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Abstract

We are developing an EICR Plasma Thruster
which can generate plasma with ECRH (Electron
Cyclotron Resonance Heating) and accelerate ions
with ICRFH (Ion Cyclotron Range of Frequency
Heating). The temperature T, and density n. in
ECRH plasma coresponding to two different back-
ground magnetic fields are measured. It is found
that better plasma parameters are obtained if a
ECR layer is inside a gasbox rather than outsite of
it. Moreover, ICRF wave propagation is calculated
by modifing the ICRF wave code[3]. We obtain the
results that (i) the left-hand polarized wave pene-
trates the main plasma and contributes to plasma
heating in the case of the mn = —1 mode, and (ii)
the rotating Nagoya type III antenna is suitable for
ICRFH.

1.Introduction

The plasma thruster using ICRFH is a grid-
less, highly powerful and valuable specific impulse
engine. Such a thruster will pave the way for a
manned Mars mission[1].

The ECR microwave discharge ion thrusters had
been investigated for long-distance space missions
with the advantages of no cathodes for plasma gen-
eration and high specific impulse[2]. In order to
accelerate ions backward, these ion thrusters utilize
grids. Their lifetime and driving force depend on
grids, and it is difficult to vary their driving force.
A gridless ion thruster with antenna for ions acceler-
ation has great potential for a variable ion thruster
with long-lifetime and high power[1].

The purpose of our study is to generate plasma
with ECRH and to heat ions with ICRFH by using
antenna. Heated ions are accelerated backward by a
force(proportional to the diverging magnetic field),
and accordingly a driving force is generated in the
opposite direction.

In this paper, we present the measured electron
temperature 7, and electron density n. in ECRH
plasma for different magnetic field configurations.
Moreover, based on the experimental result, the
ICRF wave propagation is calculated by using the
modified ICRF wave code. Characteristic phenom-
ena of the ICRFH wave are analyzed with respect to
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fundamental poloidal modes. Some ICRF antennas
are adopted here.

2.Experimental Development

Fig.1shows a simplified EICR experimental setup.

The gas box is filled with propellant He. The back-
ground magnetic field is generated by the magnetic
coils. Electrons are heated resonantly at the 875G
magnetic field layer by a 2.45GHz right-hand circu-
lar polarization wave introduced from wave guides,
and the He plasma is generated by these electrons.

Produced ions in the plasma are then heated by a
RF antenna with ICRFH.
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Fig.1 : Simplified EICR experimental setup

The measured T, and n, in the ECRH plasma
with Langmuir probes by changing background mag-
netic fields (denoted by A and B cases, respectively)
are shown in the lower panel of Fig. 2. The upper
one shows the ECR layers corresponding to A and B
cases, respectively. The microwave injection power
was 500 W for each case.

It can be seen that n. in A and B cases are al-
most the same, but 7, in A case is higher than that
in B case. The reason is that since the resonant
layer of A case is located inside the gas box, and
therefore the wave was possibly absorpted more ef-
ficiently into plasma there than into that in B case.

Based on this result, we adopted A case for
ICRF wave calculation.
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Fig.2 :  Experimental results

3. Numerical Development

We analyze ICRF wave absorption in our EICR
device by modifying background magnetic fields of
the ICRF wave code[3].

3.1 Magnetic field calculation

The background magnetic field By to be used
for the ICRF wave calculation is obtained from the
vector potential A with a coil current density Jy
and the permeability constant pq

Vx A= Bo, (1)
—VZA = poJy. (2)
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Fig.3: Calculation area
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Fig.3 shows the calculation area for our modi-
fied ICRF wave code. Here, we omit the gas box
for simplicity. Eq.(2) is solved with boundary con-
ditions A = 0 at the symmetry line (r = 0) and the
gradient of A is set to the zero at the computa-
tional domain boundary which is 4 times the scale
size of calculation area of Fig.3. Fig.4 shows the
calculated background magnetic field lines. The
dashed lines and dash-dotted line indicate the Ton
Cyclotron Resonance (ICR) layers (By=652 Gauss)
for the RF antenna frequency f=250kHz and the
Electron Cyclotron Resonance (ECR) layer (By=875
Gauss) for the microwave frequency fy=2.45 GHz,
respectively.
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Fig.4 : Background magnetic field lines

3.2 ICRF wave fields equation

ICRF wave fields Egp are obtained by solving
Maxwell’s equations

2
w .
-V xV x Egp + —CQK-ERF = ‘lw#OJRF, (3)

where Jgp is an external current density provided
by the RF antenna with an angular frequency w, ¢
the speed of light in vacuum. K is the collisional
cold plasma dielectric tensor,

i K, —Ky, 0
K=14+ —0o =

iK, K, 0 |, (4
weo 0 0 I(”
Wi
IXJ_ = 1 - Z m, (5)
J J

3 2.

w wz—QJZ’

2
we.
- rJ
J
where I is the identity tensor, o the collisional cold
plasma conductivity tensor, and ¢ the permittivity
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C(;nstant. In Eqs.(5), (6) and (7), Q; = q; Bo/mj,
“pj
J denotes particle species, ¢; and m; are the charge
and mass, respectively, n; is the plasma density,
and v; is introduced as a simple model collision fre-

quency which is added to the Lorenz force equation:

Ov;
mj = = 0;(Err + v; x Bo) —vymjv;,  (8)

where v; is the particle velocity assumed as pro-
portional to e . From Eq.(8), we can include the
approximate effect of collisions in m; and simulate
energy absorption.

Azimuthal symmetry is assumed so that Egp
and Jgp can be expanded into poloidal modes m

JrE(r,$,2) =Y (7, 2)e™™, (9)

m

EHF(ra (b; Z) = Z Em (lr, 2)€im¢.

m

(10)

A plasma energy absorption rate W and a load-
ing resistance R, important parameters for plasma
heating, are given as follows

o
W = S RelEgp - Tpiasmal, (11

- 2 .
R |1,2|/ Vdu, (12)

where Jyiasmq = 0 - Egp is a plasma current den-
sity and [ is a RF antenna current.

In Eq.(3), on the time scale of the ICRF, it is as-
sumed physically that the high conductivity of the
plasma along field lines shorts out the component
of the Egrp parallel to By; Egrp - By = 0.

Eq.(3) is solved with the boundary conditions
that the tangential component of Egrp is vanished
at r= Rand 2 =0, L.

3.3 Dielectric tensor calculation

In this section, we calculate K with the back-
ground magnetic field shown in Fig.4.

Table.1 :

Calculation parameters

Chamber scale (R, L) [m] 0.10 x 1.00
Mesh number (r, 2) 100 x 100
Particle He

RF Antenna form One turn loop
RF Antenna current I [A] 20

RT current frequency f [Hz] 250 k
Antenna cross section [m?] 1.0 x 1074
Antenna position (r, z) [m] 0.07 x 0.2
Collision frequency v; 0.01€);
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The calculation area and parameters are shown

= (njqu)/(m;-eo), and mj = m; (1 + ivj/w). Herein Fig.3 and Table.1, respectively. These parame-

ters are derived from our EICR. device.
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Fig.5: Radial plasma density profile

Fig.5 shows the radial plasma density profile
adopted. The profile is assumed as parabolic in
radial direction and uniform along axis. The maxi-
mum plasma density n,,4, 1s obtained from the ex-
perimental data on our EICR device. The minimum
plasma density 7n,,;, is assumed to be 0.017,,,44 [4].
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Fig.6 :

R=K, +K,

In oder to analyze ICRF wave, it is convenient
to define right- and left- hand polarized parameters
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suchas R= K| + K, and L = K, — K, which ef-
fect upon electrons and ions motions, respectively.
Figs.6 and 7 show the calculation results for R and
L. The real and imaginary parts of them indicate
the wave propagation behaviors and the absorption
effect of each polarized waves; £_ = Evy +iEg or
Ey = Evy — iFy, respectively, where v is the flux

function that defines a flux surface with By - V1 = 0.

There is no singular peaks in Fig.6. It means that
at the RI frequency, the exited ICRF wave has not
much effect on electron motions. However, in Fig.7,
there are some peaks. In the real and imaginary
parts of L, two positive peaks indicate the resonant
and absorption layers, respectively. These peaks are
located on the ICR layers shown in Fig.4.
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3.4 Analysis on basic modes

From Egs.(9) and (10), the ICRF wave phenom-
ena can be classified by the sign of m. Thus, in this
section, we analyze the three fundamental modes:
m=0,=%1.

Fig.8 shows the current distributions for the
fundamental modes. Here, ¢ indicates the poloidal
direction of the one turn loop antenna, J, J,; and
T i1s a normalized RF current density, a RF cur-
rent density and a RF current period, respectively.
The one turn loop antenna only excites the m = 0,
therefore the analysis here will be developed on the
assumption that the m = +1 as well as the m = 0
could be excited by using the antenna.
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Fig.9 :

|E4| and |E_| for the m =0
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Fig.12: W for the fundamental modes

The results for |} | and |E_| are shown in Fig.9
for the m = 0 while in Figs.10 and 11, the corre-
sponding values are shown for the m = +1. For the
case of the m = 0 in Fig.9, |E4| and |E_| have the
E4 same value. It means that the excited wave is not
polarized. In Fig.10, E; wave is not excited in the

80: // main plasma, however, F_ wave propagates into
60 L By e the main plasma. They show that for the m = +1
" ’\“""'";""""" mode, the right-hand polarized wave E_ can pen-
40 I""""" etrate the main plasma regions. For the case of
20 ““""‘,‘“ the m = —1, the situation is opposite to that of the
== m = -+1 as shown in Fig.11; the left-hand polarized

0

wave 4 can penetrate the main plasma regions.
04 At the ICRF(f = 250 kHz), the parameters
Im[L] and [E4| are important for the ICRFH es-
timations. Iig.12 shows the energy absorption rate
for the fundamental modes. It is seen that some
Fig.11: |E4|and [E_| for the m = —1 peaks, corresponding to the ICR layers in Fig.4,
are generated for each case in Fig.12. These peaks
show that the excited ICRF waves are absorbed at
the ICR layers where f is equal to the ICR fre-



quency. For the case of the m = 0, a peak is only
seen in the ICR layer which is near the antenna.
The reason is that F_ wave is generated in nar-
row regions around the antenna as shown in Fig.9,
besides the antenna is not located on the middle
of ICR layers in Fig.4, so only the layer near the
antenna contributes to the energy absorptions. For
the case of the m = +1 two peaks are shown around
the main plasma. The reason is that £, wave is not
excited in the main plasma as shown in Fig.10. It is
found that the m = +1 mode is not useful to heat
the main plasma. Comparison of W shows that the
m = —1 has the highest value among them.

This phenomenon is also shown in the loading
resistance R given in Table.2. It is obvious that the

highest R in the case of the m = —1 is most effi-
cient for plasma heating. In order to heat the main
plasma, the m = —1 mode needs to be generated
from the RF antenna.
Table.2 :  Loading resistance for the fundamental
modes
Mode | Loading Resistance (£2)
0 3.97 x 107°
1 1.12x 1073
-1 2.61 x 1072

3.5 Analysis on some ICRF antennas

In this ICRF wave code, we can analyze various
types of antennas by Fourier analyzing RF currents
into the poloidal direction. Fig.13 shows some types
of ICRF antennas which we analyze here. The one
loop turn and the dual half turn antennas are op-
erated by one RF power source. However, since the
rotating Nagoya type III consists of two dual half
turn antennas, it need two power sources and then
it can excite intentional modes by changing phase
shift between them.

1

Y/ "\(

One turn loop Dual half turn Rotating Nagoya type III

I'ig.13 :  Antenna forms

The current distributions and mode spectra are
shown in Fig.14. The one turn loop antenna mode is
the m = 0 and then we omitted it here. These cur-
rent distributions in Fig.14 can be Fourier analyzed
and result in contributions from several modes. The
dual half turn antenna consists of primarily the
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m = £1 modes. The rotating Nagoya type IIl an-
tenna excites primarily the m = —1 mode for the
phase shift shown as in Fig.14.

[Im/JH|
! t=0 1
o.s———————gt t s sttt e
Ji o % %
Y TR LT T
t=T/2 L ‘L—J_‘
—b
0 * I 32401 2 3
8 mode
Dual half turn
|dm/drd|
ot=0  t=T/4 .

S

2 -3 -2 4

oA

Rotating Nagoya type HI

Current distributions and their mode
spectra for some ICRF antennas

Fig.14 .

W [Wma]

4000

3000 I Dual half turn

2000

1000 |

W Wim3]
4000

s000 | Rotating Nagoya type i

2000

1000

04

W for two ICRF antennas

Fig.15 :

Fig.15 shows the W for the two ICRF anten-
nas. Since the value of the m = —1 spectrum of
the rotating Nagoya type I1I is higher than that of
the dual half turn as in Fig.14, the rotating Nagoya
type III produces higher peaks than the dual half
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turn for W.

Table.3 shows the loading resistance R for these
ICRF antennas. It is evident that the rotating
Nagoya type III has the highest value for R and it
1s the most efficient for the plasma heating among
them.

Table.3 :  Loading resistance for some ICRF an-

tennas
ICRF Antenna form Loading Resistance((2)
One turn loop 3.97x 107°
Dual half turn 3.71 x 1073
Rotating Nagoya type III 5.42 x 1073
4.CONCLUSION

We have measured the plasma density and elec-
tron temperature in our EICR device and found
that higher temperature plasma can be generated if
the ECR layer is located inside the gas box. Based
on the above experimental result, ICRF wave prop-
agations were calculated by the modified ICRF wave
code. From the analysis of ICRF wave phenomena
for the fundamental poloidal modes, it was found
that the left-hand polarized wave penetrated the
main plasma and contributed to plasma heating in
the case of the m = —1 mode. Moreover, we have
calculated the absorption rate for some ICRF an-
tennas and found that the rotating Nagoya type II1
antenna was the most suitable for ICRFH among
them.
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