Applied Physics Letters ARTICLE

pubs.aip.org/aip/apl

Record magnetic field generation by short-pulse
laser-driven capacitor-coil targets

Cite as: Appl. Phys. Lett. 127, 094101 (2025); doi: 10.1063/5.0279265

Submitted: 6 May 2025 - Accepted: 9 August 2025 -
Published Online: 2 September 2025

© th @

View Online Export Citation CrossMark

1,2,a)

Lan Gao, Yang Zhang,”” (%) Hantao Ji,"”

Jesse Griff-McMahon,? () Sallee Klein,”

Brandon K. Russell,?
Carolyn Kuranz,*

Geoffrey Pomraning,”
and Mingsheng Wei®

AFFILIATIONS

TPrinceton Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543, USA
?Department of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544, USA
*University Corporation for Atmospheric Research, Boulder, Colorado 80301, USA

“University of Michigan, Ann Arbor, Michigan 48109, USA

Laboratory for Laser Energetics, University of Rochester, Rochester, New York 14623, USA

2 Author to whom correspondence should be addressed: lgaoc@pppl.gov

ABSTRACT

Magnetic fields generated by capacitor-coil targets driven by intense short-pulse lasers have been characterized using ultrafast proton radiog-
raphy. A 1-kJ, 15-ps laser at a center wavelength of 1053 nm irradiated the back plate of the capacitor with an intensity of ~8.3 x 10"
W/cm?, creating ultra large currents in the connecting coils. High-quality proton data obtained in the axial probing geometry show definitive
signatures of magnetic field generation, allowing precision measurement of the field distribution and strength. The data show a coil current
of 120 = 10 kA producing 200 = 20 Tesla magnetic fields at the coil center at 1.127 ns after the laser drive. This sets a record for magnetic

field generation by the short-pulse-powered capacitor-coil targets.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0279265

Creation of strong magnetic fields using laser-driven capacitor-coil
targets' "' continues to attract extensive research efforts worldwide due
to its potential applications in both basic and applied high-energy-
density (HED) science. For a typical design, the target is comprised of
two parallel metallic foils connected with a conducting wire. By irradiat-
ing one foil with a high-intensity laser, the other becomes negatively
charged'” collecting superthermal hot electrons generated during the
intense laser—solid interaction."” This builds up a strong electrical poten-
tial between the two foils,"* resulting in a large current flowing through
the connecting wire and therefore strong magnetic field generation.

The capacitor-coil target is usually laser cut and bent into the
required coil shape, generating a range of magnetic field configura-
tions. The target has an open geometry, providing easy access for diag-
nostic views and magnetizing secondary samples. With a quasi-static
magnetic field persisting several nanoseconds in ~mm’ volumes,
laser-driven capacitor-coil targets have been successfully used in colli-
mating relativistic electrons,'”'® affecting hydrodynamic instability
growth rate,’” modifying collisionless shock formation'® and hot elec-
tron generation in laser-produced plasmas,'” and unraveling physics
in magnetic reconnection.””** Applications in magnetizing fusion
capsules for yield enhancement have also been sought.”

To push the frontiers of laser-driven capacitor-coil targets for
broader applications, stronger magnetic field generation with accurate
and reliable magnetic field measurement is essential. The majority of
existing work has used ns-scale lasers with intensities in the range of
10"-10"7 W/cm? to drive the targets reporting magnetic fields from
tens to hundreds of Telsa.' "' In contrast, short-pulse lasers—with
pulse duration in the fs to ps range—enabled by recent advancements
in laser technology, offer a promising platform for generating even
stronger magnetic fields at relativistic intensities exceeding 10'®
W/cm?. At such high intensities, multi-MeV electrons have been mea-
sured,”” potentially generating a much larger electrical potential
between the foils and, consequently, producing significantly higher coil
currents and stronger magnetic fields when applied to capacitor-coil
'[argets.27

Magnetic pickup probes and optical polarimetry have been used
as the primary diagnostics in early experiments where field measure-
ments could only be made at ~mm distances from the coil. This dis-
tance was necessary to prevent electromagnetic pulses and fast
particles from sabotaging the pickup coil signal or limited by the den-
sity region associated with the optical probe beam wavelength.” The
field strength closer to the coil was theoretically inferred based on a
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model that describes the magnetic field profile along the probe path,
which could lead to overestimation of the total magnetic energy stored
in the coil.” Direct measurements of the magnetic fields have been
achieved using ultrafast laser-driven proton radiography. '’
This diagnostic utilizes high-energy protons to probe through the
target,” " mapping the spatial distribution and time evolution of the
magnetic fields around the coil via proton deflections.” As the protons
are deflected by both electric and magnetic fields in the plasmas, the
challenge is unambiguous differentiation of magnetic fields from the
electric fields in forming the experimentally measured proton
radiographs.”

In this Letter, record magnetic fields generated by capacitor-coil
targets driven by intense short-pulse lasers at relativistic laser intensi-
ties are reported using axial laser-driven proton radiography. The
capacitor-coil target was irradiated by an infrared laser on the
OMEGA EP laser system at the University of Rochester’s Laboratory
for Laser Energetics,”’ with ~1kJ laser energy, 15ps pulse duration,
16 pum focal spot radius, and a center wavelength of 1053 nm. This cor-
responded to a focused laser intensity of ~8.3 x 10'® W/cm?, which is
2-3 orders of magnitude higher than typically used in previous work
with ns-long UV drives. A multi-MeV proton beam, in combination
with a mesh grid, probed through the coil region in the axial geometry
(the proton propagation direction is parallel to the coil axis, see Fig. 1).
High-quality proton data obtained in this setup show definitive signa-
tures that attribute to magnetic field only, allowing precision measure-
ment of the field distribution and strength. The data show a coil

Capacitor-Coil

1000 0 15 ps Target

Proton Generation
Assembly

Mesh

FIG. 1. Experimental setup illustrated with photographic images of the aligned tar-
gets (outlined in green), captured by the OMEGA EP target viewing system prior to
the actual experiment. The capacitor-coil target consists of two parallel Cu foils con-
nected by two parallel U-shaped Cu coils. The proton generation assembly is com-
posed of a Cu foil mounted inside a plastic tube and a Ta foil attached to the tube
end. An Au mesh is positioned 2.5 mm from the Cu foil and 4.5 mm from the center
of the U-shaped coils. The Cu foil, Ta foil, and Au mesh are aligned parallel to each
other.
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current of 120 = 10kA producing 200 = 20 Tesla magnetic fields at
the coil center at 1.127 ns after the laser drive. This sets a record for
magnetic field generation by the short-pulse-powered capacitor-coil
targets and opens up research opportunities in magnetic field genera-
tion and application.

Figure 1 shows a diagram of the experimental setup based on the
photographic image of the aligned targets captured by the OMEGA EP
target viewing system prior to the firing of the lasers. The capacitor-coil
target is comprised of two parallel Cu foils (50 um thick, 1.5 x 1.5 mm®
in size, and 600 um foil-to-foil separation), connected by two parallel
U-shaped Cu coils with a wire cross section of 50 x 50 um?* Each
U-shaped coil has two 500-um-long straight wires joined by a half-
circular wire with a curvature radius of 300 um, and the inter-coil
distance is 600 yum. An OMEGA EP short-pulse infrared laser beam
propagated through a 400-um-radius laser entrance hole on the front
Cu foil and was focused to the back foil at a 45° angle of incidence.

The main interaction was probed with an ultrafast proton beam in
a side-on geometry, the so-called axial proton radiography. The proton
generation assembly includes a 20-um-thick Cu foil and a 5-pum-thick
Ta foil that are 1 mm apart. A plastic tube was used to hold both foils,
with the Cu foil mounted inside the tube and the Ta foil attached to the
side facing the main interaction. Another EP infrared laser (0.3-kJ, 1-ps,
and 1053-nm center wavelength) irradiated the Cu foil at a 45° inci-
dence angle and an intensity of ~1.5 x 10" W/cm?, generating tens of
MeV protons via the target normal sheath acceleration mechanism
(TNSA).” The Ta foil protected the Cu foil from coronal plasma and x-
ray photons™ ensuring a high-quality proton beam that provides a spa-
tial resolution of 5-10 um and a temporal resolution of a few ps.”

An Au mesh was inserted between the proton assembly and the
capacitor-coil target, breaking the proton beam into beamlets. By
tracking the deflections of each beamlet as protons pass through the
coil region, direct measurements of the fields can be achieved. The Au
mesh was a 38-um pitch and a 26-um bar width Au grid placed
2.5mm away from the Cu foil inside the plastic tube. The protons
were eventually detected with a filtered stack of radiochromic film,
providing two-dimensional images of the interactions. Each film is
related to a proton energy by calculating proton energy deposition
inside the film stack at which the Bragg peak occurs, thereby diagnos-
ing the main interaction at times based on the proton time-of-flight to
the main target and the timing difference between the drive and proton
generation beams. For the experiments reported here, the relative tim-
ing between the two short-pulse beams was varied and measured with
an x-ray streak camera.”

The experimentally measured proton radiographs are magnified
proton images with magnification M, determined as M = (D + d)/d.
d is the distance from the proton source foil to the probed region, and
D is the distance from the probed region to the corresponding radio-
chromic film with a characteristic proton energy. In these experiments,
photographic images of the aligned targets captured by the EP target
viewing system were compared with the original design, confirming
that the distance from the Cu foil for proton generation was 2.5 mm
away from the Au mesh and 7 mm away from the center of coils. The
alignment error for the film stack was ~50 um. This careful cross-
check provided confidence in determining M, which was ~12.5-15 for
the coil target and ~35-42 for the mesh.

Figure 2 shows a typical proton radiograph of the capacitor-coil
target after laser irradiation, obtained at t =ty + 1.127 ns, where £,

Appl. Phys. Lett. 127, 094101 (2025); doi: 10.1063/5.0279265
Published under an exclusive license by AIP Publishing

127, 094101-2

02:15:81 G20z Joquiaidas 90


pubs.aip.org/aip/apl

Applied Physics Letters

denotes the arrival time of the short-pulse beam onto the rear Cu plate.
The proton energy was 33 = 0.5 MeV. The radiograph was calibrated
to the target plane by accounting for the system magnification, result-
ing in a field of view of 1.8 x 2.3 mm?’, encompassing the entire coil
region and a small portion of the foils. The mesh grids outside of the
coil region without any distortions were used to cross-check the image
calibration, providing an accurate reference for quantitative analyses of
the distorted region for field inference. Overlaid on top by the blue
dashed line is the contour of the coils in the side-on view, showing a
spatial scale consistent with the experimental setup. Strong proton
deflection is seen below the coil region, likely dominated by the electri-
cal fields in the short-pulse driven plasma plume.

Two striking features are observed in the coil region, both of
which are caused by magnetic fields generated from the currents flow-
ing in the coils. First, inside the coils, a clear mesh grid rotation in the
clockwise direction is observed (see the titled red solid line with respect
to the black dashed line in Fig. 2). As protons propagate through the
coils along their axis (into the page in Fig. 2), they experience a net
rotation effect due to non-collinear axial magnetic fields and radial
velocities. This feature has been demonstrated to be insensitive to elec-
tric fields,” providing robust and unambiguous confirmation of
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FIG. 2. Proton radiograph obtained with 33 +=0.5MeV protons at t =1
+1.127 ns, calibrated to the target plane by accounting for the system magnifica-
tion. Darker areas correspond to higher detected proton fluxes. The blue dashed
line outlines the contour of the coils, showing a spatial scale consistent with the
experimental setup, further confirming the image calibration. The black dashed line
represents the reference mesh grid orientation without any rotation. The red solid
line represents the rotated mesh grid orientation in strong magnetic fields. The rota-
tion angle is determined by the filt of the rotated red solid line relative to the refer-
ence black dashed line. Following the coil current from the right leg to the left leg, a
distinct width variation is observed.
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magnetic field generation. Second, a distinct width variation is
observed, following the coil current from the right leg to the left leg.
This is consistent with the fact that protons are deflected by the azi-
muthal magnetic fields around the upward-flowing current in the right
leg and focused by the downward-flowing current in the left leg.

The experimental geometry was modeled using the charged parti-
cle radiography module of PlasmaPy’” to generate synthetic proton
radiographs for direct comparison with the measured features. The
magnetic field distributions are calculated using the Biot-Savart law
for two U-shaped coil currents with coil dimensions taken from the
actual target. The electric fields are calculated using uniform charge
distributions along each coil, mimicking the charge-up effects built in
the coils during laser-target interaction. The initial proton source
parameters and radiography geometry were the same as in the experi-
ments. As energetic protons pass through the field region, the proton
beam spatial profile undergoes variations due to deflections from the
Lorentz force. A synthetic proton image is constructed by tracing each
proton trajectory and accumulating proton numbers at the detector
plane.

Figure 3(a) shows a synthetic proton radiograph calculated with
120KkA current in each coil and no electric fields. Within the coils, a
clockwise mesh rotation is clearly seen. Along the coil current flowing
from the right leg to the left, the transition from strong defocusing to
focusing is exhibited. The mesh grids away from the coils are not
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FIG. 3. (a) Synthetic proton radiograph on the target plane calculated with 120 kA
current in each coil and no electric fields. Both the mesh grid rotation inside the coils
and the width variation from the right leg to the left are clearly seen. The white
dashed line represents the reference mesh grid orientation without any rotation. The
red solid line represents the rotated mesh grid orientation in strong magnetic fields.
The rotation angle is determined by the filt of the rotated red solid line relative to the
reference white dashed line. (b) Synthetic proton radiograph calculated from the
electric fields produced by a positive line charge within each coil, with a charge den-
sity of +10nC/mm. (c) The blue solid line represents the simulated rotation angle
as a function of coil currents. The red dot indicates the experimentally measured
rotation angle of 10.6° = 1° corresponding to a coil current of 12010 KA. (d) The
trace of the mesh grids and contour of the proton deflection around the cails in (a)
is overlaid on top of the measured data as shown in Fig. 2.
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affected, providing an accurate reference for inferring the rotation
angle. The rotation angle is calculated as the tilt of rotated mesh grids
with respect to the unrotated mesh grids. The rotation angles inferred
from synthetic proton radiographs, similar to the example shown in
Fig. 3(a), are plotted in Fig. 3(c) for different coil currents, where the
rotation angle is found to scale linearly with the coil currents. Such a
linear relationship is analytically derived in a parallel publication,”
providing a theoretical basis for inferring coil currents via the mesh
grid rotations.

A similar methodology was used to determine the rotation angle
in the experiment, where net apparent rotations of the mesh grids in
undisturbed regions—caused by mesh imperfections or alignment
errors—were taken into account. With a measured rotation angle of
10.6° *1°, a coil current of 12010 kA was inferred. Figure 3(d)
shows the synthetic proton image in (a) overlaid on top of the experi-
mental data. All key features, including the mesh rotation, width varia-
tion, and mesh grid size, are well reproduced, confirming the inferred
coil current at this probing time. The corresponding magnetic field,
calculated using the Biot-Savart law, is 200 = 20 Tesla at the coil cen-
ter, setting a record for magnetic field generation by the short-pulse-
powered capacitor-coil targets.

In stark contrast to the magnetic field effects, the electric fields
deflect protons proportional to the charge distributions in the coils
causing the pinching effects for the mesh grids around the coils. There
is no mesh rotation or gradual width variation as observed in the case
with magnetic fields. Figure 3(b) presents an example proton image
calculated from the electric fields produced by a positive line charge
with charge density of +10 nC/mm. A detailed analysis of the electric
and magnetic field contributions can be found in Ref. 38. For the work
presented here, contribution of electric fields is negligible, with an
upper-bound electric field strength of ~3 x 107 V/m at 0.3 mm away
from the coil.

While record magnetic field strengths are reported here, these do
not necessarily represent the peak fields that were produced. Probing
the same capacitor-coil target at 3.047 ns after the laser drive, a coil cur-
rent of 80=10kA was measured using the same analysis techniques.
Previous works have shown that the coil current keeps growing during
the laser irradiation, with a rise time comparable to the laser pulse dura-
tion."" After the laser pulse terminates, the target behaves like an
inductance-resistance electrical circuit, and the current exponentially
decays.””"" Assuming a current waveform I(t) = Ipe~~*©)/7, where
Iy is the peak coil current, #(0) is the laser pulse duration, and 7 is the
current decay time, a peak coil current of 150 = 20kA with a decay
time of 4.74 = 1.75ns is inferred. Future experiments focused on the
early-time dynamics of short-pulse-driven coils are needed to accurately
measure the peak field strength.

In summary, direct measurements of the magnetic fields gener-
ated by capacitor-coil targets driven by intense short-pulse lasers at rel-
ativistic laser intensities are reported. Using the axial proton
radiography in combination with a mesh grid, definitive signatures
due to magnetic fields are observed. Synthetic proton radiographs cal-
culated with particle ray tracing calculations are compared with the
experimentally measured high-quality proton radiographs, matching
key signatures of the mesh rotation and coil width evolution. This
allows precision measurement of the field distribution and strength.
The data show 12010 kA of coil current at 1.127 ns, decaying to
8010 kA at 3.047 ns. A magnetic field of 200 = 20 Tesla at the coil
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center is generated, setting a record for magnetic field generation by
the short-pulse-powered capacitor-coil targets.

This work opens up research opportunities in magnetic field gen-
eration and application at laser facilities that operate exclusively with
short-pulse lasers. Recent laser development has increasingly focused
on achieving ultra-high intensities, and multipetawatt laser systems
have reached intensities four orders of magnitude higher than those
used here.”” Furthermore, there is a significant push to generate stron-
ger fields for applications, including novel fusion schemes and studies of
plasma processes under conditions relevant to extreme plasma astro-
physics."’ The coil targets characterized in these experiments are already
being used to explore relativistic particle acceleration, enabled by the
low-density, high-field environments surrounding the coils.”” The
results reported here, therefore, represent not just an important achieve-
ment but a promising path toward even stronger fields and studies at
the frontier of HED science.
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