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ABSTRACT
Laser-driven capacitor-coil targets provide a compact platform for generating strong magnetic fields and are widely used in magnetized 
high-energy-density (HED) plasma experiments. In addition to magnetic-field generation, these targets also produce plasma in the coil 
region, which can influence the subject physical processes and interact with secondary targets or external plasmas in their applications. 
However, direct, time-resolved measurements of the plasma density surrounding the coil remain limited. Here, we report interferometric 
measurements of the plasma density evolution in laser-driven capacitor-coil targets irradiated by the University of Osaka LFEX laser. Two- 
dimensional electron density maps reveal two distinct plasma sources loading the coil region: plasma generated in the coil itself and plasma 
produced by laser ablation of the target plates. These results provide quantitative information on plasma loading and evolution in 
capacitor-coil targets and are directly relevant to the design and modeling of magnetized HED plasma experiments.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0325266

Laser-driven capacitor-coil targets are widely used to generate 
strong magnetic fields in high-energy-density (HED) physics and lab
oratory astrophysics.1–13 In a typical configuration, the target consists 
of two parallel plates connected by a conducting coil.5 When one plate 
is irradiated by a high-intensity laser pulse, superthermal electrons are 
produced in the laser–solid interaction and subsequently collected by 
the opposing plate, establishing a voltage difference between the two 
plates14 and then drive a current flowing through the coil.15,16 For 
commonly used laser and target parameters, the peak current ranges 
from tens to hundreds kiloampere, giving rise to quasi-static magnetic 

fields of tens to hundreds of tesla over millimeter-scale volumes. 
Owing to this capability, such targets have been adopted in magne
tized HED experiments, including guiding and collimation of relativ
istic electron beams,17,18 control of hydrodynamic instabilities,19 

regulation of collisionless shock formation and hot-electron trans
port,20,21 laboratory investigations of strongly driven magnetic recon
nection,22–26 and magnetized inertial confinement fusion for potential 
yield enhancement.27

Despite extensive experimental and theoretical efforts devoted to 
measuring the magnetic fields generated by laser-driven capacitor- 
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coil targets, the plasma density distribution in the vicinity of the coil 
has received comparatively little attention. While localized plasma 
parameters have been probed in a limited number of studies using 
Thomson scattering,24 these measurements do not provide a global, 
time-resolved picture of the plasma environment surrounding the coil. 
Such information is essential, as the evolution of the self-generated 
plasma can influence both magnetic-field generation and its coupling 
to externally introduced plasmas in combined field-plasma experi
ments. In particular, plasma can be generated from the coil, and expan
sion from the laser interaction region may also load plasma in the coil 
area, interfering with application-region plasmas, potentially altering 
the underlying physical processes. Quantitative characterization of the 
plasma density evolution is therefore crucial for the reliable application 
and modeling of laser-driven capacitor-coil targets.

In this Letter, we present time-resolved interferometric measure
ments of the plasma density evolution in laser-driven capacitor-coil 
targets irradiated by the short-pulse Laser for Fast Ignition Experiment 
(LFEX) laser at the University of Osaka at relativistic intensities. 
Two-dimensional electron density maps obtained at 1.0 and 3.1 ns after 
laser irradiation reveal two plasma-loading mechanisms in the coil 
region: a dense plasma localized near the coil and plasma supplied by 
expansion from the laser interaction region. To isolate the role of the 
coil, these measurements are directly compared with interferometry 
data from otherwise identical targets without a coil at the same time 
delays. In addition, proton radiography at 0.59 ns provides independent 
evidence of electric current generation. Together, these results offer new 
experimental insight into plasma loading and density evolution in laser- 
driven capacitor-coil targets and provide important constraints for their 
application in magnetized high-energy-density plasma experiments.

Figure 1 shows a schematic of the experimental setup. The 
capacitor coil target consists of two parallel Cu foils (50 lm thick, 
1:5� 1:5 mm2 in area) separated by 600 lm and connected by two 
parallel U-shaped Cu coils with a wire cross section of 100� 50 lm2. 
Each U-shaped coil is comprised of two straight wire segments, each 
500 lm long, connected by a half-circular segment with a curvature 
radius of 300 lm. The separation between the two coils is 900 lm. 
Three short-pulse infrared laser beams from the LFEX laser, with a 

pulse duration of 1.5 ps and a central wavelength of 1053 nm, were 
incident through a 400 lm-radius laser entrance hole in the front Cu 
foil and focused onto the back foil to a �100 lm-diameter focal spot 
at an incidence angle of 48�. The on-target laser energy was �430 J, 
corresponding to a peak laser intensity of �4� 1018 W/cm2.

Interferometry and proton radiography are used to diagnose the 
plasma density and magnetic field, respectively. A collimated 5-mm- 
diameter and 520-nm-wavelength probe laser is employed for inter
ferometry. Since the probe beam is much larger than the plasma 
region, a self-referenced configuration is used in which one portion of 
the beam passes through the plasma, while another portion propa
gates outside the plasma as a reference. After transmission through 
the target, these two portions are recombined to generate interference 
fringes. The probe laser has an energy of 60616 lJ and a pulse dura
tion of < 1 ps, which primarily determines the temporal resolution. 
The interferograms are recorded using a PI-MAX4 ICCD camera 
with an exposure time of 2.88 ns. The imaging system consists of a 
lens with a focal length of 300 mm, positioned 403 mm from the target 
and 1163.6 mm from the detector.

Proton radiography is performed using an additional short-pulse 
infrared beam from the LFEX laser (0.3 kJ energy, 1.5 ps pulse dura
tion, and 1053 nm central wavelength) incident on a 10-lm-thick alu
minum 1� 1 mm2 foil to generate protons via the target normal 
sheath acceleration (TNSA) mechanism. The resulting proton beam 
traverses the central region between the two coil peaks and is recorded 
on stacks of radiochromic film (RCF). Each RCF layer corresponds to 
a specific proton energy, determined from calculations of proton 
energy deposition and the location of the Bragg peak within the film 
stack. This allows the interaction time to be inferred from the proton 
time of flight to the main target and the timing offset between the 
drive and proton-generation beams.28,29 The proton beam axis is ori
ented at 45� with respect to the vertical direction. The proton source 
foil is positioned 3 mm away from the center of the coils, while the 
distance from the front surface of the RCF stack to the coil center is 
30 mm. A 5-lm-thick tantalum (Ta) foil (2� 2 mm2) is placed 1 mm 
in front of the aluminum foil to shield the proton source; this compo
nent is not shown in the figure.

FIG. 1. Experimental setup for interferometry and proton radiography. A probe laser beam with a diameter of 5 mm is used for interferometric measurements. The probe 
beam is much larger than the plasma region; therefore, two portions of the same beam are utilized, with one passing through the plasma and the other propagating outside 
the plasma as a reference. After transmission through the target, the beam is split, and the plasma-affected portion is overlapped with the reference portion to produce inter
ference fringes. Proton radiography is performed using a short-pulse laser irradiating a 10-lm-thick and 1�1 mm2 aluminum foil target to generate protons via the TNSA 
mechanism. The proton beam propagates through the central region between the two coil peaks and is recorded on RCF stacks. The proton beam axis is oriented at 45�
with respect to the vertical direction.
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Figure 2(a) shows a representative proton radiograph of the 
capacitor-coil target obtained at t ¼ t0 þ 0:59 ns, where t0 denotes 
the arrival time of the short-pulse laser irradiating the rear Cu plate. 
The proton energy was 6:260:5 MeV. Strong proton deflection is 
observed in the vicinity of the coil, indicating the presence of intense 
electromagnetic fields. The deflection pattern is qualitatively consis
tent with magnetic-field-dominated deflection, as the proton displace
ment near the coil peaks is significantly larger than that near the 
straight coil legs.30 Electric-field contributions to the proton deflection 
are expected to be small under these conditions, based on previous 
measurements and modeling of capacitor-coil targets.12,30

To quantify the electric current flowing through the coil, the 
experimental geometry was modeled using the charged-particle radi
ography module of PlasmaPy31 to generate synthetic proton radio
graphs for direct comparison with the experimental data. The 
magnetic-field distribution was calculated using the Biot–Savart law, 
assuming two U-shaped current paths with geometrical parameters 
taken from the fabricated target.30 The proton source characteristics 
and radiography geometry were set to match the experimental condi
tions. Proton trajectories were traced through the calculated fields, 
with protons intersecting the target assumed to be blocked. A syn
thetic radiograph was then constructed by accumulating proton 
counts on the detector plane after propagation.

Figure 2(b) shows a synthetic proton radiograph calculated for 
the experimental geometry assuming no current in the coils, provid
ing a reference. Figure 2(c) shows the simulated proton radiograph 
corresponding to a current of 29 kA flowing through each coil. The 
simulated deflection pattern closely reproduces the key features 
observed in the experiment. An overlay of the simulation on the 
experimental image is shown in Fig. 2(a), where the contour of the 
simulated deflection agrees well with the measured proton deflection 
boundary. Minor discrepancies near the plates are attributed to uncer
tainties in target fabrication and deviations between the idealized 
model geometry and the actual target. By varying the coil current in 
the simulations and comparing the resulting deflection contours with 
the experimental data, the current is estimated to be 2965 kA. The 
uncertainty in the estimated current is determined by identifying the 

range of currents for which clear deviations from the experimental 
deflection pattern become apparent. The measured current is lower 
than values reported in similar experiments12 at the OMEGA-EP 
facility, which is attributed to differences in laser energy, pulse dura
tion, and focal conditions between the two experiments.

Figure 3 shows time-resolved interferometry measurements and 
the inferred line-integrated electron density for different target geom
etries. We used the Fourier-domain phase retrieval technique32 by 
Interferometrical Data Evaluation Algorithms (IDEA) software33 to 
extract the plasma-induced phase shift. The line-integrated density Ð

ne dl is calculated from the phase shift D/ by 
ð

ne dl ¼
knc

p
D/; (1) 

where k ¼ 520 nm is the probe light wavelength and nc ¼ 4:14 
� 1027 m−3 is the critical density of the probe beam. A phase retrieval 
error of approximately 0.2 rad can be present in the measured phase 
shift in some regions. The uncertainty in the inferred line-integrated 
electron density is therefore dominated by the phase retrieval error. A 
typical phase uncertainty of � 0:2 rad corresponds to an uncertainty 
of � 1:4� 1020 m−2 in the line-integrated density, which also repre
sents the minimum plasma density regime that can be reliably deter
mined in our measurements. This level of uncertainty does not alter 
the qualitative spatial structure of the measured density distributions, 
as the inferred densities are substantially larger than the associated 
uncertainty.

Figures 3(a)–3(c) show measurements at t ¼ 1:0 ns for a no-coil 
target consisting only of the back and front plates. The interferogram 
in Fig. 3(b) exhibits fringe distortions near the front plate, and the 
reconstructed density map in Fig. 3(c) shows measurable plasma den
sity above the front plate in the region where the coil legs would nor
mally be located. No significant density enhancement is observed 
near the coil-peak locations; however, the interferometric measure
ment is limited by a lower detection threshold, and plasma with densi
ties below the threshold may already have expanded into this region. 
We estimate the plasma expansion velocity using the position of the Ð

ne dl ¼ 4� 1020 m−2 contour. The laser interaction point is located 

FIG. 2. Proton radiography of the capacitor-coil target. (a) Proton radiograph obtained with 6:260:5 MeV protons at t ¼ t0 þ 0:59 ns. The color scale is not absolutely cali
brated and qualitatively represents the proton flux, with darker regions indicating higher proton deposition. The coordinate axes are referenced to the target plane. Dashed 
lines indicate deflection contours derived from the synthetic radiograph shown in (c). (b) Synthetic proton radiograph calculated for the experimental geometry assuming no 
current in the coils. (c) Synthetic proton radiograph calculated assuming a 29 kA current in each coil for 6.2 MeV protons.
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at y ¼ −1:55 mm, and at t ¼ 1:0 ns, this contour has propagated to 
y � −0:5 mm, corresponding to a propagation distance of � 1:0 mm. 
This implies an average expansion velocity � 1000 km/s, consistent 
with laser-ablation-driven expansion.

The coil-target case at the same time, t ¼ 1:0 ns, is shown in 
Figs. 3(d)–3(f). The interferogram in Fig. 3(e) exhibits pronounced 
fringe distortions localized near the coil peak positions. The recon
structed density map in Fig. 3(f) reveals two high-density lobes spa
tially correlated with the coils, with peak line-integrated densities of 
�ð2 − 4Þ � 1021 m−2. This demonstrates that the coil could also gen
erate plasma and load near the coil and into the inside region. The 
possible physical origins of this coil-localized plasma include plasma 
generation by strong inductive electric fields during the rapid 
current ramp-up, Ohmic heating of the coil material, and radiative or 

energetic-particle heating driven by x-rays and energetic particles pro
duced during laser ablation of the back plate.

At a later time t ¼ 3:1 ns, shown in Figs. 3(g)–3(i), the density 
distribution extends over a larger volume and reaches higher values, 
with peak line-integrated densities up to �1022 m−2, indicating sub
stantial plasma accumulation in the inter-coil region. This behavior is 
consistent with continued plasma loading from both the coil- 
generated and ablation-driven sources. An additional high-density 
region appears near the top edge of the field of view. This feature 
arises from plasma expansion of the Ta protection foil used in the 
proton radiography setup. In this shot, proton radiography is per
formed at t ¼ 0:59 ns, and the lower edge of the Ta foil is located at 
y ¼ 0:71 mm. X-rays generated during the laser–target interaction 
heat the Ta foil, driving plasma expansion that produces the observed 

FIG. 3. Interferometry measurements for different target geometries at different times. (a)–(c) Measurements at t ¼ 1:0 ns for a no-coil target consisting only of the back 
and front plates, with the coils removed. (d)–(f) Measurements at t ¼ 1:0 ns and (g)–(i) at t ¼ 3:1 ns after laser irradiation. Panels (a), (d), and (g) show the reference inter
ferograms acquired before the laser shot. Panels (b), (e), and (h) show the interferograms during the shot. Panels (c), (f), and (i) show the inferred line-integrated electron 
density maps. Density reconstruction is performed only in regions with clear interferometric fringes; areas without reliable fringe information are masked and excluded, result
ing in a smaller reconstructed area than the corresponding interferograms. White regions indicate masked areas. Red dashed lines denote the original target position.
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high-density structure. The contribution from the Ta-foil plasma is 
expected to be approximately uniform along x (from −1 to 1 mm) 
near its edge. However, the measured density at y � 0:4 mm is much 
lower toward the edges than in the central inter-coil region. This indi
cates that the Ta-foil plasma does not dominate the density observed 
in the coil region, at least for y�0:4 mm.

These measurements provide direct evidence that plasma load
ing in laser-driven capacitor-coil targets arises from two distinct 
mechanisms: plasma generated in the coil itself and plasma supplied 
by expansion from the laser interaction region. The presence of coil- 
generated plasma implies that the region surrounding the conductor 
is not vacuum, but instead filled with a conducting plasma that can 
modify the effective conductivity, current distribution, and magnetic- 
field topology near the coil, potentially affecting the magnitude and 
temporal evolution of the generated magnetic field. At the same time, 
ablation-driven plasma expansion provides an additional contribution 
to plasma loading in the inter-coil region, influencing the coupling 
between the externally generated magnetic field and secondary 
plasmas.

For application to laboratory studies of magnetic reconnection, 
these results highlight that the plasma environment surrounding 
capacitor-coil targets is dynamic. The target-generated plasma present 
at early times may precondition the reconnection region and the 
onset of current-sheet formation. Subsequent plasma loading can 
further modify the reconnection dynamics by changing density gra
dients and filling new plasma into the reconnection region. 
Incorporating time-resolved characterization of plasma density evolu
tion is therefore important for interpreting the results of reconnection 
experiments.

When capacitor-coil targets are used to magnetize secondary 
plasmas, e.g., for fusion studies, the evolving plasma environment can 
directly influence experimental conditions. Plasma produced by the 
target can prefill the interaction region, alter background density and 
collisionality, and reduce magnetic-field penetration into secondary 
targets or plasmas. As a result, both the timing and magnitude of the 
applied magnetic field experienced by the secondary plasmas can dif
fer from vacuum-field expectations, underscoring the importance of 
accounting for plasma evolution in target design, modeling, and 
experimental interpretation.

In summary, we have presented time-resolved interferometric 
measurements of the plasma density in laser-driven capacitor-coil tar
gets irradiated by the University of Osaka LFEX laser. Proton radiog
raphy indicates a coil current of 2965 kA at t ¼ 0:59 ns, confirming 
efficient current generation. The interferometry measurements reveal 
that plasma loading in the coil region arises from two distinct mecha
nisms: plasma generated in the coil itself and plasma supplied by 
expansion from the laser interaction region. These measurements 
provide direct quantitative constraints on plasma loading and density 
distributions in capacitor-coil targets, which are essential for the inter
pretation and modeling of magnetized high-energy-density plasma 
experiments.
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