
ORIGINAL RESEARCH

The Simulation of Certain Properties of Plasma Affecting
Beam-Driven Current in EAST

Ji Wang • Bin Wu • Jinfang Wang •

Chundong Hu

Published online: 2 July 2014

� Springer Science+Business Media New York 2014

Abstract Some properties of plasma are investigated for

the impact of the beam-driven current in experimental

advanced superconducting tokamak (EAST). Beam-driven

current simulation experiments have been performed to

study beam-driven current due to the density, temperature

and Zeff of plasma for the on-axis injection. These impact

factors for the co-injection and counter-injection are con-

sidered qualitatively and quantitatively under some certain

specified experimental conditions to guide the future EAST

experimental campaign.
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Introduction

The method of producing current generated by tangential

neutral beam injection (NBI) in a tokamak was first pro-

posed by Ohkawa [1], and then the beam-driven current

was first observed in the Culham Laboratory Levitron [2].

The toroidal plasma current is indispensable to sustaining

plasma equilibrium in a tokamak configuration during

discharging. The NBI, as one of the important non-induc-

tive current drive methods, is applied to change the plasma

loop voltage because the Ohmic heating transformer circuit

maintains the total current approximately constant. When

the beam injection is in the direction of the Ohmic current,

namely co-injection, some of the latter is replaced by the

beam-driven current and the loop voltage is reduced

accordingly. For counter-injection, the opposite occurs [3].

A positive-ion-based on-axis NBI system of the exper-

imental advanced superconducting tokamak (EAST) has

been installed recently on Window A and is well prepared

for the next EAST experimental campaign. The next

beamline on Window F for counter-injection is being

constructed. The layout of the NBI system location is

shown in Fig. 1. The same two ion sources are included in

each beamline, and the angle between the two beams on the

same window is 8.7�. The maximal designed power and

energy of each beamline are 4 MW and 80 keV. Some

important beam capability indices are also adjustable in a

certain range.

For a specific beam injection, the factors impacting the

efficiency of beam-driven current are too many. In the

following we will mainly discuss certain target plasma

conditions which can influence the beam-driven current in

EAST by simulation using a 1.5D transport code ONE-

TWO [4] and a Monte Carlo code NUBEAM [5].

The beam-driven current is given by the sum of the

beam ion current and the retarding current produced by

electrons flowing in the same direction as the beam. The

retarding current is basically determined by the electron

force balance of acceleration by the collision with beam

ions and deceleration by the collisions with bulk ions [6].

For toroidal plasma, the motion of circulating electrons

is disturbed by collision with the trapped electrons, and

then the term of retarding electrons is reduced. Then the

beam-driven current is given by

Ibeam ¼ Iion þ Ir elec ¼ Iion 1� Zb

Zeff

1� Gð Þ
� �

ð1Þ

where Iion, Ir_elec, Zb, Zeff and G are beam ion current in

plasma, retarding current due to electrons, ionic charge
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number of beam, effective ionic charge number of

plasma, and geometrical factor respectively. The physi-

cal meaning of the geometrical factor G is related with

trapped and non-trapped electrons, and depends on the

magnetic configuration [7, 8]. This formula seems to be

simple to understand, but there is still difference between

experimental observation and theory because of the

geometrical factor G which is still rather hard to express

clearly due to the complicated physics. Further devel-

oped theories were proposed in succession and all these

theories considered some corrections based on Eq. (1)

[9–12].

In this paper, certain impact factors of EAST plasma on

beam-driven current are considered and analyzed in Sect. 2

and the total toroidal current is kept at 0.98 MA in all

simulative experiments for convenient comparison.

Certain Effective Properties of Plasma Affecting

Beam-Driven Current

Different Plasma Density

The energetic beam atoms injected into the tokamak

become ionized through collisions with the plasma par-

ticles and the resulting ions and electrons are then held

by the magnetic field. It’s obvious that the ionization is

affected by the target plasma density. The experiments

on EAST are being promoted to high specifications and

the plasma density is an important one of them. Here

different density profiles, namely high, medium and low

density distribution shown in Fig. 2, are considered for

contribution to the beam-driven current during NBI on

EAST.

The beam-driven current profiles under the full power

and energy conditions of power 4 MW, beam energy

80 keV with co- and counter-injection respectively are

shown in the Fig. 3, and the integral contributions are

shown in Fig. 4.

The three density profiles in the simulation are carefully

selected to avoid too low density for beam shine-through

and less ionization to produce little beam-driven current.

The beam-driven current density is higher in the core, and

the outside is lower. It can be seen that the lower density

leads to higher beam-driven current efficiency. This result

can’t be clearly concluded from Eq. (1), but given the

inverse aspect ratio, pitch angle, bounce average and other

corrections, the beam drive efficiency is proportional to

Iion/ne [9, 13]. In these simulative experiments, high

Fig. 1 Configuration of NBI on

EAST

Fig. 2 Three different plasma density profiles are considered in these

simulative experiments and each keeps stable with

Te(0) = Ti(0) = 3.0 keV at the magnetic axis during the NBI on

EAST. The abscissa is the normalized square root of the toroidal flux
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density results in more collision and ionization probability

between beam atoms and bulk ions, so Iion increases with

the increasing ne. From the results, we also find that the

increased Iion is not proportional to the increased ne, and

the former is smaller than the latter. For this reason, the

beam-driven current with density 7.0 9 1019/m3 (at mag-

netic axis) is lower than that with density 3.0 9 1019/m3 (at

magnetic axis).

We can see that the maximal beam-driven current in

these cases is 0.11 MA, and this value is rather small

compared with the total current 0.98 MA. The current

profiles in this case are illustrated in Fig. 5.

In this case, Jtatal ¼ JOhm þ JBS þ Jbeam. It shows that the

Ohmic current is the largest share of total current, and

beam-driven current only accounts for 11 % although it

reaches the maximal value in these cases. If the total cur-

rent is reduced in other scenarios, the beam-driven current

will increase its share and remarkably leads to a reduction

of the loop voltage.

The beam-driven current efficiency of co-injection is

obviously higher than that of counter-injection and the

difference between these two direction injections increases

with the increasing density. The deference is only 0.02 MA

in the low density, while the deference increases to

0.035 MA in the high density shown in Fig. 4.

There are some interpretations on this phenomena [14–

17]. Besides these, we find that the fast ions profiles are

also different between co- and counter-injection shown in

Fig. 6.

The fast ion density of co-injection in the core is obvi-

ously higher than that of counter-injection, while in the

outside, the opposite happens. The overall effect leads to

more fast ion population of co-injection which is higher

than that of counter-injection because there is only minor

Fig. 4 The total beam-driven contributions with co- and counter-

injection are indicated with bars. Here, the absolute value of counter-

injection beam-driven current (light shadow) is shown for convenient

comparison with co-injection contribution

Fig. 5 Radial profiles of total (Jtotal), Ohmic (JOhm), bootstrap (JBS)

and NB (Jbeam) current with 4 MW and 80 keV beam co-injection

into the low density shown as Fig. 2

Fig. 6 Fast ions density profiles of co- and counter-injection with the

medium plasma density in Fig. 2

Fig. 3 Different beam-driven profiles with co- and counter-injection

in three different plasma density during NBI
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difference outside the half plasma as to the order of

magnitude.

Different Plasma Temperature

A neutral beam is always injected into a certain temperature

target plasma, and impact ionization cross-section is related

with plasma temperature. The temperature is a significant

factor in the beam-driven current efficiency. In this simu-

lation experiment, the density is shown as the medium

profile in Fig. 2, and the electron and ion temperatures are

supposed to be the same in the three cases, namely the core

temperature is 1.0, 3.0 and 5.0 keV respectively. These

radial temperature profiles are approximately similar to the

density profiles shown in Fig. 2. The beam-driven current

results are shown in Figs. 7 and 8.

It can be seen that when the plasma core temperature is

1.0 keV the co-injection beam-driven current is just about

0.04 MA, while the current is sharply increased to about

0.11 MA when the plasma core temperature is promoted to

5.0 keV. With the increasing plasma temperature the

beam-driven current efficiency is better. According to

OKANO’s neoclassical formula for neutral beam current

drive, the beam-driven current efficiency is proportional to

Te [10]. We think that the beam-driven current is related to

Te and increases with increasing temperature, but it is not

strictly proportional to Te because the effective ionization

cross-section reff of beam atoms injected into plasma tends

to be small with increasing plasma temperature when

multistep excitation processes are neglected [18], and this

reduced Dreff is not proportional to DTe. The assumption is

proven by the beam shine-through power loss in this case.

When the temperature is increased from 1.0 to 5.0 keV at

the core, the shine-through power increases from 0.62 to

0.73 MW. It’s obviously not a linear relationship. From

this point, the OKANO’s formula needed to be further

corrected.

Besides the above temperature experiments, different

temperature of electron and ion in plasma is also investi-

gated. At the magnetic axis Te = 3.0 keV and Ti = 2.0 keV

versus Te = 2.0 keV and Ti = 3.0 keV is considered during

NBI on EAST. The beam-dream current density is shown in

Fig. 9.

In these two cases, the current drive efficiency is higher

for the combination of low Te and high Ti, and the total

beam-driven current is 0.09 and 0.07 MA respectively. To

compare Figs. 9 with 7 and 8 when the temperature is

3 keV, we find that lower Te has a very minor effect on the

Fig. 7 Beam-driven current density profiles in three different plasma

temperature with 4 MW and 80 keV beam co- and counter-injection

Fig. 8 Beam-driven current for different plasma temperature

Fig. 9 Beam-driven current density in different temperature of

electron and ion with 4 MW and 80 keV beam co-injection

maintaining the medium density in Fig. 2
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beam-driven current, while lower Ti can result in signifi-

cantly reduced current.

Different Zeff

It is necessary for a nuclear tokamak to make the

assumption that the cross-section for a given process

depends only on the relative collision velocity [19]. It

means that direct ion impact is the dominant ionization

process of neutral beam in EAST, and the ionization

cross-section of the neutral beam is also considered to

be related to Zeff in the plasma [6]. The retarding

electron current is also partially determined by Zeff from

Eq. (1).

In this case, three uniform radial distribution profiles Zeff

in plasma, namely 1.4, 2.2 and 3.0 are investigated in order

to simplify the analysis of the beam-driven current

dependence on Zeff.

The EAST density in the simulation is as the medium

profile shown in Fig. 2. Te(0) = Ti(0) = 3.0 keV. The co-

injected beam parameters are 80 keV and 4 MW. The

beam-driven current dependences on Zeff are shown in

Figs. 10 and 11.

With the Zeff increase, the beam-driven current effec-

iency is also promoted,and there are obvious differences

inside the half inner plasma, while there is minor difference

between them outside the half plasma. The results agree

with the observed experiments conducted on DIII-D by

Park [20]. The Zeff effect on the beam-driven current can be

clearly derived from Eq. (1). That means less retarding

electron current because of more decelerating collisions

between electrons and impurity ions besides bulk ions with

the increased Zeff. We can see that the Zeff impact on the

beam-driven current is not as magnificent as the plasma

temperature from the integral current. This means that to

achieve high beam-driven current by increasing Zeff is not

very effective, and exorbitant Zeff may also lead to dis-

ruption during discharge.

Conclusion

Certain plasma properties affecting beam-driven current

have been studied on EAST in these simulation experi-

ments and some instructively qualitative and quantitative

results can be utilized to guide the next EAST experimental

campaign. The beam-driven current of co-injection is

obviously higher than that of counter-injection under the

same plasma and beam conditions. To reduce the target

plasma density appropriately or (and) to increase the tem-

perature can result in promoting the beam-driven current

while the other experimental conditions remain basically

unchanged. To increase the Zeff can also promote the beam-

driven current efficiency to some extent, but exorbitant

impurity ions may result in disruption.
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