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Abstract. Strong magnetic fields of upto 20 T, corresponding to a current of tens

of kA were produced in a coil connected to a single-plate of cm2 area irradiated by a

kJ-ns laser pulse. The use of such macroscopic plates protects the coil from plasma

debris, while maintaining a strong magnetic field for a time-scale much longer than

the laser pulse duration. By correlating the measured magnetic field in the coil to

the number of electrons emitted from the interaction zone, we deduce that the target

capacitance is enhanced by two orders of magnitude because of the plasma sheath in

the proximity of the focal spot. Particle-in-cell simulations illustrate the dynamics of

sheath potential and current flow through the coil to ground, thus closing the circuit

due to the escape of laser-produced hot electrons from the target.
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1. Introduction

Externally applied magnetic fields have shown immense benefits in diverse laser

plasma interaction experiments related to inertial confinement fusion[1, 2], laboratory

astrophysics[3, 4], and for enhancing secondary sources of charged particles and

radiation[5]. Consequently, there has been significant interest in developing innovative

methods for enabling such experiments on large-scale laser facilities[6]. Two different

technologies are currently used to provide strong magnetic fields for laser plasma

experiments: (a) solenoids driven by conventional pulsed-power sources[7, 8], and (b)

‘capacitor-coil ’ targets driven by kJ-ns class lasers[9–13]. External pulsed-power systems

have been able to provide fields up to 40 T for the experiments over a magnetized volume

of the order of 1 cm3. In contrast, the capacitor-coil targets have been able to generate

much higher field strengths of the order of few hundred Teslas[12], albeit providing a

much smaller magnetized volume of the order of 1 mm3. The ability to do so using an

“all optical” configuration is a major advantage of the latter scheme.

Research on capacitor-coil targets has matured enough that successful application

of guiding relativistic electrons has been demonstrated recently[5, 14], while other

potential applications are being explored[15]. However, models for the physical processes

underpinning the operation of such targets[16] are yet to be fully developed and bench-

marked with the experiments. A direct comparison of experimental results with the

models is challenging because of the similar time scales on which several phenomena

occur - for instance, the duration (ns) of the laser pulses used in such experiments is

comparable to the plasma expansion time scale between the electrodes. Here we used

a simplified target geometry (coil attached to a single-plate foil of cm2 surface area, as

shown in fig. 1 (a)), in which the plasma expands freely into an open half space. A

similar geometry was used by Zhu et al [17], however at much lower focused irradiance

compared to the results shown here.

As the laser pulse irradiates the target, a small fraction of the hot electrons produced

by the interaction are able to escape. While the majority of electrons are confined by

a potential barrier, the few escaped electrons cause the target to behave as a positively

charged capacitor. The charging process continues for the duration of the laser pulse, and

for ns long interaction pulses the target potential can reach few times the temperature

of the hot electrons produced by the laser[11, 18, 19]. Connecting this target to ground

by a thin wire closes the circuit, leading high current to flow through the wire. The

grounding wire can be designed to have a small loop to create a magnetized volume in its

proximity. The data presented here shows that strong magnetic field in excess of ∼ 10

T, lasting over several ns was produced by these single-plate targets irradiated by ∼ 350

ps long pulses at an irradiance of ∼ 3× 1016 Wcm−2µm2. The magnetic field produced

by the coil was measured by polarimetry at a distance of the order of the coil diameter.

This enabled an accurate extrapolation to the field strength at the center of the coil

from the plane of measurement (the ratio between the field strengths at the two planes

was a relatively small factor in the range of 2−7). The polarimetric measurements were
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performed simultaneously at two different wavelengths, both distant from the absorption

band of the crystal used in the diagnostic, in order to map the temporal profile with

higher accuracy and resolution over a limited number of shots. The large separation of

about ∼ 3 cm between the laser interaction point to the coil prevented any damage and

darkening of the crystal from X-ray and debris from the plasma.

The paper is organized as follows. Section 2 describes the experimental layout, the

diagnostics and the targets used for the experiment. Section 3 describes the measured

magnetic field and correlates it with other factors such as the total charge on the target,

the time scale of discharge and the equivalent circuit impedances. Simulations carried

out to study the target charging process are described in section 4. Finally, section 5

concludes with a brief summary.

2. Experimental Setup

The experiment was conducted at the Prague Asterix Laser System (PALS) facility[21].

A schematic of the setup is shown in Fig. 1(a). The main beam from the Iodine laser,

at wavelength 1.315 µm, pulse width 350 ps at full width at half maximum (FWHM),

delivered 600 ± 50 J on target within a focal spot of diameter about 80 µm FWHM.

The peak focused irradiance on the target was 3 × 1016 W cm−2 µm2. The target

used in this campaign was a single plate of 28 mm × 4 mm, made of 50 µm thick

Cu foil. It was attached to the target mount using an insulating support. The foil was

electrically grounded via a coil of 1.1 mm outer diameter, made of Cu wire with a square

cross-section of 100 µm×100 µm. The grounding wire, of a few cm total length, was

electrically connected to the target mount. The connection between the coil, foil and

ground were made by conducting silver lacquer, and the contact resistance was checked

for each target before the shot. A Terbium Gallium Garnet (TGG) crystal of ∼ 500 µm

thick, 5 mm diameter, manufactured by Synoptics (a Northrop Grumman company),

was placed parallel to the coil, as shown in Fig. 1(a). The distance of the front surface

of the TGG to the center of the coil was varied from 0.3 mm to 1 mm.

Magnetic field generated by the current in the coil induces a change in the

polarization of the probe beams passing through the crystal. Polarimetry technique

was used to measure the induced Faraday rotation of the probe beams in the TGG

crystal. Two probe beams used in the experiment were: a frequency doubled (2ω)

beam derived from the main laser (pulse duration of ∼ 250 ps FWHM, wavelength 655

nm) and a synchronized Ti:Sa beam (pulse duration ∼ 50 fs FWHM, at wavelength

810 nm)[22]. The latter beam was used for polarimetry imaging with the setup based

on the design described by Pisarczyk et al [23]. The setup was modified to combine

the probe beams upstream of the target, and then splitting them downstream using

dichroic mirrors (see Fig. 1 (a)), following a Wollaston prism to split the probe beams

into orthogonal polarizations. Two main features of the setup were (a) the use of a high

extinction ratio (< 5 × 10−6) Wollaston prism and the Glan-Taylor polarizer so that

the signal-to-noise performance of the polarimetry system was mainly determined by
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Figure 1. (Color online) (a) Schematic of the experimental setup. Interference filters

and absorptive neutral density filters placed in front of the cameras are not shown in

the schematic. (b) An example of measured polarization rotation in degrees (right

colorbar) and the magnetic field across the plane of TGG (left colorbar) using the

Ti:Sa probe beam. For this shot, the front surface of TGG crystal was 0.31 mm from

the plane of the coil. (c) Example of measured data on the streak camera using the

2ω probe beam. The relative strength of the signal (ii) is about 2 orders of magnitude

lower than that in the reference (i). Temporal extent of the signals is determined by

the duration of the probe beam (∼ 250 ps), which is much shorter than the time of

evolution of the magnetic field. (d) Axial magnetic field from the coil as a function

of axial distance, simulated by RADIA code[20]. The shaded red region indicates the

range within which the front surface of TGG crystal was placed in various shots. (e)

An example of measured electron spectrum as a function of electron relativistic factor

(γe).

the dynamic range of the imaging detectors, and, (b) except for a non-polarizing blast

shield, there was no other optic in the beam path between the TGG crystal and the

Wollaston prism. The second feature is essential since polarization based reflectivity of

any optic before the Wollaston prism can introduce error in the measurements of change

in rotation of polarization.

The Ti:Sa probe beam was imaged on CCD cameras and the 2ω probe beam was

imaged on to a Hamamatsu streak camera (model number C7700, S1 photo cathode).

Both imaging systems had a magnification of ∼ 2. For highest sensitivity, the shots

were taken with the axis of the Glan-Taylor polarizer orthogonal to the axis of the

Wollaston prism, i.e., the polarimetry channels would have no signal unless the TGG

crystal is exposed to a strong magnetic field introducing polarization rotation of the
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probe beams. The two-dimensional map of the rotation of the polarization vector was

calculated using the relation tan−1(
√

signal image/reference image), where the signal

and reference images refer to the data measured in the respective cameras. An example

of the rotation map inferred from the polarimetry imaging using the Ti:Sa beam is shown

in Fig. 1(b). The dotted box in the figure represents the field of view through the slit of

the streak camera imaging system. An example of this streaked polarimetry data using

the 2ω probe beam is shown in Fig. 1(c), in which the wires of the coil at ±0.5 mm

are clearly visible. The signal shown in figure 1 (c-ii) is about two orders of magnitude

lower than the reference (figure 1 (c-i)), which corresponds to a rotation angle of about

4.9◦. The Verdet constant of TGG crystal used in this calculation was obtained from

the data presented by Vı́llora et al [24]: 7032 deg/T/m for 2ω and 4324 deg/T/m for

the Ti:Sa. When compared with other published calibrations of Verdet constant for the

TGG crystals[25], a systematic error of ∼15% can be expected. The measured magnetic

field in the TGG crystal was rescaled using the simulated field profile shown in Fig. 1

(d) to calculate the magnetic field at the center of the coil and the current through the

coil. The simulated profile shown in figure 1(d) was obtained by using RADIA[20] code,

which provided a magnetostatic model for the fields[26].

A magnetic electron spectrometer with a 1 mm opening aperture and a magnetic

field of ∼ 0.1 T was used to measure the spectrum of fast electrons in the range of

0.2 − 3 MeV. The spectrometer was placed at an angle of 190 from the target normal

and covered a solid angle of approximately 10 µsr. Electrons in the spectrometer were

detected using absolutely calibrated BAS-SR image plates from Fuji Film[27, 28]. The

design of the spectrometer was such that the imaging plate (IP) detector had a “low

visibility” orientation for reducing noise[29]. A typical electron spectrum measured in

the experiment is shown in Fig. 1(e), which shows a Maxwellian-like bulk population

with a high-energy tail. The hot electron temperature measured in various shots was

in the range 80− 120 keV, which agrees with the scaling Th ∼ 250(Iλ2)δ reported with

short pulse glass lasers (δ ∼ 0.33[30]). Here Th is the hot electron temperature in keV

and Iλ2 is expressed in 1018 W cm−2 µm2. The measured high energy tail with cutoff in

the range of 2− 3 MeV is most likely due to electron acceleration by the plasma waves

excited by parametric instabilities in the plasma[31].

3. Experimental results and discussion

The targets shown in Fig. 1(a) were shot multiple times with laser energy in the range of

550− 650 J during the experimental campaign. The magnetic field and current flowing

through the coil were inferred using the polarimetry data, which is shown in Fig. 2. The

two-color polarimetry setup provides an increased confidence on the measurements and

the calibration of the system. Temporal evolution of the magnetic field was mapped

by varying the delay of the probe beams with respect to the main beam across several

shots. Since the time scale of the magnetic field evolution is of several ns, much larger

than the duration of the 2ω probe beam, the data from the streak camera effectively
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Figure 2. (Color online) Magnetic field at the center of the coil (left axis) and the

current in the coil (right axis) as a function of time delay of the probing beams.The

blue circles (red squares) represent the data inferred from Ti:Sa imaging (2ω streak).

The error bars represent the systematic error in the Verdet constant of the TGG crystal

and the noise of the detection system.

provides information at a given time instance. Zero delay corresponds to the arrival

of the peak of the main laser pulse at the interaction point, at the same time as the

arrival of the probe beams at the coil plane. The shaded green region in the figure has

an extent of 175 ps, and corresponds to the HWHM (half width at half maximum) of

the main pulse.

As can be seen from Fig. 2, magnetic field up to ∼ 20 T was produced by the

coil, peaking around 1 ns after the laser pulse. The observed peak of the magnetic field

corresponds to a strong current of ∼15 kA flowing through the coil. The direction of

the magnetic field indicates that the current in coil is unidirectional and flowing from

the laser irradiated foil to ground via the coil. The total positive charge collected on

the target can be estimated from the integral of the coil current with respect to time,

which is about 30 µC. Charge conservation implies that about 1.4 × 1014 electrons are

ejected from the target, which is comparable with previous measurements of target

return current with the Rogowski probe at the PALS laser system[32].

The temporal profile of the current indicates a very different scenario than the quasi-

stationary approximation considered in the models typically used for the capacitor-coil

targets[16]. A good approximation of the single-plate target’s behavior shown in Fig. 2

would be to consider a fast charging process on the time scale of the laser pulse duration,

followed by a slower current decay over a significantly long time scale of ∼ 4 ns, most

likely governed by the inductance of the circuit. The inductance of the target can be

estimated as ∼ 70 nH, mainly due to the few cm length of the grounding wire and 28

mm length of the target plate[33].

The self-capacitance of the single-plate target is of the order of 0.5 pF [34], which
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can be used to estimate the energy transfer from the laser pulse towards the charging of

the target. For a measured target charge Q = 30 µC and a target capacitance C = 0.5

pF, the electrostatic energy stored in the target would be Q2/2C = 900 J, which is

higher than the laser energy (∼ 600 J) delivered to the target. Equally implausible is

the estimated voltage on the target V = Q/C = 60 MV.

To resolve these inconsistencies, two conjectures are proposed - (a) the potential

barrier that the fast electrons need to overcome to escape the target depends strongly

on the electron temperature rather than the target’s design and its dimensions (b) the

capacitance of the target is significantly higher (by orders of magnitude) than its self-

capacitance because of the plasma sheath surrounding the laser interaction.

The first conjecture is similar to various models of target charging, where the fast

electrons[11, 18, 19] need to escape a potential barrier to charge the target, and the

strength of the potential barrier depends primarily on the electron temperature. For

our experiment, assuming a conversion efficiency from laser energy to fast electrons of

15%, and a distribution of electrons with a temperature of Te = 100 keV, we estimate a

charge of Q = 30 µC escaping the potential barrier of ∼ 5Te. For this estimated target

potential, the target capacitance should be C ∼ 60 pF, which forms the basis for our

second conjecture.

Next, we consider the energy dissipation in the system. The initial electrostatic

energy stored in the target is Ees = Q2/2C ∼ 8 J, which corresponds to & 1% of

the initial laser energy. The average resistance of the equivalent electrical circuit can

be estimated as R = Ees/
∫∞
0
I2dt ∼ 25 Ω, where I is the current flowing in the

circuit. While such an anomalously high resistance cannot be explained by Spitzer

resistivitiy of the plasma, or the Ohmic resistivity of the Cu wire, it is consistent with the

experimentally observed non-oscillatory current i.e., circuit was close to being critically

damped. The time scale over which the target discharges is ∼4 ns, as seen in fig. 2,

which is the same order as the response time of the equivalent circuit, 2π
√
LC ∼ 10 ns,

while considering the enhanced target capacitance.

As suggested by simulation in the following section, for high energy long pulse

lasers (kJ - ns class) the plasma sheath can cause anomalously high target capacitance.

While the focal spot diameter for the current experiment was about 80 µm, the plasma

expands to a radius r ≈ 500 µm during the duration of the pulse (350 ps FWHM).

Assuming an electron temperature and density near the target to be 1 keV and 1019

cm−3 respectively, the Debye length can be estimated of the order of λD ≈ 0.1 µm[35, 36].

Since the plasma shields the electric potential of the target over a distance of the order

of the Debye length, the capacitance of the target in our experiment can be estimated

to be ε0πr
2/λD ≈ 70 pF, where ε0 is the permittivity of free space. Such high target

capacitance of the order of 100 pF has been estimated in direct drive fusion experiments,

and attributed to the plasma sheath around the target[37]. Goyon et al [10] have also

suggested a much higher capacitance of the target in order to explain the measured time

scale of magnetic field evolution in their experiment.
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Figure 3. (Color online) (a) Schematic of the setup in VSIM simulation studying

magnetic field generation by the target used in the experiment. (b) 3D vector plot

illustrating magnetic field lines around the coil. (c) 2D map of the z-component of

magnetic field (Bz) across the plane ∆z = 0.25 mm behind the plane of the coil.

4. Simulations

The dynamics of target charging was modeled by 3D simulation employing the hybrid

Multiphysics-particle-in-cell code VSIM[38, 39]. The target shown in Fig. 1(a) was

modelled as a perfect electrical conductor. While one end of the coil was connected to

the target foil, the grounding of the other end of the coil was modeled by extending

the wire past the boundary of the simulation box, marked as “G” in Fig. 3(a). The

simulated volume was 8 mm × 36 mm × 5 mm with a grid size of 50 µm in all directions.

The boundaries of the simulation box were open for fields and particles crossing it. The

electron source of size 500 µm × 500 µm was placed on the plate, at the laser focus

marked as “S” in Fig. 3(a). Electron macroparticles were loaded into the source with

a Gaussian temporal profile of 350 ps FWHM, peaking at 0.5 ns after the start of

the simulation. The macroparticle energy spectrum reproduced the electron spectrum

shown in Fig. 1(e). The total energy of electrons ejected from the target over a period of

1 ns was 100 J, which corresponds to ∼ 16% conversion efficiency from laser to electrons.

The total charge injected at the source was 164 µC.

At earlier times in the simulation, corresponding to the charging process, electrons

with energy greater than the target potential propagate directly to the simulation

boundary as shown in Fig. 4 (a), and are removed from the simulation. The net charge

accumulated on the target is neutralized by a return current through the coil. As an

example, magnetic field around the coil from this return current is shown in Fig. 3 (b)

and (c), which resembles well with the experimental results shown in figure 1(b). The

low energy electrons, which are trapped by the target potential spread over the target

surface and create a thin sheath, as can be seen in Fig. 4(a) and (b). The spreading of

charge along the foil happens nearly at the speed of light[40], as seen in figure 4 (a). The

electron sheath around the target helps shielding the target potential effectively with
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Figure 4. (Color online) (a) Electron density distribution across the mid-section of

the target at different times, as labelled above each frame. The fast electrons escape

near the region marked as “H”, whereas the trapped electrons form a Debye sheath

that enhances the target capacitance. (b) 2D map of the x component of the electric

field across the foil plane at two different times, as labeled above each frame. The

electric field decays exponentially outside the target, effectively shielding the target

potential within a scale length of ∼120 µm. (c) Temporal evolution of the current

through the coil (black line) in comparison with the current of electrons escaping from

the simulation box near the point “H” marked in Fig. 4 (a) (dashed blue line). While

the former is calculated from the magnetic field at the centre of the coil, the latter is

calculated by subtracting the electron current crossing the boundary near the ground

wire (at ‘G’) from the electron current escaping the entire simulation box. Evolution

of the target potential as a function of time is shown in dotted red line, which was

estimated at different time instants from the electric field shown in (b).

a small Debye length of λD ∼ 120 µm, which enhances the capacitance of the target

by orders of magnitude. For instance, the electric field at t = 300 ps, soon after the

target is fully engulfed by the electron sheath, is of the order of 5× 109 V/m, as shown

in Fig. 4(b). This corresponds to a surface charge density of about 4.5 µC/cm2. The

accumulated charge on the plate is therefore ∼ 9 µC, which is of the same order as the

measured target charge in the experiment. The target potential at 300 ps is of the order

of V = 600 kV, as can be seen in Fig. 4(c), which, for a total accumulated charge of

Q = 9 µC implies a target capacitance C = Q/V ∼ 15 pF. This is consistent with the

capacitance if calculated directly considering the Debye shielding, C = ε0A/λD ∼ 15 pF,

where ε0 is the vacuum permittivity, A ∼ 2 cm2 is the total surface area of the foil target,

and λD ∼ 120 µm as discussed above. The effect of sheath is best illustrated by the

fact that in the absence of a sheath, a target charge of 9 µC would imply an unrealistic

target potential of 9 µC/0.5 pF= 18 MV, where 0.5 pF is the self-capacitance of the

target in the absence of a sheath i.e., in vacuum. The total charge transported with

the return current (given by the integral of the black line in Fig. 4(c)) is about 15 µC,

which is similar to the charge escaped from the source (blue line), and corresponds to

a small fraction (∼ 10%) of the total charge ejected from the source. Therefore, the

large number of electrons trapped around the target screen its potential by the Debye
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sheath and facilitate more energetic electrons to escape. The inferred capacitance from

the target is significantly higher than the target’s self-capacitance and agrees with our

assessment based on the experimental data as discussed in section 3.

It should be noted that the simulation does not include collisional losses, ohmic

heating of the target and subsequent cooling down of the electron population. A

complete model of the experiment should simulate the laser plasma interaction and

also include a self-consistent formulation of plasma evolution in presence of ions, with a

dynamically evolving hot electron spectrum governed by spatio-temporal profile of the

laser pulse. This would entail extensive plasma simulations which are beyond the scope

of the current paper. However, despite being a simplified model, the simulation clearly

demonstrates the salient features in the experimental data, indicating the enhanced

target capacitance by the sheath.

5. Conclusion

In summary, the paper presents experimental results on magnetic field generation up

to 20 T, by the return current that neutralizes single-plate targets with an extent of

few cm2 cross-section irradiated by a kJ-ns class laser. The experiment was performed

at sub-relativistic intensities and it was suggested that the effective target capacitance

was of the order of tens of pF, i.e., substantially higher than the self-capacitance of

the target estimated from its size. The simple design of using a single plate of large

dimension enables the magnetized volume within the coil to be better shielded from

the adverse extraneous effects of kJ-ns class laser interaction. It also allows significant

flexibility in deploying such targetry in high energy density experiments. These targets

can be irradiated by multiple lasers from different directions, either simultaneously or

by staging in time, which may lead to significant up-scaling of the field magnitude and

duration. Thus, such targets will be beneficial to many future applications requiring

strong magnetic fields lasting for tens of ns.
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Ribolzi J, Roth M, Schaumann G, Serres F, Tikhonchuk V T, Vacar P and Woolsey

N 2015 New Journal of Physics 17 083051

[13] Chien A, Gao L, Ji H, Yuan X, Blackman E G, Chen H, Efthimion P C, Fiksel G,

Froula D H, Hill K W, Huang K, Lu Q, Moody J D and Nilson P M 2019 Physics

of Plasmas 26 062113

[14] Sakata S, Lee S, Morita H, Johzaki T, Sawada H, Iwasa Y, Matsuo K, Law K F F,

Yao A, Hata M, Sunahara A, Kojima S, Abe Y, Kishimoto H, Syuhada A, Shiroto

T, Morace A, Yogo A, Iwata N, Nakai M, Sakagami H, Ozaki T, Yamanoi K,

Norimatsu T, Nakata Y, Tokita S, Miyanaga N, Kawanaka J, Shiraga H, Mima K,

Nishimura H, Bailly-Grandvaux M, Santos J J, Nagatomo H, Azechi H, Kodama

R, Arikawa Y, Sentoku Y and Fujioka S 2018 Nature Communications 9 3937 ISSN

2041-1723

[15] Arefiev A, Toncian T and Fiksel G 2016 New Journal of Physics 18 105011

[16] Tikhonchuk V T, Bailly-Grandvaux M, Santos J J and Poyé A 2017 Phys. Rev. E
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[32] Cikhardt J, Krása J, De Marco M, Pfeifer M, Velyhan A, Krouský E, Cikhardtová
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