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wide operational condition. Comparing with other’s data, the validity of obtained value is
discussed in this paper.
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Nomenclature

J = discharge current (sum of 5 channel)
V = total discharge voltage
Va = anode fall voltage

Vi = cathode fall voltage
Vare = discharge voltage across bulk plasma (without anode and cathode fall)
Vi = voltage drop due to the joule heating in bulk plasma

Vem = voltage drop due to the back EMF in bulk plasma

Vi = voltage drop due to the ionization or dissociation of the propellant in bulk plasma
T = thrust

T, = electron temperature

m = mass flow rate

u = exhaust speed of the propellant

d = electrode gap

I. Introduction

0 know the exact electrode fall is undoubtedly one of the biggest remaining problem in the field of

MPD thruster. Now, a lot of advanced numerical simulation code has been developed but unknown
sheath drop impede calculating the accurate voltage or efficiency. It is not so hard to adopt some sheath
model into simulation but in each model, they typically requires a lot of unknown physical parameters; for
example, to know the exact work function is not easy because it dreadfully depends on the surface condition
or the temperature. The erosion rate due to the evaporation or the sputtering is also very ambiguous and
intrinsic to each material or operational condition. Thus, it is quite difficult to know the sheath voltage from
analytical model. Macroscopic view including experimental approach is desired to know the sheath voltage.
Probe measurements are most typical way to know the rough value although some disturbance to the plasma
is unavoidable. Gallimore measured anode fall voltage using this technique[l] and mentioned that the anode
fall voltage was increased with J2/m and reached close to 50V when J2/m=140kA%-s/g. Diamant[2] said
that there is a transition point on the anode fall voltage. In the past literature, Clark[3] said that the typical
cathode fall was 5V and anode fall was in the vicinity of 15V up to currents of 300kA. Saber[4] measured
the heat flux into the anode using thermocouple equipped on the anode surface and estimated the anode fall
voltage. In his result, anode fall was about 5V when J2/m=10kA%-s/g. This way, sheath voltage can also
be acquired by measuring anode heat flux.

There is another famous method to estimate the electrode fall. That is, the total arc voltage when the
electrode gap is nearly zero is approximately regarded as the sum of anode and cathode fall voltage(V,+V%).
This ”zero-limit approximating method” has been widely used in welding society. Recently, Yokomizu[5]
measured the fall voltage of argon arc using this method and reported that it was 16.5V in the case of Cu-W
electrode at atmospheric pressure. Besides, it was almost constant regardless of discharge current up to
20kA. This method surely determines the upper limit of electrode fall voltage without any disturbance.

In most of studies using this method, facing rod-rod or rod-plate configuration was adopted and the
experiment was carried out under atmospheric pressure. In the case of MPD thruster, the chamber pressure
is lower than atmospheric pressure and kA class discharge current passes through both electrodes. Besides,
the strong self-induced magnetic field is generated between both electrodes and the current paths are flown
away into the exit of the channel. These effects (low pressure, kA class current and the existence of the
magnetic field) cause the rack of the electrical career near the anode surface and spotty arc attachment and
the voltage hash easily occur. Under such condition, it is unclear whether the electrode fall voltage increases
or not.

In this study, an adequate setup was constructed to apply this ”zero-limit approximating method” into
typical condition of MPD thrusters and pointed out the upper limit of electrode fall voltage over wide range
of J2 /1. Obtained value will be useful to compensate the results of numerical analysis that does not include
sheath voltage.
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II. Experimental Apparatus

We newly constructed 5ch variable electrode gap MPD thruster (Fig.1,2). The reason to avoid typical
cylindrical configuration and adopted rectangular thruster is that the strength of magnetic field cannot be
kept constant in the case of cylindrical one when approaching both electrodes. The detail about this will be
described later. Although we already have had 2-D MPD thruster and have reported a lot of experimental
results [6][7], it was not adequate for the voltage fall measurement because it had too large eletrode area
to observe voltage hash phenomena. One of the voltage oscillation mechanism is often explained by the
instability on the anode when the desired current exceeds beyond natural thermal electron flux into the
anode[8]. This time, we carefully designed the 5ch variable electrode gap MPD thruster to be adequate for
electrode fall measurement, reducing the anode area to about 30 % of existing cylindrical thruster[9] while
the cathode area was not different (Table.1).

10 pieces of copper and 5 pieces of 2% ThO,-W were manufactured as rectangular electrodes. As for the
anode material, copper was always used but the cathode material can be switched. All the electrode pieces
have the width of 6mm and the length of 45mm. Thin boron nitride plate was used as an insulator and it
determines the accerate electrode gap. The accuracy of the thickness d was within 10 %.

Figure 1. A front view of 5ch MPD (d=4mm).

Figure 2. A side view of 5ch electrode MPD (d=1mm).

3
The 30t" International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007



Table 1. The comparison of various MPD’s electrode area.

Thruster Anode area, cm? Cathode area, cm? Ref.
Cylindrical MPD ST-42 39.56 11.56 [9]
2-DMPD Straight 57.6 92.48 [6]

5ch variable electrode gap MPD 13.5 13.5 this paper

Although there are similar 5 parallel electrode pairs, we will focus on only the center channel (Ch.3) in
the discussion. Figure.3 is a simulated magnetic field on the cross sectional plane at the channel inlet. Only
in the intermediate region of Ch.3, the magnetic field is very uniform and close to the theoretically calculated
value (assuming idealized infinite plane) while at both side channel (Ch.1 and Ch.5), the magnetic field is
weakened and not uniform. This way, 5-channel structure was necessary to make idealized magnetic field
even though only at the center channel. Each electrode was connected to 0.5 2 resistors respectively and
the channel-to-channel discharge characteristics was achieved.

2.703e-001 : >2.844e-001
2.561e-001 : 2.703e-001
2.420e-001 : 2.561e-001
2.278e-001 : 2.420e-001
2.137e-001 : 2. 278e-001
1.996e-001 : 2.137e-001
1.854e-001 : 1.996e-001
1.713e-001 : 1.854e-001
] 1.571e-001 : 1.713e-001
[ 1.430e-001 : 1.571e-001
1.288e-001 : 1.430e-001

1.147e-001 : 1.288e-001
1.005e-001 : 1.147e-001
8.637e-002 : 1.005¢-001
7.222e-002 ; 8.637e-002
5.807e-002 : 7.222¢-002
4.392e-002 : 5.807e-002
2.978e-002 : 4.392e-002
1.563e-002 : 2.978e-002
<1.480e-003 : 1.563e-002

Density Plot: [B], Tesla

Figure 3. Calculated magnetic field (maximum strength of magnetic field 0.3T was achieved at the center
channel.) of 5ch MPD at 10kA. (2kHz AC was assumed)

The thruster head was set in a stainless steel-vacuum tank of 0.8-m diam. and 2.0-m long, which was
evacuated to less than 7mPa before each firing. 5-port fast acting valve (FAV) was used to supply 5-ms
gas pulse. Working gas was introduced into discharge chamber through the root of each anode. After the
gas was supplied enough in the whole discharge chamber, the ignitron of a pulse-forming network (PFN)
was triggered. The PFN consists of 2mF-5kV capacitor bank and can supply 0.45ms flat-topped waveform
of 20kA at maximum. Any ignition plug was not used in the discharge chamber. Each arc discharge was
initiated by high voltage breakdown.

To perform voltage measurement, 5 sets of photo coupler and known resistors (8k{2) were connected
in parallel to each electrode. Generally the relation between the input voltage and photo coupler output
showed nonlinear characteristics, so each one was calibrated carefully before the experiment. Considerable
calibration error was below 0.3V at most. Two different data logger were used; the one enabled us 8ch data
import while the sampling rate was not so high (Max. 100kHz). The other one has only 4ch data import but
enabled high sampling rate (Max. 2GHz). The former one was used as coinstantaneous 5ch measurement
and the latter was used when we only focused on the characteristics of the center electrode (Ch.3).

The mass shot of each firing was determined by the pressure reduction of second reserver tank. Since we
adopted very small mass flow rate (0.2g/s) in this experiment, considerable error was not small (< 20 %).
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ITII. Experimental Results

First, the discharge voltage waveforms of 5 channels measured simultaneously are shown in Fig.4-Fig.7
(Red=Ch.1, Yellow=Ch2, Green=Ch.3 Light Blue=Ch.4 Blue=Ch.5). When the discharge current is small,
each channel showed almost same voltages but as the discharge current becomes larger, generally Ch.1 and
Ch.5 showed higher voltages than the others. This would be caused by the nonuniformity of the magnetic
field mentioned in Fig.3, that is, it was supposed that the current path leant to edge side. As for the discharge
current, although it was not confirmed, the uniformity will be achieved by the existence of 500m{2 resistor
connected to each channel. Total discharge current was measured at the PFN by using Rogowski coil.

0 02 04 06 08
Time, ms

Figure 4. Discharge voltage waveform of 5ch MPD at J=2.1kA, d=1mm. The sampling rate was 100kHz.

Time, ms

Figure 5. Discharge voltage waveform of 5ch MPD at J=10.8kA, d=1mm. The sampling rate was 100kHz.
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Figure 6. Discharge voltage waveform of 5ch MPD at J=2.1kA, d=4mm. The sampling rate was 100kHz.
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Figure 7. Discharge voltage waveform of 5ch MPD at J=10.8kA, d=4mm. The sampling rate was 100kHz.

Now focusing on Ch.3, which has the most stable self-induced magnetic field, the discharge current vs.
discharge current characteristics when changing the electrode gap is shown in Fig.8. 5 data points were
acquired for a fixed operational condition. Some sort of knee point was recognized and a certain amount of
voltage hash was recognized at above 9kA for each electrode gap, especially in the case of d=3 or 4mm.. As
an example of voltage hash, several voltage waveforms of Ch.3 are presented in Fig.9-Fig.12. It is supposed
that the rack of electron near the anode caused such oscillations. (See in Ref.[9] or[10])

Cu-ThW, Argon 0.2g/s
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Figure 8. Voltage characteristics against discharge current
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Figure 9. Discharge voltage waveform of Ch.3 at J=3.6kA, d=1mm. The sampling rate was 10MHz.
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Figure 10. Discharge voltage waveform of Ch.3 at J=10.8kA, d=1mm. The sampling rate was 10MHz.
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Figure 11. Discharge voltage waveform of Ch.3 at J=3.6kA, d=4mm. The sampling rate was 10MHz.
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Figure 12. Discharge voltage waveform of Ch.3 at J=10.8kA, d=4mm. The sampling rate was 10MHz.

In Fig.13 the voltage characteristics against electrode gap at 2.1, 3.6, 5.5, 7.4, 9.1, and 10.8kA are plotted
and linearized lines are also presented. The intercepts of these lines are supposed to be the total sheath drop
(Va+Vi). In the case of 2.1, 3.6, 5.5 and 7.4kA, the approximated lines are similarly approaching into 18V.
As for the cases of 9.1 and 10.8kA, the intercepts of the extrapolated lines are below 15V. These cases are
within the range of ”voltage hash region” and severe electrode erosion was recognized on the anode surface.
Drastically eroded region was on the tip of the electrode (Fig.14-15) and sometimes the discharge current
was attached on the outer surface of the anode. It was easily considered that the discharge current paths
become longer than its electrode gap length d in the case of 9.1 and 10.8kA. Therefore, the plotted points
might have to be shifted into the forward direction (see Fig.16). This point will be discussed later again.

Cu-ThW Argon 0.2g/s

80:""I""I"“I""I""I""l'"'I"":
s B |+ =2 1kA 3
! —a— J=3.6kA 1
. L | —v—J=5.5kA
~ 0P o 174ka 1
P 5o | I 1kA ]
§ F | ——J=10.8kA
o 40 | ]
5 . y
5 30 ¢ A
2 : 3
2 0k ]
10 F =
0:. | | | | | | |
0 I 2 3 4

Electrode Gap, mm

Figure 13. Voltage characteristics against electrode gap.
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Figure 14. Anode surface after intense firing.

Figure 15. Melted anode tip.

IV. Discussion

A. The validity of the ”zero-limit approximating method”

This method has long been used in welding society[11-15] and there is a lot of reported values of electrode fall.
Moreover, the critical points to yield misunderstandings have been also mentioned in some literatures[11].
The electron temperature is quite important parameter although it was not measured in this study. Peuckert
and Finkelnburg[12] experimentally showed that the anode fall voltage was very sensitive to the electron
temperature in front of the anode surface. V,=4V was reported when T.=16000K, whereas V,=1V was
reported when T.=20000K[12]. Besides, it was also reported that the electron temperature tended to
become higher as reducing electrode gap even if the other condition was completely same.
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Figure 16. Modified voltage characteristics against electrode gap based on some considerable errors.

Second, there is a problem how long the actual arc length is. Even in the case of facing rod to rod
configuration, the arc column was flown off and the actual arc path often became about 1-1.5 times longer
than the electrode gap length d. In addition to this, in the case of this experiment, it is unavoidable that the
current path is flown off by Lorenz force. However, if the tilt angle of each case (when changing electrode gap
at a fixed discharge current) is same, in other words, if actual current path is similarly proportional to d, the
intercept will not change. Therefore, in the case of relatively small J, this method works well. On the other
hand, the current path is blown off far away from the anode tip in the case of very high dischrge current.
In such a case, the validity of this method will become uncertain. Actual current path can be measured by
magnetic probe or magnetic sensitive film[7] and some modification should be applied to d.

One may think the potential gradient may not be constant and the linearized approximation in Fig.13
is not accurate. Actually, the potential gradient near the electrode may not be constant, it is reported that
the potential gradient becomes gradually steep [13][14] within Imm from the electrode wall (as like as the
green line in Fig.16). But at least, it is considered that the total electrode fall will not exceed the discharge
voltage V at d=1mm and the error can be reduced if we obtained the data at much closer point (ex. 0.5mm
or 0.3mm). Now, in order to obtain more precise understandings, we estimate the conceivable voltage drop
across bulk plasma.

The potential drop between both electrodes will be roughly described as the sum of V,, + Vi, + Vg +
Vi + Vi[16]. V4V corresponds the total sheath drop and the other is considered as the voltage drop across
bulk plasma. In the case of our 5ch MPD, the electromagnetic thrust can be calculated theoretically[17] by
following equation. W is a electrode width and only blowing force was considered.

Tem = po” <i> (1)

Substituting W =30mm, we obtained T'(N) = 5.23 x 10~3d(mm).J?(kA). This is very small compared to
the cylindrical MPD thruster[9]. For example, T=2.1N in the case of J=10kA and d=4mm. Vgjs can be
described as follows;

1
JVEM = §T.nU2 (2)
T2 peJ® [ d\?
Vem = 557 = Tosm <W) ®)
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Substituting W and 1=0.2g/s, considerable Vg is only 1.1V even in the case of J = 10kA and d = 4mm.
Thus, the electro magnetic force and its back EMF is found to be quite small in 5ch MPD. Next, V; is
considered to be proportional to the arc length as long as the conductivity is constant. In the case of welding
arc or the case of the constrictor arc of DC arcjets, this assumption is adopted. Since Vg, was found to be
very small, it can be said that most of voltage drop across bulk plasma will be dominated by V;.

As for the value of V;, it had been considered[18] that; V; is already included in Vi so that the electrons
accelerated in the cathode fall region effectively ionize the neutrals. According to this assumption, Vj must
be larger than the first ionization potential of the working gas but from several experiments, it was found
that such a high voltage fall are not necessary; for example, It was reported that the TIG arc using argon
as a working gas was successfully operated at 7.5V of total discharge voltage, which is clearly below than
the ionization voltage of argon. Today, the value Vi is supposed to be between the ionization potential of
the working gas and that of the cathode material. This idea implies that the evaporated cathode material
strongly affects the ionization process of the working gas. If the thermal ionization dominates the most of
ionization process, as this is quite possible assumption in the case of MPD thruster, V; will be included as a
part of V;. Therefore, the authors think it is not necessary to separate V; from Vj, or V;.

Returning to Fig.8, we reconsider the difference between the total discharge voltage and the electrode fall
Vi + V. As mentioned before, Vg, is almost negligible. So the most of difference is caused by V;, similarly
in the case of welding arc.

The components that will affect the determination of electrode fall voltage and considerable way to solve
them are summarized as follows;

e There is the possibility the electron temperature in front of the electrode surface is increased as reducing
the electrode gap. The differences of T, must be cleared beforehand.

e Typically the potential gradient tends to be steep near the electrode. Acquiring the data at closer
point solves the problem.

e There is no effect for the intercept of the approximated line if the current path is similarly tilted by
Lorenz force, but in case that the the current path is strongly blown off from electrode, the actual
current path must be measured and the value of d should be modified.

B. Anode fall behavior under the voltage hash condition

Whether the drastic increase of the anode fall voltage occurs or not under voltage hash condition is one of
the significant problem.

Diamant[2] reported that the sudden increase of anode fall voltage when the parameter ¢ defined as
follows exceed 1. (See [2] or [20] about the detail meanings of the parameter ¢.)

= (wn ) 2

He explained this was related to spot mode arc attachment on the anode. In our study, however, any
drastic increase of total electrode fall was recognized while melting anode was surely observed above 9kA
(Fig.15).

Threshold of instability was defined by several parameters. Most famous one is J? /i used to consider
Alfvén onset condition. In this experiment, J2/m was varied from 22(1.8kA) to 583(10.8kA) kA?-s/g.
Another way to determine the threshold current is based on the starvation of electron near the anode. the
electron flux at a certain point into the anode is considered as follows,

ro=n (SeTE) (5)

M

And when Jy, defined as below exceeds the current desired by external circuit, anode spot transition will
occur[8].

Jth :/eredAanode (6)
S
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Accorging to this assumption, the threshold current is about 5kA in this 5ch MPD if n,=10?0m™3
and T.=2eV were assumed. Of course, local distribution of n. and T, is absolutely necessary in accurate
calculation. We will try to determine the values of n. and T, along the electrode using spectroscopic
measurement hereafter.

Uribarri[8] calculated the order of the oscillation under the voltage hash mode and the result was a few
MHz order.

In this experiment, we analyzed FFT spectrum under the voltage hash condition(Fig.17, 18). Indeed, it
seems that MHz order spectrum becomes stronger in the case of 10.8kA, but more precise discussion using a
lot of number of experimental data will be needed. Besides, direct spot observation using high-speed camera
or high speed radiation thermometer is currently planned.
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Figure 17. Voltage waveform and FFT spectrum of Ch.3 at /J=2.1kA, d=1mm. The sampling rate was 10MHz.
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Figure 18. Voltage waveform and FFT spectru of Ch.3 at J=10.8kA, d=1mm. The sampling rate was 10MHz.

V. Conclusion

The exact value of electrode fall voltage in an MPD thruster is strenuously desired by researchers in the
field of numerical simulation. In this study, we applied ”zero-limit approximation method”, which has been
widely accepted in welding society to determine total electrode fall, into MPD condition (arranging pressure,
current density on the electrode surface, and so on) and obtained following results.

e 5ch variable electrode gap MPD thruster was newly constructed and successfully operated. Some kind
of threshold of voltage hash was recognized above J =9kA and rm = 0.2 g/s in the case of Argon.
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e Determined total electrode fall voltage (V,+V) was supposed to be 18 V as a result of ”zero limit
approximating method” changing eletrode gap from 4mm to Imm. At least, it is considered that the
true value should be below 20V, which is the total discharge voltage in the case of lmm electrode gap.

e Above 9kA, the anode was drastically eroded and the voltage hash was observed. However, it was
considered that the total electrode fall voltage was not so increased even in such condition.

o It is necessary to solve considerable uncertainty in this study. First, the electron temperature near the
electrode surface must be measured in each case. Second, the actual current path has to be examined
using magnetic probe. If the spotty arc attachment was observed using high-speed camera, it will be
informative to specify the mode transition.
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