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The formation and evolution of unconfined counter-helicity spheromaks merging
have been experimentally investigated by using a magnetized coaxial plasma gun.
By comparing the time-dependent photodiode signals and plasma radiation images
of counter-helicity spheromaks merging and plasma jets merging, it is found that
the field-reversed configuration (FRC) plasma formed by counter-helicity spheromaks
merging has a distinct contour and a long maintenance time. For plasma jets merging,
the resulting plasma has no discernible contours and a shorter lifetime. In addition, it
is inferred from these data that stagnation heating and magnetic reconnection events
occur during the counter-helicity spheromaks merging, causing a rapid rise in plasma
pressure at the merging midplane and sharp kinks in the field lines near the merger region.
By changing different operating parameters and observing the impact on the merger
characteristics, it is suggested that the qualitative dynamics of the FRC plasma depends on
the balance between the plasma pressure and the magnetic pressure. The high discharge
voltage breaks the equilibrium in the merged body, while the large gas-puffed mass just
weakens the compression effect of the merged body. These results give us an intuitive
understanding of the counter-helicity spheromak merger process and its dependence on
discharge parameters, and also provide a distinct perspective for the optimal design of
FRC.
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1. Introduction

Spheromaks (Jarboe 1994, 2005) and field-reversed configurations (FRCs) (Steinhauer
2011) belong to the compact torus (Furth 1981) subclass of magnetic fusion configurations.
The magnetic field in spheromaks has toroidal and poloidal components of similar
magnitude, while the magnetic field in FRC is purely poloidal. Both configurations act
as multi-energy self-organized carriers with kinetic energy (accelerated), thermal energy
and electromagnetic energy, and must rely on internal plasma currents to maintain their
individual magnetic topologies. The difference is that the plasma current in a spheromak is
dominantly parallel to the magnetic field, while the plasma current in an FRC is primarily
perpendicular to the field. These plasmas have been studied for many reasons motivated
by their broad range of applications, such as a refuelling scheme for fusion machines
(Parks 1988; Brown & Bellan 1992; Nagata et al. 2005; Matsumoto et al. 2016), studies of
magnetic field reconnection and instabilities in plasmas (Yamada et al. 1990; Ono, Yamada
& Akao 1996; Geddes, Kornack & Brown 1998; Kornack, Sollins & Brown 1998; Hsu &
Bellan 2005; Gray et al. 2010), as a magnetized target for magneto-inertial fusion (Stanic,
Cassibry & Adams 2013; Vyas & Cassibry 2020; Byvank et al. 2021) and in basic science
studies of highly self-organized plasmas (Janos et al. 1985; Ono et al. 1999; Kawamori &
Ono 2005).

The FRC is a plasmoid that is particularly appealing for containing thermonuclear
plasmas due to its high β value (ratio of plasma pressure to magnetic pressure), simply
connected magnetic structure and easy transferability. The FRC has been produced by
various methods such as rotating magnetic fields (Hoffman et al. 2006), theta-pinch
formation (Steinhauer 2011), coaxial slow source (Pietrzyk et al. 1987; Pierce et al. 1993)
and merging spheromaks with opposite helicities (Ono et al. 1999; Cothran et al. 2003;
Gerhardt et al. 2008; Horiuchi, Moritaka & Usami 2018). As one of the FRC creation
methods, counter-helicity spheromaks merging is used to obtain an FRC with no or little
toroidal magnetic field by merging two spheromaks with opposite toroidal magnetic fields.
In this process, two spheromaks in close proximity combine via magnetic reconnection and
eventually relax to a lower-energy state. A spheromak is typically formed by a magnetized
coaxial plasma gun. Initially, a slowly rising radial magnetic field is imposed in the gun
region by internal-bias solenoid coils. Neutral gas is then injected by fast gas-puff valves
prior to applying a high voltage to the electrodes. After gas breakdown, radial current J
is generated between the inner and outer electrodes, the azimuth magnetic field B is
generated by the current flowing through the inner electrode and the resultant J × B force
pushes the plasma forward. For the appropriate current threshold of spheromak formation,
once the force exceeds the tension of the bias field, the field lines will be stretched, torn and
eventually reconnected to form a spheromak ejection. A spheromak with opposite helicity
is achieved by changing the direction of the solenoid current while keeping the polarity of
the gun power supply.

The formation and equilibrium of FRCs produced by counter-helicity spheromaks
merging have been investigated both theoretically and experimentally (Lukin et al. 2001;
Cothran et al. 2003; Kawamori & Ono 2005; Kaminou et al. 2017; Nishida, Horiuchi &
Ono 2019). Co-helicity and counter-helicity spheromak merging experiments were first
started by Yamada et al. (1990) at the University of Tokyo in 1990 to study the magnetic
reconnection phenomenon. The results show that the direction of the toroidal magnetic
field plays an important role in the merger process, and the merger of the counter-helicity is
much faster than that of the co-helicity spheromak. In addition, the magnetic reconnection
rate is proportional to the initial relative velocities of the two spheromaks, indicating
that the magnetic reconnection is a forced phenomenon. The Swarthmore Spheromak
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Experiment (SSX) has been devoted to studying the basic physics of spheromak formation
and using stable spheromaks as force-free reservoirs of magnetic flux for merging and
magnetic reconnection experiments. It involves magnetic reconnection events (Brown
et al. 2006), strong ion flow effects (Brown et al. 2002), Taylor relaxation processes and
the generation and development of instability (Belova et al. 2006; Cothran et al. 2010).
Furthermore, Cothran et al. (2003) optimized the SSX configuration by designing a pair
of coils in the midplane to restrict the merger process, and determined the dependence of
the stability of the final magnetic structure on the quantity of toroidal flux remaining from
the initial spheromaks.

Based on the above analysis, although the formation mechanism and instability control
of counter-helicity spheromaks merging have been extensively studied in previous works,
all of them have been carried out under the conditions of small-scale flux conservers or the
application of poloidal confinement magnetic fields in the midplane. It is inevitable that
the flux conserver boundary has an impact on the magnetic field topology, which leaves
a lack of intuitive information on a comprehensive understanding of the counter-helicity
spheromak merger process, especially in terms of evolutionary details. Furthermore, the
presence or absence of a poloidal field is the main reason for affecting the lifetime
of the plasma merged body. Unlike the spheromak, which is injected into the poloidal
magnetic field during the production process, the plasma jet is only embedded in the
toroidal magnetic field structure due of the ‘frozen-in-field-line’ effects. The velocity and
density of the entire plasma jet are higher, while the temperature is lower. Thus, one of
the objectives of this paper is to compare the formation and evolution characteristics of
unconfined plasma jets merging and counter-helicity spheromaks merging.

In addition to the change of magnetic field characteristics, the accompanying energy
conversion in the counter-helicity spheromak merger process has also attracted attention.
The advantage of counter-helicity spheromaks merging to form FRC is that a large poloidal
flux can be obtained during the slow formation process, and the total helicity of the system
is zero. As one of the heating sources during the merger process, magnetic reconnection
converts magnetic energy into plasma thermal energy much faster than Joule heating.
Previous simulations and experiments (Yoo et al. 2013; Yamada et al. 2014) have found
that there is a Hall electric field around the reconnection X point, which contributes to the
generation of flow and energy conversion. Horiuchi et al. (2018) and Makwana, Keppens
& Lapenta (2018) simulated the co-helicity and counter-helicity spheromak merger
processes, and the results showed that the ion temperature peaks due to the meandering
motion of ions during the counter-helicity merger process, while the ion temperature tends
to be flat or hollow during the co-helicity merger process. Similar to the counter-helicity
spheromaks merging, Kobayashi et al. (2021) performed the collisional merging formation
of an FRC in the FAT-CM (FRC amplification via translation-collisional merging) device,
and the results showed that shockwaves are excited via collision of two accelerated plasmas
and that the excited shock causes energy regeneration of kinetic energy back into thermal
plasma energy. However, as a carrier of energy, little is known about the dependence of
counter-helicity spheromaks merging on plasma parameters. Therefore, another goal of
this paper is to analyse the dynamics of FRC formation and give the basis for discharge
parameter optimization.

In this paper, based on the formation of magnetized target in a magneto-inertial fusion
scheme, a spheromak merging device with magnetized coaxial gun as the plasma source
is constructed to investigate the formation, evolution and equilibrium characteristics of
the FRC. The discharge images, electrical characteristics and light emission signals of the
plasma collision are acquired. The characteristics of counter-helicity spheromaks merging
and plasma jets merging under the same discharge parameters are compared, which further
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FIGURE 1. Schematic of the whole experimental set-up.

confirms the confinement effect of the poloidal magnetic field on the plasma in the FRC.
In addition, by changing different discharge parameters (discharge voltage, gas-puffed
mass), the fundamental physical mechanism of its effect on the merging equilibrium of
the counter-helicity spheromaks merging is discussed.

2. Experimental set-up and diagnostics
2.1. The experimental set-up

A schematic diagram of the whole experimental set-up is shown in figure 1, consisting
mainly of two capacitive energy storage systems, two coaxial plasma guns, four gas-puff
valves, two bias coils and a vacuum system. The two magnetized coaxial plasma
gun systems used in the present experiment have exactly the same configuration and
specifications, and the detailed configuration parameters have been described in a previous
paper (Qi et al. 2020, 2021). In order to reflect the experimental device more directly, the
overall design drawing in figure 2 is given. The inner electrode (cathode) is a 343 mm long,
54 mm outer diameter hollow copper tube with a welded hemispherical W-Cu alloy head.
The outer electrode (anode) is a 388 mm long, 83.1 mm inner diameter stainless-steel
tube. The thicknesses of these electrodes are 3 mm. The gun is powered by a 150 µF
spark-switched capacitor bank which operates in a range of 11–15 kV charge voltage with
a negative polarity. The fixed bias magnetic flux �b is 2.7 mWb, which is provided by a
solenoid coil installed inside the inner electrode. The antiparallel helicity of the spheromak
is achieved by changing the current direction in the solenoid. For each gun, two gas-puff
valves are tangentially arranged on the outer electrode to enable that neutral gas diffuses
uniformly in the azimuthal direction. The two coaxial plasma guns are mounted oppositely
on the end wall of a cylindrical vacuum chamber with a diameter of 700 mm and height of
666 mm through an insulating flange. The top of the chamber was covered with tempered
glass providing generous optical access to view the evolution of the plasma dynamics.
The large size of the chamber effectively avoids plasma–wall interactions and eliminates
the impact of flux conserver boundary on the magnetic field topology. The vacuum is
maintained by a turbo molecular pump, providing a ∼10−3 Pa background pressure. Pure
argon is puffed into the inter-electrode space for plasma generation. The puffed gas mass
can be adjusted by changing the amplitude of the pulsed current via electromagnetic valve
supplies.
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(a) (b)

(c)

FIGURE 2. Design of the (a) overall experimental devices, (b) magnetized coaxial gun
structure and (c) gun structure cross-section.

2.2. Diagnostics
The geometry of the experiment is characterized by a cylindrical coordinate system (r, ϕ,
z), where z is the direction along the axis of symmetry, ϕ is the azimuthal direction about
the axis and r is the radial distance from the axis. All diagnostics used in the experiment
are also shown in figure 1. For each gun, the discharge current is measured by a Pearson
1423 current probe, and the voltage between two electrodes is measured by a differential
probe. To display the morphologic characteristics of plasma ejection merging, two of the
three photodiodes (Thorlabs PDA-10A, 200–1100 nm, 150 MHz) are placed at 7 cm from
the muzzle of the gun. The remaining one is arranged 35 cm from the muzzle, looking
at the chamber centre near the merger region. The plasma optical signal perpendicular
to the Z-axis propagation direction is collected through transparent tempered glass. The
parallel light is collected by the collimation lens (Thorlabs F240SMA-A) and enters
the photodiodes through an optical fibre. Once the plasma propagates to the position
where the collimator is placed, the photodiode outputs a voltage signal of a certain
amplitude. This signal is positively correlated with the luminous intensity of the plasma.
Those signals from the current probes, differential probes and photodiodes are recorded
on synchronously triggered a four-channel oscilloscope (Tektronix DPO4104B) and
eight-channel oscilloscope (PicoScope 4828). The macroscopic plasma radiation colour
images from the top view are captured by a digital camera (Nikon D7000) with an exposure
time of 1 s. The collected light is in the continuum visible range. In addition, in order to
observe the evolution of counter-helicity spheromak formation and merging, a high-speed
camera (Phantom VEO 410L) is placed on top of the chamber to capture its images.

2.3. Discharge operation sequence
The discharge time sequence of two magnetized coaxial plasma guns is shown in figure 3.
The operation sequence of plasma formation in the experiment must be synchronized.
All timing trigger signals are provided by a time-adjustable fibre coupling delay trigger
system. The operation sequence of a typical spheromak discharge proceeds as follows:
initially, the bias magnetic field power supply is triggered to generate a magnetic field
through the solenoid coils embedded in the inner electrode. The corresponding peak
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FIGURE 3. Operation sequence of magnetized coaxial plasma gun discharge.

FIGURE 4. Traces of gun current and voltage between two electrodes for a typical plasma shot.

current is 1 kA, bias flux is 2.7 mWb and the magnetic field is divergently distributed on
the end face of the solenoid. Then two gas-puff valves are triggered 2.3 ms after the bias
flux bank. Lastly, the main gun capacitor bank is fired 200 µs afterward. Simultaneously,
the digitization of various diagnostic waveforms is initiated and the high-speed camera
is triggered. It is important to note that the driving current duration of the bias magnetic
field is approximately 10 ms and the rise time is 2.5 ms. The long pulse not only ensures
that its bias magnetic field penetrates the inner electrode wall to the discharge gap, but
also ensures that the magnetic field is essentially stationary on the pulse time scale of
the coaxial gun discharge (∼23.5 µs). In plasma jet experiments, the voltage of the bias
magnetic field power supply is adjusted to zero so that the magnetic flux is zero.

By triggering the spark switch connected to the capacitor bank, a high voltage is applied
to the electrodes, after which the gas breaks down and a plasma is generated in the
gun. Typical current and voltage waveforms are displayed in figure 4. The time interval
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from triggering the spark switch to gas breakdown is approximately 1 µs, which has a
negligible effect on the whole delay adjustment. After gas breakdown, the current flowing
through the plasma connects the inner and outer electrodes to form an RLC circuit. The
plasma behaves as a primarily reactive load during the discharge, so the circuit exhibits
the characteristics of under-damped oscillations. Also, it is noted that the traces are not in
phase, implying that the plasma is inductive. Although shots with identical gun parameters
generated qualitatively similar waveforms and data, characteristics such as magnitudes
and time offsets were often inconsistent. Therefore, we conducted 3–5 shots under each
experimental condition, and used the voltage and current waveform as a reference to ensure
the consistency of the results.

3. Results and discussion
3.1. Formation and evolution of counter-helicity spheromaks merging

For a capacitor charge voltage of 13 kV and a gas-puffed mass of 0.46 mg, oscillograms
of the magnetized coaxial gun discharge current signals and photodiode signals of the
counter-helicity spheromaks merging are displayed in figure 5. The current amplitude
and pulse width are approximately 218 kA and 23.5 µs, respectively, and the difference
between the two guns is negligible. The high-frequency components around t = 0
appear to be correlated with measuring the photodiode signal (PMT) and gun current
simultaneously. Figures 5(a) and 5(b) show the ejection characteristics of spheromaks
with opposite helicity. The photodiode signals indicate that only one spheromak is ejected
during the first half-period of current. In the rest of the discharge process, the small
secondary feature in figure 5(a) may be a small crowbar causing a secondary plasma
ejection. Typical characteristics of spheromak plasmas at a distance of 12 cm from the
nozzle are equal magnetic fields (Bz ∼ Bϕ ∼ 0.1 T), 3 × 1015/cm3 electron density, 12
eV electron temperature and 70 km s−1 velocity (see, in Qi et al. 2021). Figure 5(c)
shows the merger characteristics of the counter-helicity spheromak. It can be seen that the
light intensity of the photodiode signal is enhanced after the counter-helicity spheromaks
merge, and is stronger than that of any single spheromak. The plasma can be maintained
at around 15 µs starting from the moment when the merged photodiode signal appears.
During this time, the merged PMT-C waveform between 10 and 20 µs is very similar in
shape to that of the plasma source PMT-B waveform between 15 and 22 µs, suggesting
that a component of the PMT-C signal corresponds to a spatio-temporal translation of
the PMT-B signal. However, there may also be a distinct depression at the peak 24 µs of
the PMT-C signal that might be caused by two energy conversion mechanisms described
below: (1) the velocity of the high-speed spheromaks drops to zero instantaneously when
merging, and the axial kinetic energy of the plasma is converted into heat energy. (2)
The magnetic reconnection event accompanying the merger process annihilates the initial
spheromak helicities, and the consumed magnetic energy is rapidly converted to electron
and ion heat, as well as plasma flow. As a result, the number of high-energy charged
particles increases, the recombination between particles decreases, and there may be
ultraviolet or even X-ray radiation, which is beyond the collection wavelength range of
the photodiode.

In order to obtain visual information on the general structure of the plasma, the exposure
time of the camera is adjusted to 1 s, which is longer than the entire discharge period.
The time-integrated radiation image of the counter-helicity spheromaks merging recorded
by the camera is shown in figure 6. One can see that the spheromaks merge to form an
oblate (more spherical) FRC plasma with a radial dimension (∼30 cm) approximately
twice the axial dimension (∼15 cm), which is consistent with the typical characteristics of

https://doi.org/10.1017/S0022377824000813 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377824000813


8 L. Qi and others

(a)

(b)

(c)

FIGURE 5. Oscillograms of the discharge current and three photodiode signals (PMT-C and
A are placed 7 cm from the muzzle, and PMT-B is placed 35 cm from the muzzle) in the
counter-helicity spheromak merging experiment, when the capacitor bank charged to 13 kV and
the mass of argon puffed is 0.46 mg.

spheromaks merging. For a single spheromak, estimated by its velocity and the full width
at half-maximum of the photodiode signal, it is similar to a cylinder with an axial length of
34 cm and a diameter of 15 cm before collision. The resulting FRC plasma is compressed
in the axial direction and expands along the radial direction. Another feature we can see
is that there is a bright curved surface in the midplane of the merging body, accompanied
by some twisted bright filaments. This is due to the fact that the plasma is compressed and
heated throughout the merger process, which eventually causes a rise in plasma pressure
at the merging midplane, and its light intensity is enhanced. In addition, the appearance
of kink features suggests that the magnetic topology of the counter-helicity spheromaks
merger is broken (Yamada et al. 1990), and field lines with a sharp kink near the merger
region guide plasma flow.

In addition to the plasma macro picture presented earlier, a high-speed camera is used
to capture the evolution images of the counter-helicity spheromaks merging, as shown in
figure 7. The exposure time is 2.66 µs and the interframe time is 9.09 µs. The moment
of gas breakdown is taken as the zero-time trigger of the camera. In the initial stage,
the plasma breakdown and acceleration occur in the gun, and then the spheromak ejects
from the muzzle at 9.09 µs. Finally, the formation, equilibrium and dissipation of the
FRC plasma occur during the period of 18.18 ∼ 27.27 µs. Upon merging, assuming that
the reconnection event annihilates the initial spheromak helicities, the merged plasma
will undergo an energy relaxation process consistent with the maintenance time of the
photodiode signal. The plasma morphology changes from spherical to convex until it
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FIGURE 6. Radiation image of the counter-helicity spheromaks merging for a 13 kV shot and
an exposure of 1 s. View perpendicular to the gun axis.

FIGURE 7. Corresponding evolution images of counter-helicity spheromaks merging, and the
exposure time is 2.66 µs. View perpendicular to the gun axis.

dissipates completely, which lasts for approximately 10 ∼ 15 µs. It is worth noting that this
experiment is based on the unconfined spheromaks merger to study the formation of FRC
plasma. Compared with the structure with an external poloidal field in the midplane, the
unconfined FRC plasma is confined only by its poloidal magnetic field and the confinement
time is relatively short. This dissipation mechanism may be due to the dominance of the
n = 1 toroidal mode in the late evolution stage, and is consistent with the tilt instability
(Cothran et al. 2003). As a result, the oblate (radial) FRC plasma tilts rapidly, distorting
the magnetic field structure and dissipating the plasma.

3.2. Two plasma jets merging
As a comparison and verification, a collision experiment of two plasma jets is carried out.
Adjusting the bias magnetic flux to zero, oscillograms of the coaxial gun discharge current
signals and photodiode signals of the two plasma jets merging under 13 kV capacitor
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(a)

(b)

(c)

FIGURE 8. Oscillograms of the discharge current and three photodiode signals (PMT-C and A
are placed 7 cm from the muzzle, and PMT-B is placed 35 cm from the muzzle) in a two plasma
jet merging experiment, when the capacitor bank charged to 13 kV and the mass of argon puffed
is 0.46 mg.

charging voltage and 0.46 mg puffed gas are displayed in figure 8. The current amplitude
and pulse width are the same as in the case of the magnetized coaxial gun, which implies
that the bias magnetic field has little effect on the plasma impedance. The impedance of the
total discharge circuit is still dominated by the linear impedance of the outer circuit, and the
oscillation characteristics of the circuit hardly change with the change of the bias magnetic
field. Figures 8(a) and 8(b) show the ejection characteristics of the two plasma jets. The
photodiode signals show that plasma is also ejected during the remaining discharge cycle
in addition to the first half-cycle of the current. Typical characteristics of plasma jets at
a distance of 12 cm from the nozzle are 4 × 1015/cm3 electron density, 10 eV electron
temperature and 102 km s−1 ejection velocity (see, in Qi et al. 2021). Figure 8(c) shows
the collision characteristics of the two plasma jets. It is evident that the light intensity
increases and is greater than that of the FRC plasma following the plasma jets merging,
and the maintenance time is around 8 µs. Compared with the counter-helicity spheromaks
merging, the plasma jets merging has stronger light intensity but shorter confinement
time. We ascribe this phenomenon to the opposing toroidal magnetic fields. The toroidal
magnetic fields of the plasma jets annihilate each other during the collision, the merged
plasma has no magnetic field confinement, and its maintenance time is therefore expected
to be reduced.

The corresponding time-integrated radiation image of the plasma jets merging is shown
in figure 9. It can be seen that the shape of the plasma formed by the merging of jets is
divergent, and the luminous intensity is bright at the core and diffused around. For a single
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FIGURE 9. Radiation image of two plasma jets merging for a 13 kV shot and an exposure of
1 s. View perpendicular to the gun axis.

plasma jet, there is a pinch effect in the formation process, with a bright plasma column
approximately 1 ∼ 2 cm in diameter in the centre, surrounded by a diffuse plasma plume.
In the head-on collision of two plasma jets, it is generally assumed that the internal toroidal
magnetic fields rapidly annihilate each other during the collision. The merger will begin
with collisionless interpenetration and then transitions to collisional stagnation, which is
typical of supersonic plasma jet collisions (Moser & Hsu 2015). The overall profile of
the merging body is scattering like current filaments. The results suggest that the merged
plasma has a higher-energy centre than the FRC plasma, spreads from the centre to all sides
under the action of thermal expansion and the thermal expansion is extremely uneven, so
there is no clear profile overall.

A schematic diagram of the counter-helicity spheromak merger and plasma jet
merger processes is provided to qualitatively account for the plasma morphology in the
experiment, as shown in figure 10. The magnetic field configuration is an important
factor affecting plasma morphology. For the formation of the spheromak, the toroidal
magnetic field in the ejected spheromak retains the accelerating field configuration due
to the ‘frozen-in-field-line’ effects, whereas the stretching and reconnection of the bias
magnetic lines is the source of the poloidal magnetic field, in which the toroidal magnetic
field nests with the poloidal magnetic field (Loewenhardt, Yee & Bellan 1995). For
the formation of the plasma jet, only the toroidal magnetic field is retained inside. In
counter-helicity spheromaks merging, two spheromaks with opposite toroidal magnetic
flux merge together, and then an FRC with no toroidal magnetic flux is generated. Since
the FRC plasma mainly has only a poloidal magnetic field, the plasma pressure at the null
must be equal to the radial pressure exerted by the external field in equilibrium

B2
e = 2μ0nk(Ti + Te). (3.1)

where Be is the external magnetic field of the FRC, n is the number density of particles, Ti
and Te represent the ion and electron temperature, respectively. In plasma jet mergers,
the toroidal magnetic fields of the two jets are annihilated. The merged plasma without
magnetic field constraint, expands around under the plasma pressure, so the morphology
is indistinct.
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(a)

(b)

FIGURE 10. Schematic diagrams of (a) counter-helicity spheromaks merging and (b) plasma
jets merging.

(c) (d)

(b)(a)

FIGURE 11. Radiation images for counter-helicity spheromaks merging with the gas-puffed
mass of 0.46 mg at different discharge voltages (a) 12 kV, (b) 13 kV, (c) 14 kV and (d) 15 kV.
The exposure time of the images is 1 s.
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(a)

(b)

(c)

FIGURE 12. Radiation images for counter-helicity spheromaks merging with the discharge
voltage of 13 kV at different gas-puffed masses (a) 0.46 mg, (b) 0.54 mg and (c) 0.61 mg. The
exposure time of the images is 1 s.

3.3. Effect of discharge parameters on counter-helicity spheromaks merging
Operating parameters are critical for the formation and optimization of counter-helicity
spheromaks merging. Under a fixed bias magnetic flux (2.7 mWb), the effects of different
discharge voltages and gas-puffed masses on the counter-helicity spheromaks merging
are investigated. Figure 11 shows the time-integrated radiation images of counter-helicity
spheromaks merging at a fixed gas-puffed mass of 0.46 mg and discharge voltages of
12, 13, 14 and 15 kV. It is obvious that, with the increase of the discharge voltage,
the bright merging surface deviates from the midplane. At 11 kV, only collision and
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compression occurred between the counter-helicity spheromak, and no kink occurred in
the midplane, while bright filaments were found to detach from the merged body at 15 kV.
These phenomena are considered to be directly related to the plasma flow caused by the
possibly complex magnetic topology. Considering the coaxial gun acceleration process,
the momentum of the plasma in the gun is the integral of the Lorentz force with time
P = 1

2 L′ ∫ I2 dt (I is the discharge current, L’ is the inductance gradient). We expect that
the kinetic energy of the spheromak plasma increases with the storage power supply
voltage, possibly increasing the rate of thermalization upon collision. The higher plasma
pressure in the FRC compared with the magnetic pressure causes the balance between
the plasma pressure and the magnetic pressure to be disrupted. Since the evolution of the
spheromaks are not limited by the size of the chamber or the external magnetic field, the
radially expanding merged plasma has the possibility to shunt current into the vacuum
chamber walls. As a result, the magnetic field structure of the FRC might be damaged, and
the internal plasma flow might therefore tend to be turbulent, allowing current filaments
to flow to the vacuum walls.

Figure 12 shows the time-integrated radiation images of counter-helicity spheromaks
merging at a fixed discharge voltage of 13 kV and gas-puffed masses of 0.46, 0.54 and
0.61 mg. It can be seen that the kink characteristics of the merged surface show little
change with the increase of the gas-puffed mass, but there is a slight difference in the
morphology of the merged body. When the gas-puffed mass is increased, the axial size of
the merged body increases, while the radial size decreases. The ratios of radial to axial
lengths are 1.36, 1.17 and 1.01 and the whole body tends to be a sphere. We expect that the
plasma momentum is independent of the gas-puffed mass because the larger gas-puffed
mass results in a lower plasma velocity, but the total momentum remains the same.
Therefore, under the same discharge voltage, the gas-puffed mass has little effect on the
momentum gain of the plasma from the capacitor bank or the plasma pressure after merger,
which may have no impact on the magnetic field structure of the FRC plasma. However,
increasing the gas-puffed mass results in a slower ejection velocity for spheromak, which
weakens the compression effect during the merger.

4. Conclusions

In this paper, the formation and evolution of counter-helicity spheromaks merging by
magnetized coaxial plasma gun are experimentally investigated. At fixed initial conditions
(charging voltage, gas puff), the time-dependent photodiode signals and plasma radiation
images of counter-helicity spheromaks merging and plasma jets merging are compared
and analysed. From the data, the ejection characteristics of the spheromak or jet are
obtained, and the dynamics of the magnetic field topology is inferred from consistent
photodiode signals and radiation images. The results suggest that what are identified as
possible collisional heating and magnetic reconnection events occur during the merging
of the high-speed spheromaks, which causes an increase of light intensity ascribed to a
quickly rising plasma pressure. In addition, the FRC plasma formed by the unconfined
counter-helicity spheromaks merging is only confined by the poloidal magnetic field,
which shows clear luminous profiles and twisted bright filaments near the merger region.
As for the plasma jets merging, since the toroidal magnetic fields of the plasma jets
are annihilated during the collision process, the merged plasma has no magnetic field
confinement, hence its lifetime must be shortened. The light intensity of the merged body
diverges from the centre to the edge, and the whole body has no obvious contour.

The effects of different operating parameters on the counter-helicity spheromak merger
characteristics are investigated, and the qualitative dynamics of the FRC depends on the
balance between thermal and magnetic pressures. It is speculated that the increase of
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discharge voltage increases the momentum of the spheromak, which leads to the break
of the equilibrium between the merged plasma pressure and the magnetic pressure, the
internal magnetic field structure is unstable and the plasma flow tends to be turbulent.
However, when the gas-filled mass increases, the FRC plasma pressure and its internal
magnetic field structure may be relatively unaffected, as the spheromaks’ momentum is
expected to be unaffected by the gas-fill mass. It only weakens the compression effect
during the merger process, resulting in an increase in the axial size of the merged body
and a decrease in the radial size, and the whole is close to a spherical shape.

Counter-helicity spheromaks merging is expected to yield a stable, long-lifetime FRC
magnetized target. In this experiment, the FRC plasma is formed by the unconfined
counter-helicity spheromaks merging, and the absence of an external magnetic field
confinement allows for a better understanding of the physical mechanisms governing
FRC’s own confinement and maintenance. The detailed experimental results reveal the
formation and evolution of the counter-helicity spheromaks merging, as well as their
dependence on different discharge parameters, and hopefully provide a reference for future
experimental optimization design.
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