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The high plasma density downstream of the source is observed to be sustained only for a few

hundreds of microsecond at the initial phase of the discharge, when pulsing the radiofrequency

power of a helicon plasma thruster. Measured relative density of argon neutrals inside the source

implies that the neutrals are significantly depleted there. A position giving a maximum plasma

density temporally moves to the upstream side of the source due to the neutral depletion and then

the exhausted plasma density significantly decreases. The direct thrust measurement demonstrates

that the higher thrust-to-power ratio is obtained by using only the initial phase of the high density

plasma, compared with the steady-state operation. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4942469]

Plasma production and expansion in an expanding mag-

netic field have been investigated in association with space

plasmas, plasma processing, and electrodeless electric pro-

pulsion devices.1 A number of laboratory experiments have

been conducted to investigate underlying physics and to test

a propulsion device called a helicon plasma thruster

(HPT).1–3 A high density plasma produced by a helicon

source is transported along the external magnetic field and

expands along the magnetic nozzle, by which the plasma is

accelerated into the axial direction. Hence, the typical HPT

consists of only an insulator source cavity wound by a radio-

frequency (rf) antenna, solenoids or permanent magnets pro-

viding an external magnetic field, and a gas injector located

upstream of the source cavity. One of the key parameters of

the thruster is a plasma momentum exhausted from the sys-

tem, which corresponds to the thrust imparted by the

thruster. Direct measurement of the thrust has recently been

performed by using thrust balances.3–6 Some experiments

have also been conducted to improve the thruster perform-

ance.7,8 The plasma momentum is also the essential parame-

ter relating to particle acceleration in space, thermonuclear

fusion, and laboratory plasmas; the direct thrust measure-

ment is equivalent to identification of the absolute value of

the momentum and gives important insight into the plasma

transport and expansion physics.

The static magnetic field has two roles in the HPT oper-

ation. One is the magnetic nozzle effect in the plasma expan-

sion. One of the authors have demonstrated the presence of

the thrust component arising from the magnetic nozzle,9

where the radial component of the plasma momentum is con-

verted into the axial one via a Lorentz force arising from the

radial magnetic field and an azimuthal plasma current.10,11

The other role is production of a high density plasma via a

helicon-wave absorption and a radial plasma confinement,

thereby providing a plasma density in the range of

1012–1013 cm�3.12 In the highly ionized state, a number of

experiments have shown neutral depletion phenomena in

steady-state plasmas.13–18 One of the early experiments has

observed the oscillation of the plasma density due to the neu-

tral depletion.19 In a high-power electron cyclotron reso-

nance plasma, a vortex structure has also been driven by the

depleted neutrals.20 As mentioned above, the neutral-plasma

interactions significantly affect both the steady-state and spa-

tiotemporal plasma characteristics.

Fruchtman et al. have predicted by using a non-

magnetic field model that an axially asymmetric plasma

density profile in steady state is formed due to the neutral

depletion when introducing the gas from one end of the

source.21,22 Similar profiles have also been reported in a two-

dimensional model of the HPT23 and have recently observed

in the HPT experiment when changing a propellant gas from

Ar to Kr or Xe,24 although no experimental evidence of the

neutral depletion has been shown. Simultaneously with the

formation of the asymmetric density profile, non-negligible

axial momentum lost to the radial wall has been detected.24

The loss of the axial momentum to the radial wall is consid-

ered to occur when the ions accelerated by an electric field in

the plasma core are lost to the radial wall. Such a physical

picture has also been validated by a particle-in-cell simula-

tion with no magnetic field.25 Although the discrepancies

between the models and experiments such as the presence of

the magnetic field are still found, there seems to be a univer-

sal physics relating to the neutral depletion. Here, a spatio-

temporal evolution reaching the axially asymmetric profile

of the plasma density due to the neutral depletion is demon-

strated; it is found that the high plasma density downstream

of the source is sustained only for the initial phase of the dis-

charge. Furthermore, the thrust-to-power ratio is improved

by utilizing only the high density initial phase, which

also indicates the decrease in the thrust due to the neutral

depletion.

Figure 1 shows a schematic of the HPT attached to a

pendulum thrust balance8 immersed in a 1-m-diameter and

2-m-long cylindrical vacuum chamber, which is evacuated

to a base pressure of 1� 10�6 Torr by a turbomolecular/

rotary pumping system. The HPT has a 6.5-cm-innera)kazunori@ecei.tohoku.ac.jp
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diameter and 16-cm-long source cavity consisting of a pyrex

tube and an insulator back plate, a double-turn rf loop

antenna located around z¼�10.5 6 1 cm, and a solenoid

located at z¼�1 cm, where z¼ 0 is defined as the down-

stream edge of the solenoid holder. The antenna is shielded

to suppress parasitic and anomalous discharges outside of

the source;26 the location of the antenna is chosen as this

position due to the mechanical structure. A dc current of

4.5 A is supplied to the solenoid, and the calculated magnetic

field lines and strength are shown in Fig. 1 by solid lines and

a contour plot, respectively. Argon gas is continuously intro-

duced from the back plate with a flow rate of 70 sccm giving

a chamber pressure of �0.6 mTorr. The rf antenna is pow-

ered from a 13.56 MHz rf generator and pulsed with a repeti-

tion frequency of 200 Hz. The instantaneous power can be

increased up to Prf¼ 5 kW, where the duty ratio is changea-

ble in the range of DR¼ 3%–100% and the averaged rf

power is defined as hPrf i � Prf DR.

A radially facing and cat-leg planar Langmuir probe

(LP) is mounted on a motor stage immersed in vacuum. The

temporal evolution of the ion saturation current Iis is meas-

ured with the probe bias voltage of �70 V. When assuming a

constant electron temperature, Iis is proportional to the

plasma density. An optical emission from argon neutrals is

measured by using a combination of a photodetector (maxi-

mum response frequency of 10 MHz) and an optical band-

pass filter (750 6 5 nm), where an optical collimator is

located inside the chamber to detect the radial line intensity

at z¼�8 cm. Since the detected emission intensity IArI is

proportional to the product of the electron density (or plasma

density) and the neutral density when assuming a constant

electron temperature, the temporal evolution of the relative

neutral density NAr is estimated by NAr¼ Iis/IArI. Here, the

major collisional and radiative processes of the excited argon

are assumed to be the electron impact excitation and the radi-

ative light emission, as already used in previous

experiments.27,28

Typically measured temporal evolutions of Iis at z¼ 10,

�8, and �13 cm are plotted by solid lines in Figs. 2(a)–2(c),

respectively, where the signals are averaged by shots and the

conditions of Prf¼ 5 kW and DR¼ 50% (hPrf i ¼ 2:5 kW and

the pulsewidth of 2.5 ms) are chosen. IArI taken at z¼�8 cm

is also plotted by a dotted line in Fig. 2(b). The Iis signal in

Fig. 2(a) indicates that the high plasma density exhausted

from the source is sustained only for 100–200 ls, where the

rising time of the rf generator is less than a few tens of ls

and the antenna current is confirmed to be fairly constant

during the pulse, i.e., no overshoot of the rf power is

observed. It is found that the steady-state value of Iis

is�15% of the maximum value, which indicates the signifi-

cant decrease in the plasma density exhausted from the

source for t> 0.3 ms. The similar temporal peak of Iis at the

initial phase is also seen in Fig. 2(b) at the earlier time com-

pared with Fig. 2(a); hence, the high density plasma pro-

duced at the initial phase in Fig. 2(b) is considered to flow

out and be detected downstream with the delay time of

�70 ls as shown in Fig. 2(a). On the other hand, a very dif-

ferent feature is observed at z¼�13 cm as shown in Fig.

2(c), where the value of Iis at the initial phase (t< 0.2 ms) is

smaller than that in the steady-state one. These data imply

that the axial profile of the plasma density temporally varies

(will be shown more clearly later). IArI in Fig. 2(b) shows the

temporal peak at the initial phase of the discharge and rap-

idly decreases, where the decay time of IArI is shorter than

that of Iis taken at the same position. It should be mentioned

that the “normalized” radial profile of Iis (not shown here) is

confirmed to be temporally unchanged over the time in Fig.

2. In such a situation, the neutral density estimation by

NAr¼ IArI/Iis is valid. To avoid the division by zero value,

the analyses are performed from the time when the Iis value

reaches 10% of the temporal peak.

Figure 3(a) shows the temporal evolution of NAr for var-

ious instantaneous rf power Prf for DR¼ 50% and the pulse-

width of 2.5 ms. It is found that the initial maximum values

of NAr are very similar with the error of 66% even in the dif-

ferent rf power. This fact seems to validate the present proce-

dure of the relative neutral density estimation, since the

neutral density before the high density discharge is domi-

nated by only the local gas pressure with the continuous gas

injection. Simultaneously with the high density plasma

FIG. 1. Schematic diagram of the HPT setup.

FIG. 2. Temporal evolutions of Iis measured at (a) z¼ 10 cm, (b) z¼�8 cm,

and (c) z¼�13 cm for Prf¼ 5 kW and DR¼ 50%. The dashed line in Fig.

2(b) shows the signal IArI from the photodetector measured at z¼�8 cm.
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production, the relative neutral density decreases with the

much shorter time scale than that of Iis. Since the decay time

is also much shorter than the transit time of both the argon

neutrals and ions in the source and very close to the rising

time of the plasma density [see Fig. 2(b)], it can be deduced

that the decrease in the relative neutral density is caused by

the local ionization process. Figure 3(b) shows the ratio of

the steady-state neutral density to the initial maximum value,

as a function of the instantaneous rf power Prf. The relative

neutral density decreases with the increase in Prf and reduced

to �20% of the initial value at z¼�8 cm for Prf¼ 5 kW.

For such a condition of the neutral depletion, the

detailed axial measurement of Iis is performed. Figure 4(a)

shows the temporal and axial evolutions for Prf¼ 5 kW,

hPrf i ¼ 2:5 kW, DR¼ 50%, and the pulsewidth of 2.5 ms.

For more clarity, the axial profiles at the representative times

[solid arrows in Fig. 4(a)] are plotted in Fig. 4(b). Around

t� 50–100 ls, the plasma density has a maximum value

around z��7 cm in the axial profile. The axial location of

the maximum plasma density temporally moves to the

upstream side of the source tube and is consistent with the

steady-state profile predicted in Ref. 22. Therefore, the pres-

ent experiment demonstrates that the neutral depletion indu-

ces the axially asymmetric density profile and then the

plasma density exhausted from the source is significantly

decreased. The recent experiment has shown the enhanced

loss of the axial momentum to the radial wall for the asym-

metric profile.24 When the maximum density position exists

at the upstream side of the source tube, therefore, the ions

produced there have to travel longer distance to be exhausted

from the source and seem to be lost to the radial wall during

the transport. The ionization rate would also be changed by

the neutral depletion as predicted in the models.22 Hence,

these two effects of the plasma loss to the wall and the ioni-

zation rate seem to be superimposed. It should be further

mentioned that the rf-power absorption profile is also

affected by the antenna location and structure. Identification

of the spatial profile of the rf field and its optimization

remain further experimental issues to understand the relevant

physics and to control the plasma density profile.

The time-averaged thrust imparted by the pulsed HPT is

measured by the pendulum thrust balance, where the steady-

state displacement is measured by a laser sensor. It should be

mentioned that the repetition frequency (200 Hz) of the rf

pulse is much higher than the oscillation frequency of the

pendulum (�1 Hz), which allows us to measure the time-

averaged thrust.29 The solenoid current is now increased to

10 A to have larger thrust and the resultantly improved

FIG. 3. (a) Temporal evolution of the relative neutral density NAr estimated

from IArI and Iis for various rf powers Prf. (b) Steady-state argon neutral den-

sity (NAr steady) normalized by the maximum neutral density (NAr max) at

z¼�8 cm as a function of Prf at z¼�8 cm.

FIG. 4. (a) Temporal evolution of the axial profile of Iis. (b) Axial profiles of

Iis at the representative times shown by the solid arrows in Fig. 4(a).

FIG. 5. Thrust-to-power ratio F=hPrf i as a function of the duty ratio DR,

where the instantaneous rf power is maintained at Prf¼ 5 kW and the solenoid

current is chosen as 10 A.
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signal-to-noise ratio in the thrust measurement. Due to the

chamber maintenance and improvement, two additional tur-

bomolecular pumps are added to the chamber; the gas pres-

sure is decreased to about 0.2 mTorr for the same gas flow

rate. The phenomena shown in Figs. 2–4 are confirmed to be

essentially unchanged by the solenoid current and the pump-

ing systems. The thrust-to-power ratio can be estimated from

the measured time-averaged thrust F and the averaged rf

power hPrf i as F=hPrf i ¼ F=ðPrf DRÞ and plotted in Fig. 5 as

a function of the duty ratio DR, where the instantaneous

power is maintained at Prf¼ 5 kW and only the pulsewidth is

changed, e.g., 0.25 ms for DR¼ 5%. It is noted that the signal

of the initial high density plasma in the temporal evolution is

unchanged by DR, i.e., the temporal ratio of the high density

to the steady-state phases is increased by decreasing the duty

ratio. The thrust-to-power ratio is found to be increased by

decreasing the duty ratio from�5 mN/kW in the continuous

operation to �9 mN/kW for DR� 5%. In other words, it is

experimentally demonstrated that the neutral depletion indu-

ces the decrease in the thrust-to-power ratio. Not to waste

the propellant for the pulsed operation, pulsing the gas is one

of the options to improve the performance.

In summary, at the initial phase of the discharge, the

high plasma density is obtained inside the source and then

the high density plasma exhausted from the source is

detected downstream of the source after the temporal delay.

Once the neutrals inside the source are depleted by the ioni-

zation process, the axial location giving the maximum

plasma density is shifted to the upstream side of the source

and the plasma density exhausted from the source is also

decreased. It is demonstrated that the neutral-depletion-

induced asymmetric density profile causes the decrease in

the thrust-to-power ratio, which can be improved by using

only the initial phase of the discharge.
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