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We have successfully developed a portable pulsed magnetic field generation system
incorporating a number of techniques to avoid the effects of noise, including shielding,
a self-power capability, and a high-capability semiconductor switch. The system fits
into a cubical box less than 0.5m in linear dimensions and can easily be installed in
experimental facilities, including noisy environments such as high-power laser facili-
ties. The system can generate a magnetic field of several tesla sustainable for several
tens of microseconds over a spatial scale of several centimeters. In a high-power laser
experiment with Gekko-XII, the system operated stably despite being subjected to

a high level of electrical noise from laser shots of 600 J.
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I. INTRODUCTION

Interactions between plasmas and magnetic fields are of great importance in both scien-
tific and engineering researches. In the scientific field, the availability of high-power lasers
and techniques for generating strong magnetic fields has led to a number of advances in
laboratory astrophysics, including experimental studies of collisionless shock waves' and
magnetic reconnection.? Such investigations require a range of magnetic fields from 1 to
1000 T on time scales of nanoseconds to microseconds and spatial scales of millimeters to
centimeters. In engineering applications, some types of fusion reactors and plasma propul-
sion thrusters use magnetic fields to control plasmas. Plasma confinement?® requires magnetic
fields of tens of tesla sustained for tens of nanoseconds within a submillimeter-scale region.
Magnetic nozzles for advanced rocket systems (laser fusion rockets) require magnetic fields of
several tesla sustained for several milliseconds in a meter-scale region for flight models* and
fields of several tesla for tens of microseconds in a centimeter-scale region for scaled-down
experimental models.>® In previous research, kilotesla magnetic fields were generated using
a capacitor—coil target and a high-power laser beam.” This method is able to produce a
sharp pulse of quite high magnetic field in a small volume, but the pulse width is only a few
nanoseconds. The capacitor—coil target is destroyed by irradiation at each laser shot. In a
nondestructive approach, coils powered by capacitor banks have been widely used. Magnetic
fields of several tens of tesla have been achieved,® ! but a large power source is required
to generate a long-duration pulsed magnetic field. It is impossible to transport such power

sources between experimental facilities owing to their huge mass and volume.

It is generally not feasible for each large laser facility to have its own dedicated equipment
for the generation of large magnetic fields, because most are joint user facilities, and there-
fore a portable magnetic field generation system is highly desirable. Noise tolerance is also
required, because each high-power laser shot generates a large amount of electrical noise.
In previous experiments,'® the semiconductor switch of the capacitor bank was frequently

damaged.

In this paper, we present a portable and noise-tolerant magnetic field generation system
for high-power laser experiments. The target strength of the magnetic field is several tesla
for tens of microseconds in a region with dimensions of several centimeters. The time scale of

the laser-produced plasma is quasi-steady. The criterion for portability is that the equipment
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should be capable of being transported by a single person.

II. DRIVING CIRCUIT

Figure 1 shows the circuit overview of the capacitor bank for magnetic field generation.
SW1, SW2, and SW3 are manual switches, and STW4 is a semiconductor switch that is con-
trollable by an external trigger. The circuit has five modes, depending on the connections and

bR ANA4

the charged voltage of the capacitor, as listed in Table I: “charging,” “waiting,” “driving,”
“dumping,” and “safe.” In the charging mode, the DC power source V' (0-700V, 10 mA) and
the capacitor C' (FFLI6B3007K- - film capacitor, 3000 uF) are connected through the resis-
tor Renarge (20k2, 5 W) and the switches SW1 and SW2 to charge the capacitor. When the
capacitor voltage reaches a target value, SW1 and SW?2 are opened and the circuit shifts to
the waiting mode. The breaking of the connection between the power source and the capaci-
tor bank on both the positive and negative potentials by using SW'1 and SW2, respectively,
protects the power source from rapid changes in the load impedance and from surge noise
from the coil and the ground. In the waiting mode, the circuit waits for an external trigger
to turn on the switch SW4 to drive the coil. When the circuit receives a trigger, it shifts
to the driving mode. Then, the discharge current from the capacitor flows through the coil
L (8.8 uH including the connecting wire) to generate a magnetic field. After the discharge,
SW4 is turned off automatically. Then, the circuit shifts to the dumping mode by closing
SW3 and the remaining electrical energy of the capacitor is consumed by the resistor Rgumy
(1kQ, 1kW). When the voltage of the capacitor becomes almost zero, the circuit shifts to

the safe mode.
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FIG. 1. Circuit overview of the magnetic field generation system.

In our previous experiments,'> we used an insulated gate bipolar transistor (IGBT) mod-

ule as the switch SW4, but this had low reliability, especially on high-power (>300J) laser
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TABLE I. Modes of the circuit.
Mode SW1|SW2|SW3|SW4

Charging ON | ON |OFF |OFF

Waiting OFF | OFF | OFF | OFF

Driving OFF |OFF|OFF | ON

Dumping / Safe| OFF |OFF | ON | OFF

shots, even though a snubber circuit was installed to protect it from surge noise. The module
worked stably in experiments with 60 J laser shots (10J x six beams). However, it broke
every two or three times in experiments with 300J shots (50J x six beams), and every
time with 600J shots (100J x six beams). These failures were probably caused by the
counter-electromotive force of the coil. The plasma generated by laser irradiation of a solid
sphere expands in an external magnetic field. Then, a diamagnetic current is generated in
the plasma, deforming the external magnetic field. The rapid change in the magnetic field
is picked up by the coil, and the coil generates an inverse voltage. It is this inverse voltage

that can damage the module.

Here, we used a thyristor because it has many advantages for a pulsed power system.
First, the voltage capability of a thyristor is high for both forward and backward voltage.
Oscillations in the LC' circuit and the counter-electromotive force apply an inverse high
voltage to the switching device. Second, a thyristor will hold its turned-on state owing
to its forward current. When the switching device turns off suddenly, the coil generates
a high voltage as a counter-electromotive force. Because of its self-holding capability, a
thyristor will decrease the possibility of such sudden disconnects. We used a capsule thyristor
(DCR860D18). As shown in Fig. 2, it was sandwiched between copper plates and carbon
sheets. Its maximum ratings were 1.8kV and 860 A for a continuous current, and 11.5kA

for a surge current (a surge current is defined here as a half sine wave of frequency 1kHz).

Figure 3 shows the driver circuit for the thyristor. The circuit receives an external trigger
from a delay generator and drives the thyristor. In this driver circuit, several methods
are adopted to prevent malfunctions caused by large laser shot noise and the high-power
switching. First, together with other systems, the circuit is enclosed within an aluminum

box to shield it from radiation noise. The box is electrically floating condition to avoid
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FIG. 2. The thyristor module, with the capsule thyristor sandwiched between copper plates and

carbon sheets.
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FIG. 3. The self-powered thyristor driver circuit.

any electrical noise conducted from the ground. Second, clipping Zener diodes D, and Dj
are used to protect the circuit from radiation noise picked up by cables extending outside
the aluminum box. Third, the external trigger signal is transmitted through a totem pole
optocoupler (TLP250H). This optocoupler protects the trigger source from any unexpected
direct connection of the high-power line and the signal line. Such a connection might occur if
the thyristor is severely damaged. In addition, the totem pole circuit prevents the occurrence
of a high-impedance condition, because it keeps the voltage of the signal line at zero until a
trigger arrives. Fourth, the circuit is separated from the external power source before each
laser shot and is operated by a super-capacitor C; and a chemical capacitor Cs to avoid the
noise that would arise from external power cables. The super-capacitor is used to maintain
the voltage of the chemical capacitor sufficiently high during the waiting mode, and the
chemical capacitor is used to drive the thyristor. The super-capacitor consists of three 1 F
electric double-layer capacitors connected in series. During operation, the capacitors are
charged up to 13V. The voltage decreases with time owing to self-discharge and falls below

the lower working limit, 10V, after 10 minutes. This is acceptable, since the time required
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for typical laser experiments on the Gekko-XII (GXII) laser facilities at Osaka University is

only a few minutes. The circuit was implemented on a printed circuit board.

450 mm

FIG. 4. Top view of the capacitor bank: (1) thyristor; (2) Rqump; (3) trigger circuit; (4) capacitors.

Figure 4 shows the assembled capacitor bank. The outer case consists of extruded alu-
minum profiles and plates. The thyristor is positioned on one of the side walls, with a
Bakelite board insulating it from the aluminum case. The driver circuit is positioned on the
bottom, and the external trigger line is connected through a BNC connector. The enameled
resistor Rgump 1S also positioned on the bottom and is connected to the capacitors through
the switch SW3. All the switches are positioned on one of the side walls. The four cylindrical
film capacitors are fixed to the bottom by screws. The dimensions of the capacitor bank as
a whole are 450 mm (width) x 450 mm (length) x 500 mm (height).

We conducted a standalone experiment to test the circuit shown in Fig. 5. In this exper-
iment, the coil consisted of a polyimide-insulated flat copper wire of thickness 0.4 mm and
width 5mm and an aluminum coil core of inner diameter 41 mm with 10 turns in the radial
direction. The inductance of the coil was 4.5 yH. The inductance was measured by an LC'R
meter at a measurement frequency of 1 kHz. The coil and the capacitor bank were connected
by a several meters of twisted conducting wire of cross-sectional area 3.5 mm? and a copper
feed-through. The wire and the feed-through were connected by a crimped terminal and a

beryllium copper coupler. All connection points except the trigger circuit were connected
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with solderless terminals. The total inductance of the capacitor bank including the wire and

the feed-through was 8.8 uH.
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FIG. 5. The circuit for the standalone experiment: the four capacitors are connected in parallel.
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FIG. 6. Magnetic field strength and coil driving current in the standalone experiment. The magnetic

field was delayed due to an internal delay and a rise time of the Gauss meter.

Figure 6 shows the coil current and the magnetic field, as measured using a Rogowski
coil and a Gauss meter (Model: 5180 produced by F. W. BELL), respectively. The magnetic
field was measured at a distance of 11 mm from the coil surface along the coil axis. The
measured magnetic field shows slower time-variation compared with the current because of
an internal delay of 30 us and a rise time of 250 us in the Gauss meter. The full pulse width
of the magnetic field was approximately 2ms. The magnetic field was assumed to be in a
quasi-steady state around the peak of the pulse up to a few tens of microseconds, which is
sufficiently long compared with the typical time scale of plasma expansion, which is a few

microseconds.

IIT. HIGH-POWER LASER EXPERIMENT

Using the system described in the previous section, we conducted an experiment with

the GXII high-power laser to investigate the interaction between a laser-produced plasma

7



Portable and noise-tolerant magnetic field generation system

and an external magnetic field. Figure 7 shows the top view of the experimental setup. The
circuit setup and the parameters were the same as for the standalone experiment. A plasma
was generated by irradiating a spherical polystyrene (CH) shell of outer diameter 500 pm
and thickness 7 pum positioned at the center of a vacuum chamber. The target was irradiated
by six beams of the high-power laser. The wavelength and pulse width were 1053 nm and
1.3ns (FWHM), respectively. We conducted several laser shots with different output laser
energies of 25, 50, and 100 J/beam. The distance between the target and the surface of the
coil was 11 mm, as shown in Fig. 7.

We measured thermal bremsstrahlung from the laser-produced plasma along the mea-
surement line shown in Fig. 7 to estimate the density distribution of the plasma. The coil

driving current was also measured, using a Rogowski coil.
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FIG. 7. Top view of the experimental setup for the laser experiment

We have already achieved magnetic field generation and plasma control using the setup
shown in Fig. 7 in previous research,'® in which we used an IGBT instead of a thyristor as
the switch SW4. Figure 8 shows the spatial distribution of the electron density measured
in that experiment. The six laser beams with energy 100 J/beam irradiated the target in
the external magnetic field of 1T at the original target position. The horizontal and vertical
axes are the axial and radial directions of the coil, respectively. » = 0 is the coil axis, and the
original target position was (z,r) = (—3,0). These data were obtained from interferometric
observations and calculated using the Abel inversion method. The interferometric observa-
tions measured the difference of refractive indices in the plasma. The plasma pressure and
magnetic field pressure are balanced in the high-density shell-like regions. At this time, the
IGBT was broken.

Figure 9 shows the current measured with a Rogowski coil with a charge voltage of 700V in
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FIG. 8. Suppression of plasma expansion by an external magnetic field in the previous experiment.

the present experiment. At the time of peak current, six laser beams with energy 100 J/beam
irradiated the target to generate a quasi-spherically expanding plasma. The current shows
a sharp drop at the instant of the laser shot. This might be due to a counter-electromotive
force from the coil. Here, this does indeed seem to be the case, since another channel of
the oscilloscope that was open measured no specific signals. The counter-electromotive force
would have been generated by picking up the temporal variation of the magnetic field.
This temporal variation was due to plasma expansion. In this series of experiments, we
performed ten stable laser shots with this system, with different energies of 25, 50, and
100 J/beam. The magnetic field generation system worked well for every shot, and a check
of operational success after the series of experiments revealed no failures. We checked the
magnetic field generation system step by step along the mode transitions shown in Table I.
The coil swelled as a result of hoop stress induced by the magnetic field generation, and
therefore the electrical parameters such as inductance, resistance, and capacitance should
be changed slightly. However, the driving current and the generated magnetic field strength

were almost the same as those found from the standalone experiment.

We checked the magnetic field generation in the high-power laser experiment from obser-
vations of the plasma behavior. Figure 10 shows the averaged intensity of the light emission
from the laser-produced plasma in the wavelength range 529 nm < A\ < 531 nm, where there
are no specific emission or absorption lines. The charge voltage was 500V in the every case
on this figure. The data obtained at all the different laser energies indicate that thermal

bremsstrahlung is dominant in this wavelength range. In the case of a driving laser energy
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FIG. 9. Coil driving current from the experiment with a laser-produced plasma.

of 25J/beam, the plasma stagnated at a distance of 5-6 mm from the target owing to in-
teraction with the external magnetic field. On the other hand, for higher laser energies,
the plasma did not stagnate significantly. This shows that the magnetic field energy is not

sufficient to stagnate plasmas produced by laser energies greater than 50 J/beam.
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FIG. 10. Averaged intensity of thermal bremsstrahlung emission in the wavelength range 529 nm

< X < 531 nm versus distance.

IV. CONCLUSION

We have developed a portable and noise-tolerant magnetic field generation system that
is capable of producing a magnetic field of 1T at a point 11 mm from the coil surface for
several tens of microseconds. In our previous system, the failure rate was almost 100% with
high-power laser shots of 600 J. In contrast, with our new system, there were no failures at

this laser energy.
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Several improvements are planned for the future. First, we intend to upgrade the capac-
itor bank to a multiline arrangement to drive a multicoil system. A means for adjusting
the switching time of the semiconductor switch will therefore be needed to achieve synchro-
nization with high temporal accuracy. Second, we aim to develop a pulse-forming circuit to
allow the generation of long-duration pulses. This will require a compact inductance system

to enable portability.
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