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Guiding of relativistic electron beams in dense
matter by laser-driven magnetostatic fields
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Intense lasers interacting with dense targets accelerate relativistic electron beams, which

transport part of the laser energy into the target depth. However, the overall laser-to-target

energy coupling efficiency is impaired by the large divergence of the electron beam, intrinsic

to the laser–plasma interaction. Here we demonstrate that an efficient guiding of

MeV electrons with about 30MA current in solid matter is obtained by imposing a laser-

driven longitudinal magnetostatic field of 600 T. In the magnetized conditions the trans-

ported energy density and the peak background electron temperature at the 60-μm-thick

target's rear surface rise by about a factor of five, as unfolded from benchmarked simulations.

Such an improvement of energy-density flux through dense matter paves the ground for

advances in laser-driven intense sources of energetic particles and radiation, driving matter to

extreme temperatures, reaching states relevant for planetary or stellar science as yet inac-

cessible at the laboratory scale and achieving high-gain laser-driven thermonuclear fusion.
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Optimization of high-energy-density (HED) electron flows
through solid-density or denser matter is a major chal-
lenge for improving laser-driven sources of energetic

particles and radiation1–3, or for driving matter to temperatures
relevant to the study of structural and dynamic properties of
warm dense matter or HED matter4 of interest in planetary
science5,6 or astrophysics7,8, or even for the development of high-
gain inertial confinement fusion (ICF) schemes9,10. When inter-
acting with dense (opaque) targets, intense laser pulses drive
high-current relativistic electron beams (REB), which can trans-
port a significant fraction of the laser energy into the targets’s
depth11–13. However, the energy-density flux degrades rapidly
against the penetration depth due to resistive and collisional
energy losses14–18 and mostly to the intrinsically large divergence
of the REB19–21, as a result of the laser–plasma interaction and
the development of electromagnetic instabilities at the target
surface22,23. Devising means of controlling the REB transverse
spread and confine its propagation within a small radius would
for example maximize the electrostatic energy exchange with the
ions and their acceleration24, or optimize electron energy trans-
port and isochoric matter heating4, effects of great benefit in the
aforementioned research fields and applications. For example, in
the framework of the Fast Ignition (FI) scheme for ICF25,26,
imposed axial magnetic fields (B-fields) in the 1–10-kT range
should be able to guide GA currents of MeV electrons over 100-
μm distances from the laser-absorption region, i.e., up to the
dense core of nuclear fuel27,28. This would enhance the electrons
energy coupling to the core, potentially leading to high-gain
fusion-energy release while reducing the needed ignitor-laser
energy.

Radially confined REB transport has been experimentally
reported due to self-generated resistive B-fields by using specific
laser irradiation schemes and/or target structures29–33. The
common principle is that collimating B-fields are self induced by

REB intense currents in resistive media, due either to the current
shear or to radially converging gradients of resistivity along the
REB propagation axis34,35. Nonetheless, so far obtained data show
that many electrons are not magnetically trapped and maintain
their initial divergence and radial spread. The number of guided
electrons remains under 25%. Proposed improvements for REB
self-guiding involve sophisticated target structures36–38, which
could hardly be tested in the harsh conditions of an ICF target.

In the present work we apply an external B-field in REB
transport experiments. The ≈600-T B-field is enough strong to
guide MeV-range electrons in solid targets. It is produced by an
all-optical technique using laser-driven coil targets39–46. This
technique creates a magnetostatic field of sufficiently long dura-
tion to fully magnetize the transport target prior to REB gen-
eration. Our results clearly show efficient REB pinching through
solid-density targets of 60-μm thickness. Benchmarked simula-
tions reveal about a factor of five increase in energy-density flux
at the target’s rear surface.

Results
Experimental setup. The experiments were conducted at the
LULI pico 2000 laser facility with a 1.06-μm wavelength (1ω0)
dual laser beam configuration: A high-energy long-pulse beam
(LP: 1 ns, 500± 30 J, (1.4± 0.6) × 1017W cm−2) focused into Ni
coil-targets produced a B-field of several hundred Tesla and
duration of a few nanoseconds42. At different delays Δt with
respect to the LP-laser, a high-intensity short-pulse beam (SP: 1
ps, 47–49 J, (1.5–3) × 1019W cm−2) was focused at normal inci-
dence and generated a REB in solid targets. The setup at the coil
vicinity is sketched in Fig. 1a. Further details on the coil-targets
geometry and laser irradiation are given in Methods and Sup-
plementary Note 1.
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Fig. 1 Experimental configuration for relativistic electron beam transport with imposed B-field. a Sketch of the experimental setup at the coil vicinity: the
relativistic electron beam (REB) is generated by the intense ps laser, focused parallel to the coil axis and at normal incidence onto the center of the front
surface of a neighboring solid 50-μm-CH/10-μm-Cu-thick target of 200-μm diameter. An intense current discharge is previously driven in the Ni coil target
(coil radius of 250 μm) by a high-energy ns laser, yielding a dipole-like B-field along the coil axis. REB patterns were investigated by imaging the coherent
transition radiation (CTR) emitted from the transport targets’ rear surface. b–e B-field distribution in vacuum (origin of the spatial coordinates at the coil
center) at its peak value, 1 ns after ns-laser driving, as experimentally and numerically characterized in ref. 42. b, d Amplitude of the B-field longitudinal
component averaged over the 60 μm target thickness, Bz, at the two explored positions of the transport target (offsets of the target center with respect to
the coil center, as labeled). The dashed circles represent the position of the transport target in the perpendicular plane. The coil axis and the intense ps-
laser axis are respectively represented by the cross signs and the center of the light-blue circles. The radius of the later corresponds to the REB source
radius at the ps-laser-irradiated target surface, r0, in the REB-transport simulations. c, e Absolute value of the B-field vertical component By
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and arrow representation of the B-field lines over the target x= 0 -slice, for the two target positions. The plots correspond also to the B-field embedded into
the targets as initial conditions for the REB-transport simulations in magnetized conditions, in agreement with predictions of the B-field resistive diffusion.
The light-blue regions on the left-hand side of the plots indicate the size of the REB source. Image in a was created by M.B.-G. and J.J.S.
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The REB transport targets were 200-μm-diameter and 50-μm-
thick plastic (CH) cylinders with a 10-μm-thick Cu coating on the
rear side. The cylinder’s axis was invariably parallel to the coil
axis, and for the two experimental runs, we explored successively
positioning the target in two configurations: (i) shifted from the
coil plane (with horizontal and vertical offsets of the target center
with respect to the coil center of Hoffset = −70 μm, Voffset = 120
μm), and (ii) at the coil plane (Hoffset = 0 μm, Voffset = 50 μm). This
enabled us to explore two different 3D spatial distributions for the
B-field imposed to the transport targets, as seen in Fig. 1b, c for
configuration (i) and Fig. 1d, e for configuration (ii). For each of
the two configurations, the choice of Δt controlled the time
allowed for B-field diffusion in the transport targets prior to REB
injection, testing REB transport in different conditions of target
magnetization.

The evolution of the transport-target magnetization has been
predicted by simulations of the B-field resistive diffusion inside
the target as the B-field rises up to its peak value (rise-time of ≈1
ns, consistent with the duration of the LP-laser driver). The
results show that by ≈1 ns the transport targets are fully
magnetized: the B-field spatial distribution inside the target is
then similar to the distribution expected in vacuum at the target
position (Supplementary Note 2). Assuming a constant resistivity
η = 10−6Ωm (expected for CH at 1 eV), this magnetization time
agrees with a simple linear estimate of the B-field diffusion time
τdiff = μ0L2/η ≈ 1 ns over the length L = 50 μm of the target
CH layer.

The REB transverse pattern after crossing the target thickness
was investigated by imaging the Coherent Transition Radiation
(CTR) emission from the rear surface at twice the laser frequency,
2ω0. The emitting surface was imaged at a 22.5° horizontal angle
from the target normal into an optical streak camera used with a
wide slit aperture as a fast gated 2D frame grabber19. CTR is a
non-linear emission mechanism providing the signature of
relativistic electrons at their first transit through the target’s rear
surface16,47–49.

Experimental results. Sample results of the CTR signals are
shown in the first row of Fig. 2, for target position configurations

(i) on the left, and configuration (ii) on the right, with and
without imposing an external B-field, as labeled. The aspect ratio
of the signals has been corrected from the observation angle. For
the two data sets, the average SP laser energy and intensity were
respectively (i) 47± 6 J and 3.0± 0.8 × 1019W cm−2, (ii) 49± 1 J
and 1.5± 0.4 × 1019W cm−2. The difference in laser intensity is
mainly due to different focal spots in the two independent
experimental runs.

Without externally imposed B-field (Fig. 2a, d), we obtained
rather large (≈14± 2 μm half-width-half-maximum, HWHM)
and fairly symmetric CTR patterns. When imposing the
longitudinal B-field for the target position (i) and varying the
delay of REB injection, at Δt = 0.5 ns (Fig. 2b) the CTR yield is
slightly weaker and its pattern looks twisted, yet the average size is
comparable to the case without B-field. As mentioned before, the
target should not be yet fully magnetized.

At Δt = 1 ns we have obtained CTR patterns significantly
different than the case without B-field, for both target positions
(i) and (ii) (respectively Fig. 2c, e). The CTR patterns are clearly
narrower horizontally. Vertically, the signal is also narrower for
configuration (ii), while it is elongated for configuration (i). These
correspond to half-height areas of equivalent radius ≈13 μm for
configuration (i) and ≈9 μm for configuration (ii). The CTR yield
decreased for configuration (i) and increased for configuration (ii)
relative to the corresponding signals without B-field. As discussed
above, the delay Δt = 1 ns corresponds to REB transport in
magnetized targets. As for a 600 T field (see values of Bz around
the REB axis in Fig. 1b, d) the Larmor radius of MeV electrons
becomes smaller than the REB initial radius, the electrons are in
principle trapped and follow the B-field lines. The differences in
the patterns shape and yield between Fig. 2c, e are then related to
the different B-field spatial distributions inside the targets, as
represented in Fig. 1c, e. In particular, the CTR yield drop in
configuration (i) is explained further below by means of REB
transport simulations: the By component (Fig. 1c) deviates
downwards the REB propagation axis (further away from the
solid angle of the CTR lens), elongates the REB path inside the
target and broadens its momentum distribution. In comparison,
for configuration (ii) with optimum B-field symmetry, the REB
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Fig. 2 Experimental and synthetic images of the coherent transition radiation. Coherent transition radiation (CTR) is produced at the transport targets’ rear
surface when relativistic electrons cross the boundary between the target and vacuum. a–e Experimental data and f–i synthetic CTR calculated from
3D PIC-hybrid simulations of fast electron transport, for the two configurations (i) target out of the coil plane and (ii) target at the coil plane (Fig. 1), with
and without imposed B-field. The black horizontal bars, corresponding to 20 μm, give the spatial scale at the emitting target surface. The contour lines
correspond to the half-height of the signals. The crossed dashed lines indicate the position of REB injection at the targets’ front laser-irradiated surface. The
synthetic images are calculated at the end of the simulation runs and account for all particles having reached the targets’ rear surface
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axis is not deviated and the narrowing of the signal in Fig. 2e
compared to Fig. 2d is significant, more symmetric, and is a more
clear signature of a radially pinched REB. An increase in the REB
density at their first transit through the target’s rear surface is
here directly evidenced by an enhancement of the CTR yield by a
factor 6.

Relativistic electron transport modeling. Details of the REB
propagation and energy transport were unfolded by simulations
using a 3D particle-in-cell (PIC)-hybrid code for the electron
transport50, accounting for fast electron collisions with the
background material and REB self-generated fields. We simulated
REB transport in both magnetized and unmagnetized conditions.
For the former case, we assumed full target magnetization (cor-
responding to Δt = 1 ns) imposing as initial conditions the 3D
distributions illustrated in Fig. 1b–e for the B-field embedded into
the targets. The initial REB total kinetic energy was set to 30% of
the on target SP-laser energy, and injected at the front surface
over a region of r0 ≈ 25-μm-radius HWHM (light-blue marks in
Fig. 1b–e), corresponding to empiric factors 4 or 3 of the SP-laser
focal spot size HWHM, respectively, for configuration (i) or (ii).
The injected electron kinetic energy spectra (dashed lines in
Fig. 3a, b) were characterized by power laws for the low energy
part / ε�1:6

k and exponential laws for the high energy part ∝ exp
(−εk/Th) with T iÞ

h ¼ 2:0MeV and T iiÞ
h ¼ 1:3MeV, as predicted by

the ponderomotive potential51 for the corresponding laser para-
meters. The injected angular distribution was characterized by a
30° mean divergence angle and a 55° dispersion angle as defined
in refs 23,38,52. All the above geometric and energy REB source
parameters are consistent with our previous experimental and
numerical characterization for the data obtained in the same laser
facility using equivalent laser parameters17,52 (see Supplementary
Note 3 for further details). The total simulation time was set to
3.6 ps (with t = 1.25 ps corresponding to the peak REB flux at the
front surface).

For a direct comparison with the experimental data, we
developed a synthetic CTR-emission post-processor applied to
the transport code output. CTR is reconstructed by the coherently
added transition radiation fields produced by each simulated
macroparticle49. Details on the parameters and assumptions of
the CTR post-processing are presented in Methods and in
Supplementary Note 4. Synthetic CTR signals are presented in
Fig. 2f–i, reproducing fairly well the experimental CTR patterns
as well as the relative signal yield change when imposing the B-
field. In more details, the simulations reproduce with 15± 2%
relative errors the ratio of CTR yield (with B-field/without B-
field) for both target positions. Regarding the patterns, the
synthetic CTR in the magnetized conditions is, in fair agreement
with the experimental data, radially pinched for configuration (ii)
(Fig. 2i) and vertically elongated for configuration (i) (Fig. 2g).
The experimental patterns’ radius (azimuthally averaged), with or
without B-field, is reproduced with 15± 5% relative errors, except
for the magnetized case of configuration (i), where the elliptic
shape of the experimental signal is not exactly the same of the
synthetic one and the relative error amounts to ≈33%.

As for the corresponding REB features and energy transport,
Fig. 3 shows the simulation results at the 60-μm-thick targets’
rear side surface for the two target position configurations:
Fig. 3a, b show the time-integrated electron energy spectra for
simulations with (red) and without (blue) B-field, compared to
the corresponding spectrum at the front surface (dashed black). A
significant number of electrons with energy εk< 100 keV are
absorbed or scattered out of the simulation box before crossing
the target, as expected from the direct collisions with the
background material and by electric-field stopping linked to the

resistive neutralizing current of thermal electrons17,18,52. These
losses are slightly mitigated with the symmetric B-field, config-
uration (ii). The time-integrated REB energy-density flux patterns
(Fig. 3c–f) clearly show radial pinching due to the imposed B-
fields, increasing the peak values by factors ≈15 and ≈20 and
decreasing the beam mean radius by factor ≈3 and ≈2,
respectively, for configurations (i) and (ii). An other positive
outcome is that the imposed B-field smoothes the REB filaments
compared to simulations without B-field, for both target
positions. The substantially smoother, narrower and denser
beams in Fig. 3d, f correspond to unprecedented efficient guiding
and improved energy-density flux. The impact is clearly seen in
the reached peak background electron temperature (Fig. 3g–j),
which is higher with B-field by a factor ≈5.9 for both target
positions.

Yet, it is noticeable in the simulations that the B-field in
configuration (i) deviates vertically the REB, exiting the target
with a vertical shift of ≈23 μm and an angle of ≈20° with respect
to its injection horizontal axis. This deviation increases and
broadens the electrons’ transport time and momentum-angle
distribution at the target rear side, contributing to roughly half of
the CTR-yield drop (Fig. 2c, g) compared to the unmagnetized
transport case (Fig. 2a, f). The vertical deviation also directs the
REB away from the CTR collecting lens. Calculations on how the
CTR yield would depend on the collecting lens angular position
are given in Supplementary Note 4 and Supplementary Fig. 3 and
lead to conclude that the setup lens position accounts for the
other half of the total CTR signal drop.

The efficient magnetic REB guiding is further evidenced by
analyzing the phase-space maps of the electrons reaching the
targets’ rear surface. For configuration (ii), the transverse
horizontal coordinates phase space (x, px) is plotted in Fig. 4:
in Fig. 4a without B-field, the inclined shape of high ellipticity is
characteristic of symmetric correlated transverse momentum and
position of a regularly diverging beam; in Fig. 4b with B-field, the
phase-space map is significantly narrower than in Fig. 4a, but
only for the spatial-coordinates. The induced cyclotron effect de-
correlates the electrons positions and momenta and their radial
spread is limited as they are trapped and move along (rotating
around) the B-field lines. This is possible as the ≈10-μm Larmor
radius, calculated for the REB-source mean kinetic energy εk � 1
MeV and a 600-T B-field, is smaller than the REB-source radius
r0 ≈ 25 μm. Yet the B-field does not really affect the electrons
intrinsic divergence as the width of the transverse momenta
distribution is maintained.

To understand the way the energy is forwardly transported into
the target, we plot in Fig. 4c the evolution with target depth of the
time-integrated REB total kinetic energy (Wk, diamonds
connected by dashed lines) and REB energy encircled over the
surface corresponding to the initial REB source, πr20 , kept
centered with the injection axis (Wk�r0 , stars connected by solid
lines). The loss rate of Wk against target depth is comparable for
the two cases without (blue) and with (red) B-field, except for the
first ~10 μm where the B-field efficiently confines electrons and
also smoothes the REB filaments. About 45% more energy is
transported to the target rear in the magnetized case due to the
magnetic confinement mitigating the high diffusivity of low-
energy particles. Much more importantly, the r0-encircled energy
around the injection axis at the target rear in the magnetized case
contains ≈66% of the total transported energy, against only ≈18%
for the unmagnetized case. As a consequence, the time-integrated
REB energy-density flux after crossing the target thickness
increases by ≈5.3× by applying the B-field, as visible from the
comparison of Fig. 3e, f.

In Fig. 5, two key experimental CTR metrics (horizontal
dashed bars) are compared to the corresponding synthetic
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counterparts (symbols) for different values of the imposed B-field
strength, in the case of target position configuration (ii). The
changes in both pattern surface (Fig. 5a) and the CTR yield ratio
with/without B-field (Fig. 5b) predicted by the simulations are
consistent with both experimental metrics for B-field strengths at
the coil center, B0 (the plotted abscissa), ranging from 500 to 600
T. This is consistent with our experimental characterization of the
B-field strength, B0 = 600± 60 T, in the specifically dedicated laser
shots42. This set of simulation results highlights the improvement
of the REB transport as a function of the B-field strength: For B0
up to 200 T, the mitigation of electron filamentation is evidenced
by a strong increase of the CTR yield (Fig. 5b), while not
significantly changing the CTR pattern area (Fig. 5a). The yield
ratio reaches a plateau for slightly stronger B-fields and increases
again for B0> 350 T concurrently with a significant drop of the
pattern surface. This is now a consequence of an efficient radial
confinement of the majority of the REB electrons, expectable
from the already mentioned guiding criterion: only at 350 T the
Larmor radius of 2 MeV electrons (approximately the maximum
energy of the REB spectra; see Fig. 3) finally drops to the REB
initial radius, r0 ≈ 25 μm.

Discussion
In conclusion, we succeeded to efficiently guide a laser-
accelerated MeV electron beam through solid-density matter by
imposing a 600 T B-field parallel to the electron beam propaga-
tion axis. The B-field was generated by using a coil target driven
by a high-energy ns-laser interaction42. This B-field was driven 1
ns before the REB acceleration, providing a sufficient time for the

magnetization of the CH 60-μm-thick transport targets.
According to benchmarked simulations accurately reproducing
the experimental data in our best setup configuration, we found
that the energy density transported by the fast electrons to the
targets’ rear surface and the peak background electron tempera-
ture increase, respectively, by factors of ≈5.3 and ≈5.9 compared
to the case without imposed B-field. This enhancement in energy-
density transport through dense matter is notable when com-
pared to experiments based on the REB guiding by self-generated
resistive B-fields29–33. Our experimental all-optical platform for
strong B-field production and guided transport of laser-
accelerated high-energy particles sets the ground for laboratory
studies in regimes of matter opacities and equations of state at
extreme temperatures. In the particular context of laser-fusion
research, relevant experiments with target compression in mag-
netized conditions and magnetically guided REB should poten-
tially optimize energy coupling to high-density cores of nuclear
fuel9,28,53–55.

Methods
Strong magnetostatic fields driven by laser. Magnetic fields (B-fields) with peak
value ≈600 T (±10%) and rise time of ≈1 ns were produced by the interaction of
high-energy (500 J), 1-ns-duration laser pulses focused at 1017W cm−2 into Ni
targets formed by two parallel disks, connected by a coil-shaped wire42. The target
is charged by the laser interaction with the rear disk passing through a hole on the
front disc: supra-thermal electrons of higher energy can escape from the potential
barrier and are ejected from the interaction region. Eventually, a fraction of them is
captured on the opposite, holed disk. Simultaneously, the coil-shaped wire reacts
like an RL circuit and a discharge current produces a dipole-like B-field. The B-field
at the center of the coil B0 ≈ μ0I/2a is related to the discharge current inten-
sity I looping in the target and to the coil radius a. μ0 is the vacuum permeability.
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The B-field strength rises monotonously during laser irradiation and then decays
over a timescale of a few nanoseconds. The corresponding Super-Alfvénic cur-
rents can be theoretically explained according to the space charge neutralization
and the magnetization of the plasma produced by the driver-laser between the
disks46. In our experiment, using 250-μm-radius Ni coil targets, the spatial-
integrated energy of the B-field at peak time corresponds to ≈4.5% of the driver
laser energy and is distributed over a volume of ≈1 mm3 (see Supplementary
Note 1 for further details).

Simulations of relativistic electron beam transport. PIC-hybrid simulations
allow to describe REB transport in dense matter, where the injected beam current is
modeled kinetically by a particle-in-cell (PIC) method and the neutralizing return
current of background thermal electrons is described as an inertialess fluid50,56,57.
Our simulation box corresponded to the transport-target dimensions, reproducing
its CH-Cu structure in terms of background density and resistivity behavior as a
function of the evolving background electron temperature due to REB-deposited
energy. The background electron temperature is initiated at 0.1 and 1 eV, respec-
tively, for the cases without and with B-field. The higher initial temperature in the
later case accounts for the target pre-heating by intense X-rays issuing from the
LP–laser interaction and the coil driven by the intense discharge current.

The REB source injected to the simulations at the target front surface, described
by parameters given in the main text, is consistent with measurements from our
previous experiments of REB-transport without exterior B-field, carried out in the
same facility with equivalent SP-laser parameters and absolutely calibrated
diagnostics52.

Given the picosecond-timescale of the REB transport, very fast if compared to
the nanosecond-scale evolution of the B-field strength or of its diffusion in the
target, we assumed that the B-field distribution is constant over each simulation
run-time. For the cases with applied external B-field, we only considered fully
magnetized targets (Δt = 1 ns). The B-field spatial distribution inside the target is
calculated as in vacuum with a 3D magnetostatic code58, which is consistent with
the experimental characterization of the B-field space-time evolution obtained with
laser-driven coil targets42.

The presented simulations assume no reflective conditions at the edges of the
simulations box, which size corresponded to the real target size. We are specifically

interested on unfolding the B-field effects over the first REB pass, that is on the
forwardly directed energy transport. CTR measurements are adapted as the signals
are the signature of mainly the first REB transit. Additional simulations with
reflective conditions are presented in Supplementary Note 6 and Supplementary
Fig. 5.

Coherent transition radiation. Coherent Transition Radiation (CTR) is produced
by the REB crossing the target-vacuum boundary19,47. Its timescale, of the order of
a few picoseconds, follows that of the fast electron flux envelope. Our experiment
was mainly interested in studying the effects of the imposed B-field on the REB
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energy forwardly transported into the target. CTR is an adapted diagnostic as it is
mainly the signature of the first REB transit at the target’s rear-side. The reasons
are that CTR is mostly sensitive to the electrons of appoximate MeV or higher
energy, the higher-energy part of the REB spectrum47,49, and that the emission
relies on a sharp interface between the dense target and vacuum, that is no longer
the case when a part of the beam electrons, mostly the lower-energy part, refluxes
into the target due to electrostatic fields at the target edge’s59: indeed the target
surface expands into vacuum due to the REB energy deposition and induced
heating16.

The pulsed character of relativistic laser-acceleration mechanisms modulates
longitudinally the REB current as a comb of periodic microbunches. The coherent
interference of the transition radiation produced by the electron comb crossing the
rear surface yields peak emissions at the spectral harmonics of the bunch
frequency48. 2ω0-light was selected by a 10 nm full-width-at-half-maximum
(FWHM)-bandwidth interferometric filter centered at 532 nm. The CTR imaging
system of the transport targets’ rear surface was composed by two doublet lenses
with an optical aperture of f/9, and was aligned on the equator plane looking at the
target rear Cu surface with a 22.5° angle with respect to its normal. The optical
system produced images with a magnification of ≈×20 with a spatial resolution of
≈7 μm FWHM. The streak camera was used with an open slit (≈5 mm) and the
faster sweep speed of 0.5 ns/screen synchronized to the SP laser beam interaction,
allowing to freeze the 2D pattern of the prompt CTR 2ω0 emission from the target
surface. As an extra precaution for reducing the noise level due to any spurious
light from the coil target, only the central region of the imaged field, corresponding
to the REB-transport target surface, was selected after the first lens.

The CTR data was used as benchmarking reference for the electron transport
simulations coupled to a synthetic CTR-emission post-processor. As the hybrid
transport code continuously injects particles during the laser pulse duration, we
assumed that the periodic electron microbunches produced throughout the
duration of the laser–plasma interaction are identical. The CTR is therefore
calculated for one wavelength, 532 nm, and for a single electron bunch, yielding
intensities in arbitrary units. More details are found in Supplementary Note 4.

Data availability. The authors declare that all data supporting the findings of this
study on REB transport in magnetized solid-density targets are available within the
paper and its Supplementary Information files. Other data concerning for example
the characterization of the laser-driven magnetostatic fields were published else-
where and are available from the corresponding author upon reasonable request.

Received: 5 November 2016 Accepted: 15 December 2017

References
1. Ledingham, K. W. D. & Galster, W. Laser-driven particle and photon beams

and some applications. New. J. Phys. 12, 045005 (2010).
2. Macchi, A., Borghesi, M. & Passoni, M. Ion acceleration by superintense

laser–plasma interaction. Rev. Mod. Phys. 85, 751 (2013).
3. Stark, D. J., Toncian, T. & Arefiev, A. V. Enhanced multi-MeV photon emission

by a laser-driven electron beam in a self-generated magnetic field. Phys. Rev.
Lett. 116, 185003 (2016).

4. Pérez, F. et al. Enhanced isochoric heating from fast electrons produced by
high-contrast, relativistic-intensity laser pulses. Phys. Rev. Lett. 104, 085001
(2010).

5. Brygoo, S. et al. Laser-shock compression of diamond and evidence of a
negative-slope melting curve. Nat. Mat. 6, 274–277 (2007).

6. Tahir, N. A. et al. Ultrahigh compression of water using intense heavy ion
beams: laboratory planetary physics. New. J. Phys. 12, 073022 (2010).

7. Remington, B. A., Drake, R. P. & Ryutov, D. D. Experimental astrophysics with
high power lasers and Z pinches. Rev. Mod. Phys. 78, 755–807 (2006).

8. Hoarty, D. J. et al. Observations of the effect of ionization-potential depression
in hot dense plasma. Phys. Rev. Lett. 110, 265003 (2013).

9. Robinson, A. P. L. et al. Theory of fast electron transport for fast ignition. Nucl.
Fusion 54, 054003 (2014).

10. Norreys, P. et al. Fast electron energy transport in solid density and compressed
plasma. Nucl. Fusion 54, 054004 (2014).

11. Wharton, K. B. et al. Experimental measurements of hot electrons generated by
ultraintense (>1019 W/cm2) laser-plasma interactions on solid-density targets.
Phys. Rev. Lett. 81, 822–825 (1998).

12. Nilson, P. M. et al. Scaling hot-electron generation to high-power, kilojoule-
class laser-solid interactions. Phys. Rev. Lett. 105, 235001 (2010).

13. Westover, B. et al. Characterization of the fast electrons distribution produced
in a high intensity laser target interaction. Phys. Plasmas 21, 031212 (2014).

14. Pisani, F. et al. Experimental evidence of electric inhibition in fast electron
penetration and of electric-field-limited fast electron transport in dense matter.
Phys. Rev. E 62, R5927–R5930 (2000).

15. Tikhonchuk, V. T. Interaction of a beam of fast electrons with solids. Phys.
Plasmas 9, 1416–1421 (2002).

16. Santos, J. J. et al. Fast-electron transport and induced heating in aluminum
foils. Phys. Plasmas 14, 103107 (2007).

17. Vauzour, B. et al. Relativistic high-current electron-beam stopping-power
characterization in solids and plasmas: collisional versus resistive effects. Phys.
Rev. Lett. 109, 255002 (2012).

18. Vaisseau, X. et al. Enhanced relativistic-electron-beam energy loss in warm
dense aluminum. Phys. Rev. Lett. 114, 095004 (2015).

19. Santos, J. J. et al. Fast electron transport in ultraintense laser pulse interaction
with solid targets by rear-side self-radiation diagnostics. Phys. Rev. Lett. 89,
025001 (2002).

20. Stephens, R. B. et al. Kα fluorescence measurement of relativistic electron
transport in the context of fast ignition. Phys. Rev. E 69, 066414 (2004).

21. Green, J. S. et al. Effect of laser intensity on fast-electron-beam divergence in
solid-density plasmas. Phys. Rev. Lett. 100, 015003 (2008).

22. Adam, J. C., Héron, A. & Laval, G. Dispersion and transport of energetic
particles due to the interaction of intense laser pulses with overdense plasmas.
Phys. Rev. Lett. 97, 205006 (2006).

23. Debayle, A., Honrubia, J. J., d’Humières, E. & Tikhonchuk, V. T. Divergence of
laser-driven relativistic electron beams. Phys. Rev. E 82, 036405 (2010).

24. Arefiev, A., Toncian, T. & Fiksel, G. Enhanced proton acceleration in an applied
longitudinal magnetic field. New. J. Phys. 18, 105011 (2016).

25. Tabak, M. et al. Ignition and high gain with ultrapowerful lasers. Phys. Plasmas
1, 1626–1634 (1994).

26. Atzeni, S. & Tabak, M. Overview of ignition conditions and gain curves for the
fast ignitor. Plasma Phys. Control. Fusion 47, B769–B776 (2005).

27. Strozzi, D. J. et al. Fast-ignition transport studies: realistic electron source,
integrated particle-in-cell and hydrodynamic modeling, imposed magnetic
fields. Phys. Plasmas 19, 072711 (2012).

28. Wang, W.-M., Gibbon, P., Sheng, Z.-M. & Li, Y.-T. Magnetically assisted fast
ignition. Phys. Rev. Lett. 114, 015001 (2015).

29. Kar, S. et al. Guiding of relativistic electron beams in solid targets by resistively
controlled magnetic fields. Phys. Rev. Lett. 102, 055001 (2009).

30. Ramakrishna, B. et al. Laser-driven fast electron collimation in targets with
resistivity boundary. Phys. Rev. Lett. 105, 135001 (2010).

31. Pérez, F. et al. Magnetically guided fast electrons in cylindrically compressed
matter. Phys. Rev. Lett. 107, 065004 (2011).

32. Scott, R. H. H. et al. Controlling fast-electron-beam divergence using two laser
pulses. Phys. Rev. Lett. 109, 015001 (2012).

33. Vaisseau, X. et al. Collimated propagation of fast electron beams accelerated by
high-contrast laser pulses in highly resistive shocked carbon. Phys. Rev. Lett.
118, 205001 (2017).

34. Bell, A. R. & Kingham, R. J. Resistive collimation of electron beams in laser-
produced plasmas. Phys. Rev. Lett. 91, 035003 (2003).

35. Robinson, A. P. L. & Sherlock, M. Magnetic collimation of fast electrons
produced by ultraintense laser irradiation by structuring the target
composition. Phys. Plasmas 14, 083105 (2007).

36. Robinson, A. P. L., Key, M. H. & Tabak, M. Focusing of relativistic electrons in
dense plasma using a resistivity-gradient-generated magnetic switchyard. Phys.
Rev. Lett. 108, 125004 (2012).

37. Schmitz, H., Lloyd, R. & Evans, R. E. Collisional particle-in-cell modelling of
the generation and control of relativistic electron beams produced by ultra-
intense laser pulses. Plasma Phys. Control. Fusion 54, 085016 (2012).

38. Debayle, A., Gremillet, L., Honrubia, J. J. & d’Humières, E. Reduction of the fast
electron angular dispersion by means of varying-resistivity structured targets.
Phys. Plasmas 20, 013109 (2013).

39. Daido, H. et al. Generation of strong magnetic field by an intense CO2 laser
pulse. Phys. Rev. Lett. 56, 846–849 (1986).

40. Courtois, C. et al. Creation of a uniform high magnetic-field strength
environment for laser-driven experiments. J. Appl. Phys. 98, 054913 (2005).

41. Fujioka, S. et al. Kilotesla magnetic field due to a capacitor-coil target driven by
high power laser. Nat. Sci. Rep. 3, 1170 (2013).

42. Santos, J. J. et al. Laser-driven platform for generation and characterization of
strong quasi-static magnetic fields. New. J. Phys. 17, 083051 (2015).

43. Law, K. F. F. et al. Direct measurement of kilo-tesla level magnetic field
generated with laser-driven capacitor-coil target by proton deflectometry. Appl.
Phys. Lett. 108, 091104 (2016).

44. Gao, L. et al. Ultrafast proton radiography of the magnetic fields generated by a
laser-driven coil current. Phys. Plasmas 23, 043106 (2016).

45. Goyon, C. et al. Ultrafast probing of magnetic field growth inside a laser-driven
solenoid. Phys. Rev. E 95, 033208 (2017).

46. Tikhonchuk, V. T., Bailly-Grandvaux, M., Santos, J. J. & Poyé, A. Quasi-
stationary magnetic fields generation with a laser-driven capacitor-coil
assembly. Phys. Rev. E 96, 023202 (2017).

47. Baton, S. D. et al. Evidence of ultrashort electron bunches in laser-plasma
interactions at relativistic intensities. Phys. Rev. Lett. 10, 105001 (2003).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02641-7 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:102 |DOI: 10.1038/s41467-017-02641-7 |www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


48. Popescu, H. et al. Subfemtosecond, coherent, relativistic, and ballistic electron
bunches generated at ω0 and 2ω0 in high intensity laser-matter interaction.
Phys. Plasmas 12, 063106 (2005).

49. Bellei, C. et al. Coherent transition radiation in relativistic laser-solid
interactions. Plasma Phys. Control. Fusion 54, 035011 (2012).

50. Honrubia, J. J. et al. Laser-driven fast-electron transport in preheated foil
targets. Phys. Plasmas 12, 052708 (2005).

51. Wilks, S. C. et al. Absorption of ultra-intense laser pulses. Phys. Rev. Lett. 69,
1383–1386 (1992).

52. Vauzour, B. et al. Unraveling resistive versus collisional contributions to
relativistic electron beam stopping power in cold-solid and in warm-dense
plasmas. Phys. Plasmas 21, 033101 (2014).

53. Johzaki, T. et al. Control of an electron beam using strong magnetic field for
efficient core heating in fast ignition. Nucl. Fusion 55, 053022 (2015).

54. Honrubia, J. J. et al. Enhancement of fast electron energy deposition by external
magnetic fields. J. Phys.: Conf. Ser. 688, 012033 (2016).

55. Azechi, H. et al. A pathway to laser fusion energy in Japan. J. Phys. Conf. Ser.
717, 012119 (2016).

56. Davies, J. R., Bell, A. R., Haines, M. G. & Guérin, S. M. Short-pulse high-
intensity laser-generated fast electron transport into thick solid targets. Phys.
Rev. E 56, 7193–7203 (1997).

57. Gremillet, L., Bonnaud, G. & Amiranoff, F. Filamented transport of laser-
generated relativistic electrons penetrating a solid target. Phys. Plasmas 9,
941–948 (2002).

58. Chubar, O., Elleaume, P. & Chavanne, J. RADIA. Available at http://www.esrf.
eu/Accelerators/Groups/InsertionDevices/Software/Radia (1997).

59. Mackinnon, A. J. et al. Enhancement of proton acceleration by hot-electron
recirculation in thin foils irradiated by ultraintense laser pulses. Phys. Rev. Lett.
88, 215006 (2002).

Acknowledgements
We gratefully acknowledge the support of the LULI pico 2000 staff during the experi-
mental run. J.J.S. gratefully acknowledges fruitful discussions with L. Gremillet. This
work was performed through funding from the French National Agency for Research
(ANR) and the competitiveness cluster Alpha—Route des Lasers, project number TERRE
ANR-2011-BS04-014. The authors also acknowledge support from the COST Action
MP1208 ‘Developing the physics and the scientific community for Inertial Fusion’
through three STSM visit grants. The research was carried out within the framework of
the ‘Investments for the future’ program IdEx Bordeaux LAPHIA (ANR-10-IDEX-03-02)
and of the EUROfusion Consortium and has received funding from the Euratom
research and training programme 2014–2018 under grant agreement No. 633053. The
views and opinions expressed herein do not necessarily reflect those of the European
Commission. The Japanese collaborators were supported by the Japanese Ministry of
Education, Science, Sports, and Culture through Grants-in-Aid for Young Scientists
(Grant No. 24684044), Grants-in-Aid for Fellows by JSPS (Grant No. 14J06592), and the
program for promoting the enhancement of research universities. Simulation work has

been partially supported by the Spanish Ministry of Economy and Competitiveness
(grant No. ENE2014-54960-R) and used HPC resources and technical assistance from
BCS and CeSViMa centers of the Spanish Supercomputing Network.

Author contributions
J.J.S. designed and executed the experiment as principal investigator, with the help from
M.B.-G., C.B., P.F.-C., S.F., L.G., J.E.C., R.C., J.-L.D., M.E., S.K., J.-R.M., A.M., S.S., J.S.
and Z.Z. and the engineering support from R.B., M.C., S.D., E.L. and F.S.; data analysis
was performed by M.B-G., with contributions from P.F.-C., L.G., M.E., S.K., S.S. and Z.Z.
and under the supervision of J.J.S., D.B. and S.F.; B-field diffusion modeling was per-
formed by J.J.H., who also developed the PIC-hybrid code; the CTR post-processor was
developed by C.B.; PIC-hybrid simulations were run and analyzed by M.B.-G. with
supervision of J.J.S, C.B. and J.J.H.; targets were manufactured by G.S.; G.G., S.H., Ph.N.,
M.R., V.T.T. and N.W. contributed to the discussion of the results; M.B.-G. and J.J.S. led
the manuscript writing; all the figures were prepared by M.B.-G.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
017-02641-7.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02641-7

8 NATURE COMMUNICATIONS |  (2018) 9:102 |DOI: 10.1038/s41467-017-02641-7 |www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-017-02641-7
https://doi.org/10.1038/s41467-017-02641-7
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Guiding of relativistic electron beams in dense matter by laser-driven magnetostatic fields
	Results
	Experimental setup
	Experimental results
	Relativistic electron transport modeling

	Discussion
	Methods
	Strong magnetostatic fields driven by laser
	Simulations of relativistic electron beam transport
	Coherent transition radiation
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




