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Abstract 

Transport of electrons in a field-reversed configuration plasma is investigated, which is caused by electromagnetic 

fluctuation of the electron fluid itself. We assume that electron current fluctuation is the source of electromagnetic 

fluctuation, and trajectories of electrons in the prescribed fluctuating field are calculated. It is found that the profile of 

electron toroidal flow velocity changes rapidly when electromagnetic fluctuation is present.  

 

1. Introduction 

The rotational instability with the toroidal mode 

number n=2 of a field-reversed configuration (FRC) 

plasma is the most often observed global instability [1]. 

The FRC current just after formation is primarily 

carried by electron current, while ions are 

approximately at rest. The ions, however, gradually 

gain angular momentum in the ion diamagnetic 

direction before the onset of the instability. Rotation of 

the FRC plasma has been often explained by selective 

loss of ions [2], or end-shorting [3], or both. 

We have proposed another possible spin-up 

mechanism [4], which is direct conversion from the 

magnetic flux to the kinetic angular momentum as 

long as axisymmetry holds. In the present paper, we 

briefly review this spin-up mechanism. In addition, we 

discuss here a mechanism of the anomalous flux loss 

observed in an FRC plasma. We focus on transport of 

electrons due to electromagnetic fluctuation caused by 

electron fluid itself with relatively high frequency than 

the ion cyclotron frequency.  

 

2. Toroidal Spin-up Model 

 Suppose the FRC plasma is axisymmetric. This 

assumption is valid until the rotational instability is 

triggered. In this case, the canonical angular 

momentum  

 ),( zrqrmP ψθθ += v   (1) 

of every particle is conserved, where qm, are the 

mass and charge, θv is the toroidal velocity 

component, and ),( zrψ is the poloidal flux function. 

If the poloidal flux decays due to a resistivity and 

toroidal axisymmetry is still valid, then 

( ) ψθ ∆−=∆ qrm v .  (2) 

Equation (2) shows every ion gains the angular 

momentum in the ion diamagnetic direction, when the 

trapped poloidal flux decays. Generally, the separatrix 

radius decreases during the decay phase. If the guiding 

center r is also decreased, the toroidal velocity θv is 

further increased. 

 We can also explain the rotation from the 

viewpoint of particle trajectories. In the FRC plasma, a 

small-gyroradius drift orbit, a figure-8 orbit, and a 

betatron orbit are possible three types of trajectories. 

Contrary to the betatron particles, small-gyroradius 

drift particles and figure-8 particles have smaller 

angular momentum. If the poloidal flux decays, the 

figure-8 particles can change abruptly to the betatron 

particles as shown in Fig. 1, because the Larmor radius 



increases. The transition of trajectory type results in 

the increment of the toroidal angular momentum. 

 The inductive electric field is also possible cause 

of the rotation. The betatron particles move around the 

field-null. The toroidal electric field always 

accelerates the betatron particles in the ion 

diamagnetic direction. Here, the radial BE × drift 

motion contributes to the betatron oscillation, and 

therefore the guiding center is fixed at the equilibrium 

position where the centrifugal force and the Lorentz 

force are balanced. 

 Since the discussion above is based on a 

single-particle picture, we need to confirm a collective 

effect due to the flux decay. A number of 

super-particles are traced numerically in the decaying 

FRC plasma. The poloidal flux decay is reproduced by  
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Here, the electric resistivityη equals clηA , where A is 

the anomaly factor and clη  is the classical resistivity. 

Note that 0>ψ inside the separatrix region in our 

paper. The flux lifetime is controlled by the 

parameter A . By integrating Eq. (3) with use of the 

Runge-Kutta method, a flux function at a calculation 

point is found. The motion of plasma ions are 

calculated in the prescribed field and the ion density 

and toroidal flow velocity are estimated by a PIC 

method at each calculation time step. 

 In order to show the fact that a flux decay causes a 

rotation of the FRC plasma, we compare the toroidal 

flow velocity between with and without the flux 

decay; the comparison is made in Fig. 2. It is found 

from Fig. 2(a) that the toroidal flow velocity at the 

field-null increases to A02.0 v , when the flux decays. 

On the other hand, the increase in the rotation speed in 

the ion diamagnetic direction is never observed, when 

the flux is maintained as shown in Fig 2(b).  

 The toroidal flow speed of electrons, however, also 

increase, if we apply Eq. (2). This implies that the 

electron current that is dominant of the plasma current 

of the FRC is driven, and resultantly the decay of the 

poloidal flux is suppressed. In order to explain the 

anomalous resistivity that fits experimental data in Eq. 

(3), we suppose the presence of an anomalous loss of 

the electron angular momentum due to an electron 

fluid fluctuation with higher frequency than the ion 

cyclotron frequency. The idea of the selective angular 

 

Fig. 1. Trajectory of a plasma ion in the FRC 

plasma whose poloidal flux is decaying. 

 

 

Fig. 2.  Time evolution of the toroidal flow 

velocity at the separatrix (solid line) and the 

o-point (dotted line) in the case that a resistive 

decay is (a) present and (b) absent. 



momentum loss of electrons comes from the current 

drive technique by a rotating magnetic field [5]. The 

high beta FRC plasma naturally suffers from 

fluctuation of a confinement magnetic field. Since the 

electron current is dominant, high frequency magnetic 

fluctuation coming from the electron fluid fluctuation 

may be underlying phenomena in the FRC. Therefore, 

electron transport due to fluctuation of the electron 

fluid should be studied. We will discuss an 

electromagnetic fluctuation in the next section. 

 

3. Perturbation of Electron Fluid in an FRC 

The wave equations of electromagnetic fields are 
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Here, all the quantities above are fluctuating 

components and have the relations with the oscillating 

fields in the form 

t∂
∂−−∇= A

E φ1   (6) 

AB ×∇=1     (7) 

Now, let us assume that plasma particles could not 

respond waves, and therefore the source terms 

oscillate with time and spatial profiles do not change. 

Then the source terms are gives as 

( ){ }tnzr ωθρρ −= iexp),(~ ,  (8) 

( ){ }tnzr ωθ −= iexp),(
~
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Amplitudes of ),(~ zrρ and ),(
~

zrj are assumed to be 

proportional to the equilibrium quantities, then 
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The fluctuation ratios nδ and jδ are chosen small 

values, such as 310− . The potentials are also in the 

form as 

( ){ }tnzr ωθφφ −= iexp),(
~

,  (12) 

( ){ }tnzr ωθ −= iexp),(
~
AA .   (13) 

The wave equations of potential are expressed by the 

cylindrical coordinates system. Assumption (11) gives 

0== zr jj  because an FRC plasma is sustained by 

only the toroidal current. We solve the equations for 

the amplitudes of fluctuating quantities by the finite 

difference method. 

 The obtained spatial profiles of the scalar and vector 

potentials on the midplane are shown in Fig. 3, where 

the profiles are drawn for the toroidal mode 

number n of 0, 1, 2, 3, and 4. No electrostatic potential 

arises for 0=n , because no deviation of the charge 

density is present. The potentials satisfy the Lorenz 

gauge.  

 

 Using Eqs. (6) and (7), we obtain the fluctuating 

electric and magnetic fields whose midplane profiles 

are shown in Fig. 4. Although the radial and azimuthal 

 

 

Fig. 3.  The spatial profiles of the amplitude 

of the scalar and vector potentials on the 

midplane. (Top) the scalar potential, (middle) 

the radial component of vector potential, 

(bottom) the azimuthal component of vector 

potential. 



components of the fluctuating magnetic field and the 

axial electric field are present, these are zero only on 

the midplane because of the symmetry. Those appear 

in a region near the x-point, where magnetic lines 

curve. We calculate an electron orbit in the obtained 

fluctuating field. 

 
 

4. Electron Orbit Calculation 

 Electron orbits in the prescribed fluctuating field are 

calculated, and the position and toroidal velocity of 

electrons are summed in the counting cell with a use of 

the PIC method. The number of super-particles is 

about 16 million. We suppose that the equilibrium 

electric field (unperturbed field) is 

BuE ×−= e  

to match the electric drift velocity and the electron 

diamagnetic drift velocity. This controversial 

assumption will be checked in a subsequent study.  

 Preliminary results from calculation of electron orbits 

are shown in Fig. 6. The top figure shows time 

evolution of electron density at the separatrix. It is 

found the electron density varies along with the 

electromagnetic fluctuation. In the figure, one cycle of 

fluctuation corresponds to ce/45 τt , and the density 

and flow velocity are found to follow the fluctuation. 

Because electrons start to flow in the opposite 

direction to the electron diamagnetic flow velocity 

( 0e <θu ), perturbation is possible to cause the loss of 

angular momentum.  
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Fig. 5.  Time evolution of (Top) the electron 

density at the separatrix, (bottom) the toroidal 

flow velocity of electrons at the field-null. 

 

 

 

 

Fig. 4.  The spatial profiles of the amplitude 

of electromagnetic wave caused by electron 

fluid perturbation. (Top) axial magnetic field, 

(middle) radial electric field, (bottom) 

azimuthal electric field. 


