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Abstract- The proposed compact torus (CT) 

neutralization fuel injection method is studied for 

feasibility by a Monte-Carlo simulation. Ultra-high 

speed particles generated by charge-exchange were 

calculated and an optimum length 0.4[m] for the 

CT neutralizer is found. Also, a new preliminary 

simulation model using particle and MHD hybrid 

techniques is introduced. 
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1. INTRODUCTION 

 “CT Neutralization Fuel Injection” is an expansion 

of the “CT Injection” method.1, 4 The “CT Injection” 

method was proposed as a fuel-injection method for 

large-scale power generation plasmas such as the 

ITER. However, feasibility is still unclear because of 

the difficulty concerning the translation process of a 

plasmoid across the vertical magnetic field of the fuel 

injection target. To resolve this problem, the “CT 

Neutralization Fuel Injection” method utilizes a 

neutralization cell which transforms the injection 

plasmoid into an ultra-fast neutral gas flow. It is 

expected to be faster than conventional methods such 

as the “Gas-Puff” or “Pellet Injection”. Therefore, 

there is a high possibility of reaching the core of the 

fuel injection target.2, 5 

2. CALCULATION MODEL 

 In this study, we will check if the neutral gas 

generation is enough to meet above quotas. We run a 

computer simulation on the neutralization cell of the 

“CT Neutralization Fuel Injection” device. In our 

calculations, we focus on the plasmoid itself moving 

through the cell. The plasmoid is treated as a 

stationary target upon which the neutral gas particles 

of the cell collide and charge exchange with. 

Therefore only gas pressure inside the cell and 

injection speed of the plasmoid is changed. The 

collision processes are reproduced by the Monte Carlo 

calculation. The calculation determines the plasmoid’s 

degree of neutralization, and as a result optimum cell 

length is found. 

 

 
 

 

Fig.1. Equivalent model between CT injection and 

axial neutral beam injection into a stationary CT. 

 

 



In our Monte Carlo calculation, we use M-sequence 

random numbers to determine against the parameters 

below to test neutralization by charge exchange, 

ξtn ³Dvs  

where n  is CT ion density [m-3], s  is the cross 

section for charge exchange [m2], v  is the relative 

velocity between the ion and neutral particles [m/s], 

and tD  which is the collision determination time [s]. 

The CT ion density profile used above is determined 

by solving the Grad–Shafranov equilibrium equation 

and adapting a pressure profile for Spheromak-like 

plasmoids.3 

 

 
Fig.2. Poloidal flux function in the Grad-Shafranov 

equilibrium state. 

 

Table 1. CT parameters. 

 
 

3. RESULTS 

 When the central ion temperature is 100 [eV] and the 

injection speed of CT at 50-300 [km/s], it was 

determined that 0.4 [m] is the optimum cell length due 

to thermal diffusion of the generated gas flow. Any 

cell longer will be not efficient, owing to the increased 

chance of the neutral gas particles colliding with the 

cell and translation tube walls. This will likely cause a 

reduction of the gas injection speed. Furthermore, it 

was calculated that the gas pressure inside the 

neutralization cell and the plasmoid’s injection speed 

does not largely affect the neutralization level and 

process. Also, on the subject of interactions with the 

cell wall, we have determined that the incident angle 

for most of the impacts is 30 to 60 degrees. 

 

 
Fig.3. Neutralization difference by cell gas pressure. 

Effects by diffusion are not included. 

 
Fig.4. Neutralized particle survival rate by diffusion. 

 

Fig.5. Neutralized particle survival rate by velocity. 

 

 
Fig.6. Neutralized particle survival rate by pressure. 



4. NEW PRELIMINARY MODEL 

 We now introduce a preliminary model of a new 

hybrid ion-electron simulation on CT plasma. The 

hybrid simulation model under development takes into 

account the neutralization process to investigate an 

electromagnetic behavior inside the neutralization cell. 

In particular, it should be clarified that magnetic flux 

decay occurs by reducing the plasma current and 

associated radial expansion of the plasma caused by 

imbalance of the radial force. We also study the 

influence of the axial electric field generated by the 

friction force between electrons in the moving 

plasmoid and cold ions. 

 In a hybrid model, ions in the CT are calculated as 

particles, while the electrons are treated as a fluid. 

Ions are loaded into uniform cells evenly across the 

calculating area. They are ‘super particles’, as they 

have statistical weight on them by using the Maxwell 

distribution function, 
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 Also, the neutralization calculation will utilize rate 

coefficients for charge exchange, making random 

numbers unnecessarily. Accordingly, the gas inside the 

neutralization cell is also treated as a fluid instead of 

particles. 

 

 
Fig.6. The new CT neutralization model. 

 

5. HYBRID CALCULATIONS 

 We assume that the initial CT plasma before 

penetrating the neutral gas region is in the 

Grad-Shafranov equilibrium. After loading about 108 

ions as above mentioned ‘super particles’, particle 

motions are calculated using the equation of motion in 

magnetized plasmas6, 
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In the equation above, a  is the test ion, while b  

is the background electron. Also, abn  is the 

slowing-down collision frequency. Furthermore, B 

and E is the magnetic and electric field respectively, 

while u is the background electron fluid velocity. 

 The initial magnetic field can be obtained by 

derivation from the Poloidal flux function, 

zr
Br ¶

¶
-=

y1

 r
FB =q

 rr
Bz ¶

¶
=

y1 . 

For the electric field, it can be calculated from the 

generalized Ohm’s law, 
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in which R is the coulomb collision term between the 

ion particles and electron fluid, mentioned later. 

 In each time step of our simulation, after the ion’s 

motion is calculated, the PIC method is used to derive 

the ion velocity. Therefore enabling us to calculate the 

electron velocity by the definition of current density, 
( )eie uuj -= en  

in which the electron density is the ion density 

obtained from the PIC method using quasi-neutrality. 

 Therefore, by integrating Faraday's law, 
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we obtain the magnetic field needed for the next time 

step. 

 In plasma, the ion’s motion is changed by collisions, 

which also affects the electric field. In our calculations, 

slowing-down collisions and pitch-angle scattering are 

considered.  

Slowing-down collisions are the ion’s drag against 

electrons, causing deceleration. This term is used in 

the equation of motion by means of the slowing-down 

collision frequency, which is obtained from the Vlasov 

equations.6 

 Next, pitch-angle scattering is the effect of the ions 



colliding with each other. The energy of the said ion 

remains the same, while the vectors are changed by 

the collision.  
The base pitch-angle 0l  is calculated by 

0pcos lq =
·

=
Bv
Bv , 

and the collision frequency pn  is used to determine 

the effective pitch-angle, 

( ) ( ) pp nlnll 2
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6. NEUTRALIZATION CALCULATIONS 

 The neutralization calculations were also changed to 

fit the new hybrid model. The charge exchange effect 

of the ions is created by reducing the weight of each 

‘super particle’ using rate coefficients, 
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where Wi is the weight, nn is the neutral fluid density, 
and vs  being the charge exchange rate coefficient. 

 In the above process, the neutral fluid density is also 

decreased by, 
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where ni is the CT ion density. 

 

7. HYBRID MODEL RESUTS 

 Unfortunately, we cannot compare the hybrid model 

results quantitatively with the former non-hybrid 

model, due to the rate coefficient being estimation 

from the cross section for charge exchange. Also, we 

haven’t added the effects of the ions generated in the 

cell by charge exchange.  

However, the results look promising, as shown in 

Fig.7, that the front-end of the CT becomes 

neutralized faster than the rear sections, causing a 

slight magnetic and electric field disturbance. We will 

check this in depth by adding the above mentioned 

ions in our model. 

 

 

Fig.7. Time evolution of CT ion density. 

 

8. SUMMARY 

The proposed compact torus (CT) neutralization fuel 

injection method is studied for feasibility by a 

Monte-Carlo simulation. Ultra-high speed particles 

generated by charge-exchange were calculated and an 

optimum length 0.4[m] for the CT neutralizer is found. 

Also, a new preliminary simulation model using 

particle and MHD hybrid techniques is introduced. 

Ion generation during the charge exchange process is 

neglected in the present paper. The ion generation is 

expected to have an effect on axial electric field in the 

CT as it passes through the neutralizer. The magnetic 

flux decay should be also clarified with this. 
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