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Abstract
Quasi-staticmagnetic-fields up to 800 T are generated in the interaction of intense laser pulses (500 J,
1 ns, −10 W cm17 2) with capacitor-coil targets of differentmaterials. The reproduciblemagnetic-field
peak and rise-time, consistent with the laser pulse duration, were accurately inferred from
measurements withGHz-bandwidth inductor pickup coils (B-dot probes). Results fromFaraday
rotation of polarized optical laser light and deflectometry of energetic proton beams are consistent
with the B-dot probemeasurements at the early stages of the target charging, up to ≈t 0.35 ns, and
then are disturbed by radiation and plasma effects. Thefield has a dipole-like distribution over a
characteristic volume of 1mm3,which is consistent with theoretical expectations. These results
demonstrate a very efficient conversion of the laser energy intomagneticfields, thus establishing a
robust laser-driven platform for reproducible, well characterized, generation of quasi-staticmagnetic
fields at the kT-level, as well as formagnetization and accurate probing of high-energy-density samples
driven by secondary powerful laser or particle beams.

1. Introduction

The properties ofmatter on all scales (atoms,molecules, condensedmatter, plasmas) are severelymodified
when exposed to strongmagneticfields (B-fields) [1]. The possibility of imposing a strong, laser-drivenB-field
to a variety of samples opens interesting perspectives for laboratory studies ofmagnetized plasma-[2], atomic-
[3] and nuclear-physics [4].We foresee great progress on the understanding of systems of astrophysical scale [5–
10], on the improvement of inertial fusion energy schemes [11–14] and for various applications ofmagnetically-
guided particle beams [15, 16], amongmany other applications.

State-of-the-artmagnets nowadays allow generation ofB-fields in the 10–300 T range, depending on their
static/pulsed or destructive/non-destructive character [17].However, reaching, or exceeding the 1 kT level, as
required for some high-energy-density or atomic physics applications, ismuchmore challenging, unless
resorting to large-scaleZ-pinchmachines [18, 19] or explosive experiments [20]. Likewise, the heavy technical
and infrastructure constraints posed by high-performance pulsedmagnets (exceeding 100 T)make them ill-
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suited to the compactness of laser experiments. Thismotivates the development of portable, all-opticalmagnetic
generators thatmay be easily implemented in any high-energy and/or high-power laser facility. Relativistic laser
interactionwith dense targets and the issuing intense currents over the target surface or into the target bulk can
generate super-strongB-fields [21, 22], on the range of10 kT for current short-pulse laser parameters, but these
are rather transient as they evolve on the time-scale of ∼10 ps. Quasi-staticmagnetic-field production coupled
to laser facilities has been explored so far by the development of capacitor-bank pulsed discharges in solenoids
(magnetic pulsers) [23, 24], but the specific physical limitations restrain themaximumgenerated fields to the
range of ∼40 T (lowered to amore safe ∼level 20 T in usual operation) [8, 25].

Instead, the use of powerful lasers interacting with so-called capacitor-coil targets—first proposed byDaido
et al back in the 1980s [26, 27] and recently explored to higher levels by Fujioka et al [28]—give unprecedented
quasi-static (time-scale of a few ns) highB-field amplitudes for such a compact system (∼ mm) and an energy
laser pulse driver of 1 kJ: they reported aB-field of ≈1.5 kT at 0.65 mmaway from theU-turn coil centre,
measured by Faraday rotation of the polarization of a probe laser beam in a SiO2 sample. But the reported value
would yield, according to amagnetostatic simulation of theU-shaped capacitor-coil target [29], a non-realistic
magnetic energy, greater than the invested laser energy. The problemprobably lies in that the tabulatedVerdet
constants of the birefringent crystals are of questionable validity in the presence of strong and rapidly changing
B-fields, ormaybe the crystal properties begin to be affected by x-rays and fast particles due to the close laser–
target interaction.

Besides reaching highB-field strengths, advantages of laser-driven coil-targets is that they can be of relatively
low cost ifmass produced and are adaptable to laser sources with higher repetition rate.Most importantly these
coils have an open geometry providing easy access for several diagnostic views and to themagnetization of
secondary samples eventually driven by secondary laser or particle beams. In this study, we present an accurate
characterization of theB-field produced by laser-driven capacitor-coil targets, using (i) high-frequency pickup
B-dot probes, (ii) Faraday rotation of laser probe beampolarization (we placed the birefringent crystals
sufficiently away from the coil tomeasureB-fields weaker than those reported by Fujioka et al [28], but using
muchmore sensitive crystals) and (iii) deflectometry of an energetic proton beam. This combination of three
independent diagnostics confirms that high power laser facilitiesmay be used forB-field production in the range
of several hundred Teslawith a controlled and reproducible rise time, peak value and spatial distribution.

2.Methods and experimental results

The experiments were conducted at the LULI pico 2000 laser facility with a μ1.057 m wavelength ( ω1 0),
±500 30 J,1ns flat-top long-pulse laser beam (≈100 ps rise time), focused to intensities of
± × −(1.0 0.1) 10 W cm17 2. The targets weremade of two parallel disks (3500 diameter, μ50 m thickness, with a

hole in the front one enabling focusing of the laser pulse into the rear disk’s surface), connected by a coil-shaped
wire (coil radius μ=a 250 m, squared rod section of μ μ×50 m 50 m): seefigure 1. The targets weremade of
Cu,Ni or Al (1st experiment, with a μ1750 m-diameter hole in the front disk), or exclusively ofNi (2nd
experiment, with a μ1000 m-diameter hole). The target parameters were reproducible within a μ±1 m
precision thanks to accurate laser cutting of an initial 2Dmetallic form, the only effectively variable parameter
being the distance between the disks, μ= ±d 900 200 m0 , as a consequence of themanual target folding.

The laser pulse irradiates the rear disk passing through the hole of the front disk and creates the supra-
thermal electrons that are escaping the potential barrier [30, 31]. A fraction of them are captured by the opposite
disk. The target reacts like anRL-circuit to the potential difference between the disks and the subsequent
discharge current through the coil-shapedwire. The laser-driven target charging and the discharge current
process simultaneously (steady-state regime), during the laser-pulse irradiation, establishing a quasi-static
current I looping in the space between the disks and the connectingwire. The coil, of radius a, concentrates the
magnetic flux yielding a quasi-static, dipole-likeB-field over a time-scale of a few ns. The amplitude of theB-
field near the coil centre scales like μ≈B I a20 0 , where μ0 is the vacuumpermeability. The target geometry,
namely the distance between the disks, defines the short-circuiting time of the system, which is of the order of
1–2 ns: It happenswhen the plasma plume ejected from the irradiated disk reaches the opposite disk orwhen
thermally expanding conductingwires start to overlap. This time is likely to be reduced by the front disk thermal
expansion induced by x-ray irradiation from the rear disk plasma.

The experimental setup is sketched infigure 1(b).

2.1. B-dot probing
The B-dot probe axis was positioned parallel to the target’s coil axis, either in the plane of the coil at a

±30 0.5 mm distance from the coil centre and at a °33 angle above equator (1st experiment), or approximately
along the coil axis at ±70 1 mm distance from the coil centre, with a ±10 0.5 mm horizontal offset to clear the
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path for the probe beamused for Faraday rotation and shadowgraphy (2nd experiment). The B-dot probe (and
associated electronics) has a 2.5 GHz acquisition bandwidth, and the chosen sampling frequency yielded signals
with time resolution of ≈50 and ≈10 ps respectively in the 1st and 2nd experiments.

Figure 2 details the analysis of a signal obtained in the 1st experiment with a Cu target: (a) a raw detected
signal (attenuators excluded), proportional to the time-derivative of theB-field at the probe position, (b) the
signal corresponding spectrum, calculated by the fast-Fourier-transform (FFT) of the signal (thick red curve; the
thin black curve is the FFT of the signal for < −t 50 ps, that is the noise spectrum).

Figures 2(c) and (d) show the temporal evolution of theB-field, on the level of a fewmT.Thiswas obtained by
integration of the signal in panel (a) for different configurations of bandpassfiltering: the optimized result,
represented by the thicker red curves,was obtainedwith theminimum frequency of ν = 1min MHz to cut the dc
component and ν1 noise, and amaximum frequency of ν = 1.5max GHz to cut the high frequency parasitic EMP
emission fromhigher frequency grounddischarge currents [30, 31] (1st experiment; we used ν = 1GHzmax for
the 2nd experiment data, according to the reached spectral resolution). Thinner curves correspond to variations
either on νmin (panel (c)) or on νmax (panel (d)) testing the result sensibility to these parameters: raising of νmin

yields an offset of theB-field at t=0 (start of laser irradiation), yet the amplitude of the signal is consistent for νmin

up to 20 MHz. Forfixed ν = 1min MHz, theB-field rise-time andmaximumyield donot significantly change for
νmax down to1GHz.Therefore, the large spectral peak at a fewhundredsMHz in panel (b) corresponds to the
mainB-field signal due to the target discharge through the coil-shapedwire, the second large peak around1GHz
determining the secondB-field peak oscillation at ≳t 2 ns (see othermeasurements infigure 4).

The 3Dmagnetostatic code Radia [29]was used to simulate the spatial distribution of theB-field taking into
account the target and coil geometry, and their connectionwires.We used the current I as a free parameter,
varying it to obtain an equality between themeasured and simulatedB-field values at the B-dot spatial positions.
The boundary condition consisted in imposing a closed circuit with the same current in the coil and between the
two disks. Figure 3(a) represents two perpendicular planar sections of theB-fieldmap, one horizontal
containing the coil axis, z=0 (left), the other vertical corresponding to the coil plane, y=0 (right) (see
figure 1(b) for the axis orientation: the y-axis is the coil axis and the origin is here at the coil centre). Thefieldwas
calculatedwith an injected current of =I 340 kA and a coil radius μ=a 250 m, yielding themeasuredB-field
peak value for theCu target (given the ≈10 μmns−1 coil rod expansion velocitymeasured by time-resolved
optical shadowgraphy, no rod expansionwas considered in themagnetostatic calculations): theB-field norm is
on color scale, the arrows represent theB-field vector projections on the two planes. The spatial distribution on
the z=0-plane clearly evidences, as expected, a dipole-likeB-field. One can also see on the y=0 plane that theB-
field norm is quite homogenous over the space inside the coil. Poloidal fields around the coil rod and straight
parts of thewire are quite strong, and theymostly determine theB-field distribution below the coil region.

For the same calculation, figure 3(b) shows the amplitude of theB-field component parallel to the coil-axis
as a function of the perpendicular distance, along the line connecting the coil and the B-dot probe centres,
respectively at r=0 and =r 30 mm (solid red curve). The vertical dashed lines delimit the μ50 m-thick coil rod
position. For ameasured 5 mT at =r 30 mm, the extrapolated value at the coil centre is =B 8000 T for the
capacitor-coil target, with the uncertainty range of (795, 825 T) accounting for target-to-target eventual

Figure 1. (a) Photographic views of the capacitor-coil targets. (b) Sketch of the experimental setup.
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variations of μ±2 m on the separation between the two connection points of thewire circular part with the
vertical rods. An over-estimated extrapolationB-field value of =B 20 kT0 (for a =I 8.5 MAcurrent) is
obtainedwhen simulating a perfect circular coil of the same radius (dashed black curve in the insert): such
unrealistic value illustrates the importance of an accuratemodeling of the real target, in particular the
discontinuity on the coil circular part. Yet, our target production and characterization are sufficiently precise to
have only a very small contribution to the result uncertainty.

As for theB-dot probes distancewith respect to the coil,figure 3(c) shows the calculated relative uncertainties
of theB-fieldmeasurements at the probe positions: the values are plotted over the probes circular section and
account for the 3DB-field gradients over the probes cylindrical volume. The estimatedB-field errors, which
remain under the 6%and the 10%respectively for the1st and 2nd experiments (two different probe orientations
anddistances relative to the coil, as described above), aremainly determined by the gradients along x and z in the
first case (top), and along y for the second case (bottom), as expected from the setup geometry.

The typical final results for the producedB-field as a function of time are summarized infigure 4. The solid
curves are the B-dot probe results obtainedwith capacitor-coil targets for theB-field at the probe positions (left-
hand side ordinates) and the corresponding B0 values at the coil’(s) centre (right-hand side ordinates, as
extrapolated from the Radiamagnetostatic calculations). In the 1st experiment, panel (a), the peak values of the
B-field depend on the targetmaterial, yielding ≈B 8000 , ≈600 and ≈150 T (±6%), respectively for Cu (red), Ni
(green) andAl targets (cyan). In the 2nd experiment, panel (b), the B-dot probemeasurements are showing a
shot-to-shot reproducible charging usingNi targets: theB-field production is synchronouswith the beginning
of the laser irradiation (at t = 0, within a ±100 ps calibration uncertainty) and the rise time of ≈1ns is consistent
with the duration of the laser pulse (this is the system charge time). The reproduciblemeasurements of a peakB-
field of ≈1 mT are extrapolated to the coil centre peaking at ≈B 600 T0 (±10%). This is in very good agreement
with the result obtainedwith theNi target in the 1st experiment, where the probewas at a different position
relative to the coil.

Figure 2. Sample B-dot signal and analysis obtained on the 1st experiment, for aCu- μ=a 250 m target, with the probe at 30 mm
from the coil centre. (a) Signalmeasured by the 2.5 GHz bandwidth detection system. (b) FFT of the signal (thicker red curve). The
thin black curve is the spectrumnoise evaluated from the signal FFT for < −t 50 ps. (c), (d)B-field signal after integration of the
B-dot signal: thicker red curves for the default frequency bandpass from ν = 1 MHzmin to ν = 1.5 GHzmax , thinner black curves for
test variations on (c) νmin and (d) νmax.
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Figure 3. (a) 2Dprojections of the 3DRadiamagnetostatic code extrapolation of theB-field produced by a μ=a 250 m capacitor-coil
target for a circulating current =I 340 kA: plane z=0 on the left, plane y=0 on the right (the coil centre is at the frame origin). (b)
Corresponding axial component of theB-field against distance from the coil centre, along the line between coil centre and the B-dot
probe position for the 1st experiment, for a capacitor-coil target (solid red curve) and for a perfect coil of the same radius a (dashed
black curve), for the same current. (c) Relative uncertainty of theB-fieldmeasurements by the B-dot probes at their positions,
respectively in the 1st (top) and the 2nd (bottom) experiments.

Figure 4.Capacitor-coil target results ofB-field against timemeasured by the B-dot probes (solid curves), for theB-field at the probe
positions (left-hand side ordinates) and the correspondingB0 values at the coil’s centre (right-hand side ordinates): (a) 1st experiment
—targets of differentmaterials. (b) 2nd experiment—Ni targets. The grey dashed curves correspond respectively to a shot on the rear
disk holding the twoCudisks parallel at the distance μ=d 900 m0 butwithout any connectingwire, and to aNi target with a straight
wire between the disks (no coil): their values refer exclusively to theB-field at the probe position (left-hand side ordinates). The
symbols refer exclusively to theB-field at the coil centre,B0 (right-hand side ordinates), and are themeasurements obtained forNi
capacitor-coil targets by Faraday rotation (square, at =t 0.2 ns) and by proton-deflectometry (red circle, at =t 0.35 ns). The smaller
orange circles representB-field estimates fromproton-deflectometry images obtained at later times: the discrepancywith B-dot probe
results is explained in the text by electrostatic effects due to electron trapping near the coil.

5

New J. Phys. 17 (2015) 083051 J J Santos et al



The targets used in the 2nd experiment had a reduced front disk hole (diameter of 1000 instead of μ1750 m),
seeking for capturingmore non-thermal electrons. However, a comparison of the results leads to the conclusion
that the hole size is not a determining parameter for the peakB-field strength, yet the secondB-field peak
oscillation at ≳t 2 ns ismore pronounced. The typical duration of the pulsedB-field is of a few ns, with
fluctuationsmostly due to the varying distance d0. All signals present slower amplitude variations at later times
(non-represented), probably corresponding to electromagnetic couplingwith objects around the target
(secondary targets, diagnostics, chamber walls), converging to zero at ∼150 ns.

The efficiency of the coils was tested by B-dot measurements in two blank shots: grey dashed curves in
figures 4(a) and (b), corresponding respectively to two Cu disks without any connecting wire (held
separately), and to a Ni target with a straight wire between the disks (no coil). The dashed curves’ values
correspond exclusively to the measurements at the probe positions (left-hand side ordinates). One concludes
that (i) the irradiated disk charging by laser–target interaction and current of escaping electrons have a
negligible contribution to the integrated signals (as well as any neutralizing current from the ground through
the disk stalk) unless there is a physical connection between the disks, and (ii) the contributions from
currents flowing through other target segments besides the coil (in particular the straight parts of the
connecting wire) are sufficiently weak if compared to the results obtained with coil-shaped wires: the coil is
the dominant source of the magnetic flux.

The B-dot results for ≲t 0.4 nswere confirmed in the 2nd experiment bymeasurements of the Faraday
rotation of the polarization direction of a linearly-polarized probe laser beam, and of the laser-accelerated
proton deflections: respectively full square and circular-symbols infigure 4(b). TheB-field peak values could not
bemeasured by these two diagnostics due to laser-plasma effects, as described in the next sections.

2.2. Faraday rotation
The Faraday rotationmeasurements, using a 9 ns-duration probe laser at 533 nmwavelength incident along the
coil-axis, were performedwith two μ500 m-thick birefringent terbium gallium garnet (TGG) crystals with its
centre placed at 3.5 mm from the coil plane: TGG1 (0.5 mm-wide) was centred on the coil axis andTGG2 (1
mm-wide) at a 1.9 mmperpendicular offset. The TGGVerdet constant, ° − −11.35 T mm1 1, is 38 times higher
than that of SiO2 used in the earlier work by Fujioka et al [28], allowing to be sensitive toweakerB-field
strengths. No Faraday rotationmeasurements were successful with the crystals located neither closer to the coil,
because of signal blackout quasi-synchronous with the laser irradiation of the target—due to very rapid crystal
ionization by the hard x-rays and fast particles issuing from the interaction region—nor further away from the
coil where the localB-fieldwas tooweak. The Faraday effect wasmeasured by using a time-resolved polarimeter,
constituted of aWollaston prism to separate the two perpendicular components of the probe beam field, and a
streak camera (see figure 1(b)). The time-resolution of ≈300 ps was limited by the camera time-resolution and
by the laser jitter. The quantification of the rotation angle was previously calibrated, withoutB-field, by
quantifying the polarization ratio of the two transmitted perpendicular-polarization signals, defined as

= +∥ ∥ ⊥R E E E( )2 2 2 , as a function of the orientation of the incident light polarization. The obtained linearfit of
the experimental data was consistent with theMalus law by an average χ ≈ 0.0022 adjustment. For the shots
withB-field, the incident polarizationwas setup at − °45 and + °45 relative to ∥E and ⊥E respectively, yielding a
ratio = ±R 0.50 0.01 for the situationwithoutB-field.

Figure 5 shows the analysis of a successful shot for the Faraday rotation effectmeasurement, as a function of
time: transmitted ∥E 2 (solid black) and ⊥E2 (dashed black), and correspondingR (solid red) are plotted for (a)
TGG1 and (b) TGG2 (the plotted values correspond to averages over the respective crystals’width). The crystals’
blackout times are indicated by the light grey dashed vertical lines. Panel (c) plots the corresponding local axial
component of theB-field averaged over the crystals thickness andwidth, solid black for TGG1, dashed red for
TGG2, obtained assuming that the TGGVerdet constant does not changewith time due to the increase in crystal
temperature.We see that theB-field inferred from theTGG2measurements is tooweak and remains at the
signal noise level, of ±0.03 T. As for the TGG1measurements, theB-field clearly rises up to the blackout time.
To comparewith B-dot probemeasurements we selected the time ≈t 0.21 ns, indicated in both panels (a) and
(c), where the averagedB-field is evaluated to ≈ ±0.22 0.05 T along the coil axis at a ±3.50 0.25 mmdistance
from its centre. The black square symbol infigure 4(b) corresponds to theB0 strength (right-hand side ordinate
axis) extrapolated from thatmeasurement, using the samemagnetostatic code [29] and a similar protocol as for
the B-dot data. In spite of the diagnostic uncertainties—related to the crystal thickness, accessible width and
equivalent height of the streak slit on the crystal plane, and theB-field gradients over such crystal volume—the
obtained value for the extrapolatedB0 is fairly consistent with the B-dot probemeasurements.

2.3. Proton-deflectometry
The proton-deflectometry technique allows tomeasure theB-field directly in the coil region. A proton beamwas
createdwith a short laser pulse (50 J on target, 1 ps FWHMat ω1 0) focused onto μ10 m-thickAu foils at
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≈ −10 W cm19 2 intensity. Proton beams of ∼20 MeV maximum energywere generated by the target normal
sheath acceleration (TNSA)mechanism at the foils’ rear surface [32, 33], located at a distance of 5mm from the
target coil. The proton beampropagation axis was perpendicular to the coil axis, and it was detected 45 mm
away from the coil by a 15-layers radiochromic film (RCF) stack. The proton deflections due to theB-fieldwere
quantifiedwith the help of a μ42 m-pitchmesh, positioned 3 mmbefore the coil (see figure 1(b)). RCF proton
imprint images correspond to amagnification of 10 for the coil plane and of 25 for themesh plane. A μ195 m-Al
protectionfilm before the RCF stack limited the detection to protons of energy ϵ ⩾ 5 MeVp and electronswith
energies ϵ ⩾ 260 keVe . The proton imprint signal on eachRCF layer corresponds to a narrow energy range of
their spectrum, due to the Bragg peak energy absorption. Accounting for the time-of-flight (TOF) between the
proton source and the coil, each shot, with a chosen delay Δτ between themain and proton-driving lasers,
scanned the effects of theB-field on the proton-trajectories over the time range of Δτ= +t TOF, with TOF
between 80 and 160 ps.

Figure 6(a) shows a typical image of the RCF layer corresponding to the imprint of protons of energy
ϵ = ±13 1p MeV, obtained in a shotwith Δτ = 0.25 ns. The corresponding probing time is ≈t 0.35 ns. The
mesh-shadowdeformations are detected for distances till μ∼500 m from the coil centre (the given spatial scale
corresponds to the plane of the coil centre, perpendicular to the proton beam axis, where the unperturbedmesh
shadowhas a pitch of μ105 m). However, themost outstanding feature is the centred bulb region void of any
proton imprint due to the very strongB-field. Figure 6(b) shows the result of aMonte-Carlo simulation of the
trajectories of randomly injected protons within the energy range of the experimental signal in (a). Both the
mesh-shadowdeformations and bulb size compare verywell with the experimental imagewhen imposing a coil
current =I 40 kA, yielding theB-field in the coil centre =B 950 T. Figure 6(c) shows themap of the
experimentalmesh vertical deformations (measured from thefilm corresponding tofigure 4(a)), fairly
indicating a dipole-likeB-field spatial distribution, with a typical length scale of1mm. Infigure 6(d) the
horizontal lineout of the experimental vertical deformationmap at μ= ±z 0 105 m (circles) is compared to the
corresponding synthetic deformations for different strengths of theB-field (curves), leading to the evaluation of

= ±B 95 200 T at the corresponding probing time, ≈t 0.35 ns. This value, solid red circle infigure 4(b) (right-
hand side ordinates), agrees with the evaluation from the B-dotmeasurements.

Figure 7(a) shows the RCF images obtained for ϵ = ±13 1p MeVprotonswith different delays Δτ between
the laser pulses. Surprisingly, the bulb size and the overallmesh imprint deformations decrease with time:
protons of the same energy undergo smaller deflections if injected at later times. Themeasurement of the void
bulb size andmesh-imprint deformations for >t 0.35 ns, following the same protocol as before, would hold the
B0 values and uncertainties represented by the small orange circles infigure 4(b): theB0 decreasing behaviour as
a function of time is in contradictionwith the B-dot probemeasurements, and does not agreewith the laser-
charging process up to =t 1ns. Figure 7(b) shows images fromRCF layers corresponding to ϵ = ±16.8 0.8p

MeVprotons, for the same first two delays Δτ : for each delay, the usualmesh imprint and void-bulb proton
signatures are smaller, consistently with the higher proton energy. Yet, we detect a second particle species
producing a large circular halo on both images, superposed to the proton signature. For each shot, such a halo is
clearly visible with the same size and shape over the successive last six layers of the RCF stack, identifying it as the
signature of relativistic electrons, accelerated at the Au-foil front surface by the short laser pulse, and relatively
homogeneously deposing energy over the successive RCF layers. Accounting for their spectrum (inferred from

Figure 5. Faraday rotation effect on probe laser light over twoTGG crystals, placed at 3.5 mm from the coil plane, TGG1 centred on
the coil axis andTGG2 at a 1.9 mm perpendicular offset, evaluated from a time-resolved polarimeter: (a) detected signals of
perpendicular polarizations: ∥E 2 (solid black) and ⊥E2 (dashed black), and the corresponding polarization ratioR (red), for TGG1. (b)
Idem, for TGG2. (c) Axial component of theB-field averaged over the crystals μ500 m-thickness: solid black for TGG1, dashed red for
TGG2.
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particle-in-cell simulations of the short pulse laser interaction), the foil potential barrier and the Al-filtering of
the RCF stack, the halo signal should correspond to electronswith energies between 3 and 5 MeV.Comparing
images fromdifferent shots (seefigure 7(b)), we observe that the halo size increases for increasing Δτ .

The signature of the relativistic electrons evolves in opposition to the proton signature. This can be explained
by amonotonous increase, over the ns time scale of themain laser irradiation, ofmagnetized plasma electrons in
regions of strongB-field around or at the vicinity of the coil. Themain-laser interactionwith the target rear disk
creates a plasma 3 mmbelow the coil. As determined by x-ray spectrometry alongwith a comparisonwith
calculated atomic spectra, its temperature is of the order of ≈ ±T 1.5 0.1 keV, with a high-energy electron
component of ≈ ±T 40 5e keV. A fraction of these electrons can streamupwards to the coil-wire region in less
than 30 ps, where they can bemagnetized: their Larmor radius is μ<10 m ( ≈B 100 T0 is achieved at ≈t 300 ps
(see figure 4)),much smaller than the typical size of the strongB-field region, μ∼ =a2 500 m. The progressively
increasing charge ofmagnetized electrons at the coil vicinity can produce an electrostatic effect sufficient
important to influence the deflection trajectories of the probing particles, with increasing focusing or defocusing
contributions respectively for the TNSAprotons and for the relativistic electrons issuing from the short laser
pulse interactionwith the Au foil. A trapped electron charge as small as × −5 10 C7 yields an electrostatic
potential at a distance ∼r a from the coil centre already comparable to the 20 MeVprotonmaximum energy.
This charge corresponds to a density ofmagnetized electrons ∼ ×n 5 10 cme

mag 16 3 in a sphere of radius a, which
is about 5%of the density of the supra-thermal electrons expected to stream through the coil region. This would
be enough to electrostatically balance themainmagnetic force on the probing TNSAprotons and relativistic
electrons. Themagnetization condition for themain plasma electrons, ω ω≳ce pe (assuring that the potential
stays localized at the coil vicinity), determines amaximum ≲ −n 10 cme

mag 17 3 (for ∼B 100 T0 ), consistent with
the previous estimation.

Other plasma effects can influence proton-deflectometrymeasurements, but their effect is expected to be
negligible compared to the electrostatic one: (i) the pressure of themagnetized electrons in the coil region

= ∼ ×p n T 6 10e e
mag

e
7 Pa, which remainsmuch smaller than the density ofmagnetic energy

Figure 6. (a) Sample RCF image of proton-deflectometrymeasurements in an early probing time =t 0.35 ns after ns-laser light starts
to irradiate the B-loop target’s rear disk. TheRCF position corresponds to the imprint of ±13 1 MeVprotons. (b) ±13 1 MeV
proton imprint on detector plane given by aMonte-Carlo simulation of their trajectories over a 3DB-fieldmapwith =B 95 T0

(previously calculated by themagnetostatic code). (c)Map of experimental vertical deformations of themesh shadow. The spatial
scale on each image corresponds to the plane of the coil centre. (d) Corresponding horizontal lineouts of the experimental (circles)
and synthetic (curves, for differentB-field strengths) vertical deformations of themesh imprint.
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μ= ∼ ×p B 2 4 10B 0
2

0
9 Pa, for =B 1000 T. (ii) Diamagnetic currents of the trapped electrons ∼j en v1 e

mag
e,

yield amagnetic field over the characteristic length a of μ∼ ∼B j a 101 0 1 T, eventually opposed butmuch
smaller than theB0 inferred by the other diagnostics.

3. Conclusions

In conclusion, our experimental results were obtained simultaneously by three independent diagnostics
showing a reproducible quasi-staticB-field generation by laser interactionwith capacitor-coil targets, typically
with a few ns duration and a1mm3-volume, yielding peak strengths of several hundreds Tesla, depending on the
targetmaterial: the dipole-likemagnetic field total energy is of the order of 8.3%±1.5%, 4.5%±0.8% and
0.35%±0.05%of the invested laser pulse energy, respectively for Cu,Ni andAl targets. The observed differences
with the different targetmaterialsmay be attributed to (i) the different resistive behaviour at low temperature,
though the current rise time and consequent wire heating is identically rapid erasing resistivity differences, and,
probablymore important, to (ii) the plasma temperature and hydrodynamics yielding different short-circuiting
times: this will be object of further investigations. The correct extrapolation of theB-field amplitude at the centre
of the coils fromdistantmeasurements (at a fewmm for Faraday rotation, and at a few cm for the pick-up coil
probes) is performed by an accurate coding of the target shape andmagnetostatic computation of the current

Figure 7. Sample RCF data fromdifferent shots with varying delay Δτ : (a) for ±13 1 MeVprotons, and (b) for ±16.8 0.8 MeV
protons and ±4 1 MeVelectrons. The corresponding probing times for protons are shown at the upper part of the images (straight t)
and for electrons in the lower part (italic t). The spatial scale corresponds to the plane of the coil centre.
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intensity looping in the capacitor-coil targets. Results fromFaraday rotation and proton-deflectometry are
consistent with the B-dot probemeasurements at the early stages of the target charging, up to ≈t 0.35 ns, and
then are disturbed by radiation and plasma effects, respectively the blackout of the birefringent crystal and, as
we concluded, a negative electrostatic potential. The later is formed likely due to electronmagnetization around
the coil region, summing up to themainB-field effect and explaining the decreasing proton deflections for

>t 0.4 ns.
While the typicalmm3-volume and ns-duration of the producedB-field pulses are small compared to the

parameters achieved in the large-scale experiments and the state-of-the-artmagnetsmentioned in the
introduction, they are characterized by an unprecedentedly high conversion efficiency (approaching the range
of 10%) of the driver energy intomagnetic energy.Moreover, this all-optical technique lends itself to the
magnetization and accurate probing of high-energy-density samples driven by secondary powerful laser or
particle beams: given the ≈10 μmns−1 expansion velocity of the coil rod, the strongB-field region is accessible
for several ns.
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