, are collected on the de-
tector. Simulation of the modulation induced on the protons by varying (b) the radial extent of the B-field (R); (c) the B-field strength; and (d) the longitudinal

extent of the B-field (L)).
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propagated along the x-axis, starting from the foil source
foil, up to the RCF detector. We note that the deflections
induced on the probing protons by the sole B-field within the
target (shown in Figure 7) are negligible, as tested by per-
forming particle-tracing simulations solely with those fields
(see Fig. 7(c)). The surface B-fields are largely predomi-
nantly inducing the observed proton deflections. The result
of the simulation is shown in Fig. 9 where it is compared
with the earliest time of the experimental proton probing
data, the second temporal frame of the experimental results
being already at a later time than what can be simulated with
the PIC code. Overall, the pattern of the simulated proton
deflections is consistent with the experimental ones.
Notably, as in the experiment, the simulated proton patterns
are similar between the Au and Al targets at t ~ 1 ps. In par-
ticular, the amplitude of the proton modulation is well repro-
duced, which implies that the strength of the simulated B-
fields is reflecting the fields present on the target in the
experiment. However, we notice that the radial extent of the
peak of the proton modulation (the outer ring in the proton
deflection maps) is larger in the experiment than in the simu-
lated. This is principally due to limitation of the size of the
simulation box in the y (transverse, see Fig. 5) direction, as
shown in Figure 8. For the B-fields to extend in the y direc-
tion over more than 200 um such that the experimental radial
deflection can be reproduced, this would imply a huge simu-
lation box which is not realistic in terms of computing time,
owing to the resolution (80 mesh/4) we need to respect. We
should also note one subtle point about the similarity of the
proton patterns between Al and Au in both experiment and
simulation. At first, since the strength during the phase 0—1
ps of the B-field are not the same between Al and Au in the

y 0.5
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- = PICLS Radial average
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.
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FIG. 9. Experimental results at t =0-1 ps after the beginning of the interac-
tion for (a) a 3 um Al and (b) comparison with PICLS simulation (in dashed
red) (at ~1 ps) of the radial average modulation of dose and for (c) a 3 um
Au and (d) comparison with PICLS simulation (in dashed red) of the radial
average modulation of dose.
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simulation, one could expect this difference to translate into
a difference between the simulated patterns. This is however
not what is experimentally observed and this is due to diffu-
sion (scattering of the protons) in target #2 as the probing
protons pass through, the diffusion being higher in Au than
in Al. As shown earlier in Fig. 8, the strength of the B-fields
plays a role only in the amplitude of the An/n and in that
case, without diffusion, the An/n should be higher in the case
of the Au target than in the case of the Al target. However,
the diffusion effectively decreases the An/n amplitude (see
also the influence of the diffusion in Fig. 3) for the Au target
allowing to compensate the effect due to the B-fields
strength.

The strength of the B-fields at the end of the simulation
(2 ps) for both the Al and Au targets remains extremely high
(few MG). The simulations are difficult to pursue over longer
times due to computing limitations, but we expect the B-
field to eventually decrease due to damping of the hot
electron current by energy transfer to the colder electrons
and ions that constitute the bulk of the target. This damping
will be investigated in Sec. III C.

C. Simulation of the transition time from B-fields
driven by hot electrons to B-fields driven by the
plasma expansion

The damping of the hot electrons is evaluated using a
1D three-temperature code®” that calculates the temperature
of the hot electrons T, of the cold (bulk) electrons T, and
of the bulk ions T}, and takes into account the expansion of
the target. The hot electrons, which are assumed to have a
Maxwellian energy distribution, lose energy over time due to
(i) collisions with cold electrons and (ii) the development of
the resistive electric field within the target that is at the
source of the return current. The equation governing the tem-

poral evolution of Ty, is written as>?
dT,
nykp d_th = —m3Spe — 0T, Teota)J 5

"oy — n(Ts, Teota) 3

= —n/
| ar

(3.4)

with 7, being the hot electron density, T}, the hot electron
temperature, Ej, the hot electron energy, 1(T;, Teoia) the resis-
tivity depending on the cold electron temperature and of the
ion temperature, Jx the return current on the cold electrons
(as earlier), and S, the stopping power due to free and bound
electrons and plasmons. The hot electron density n;, can be
estimated using an energy balance equation between the
absorbed fraction (f) of the laser power and the power that is
developed by the hot electrons: fI; = nyv;,T). Using f~0.1,*®
for a laser intensity ;=1 x 10"°wW cm*2, which leads to
T, ~ 0.6MeV according to the scaling of Ref. 49, we
obtain nj, ~ 3.8 X 102°cm—3, and for ;=5 x 10"°wW cm_z,
and T}, ~ 0.823 MeV, we obtain n;, ~ 1.4 x 10*' cm ™.

Figure 10 illustrates the temporal evolution of 7, in the Al
and Au targets. In Figure 10(a), we observe that for the Al target
the thermalization of the hot electrons (i.e., when T),=T,.=1T))
takes place around 29 ps for ;=5 x 10"W cm™?% the same
calculation done for ;=1 x 10"W cm? yields a damping
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FIG. 10. Temporal evolution of 7}, (the hot electron temperature), T, (the
cold electron temperature), and 7; (the ion temperature) within (a) a 3 um
thick Al target and (b) a 3 um thick Au target, in the case of an irradiation by
a laser having an intensity of 5 x 10" W ¢cm ™~ and a pulse duration of 700 fs.

time of 14 ps. Such rapid decay of T, is related to the fast ioni-
zation and heating of the Al target. In the case of the Au target,
the damping of the hot electrons also takes place ~10-20 ps, as
shown in Figure 10(b).

These hot-electron damping times are consistent with
the observations in Figure 2 since for both targets we can
observe that after 10-20 ps the strong outer ring of proton
accumulation, which is associated with strong rear B-fields
driven by hot electrons, vanishes. After the hot electrons are
damped, the remaining source of B-fields is the thermoelec-
tric effect which is analyzed in Sec. III D.

D. Simulations of the B-fields driven by plasma
hydrodynamic expansion into vacuum

The late-time thermoelectric B-fields can be assessed in
two ways: analytically and numerically. Let us first analyti-
cally assess the strength of the front-side and rear-side
B-fields that are self-generated by target hydrodynamic
expansion. For this, we can rely on Eq. (3.2) which requires
knowledge of the longitudinal density (L,) and radial tem-
perature gradients (Ly). To assess (L,), in a 1D model of
isothermal plasma expansion, we can simply write™

| 1
. Te 2 7* 2
LAl = ¢~ 3 <keV) <A> Ts s

where T, is the electron temperature, Z* is the effective ion
charge, A is the atomic number, and 7t is the laser pulse

(3.5)
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duration in femtosecond. For the Al target (A = 13), we have
evaluated in Sec. III C that T, ~ 80-100 eV (the equilibration
temperature, see Figure 10). We also have: 14 =700 fs and
Z* = 9. Hence, one obtains L, ~ 0.05 — 0.1 um.

To assess the B-field at the target front, where there has
been a strong local energy deposition by the laser, we can
use for the radial temperature gradient the value given by the
PIC simulation at the longest simulated time, i.e.,
Ly ~ 2 um. Combined with L,, this yields Bgon ~ 8 MG,
which compares quite well with the strength deduced from
our data (see Section II C). Here we can see the major inter-
est of having used a plasma mirror for the laser beam B2 in
order to prevent the generation of a pre-plasma where the
energy deposition would have been diluted, which would
have led to a low B-field strength at the target front.

To assess similarly the B-field at the target rear, we have
to consider that the heating is much more radially distributed
since it is induced by the fast electrons that are spread widely
from the target front over a large radial area at the target rear."?
Here, we can use the results of Ref. 22 to retrieve the rear-
surface radial temperature gradient. Indeed, Ref. 22 presents
measurements of the rear-surface radial distribution of density
and temperature for Al targets of various thicknesses laser-
irradiated at an intensity of 1-5 x 10" W ¢cm™2. Such laser in-
tensity is similar as the one used in the present experiment;
hence, the average fast electron energy and angular spread in
the target, i.e., the rear surface electron sheath radial extent, are
similar. There, Ly was measured to be ~ 30-50 um. Combined
with L, this yields (still using Eq. (3.2)), Bear ~50kG. The
strong asymmetry between the front and rear surface magnetic
fields thus deduced at late times is again quite consistent with
what was deduced in Section I C from the experimental data.

To complement these analytical estimates, we simulated
the target hydrodynamic expansion using the 2D MHD code
CHIC.”" The input parameters are the following: for the
plasma on the front surface of the target, we used the density
and temperature spatial distributions inferred from PICLS at
long time (1.65 ps), while for the rear surface, we adopted
the density and temperature distributions that were experi-
mentally measured.*? Figure 11 shows the result of the simu-
lation for a 3 um thick Al target. A strong asymmetry is
observed between the front and the rear surface of the target,
consistently with the above-given analytical estimates. The
simulated B-field strength on the front surface is ~4 times
higher than the one on the rear surface of the target and it
increases with time. However, we note that the simulated
field strength disagrees compared with what we can deduce
from the experimental proton deflection maps. This is prob-
ably related to the fact that we inject into the MHD code, for
the front side, the values obtained from the PIC code at still
early time, i.e., at a time where the hot electrons have not
relaxed, which leads to underestimating the bulk temperature
and overestimating the temperature scale-length, and hence
underestimating the B-field (see Equation (3.2)).

IV. CONCLUSION

In conclusion, we have investigated experimentally and
numerically the B-fields that are self-generated during and
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following the interaction of a high contrast, high intensity
laser pulse with thin targets of Al and Au. The general topol-
ogy of the fields that can be deduced from the experimental
proton deflection maps is in good agreement with the simula-
tions that can be made at early times (using PIC simulations)
as well as at late times (using hydrodynamic simulations).
The main result of this investigation is that over long time
scales (10s of ps), a strong asymmetry appears between the
B-fields present at the front and the rear surfaces of the tar-
get, with the latter vanishing while the former stays of high
strength (8—10 MG). This, as shown by us earlier,"" is in par-
ticular of interest for focusing charged particles. We also
note that the observed fast decrease of the rear B-field in the
case of the Al target is likely related to an increased resistiv-
ity induced by the strong surface B-field, an effect that needs
to be taken into account to correctly evaluate the material
resistivity.”>
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