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Abstract: lon cyclotron resonance heating and acceleration in a magnetic
nozzle were investigated in a fast-flowing plasma in the HITOP device in
order to establish a Variable Specific Impulse Magnetoplasma Rocket
(VASIMR) type plasma thruster. lon heating was clearly observed in
hydrogen plasma as well as in helium plasma. The resonance region of
magnetic field was broader and wave absorption efficiency was higher in
hydrogen plasma than those in helium plasma. Energy conversion from
perpendicular to parallel components along a diverging magnetic nozzle was
also observed in hydrogen plasma. Parallel component of ion temperature
increased to more than 50eV after the nozzle and exhaust velocity of
hydrogen ions attained to 10° m/s.

Nomenclature

1y = discharge current VA = axial position

e = charge of electron m; = ion mass

& = permittivity Z; = charge number of ion

In A = Coulomb logarithm T; = ion temperature

B = magnetic field strength T, = electron temperature

By = magnetic field in upstream region n, = number density of electron
Bp = magnetic field at cyclotron resonance M; = ion acoustic Mach number
By = magnetic field in the magnetic nozzle exit Prr = input RF power

w = angular frequency of excited wave S = frequency of ion cyclotron motion
Wi = angular frequency of ion cyclotron motion Vi = ion-ion collision frequency
W, = perpendicular component of plasma thermal energy

W, = parallel component of plasma thermal energy
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I. Introduction

ear-future space exploration missions need further investigation of advanced electric propulsion systems, where

high density plasma production and acceleration technique are inevitable. One feature of the advanced space
propulsion system is the ability to vary its specific impulse so that it can be operated in a mode with suitable
propellant utilization and thrust performance. An ion heating and magnetic nozzle acceleration in a fast-flowing
plasma attract much attention in such advanced electric propulsion systems. In the Variable Specific Impulse
Magnetoplasma Rocket (VASIMR) project, it is proposed to control a ratio of specific impulse to thrust at constant
power."™ This engine utilizes a combined system of an ion cyclotron heating and a magnetic nozzle, where a
flowing plasma is heated by ICRF (ion cyclotron range of frequency) power and plasma thermal energy is converted
to flow energy via a diverging magnetic nozzle.

Though ion heating technique has been precisely investigated both theoretically and experimentally in many
magnetically-confined fusion plasma researches, direct ion heating for fast flowing plasmas by RF waves were
considered to be difficult, because ions pass quickly through the resonance region only once and strong absorption
of RF waves is necessary for the one-pass absorption. Moreover, a charge-exchange energy loss by neutral gas
deteriorates the heating evidence in a weakly-ionized plasma.

We have demonstrated for the first time the combined experiments of ion cyclotron resonance heating and
acceleration in a magnetic nozzle using a fast-flowing plasma in the HITOP device.” A magneto-plasma-dynamic
arcjet (MPDA) was used as a fast-flowing plasma source and operated with quasi-steady duration of 1ms, which
eliminated excess inlet of neutral gas flux and reduced charge-exchange loss. When radio-frequency (RF) waves
were excited by a helically-wound antenna, plasma thermal energy W, and ion temperature 7, clearly increased
during the RF pulse. Here the suffix L corresponds to perpendicular component to the axial magnetic field. As ions
are accelerated perpendicular direction to magnetic field by the cyclotron heating, conversion from perpendicular to
parallel energy component along the field line is inevitable for the thruster application. We also observed the energy
conversion in a diverging magnetic nozzle after the ICRF heating. The effects of the magnetic nozzle were
investigated and demonstrated that parallel energy of exhausting plasma was changed by controlling the input RF
power Pgp only. It was confirmed experimentally that the feature of variable /y, control demanded in the VASIMR-
type thfélster can be realized not only by shaping the magnetic nozzle configuration but by controlling the RF input
power.

These experiments were performed with working propellant gas of helium and frequency of RF waves was
around 0.25MHz because of relatively low magnetic field of 0.05T in the HITOP device. As appeared in the
previous experiments, cyclotron heating did not occurred in higher density plasma, where the collision frequency of
ions became larger than the cyclotron frequency and ions could not rotate as Larmour motion.”® It is effective to use
lightweight ions for higher cyclotron frequency with lower magnetic field in order to operate higher density plasmas.
The exhaust velocity is also expected to be larger in lightweight ions.

In this research we have performed ion cyclotron resonant heating (ICRH) experiments in hydrogen gas in order
to obtain higher exhaust velocity of ions and to achieve ICRF heating in higher density region. Fundamental
characteristics of resonant magnetic field and dependence on RF input power and plasma density were obtained.
These results are compared with the data in helium plasmas.

Il.  RF frequency and collision frequency
In the previous experiments, it was found that strong ion cyclotron heating occurred only when the ion cyclotron
frequency was larger than ion-ion collision frequency. Here, the ion cyclotron frequency f;; and the ion-ion collision
frequency v; are defined as the following equations,
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Figure 1. The ion-ion collision frequency w; as a function of the ion density n; for (a)Helium(He") and (b)
Hydrogen(H") plasmas. T;=4eV is assumed. The right-hand axis of the ordinate corresponds to the magnetic
field where fg = ;.

Here, e is charge of electron, B is magnetic field strength, m;, n;, Z;and T;are mass, number density, charge number
and temperature of ions, respectively. &, is permittivity, and InA is the Coulomb logarithm, which is given as the
following equation.,

(T[ev])”
S-\/2
(n [1020m 3])/
When an ion density increases and v; becomes large, ions cannot gyrate in Larmour motion between collisions
and strong ion cyclotron damping of the wave can not occur. Even in the higher density regime where collisional
damping is expected, increase of stored energy was observed with weak dependence on magnetic field strength in
the experiments. As the cyclotron absorption is preferable to the collisional one for the efficient operation of the

thruster, usage of higher RF frequency is feasible. However, higher resonance frequency requires higher magnetic
field that results in vast magnet coils and power supply system. Then, it is important to use an adequate RF

InA=7.0+2.3log,, 3

frequency and magnetic field.

Figure 1 shows the relation between v; and #»; for helium and hydrogen gases. In the calculation 7; = 4eV is

assumed according to the experimental data without RF
heating. The condition of £;; >v; for cyclotron resonance
is satisfied above the solid lines in the figure. The right-
hand axis of the ordinate corresponds to the magnetic
field where f; = vi. As is shown in the figure, ion
cyclotron heating in hydrogen gas can be achieved in
lower magnetic field, although slightly higher frequency
is required than that in helium gas. As the ion-ion
collision frequency strongly decreases with increase of
ion temperature, this criterion depends on ion
temperature. When ion temperature is low in an initial
plasma, such as RF-produced plasma, higher RF
frequency will be necessary.

I11.  Experimental setup

Experiments were carried out in the HITOP device of
Tohoku University.'™ The schematic view of the
device is shown in Fig.2. It consists of a large cylindrical
vacuum chamber (diameter D = 0.8m, length L = 3.3m)
with eleven main and six auxiliary magnetic coils, which
generate a uniform magnetic field up to 1kG. Various
types of magnetic field configuration can be formed by
adjusting an external coil current.
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Figure 2. Schematic of the HITOP device. Magnetic
field with magnetic beach configuration is also shown.
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A high power, quasi-steady Magneto-Plasma-Dynamic Thruster (MPDT) was installed at one end-port of the
HITOP. It has a coaxial structure with a center tungsten rod cathode (10mm in diameter) and an annular
molybdenum anode (30mm in diameter). A discharge current /; up to 10kA is supplied by a pulse-forming network
(PFN) system with the quasi-steady duration of 1ms. The current /; is kept nearly constant during a discharge with a
typical voltage of 200V-300V and can be controlled by varying a charging voltage of capacitor banks of the PFN
power-supply. It can generate a high density (more than 10°°m™) plasma. As the produced plasma density is rather
high in the MPDT, a stainless mesh with floating potential was set at the exit region for lower density experiments
(lower than 10"*m™), which was useful to eliminate unexpected current flow path in the plasma.

We installed a right-handed helically-wound antenna at Z=0.6m downstream of the MPDA in the chamber. RF
waves can be excited in the direction downstream of the antenna preferentially with azimuthal mode numbers of m=
-1. RF power was supplied with a 50-ohm matching circuit in the range of frequency from 0.5MHz to 1.0MHz. The
pulse length is limited to 0.1ms and an input power up to 10kW was supplied. A diamagnetic coil is set at Z=2.23m
to measure plasma thermal energy W,. Hereinafter, the suffix L and // indicates perpendicular and parallel
component to the axial magnetic field, respectively. The magnetic field configuration is of magnetic-beach type with
a constant By (=0.1T) at the antenna position and a variable Bp, (corresponding to ion cyclotron resonance condition)
at the diamagnetic coil position, which is the same as the previous experiments.

IV. Experimental results

A. ICRF heating in hydrogen plasmas

Figure 3 shows typical waveforms of diamagnetic coil signals /¥, obtained in hydrogen plasmas. It drastically
increased during the RF excitation, although it was not saturated during the short RF pulse period of 0.1ms. The
maximum value of W, is plotted as a function of input RF power Pgg in Fig.4. It increased almost linearly with Pgg
as shown in the figure. lon temperatures of parallel and perpendicular components are measured by an electrostatic
energy analyzer to confirm the ion heating. The ion temperature 7;, increased from 2eV to nearly 60eV with the
electron density of 1.5X10"m™.

In order to clarify the ion cyclotron resonance heating of hydrogen, we varied the magnetic field Bp in the
resonance region. Figure 5 shows the obtained dependences of AW, /W, on the magnetic field B, for different RF
frequencies frr. Bp corresponding to @ /@.~1 for each frr are indicated as arrows in the figure. AW, /W, became
large in the region of Bp slightly lower than the resonance field of @ /@.=1. These shifts to lower magnetic field are
caused by the Doppler effect due to fast-flowing ions in the plasma. These phenomena are similar to that in helium
plasma. The increment of /¥, was, however, observed in broader By, field than that in helium plasma. One possible
reason why the resonance region becomes broad is that the resonance condition was satisfied at different position
from the plateau By, area. Another is the resonance of molecular ions H," was occurred, where the resonant magnetic
field is twice to that of H' ions. Slight increase of the ratio AW, /W, was observed at Bp of @ /w.=1/2 in case of
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Figure 4. Dependence of W, on RF input power

Figure 3. Time evolutions of W,. Pgr = 0.8, 2.6 and Pee. fre=05MHz. n=15x10"m. H plasma.

5.5kW. fre=0.5MHz. n,=1.5x10"m™, H plasma.
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Figure 5. Dependence of AW /W, on the resonance
magnetic field Bp. H plasma.

Figure 6. Dependence of AW /W, normalized by
Prr On n;. H plasma.

Jfrr=0.4MHz and 0.5MHz. Further consideration and experiments are necessary for the characteristics of cyclotron
resonance condition in hydrogen plasma.

We have changed the plasma density and obtained the dependence of AW, /W, normalized by input RF power on
n; as shown in Fig.6. Although the increment ratio decreased with the increase of »;, the normalized increment ratio
was larger in higher fir in the region of n; more than 10"m™. This indicates that higher frequency is feasible for
higher density plasma heating.

Energy conversion from W, to W, in a diverging magnetic nozzle was measured by electrostatic energy
analyzers, which were set at the diamagnetic coil position of Z=2.33m (before the nozzle) and in the downstream
region of Z=3.13m (after the nozzle). Increase of 7;, and decrease of 7;; were clearly observed in the diverging
magnetic nozzle in the hydrogen plasma as well as in the helium plasma. Although the RF input power is low of
6.9kW, T;, attains to more than 50eV after the nozzle, which corresponds to the specific impulse of 10%sec.

B. Comparison with helium plasmas

In order to compare the efficiency of ion heating between 10° Y
helium and hydrogen plasmas, we measured the increment o i o o e
ratio AW, /W, in various densities of plasmas. As the 0 o w e
experimental conditions of magnetic field, RF frequency and '@ 10°F O )
input power were different in each plasma, it was somewhat = Y : Oo® f
difficult to compare the efficiency with each other. We E P O ™ ¥ *Ai
measured magnetic fluctuation signal B using a magnetic 41071 5
probe near the antenna to estimate wave power intensity % - O
excited in the plasmas. As the value of | B |* corresponds to ~ 10% . ) ) OQ% )
power density of the excited waves, the ratio AW, /W, 10 10Y" 10 10 10%°

normalized by | B |* is considered to be proportional to the -3
absorption efficiency of the RF waves. Figure 7 shows the [
dependence of (AW, /W,)/| B | on n; in helium and hydrogen
plasmas. As is shown in the figure, efficiency of wave
absorption was higher in hydrogen plasma than that in
helium plasma.

Figure 7. Dependence of AW,/W, normalized by
B> on ni. fre=0.24MHz in He plasma and
frr=0.41MHz in H plasma.

Table 1. Comparison of achieved data between helium and hydrogen plasmas with nj=1.5x10""m?,

X Ti1(eV) Ti(eV)
BU'BD'BN (mT) .fRF (MHZ) PRF (kW) (Z=233m) (Z=313m) [/// (m/S) [Sp (S)
He | 100-57.5-6.9 0.238 19 90.5 71.3 5.84x10* 6.0x10°
H 100-52.5-11.2 0.90 6.9 60.4 51.3 9.91x10* 1.01x10*
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The achieved exhaust energies in helium and hydrogen plasmas are summarized in table 1. Although the RF
input energy was lower in hydrogen plasma experiments, exhaust ion velocity was faster than that of helium due to
its light weight, and attained to more than 10°m/s.

V. Conclusion

In order to establish a VASIMR-type plasma thruster, ion heating and acceleration experiments were performed
in a fast-flowing hydrogen plasma produced by an MPDA in the HITOP device.

Ion heating was clearly observed in a hydrogen plasma as well as in helium plasma. The ion temperature 7},
increased from 2eV to nearly 60eV with the electron density of 1.5x10'"m™. The resonance region of magnetic field
was broader than that in helium plasma. The effect of Doppler shift of ion cyclotron resonance was also observed.
The absorption efficiency of the excited wave was compared between helium and hydrogen plasmas. It was higher
in hydrogen plasma than in heliumplasma. Increase of T;, and decrease of 7;, were observed in a divergent
mazgnetic field and T;, attained to more than 50eV after the nozzle, which corresponds to the specific impulse of
10%sec.

Acknowledgments

This work was supported in part by Grant-in-Aid for Scientific Researches from Japan Society for the Promotion
of Science, and under the auspices of the NIFS Collaborative Research Program (NIFSO7KKMBO001 and
NIFS06KUGMO18).

References

! ChangDiaz F.R. et al., “The Physics and Engineering of the VASIMR Engine,” Proceedings of 36th Joint Propulsion
Conference, Huntsville, AIAA-2000-3756, 2000, pp.1-8.

% ChangDiaz, F.R. et al., "The VASIMR Engine: Project Status and Recent Accomplishments”, Proceedings of 42nd
Aerospace Sciences Meeting and Exhibit, AIAA 2004-0149, (Reno, January 5-8, 2004), pp.1-8. ; Bulletin of APS (46th APS-
DPP),NM2A-3, 2004.

3 Squire J.P., et al., “High power light gas helicon plasma source for VASIMR,” Thin Solid Films, Vol.506, 2006, pp.579-582.

4Bering E.A., et al., “Ion Acceleration By Single Pass Ion Cyclotron Heating In The VASIMR Engine,” Proceedings of the
29th International Electric Propulsion Conference, (Princeton, Oct.31 — Nov.4, 2005), [IEPC-2005-093, 2005.

3 Inutake M., et al., “Magnetic-Nozzle Acceleration and Ion Heating of a Supersonic Plasma Flow,” Transactions of Fusion
Technology, Vol.43, No.1T, FUSTES, 2002, pp.118-124.

¢ Ando A., Inutake M., Hatanaka M., Hattori K., Tobari and Yagai T., “Alfven wave excitation and single-pass ion cyclotron
heating in a fast-flowing plasma,” Physics of Plasmas, Vol.13, 2006, pp.057103 1-7.

" Ando A., et al., “Demonstration of Ion Heating and Acceleration in a Fast-flowing Plasma for the VASIMR Thruster,”
Proceedings of the 29th International Electric Propulsion Conference, (Princeton, Oct.31 — Nov.4, 2005), [EPC-2005-029, 2005.

¥ Ando A., et al., “Ion Heating Experiment by a helical Antenna in a Fast Flowing Plasma,” Thin Solid Films, Vol.506, 2006,
pp.601-604.

% Ando A., Inutake M., Hattori K., Shibata M., Kasashima Y., “ICRF heating and plasma acceleration with an open magnetic
field for the advanced space thruster,” Transactions of Fusion Technology, Vol.51, No.2T, FUSTES, 2007, pp.72-74.

10 Hagiwara T., Ando A., Kasashima Y., Hattori K. and Inutake M., “Experiments of lon Acceleration in a Magnetic Nozzle
for an Advanced Plasma Thruster,” Proceedings of the 30th International Electric Propulsion Conference, IEPC-2007-255, 2007.

" Tnutake, M., Ando, A., et al., “Improvement of an MPD Thruster Performance with a Laval-type Magnetic Nozzle,”
Proceedings of the 29th International Electric Propulsion Conference, IEPC-2005-83, 2005.

2 Tnutake M., Ando A., Hattori K., Tobari H. Makita T., Isobe H., and Komagome T., “Transonic plasma flow passing
through a magnetic mirror,” Transactions of Fusion Technology, Vol.51, No.2T, FUSTES, 2007, pp.141-146.

1 Inutake M., Ando A., Hattori K., Tobari H. Makita T., Shibata M., Y. Kasashima, and Komagome T., “Generation of
supersonic plasma flows using an applied-field MPD arcjet and ICRF heating,” Plasma Physics and Controlled Fusion, Vol.49,
2007, pp.A121-A134.

6
The 30" International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007



	Nomenclature
	I. Introduction
	II. RF frequency and collision frequency
	III.  Experimental setup
	IV. Experimental results
	A. ICRF heating in hydrogen plasmas
	B. Comparison with helium plasmas

	V. Conclusion
	Acknowledgments
	References 

