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Abstract

The analysis of a model of the axial discharge which included source terms accounting for
the effects of the radial plasma-wall interaction was completed recently. Some of the main
aspects and results are summarized here together with later parametric investigation on the
magnetic strength versus discharge voltage curve.

1 Axial model with wall effects

Reference [1] presents the quasi one-dimensional model of the plasma discharge in a sta-
tionary plasma thruster with the effects of the lateral plasma-wall interaction. These con-
sist of (i) plasma recombination, (ii) energy losses, and (ii) extra axial diffusion due to sec-
ondary/primary electron exchanges (i.e. ’wall collisionality’). The main plasma equations of
the model are:
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Here, E; is the ionization potential, «; is the ionization cost factor, v; = n,0;4/8Tc/7m, is
the ionization frequency, and

Ve = Ven + Vei + Viym + QanoWe (5)

is the effective axial diffusion frequency for electrons (with contributions of electron-neutral
and electron-ion collisions, wall ’collisions’, and anomalous diffusion generated by fluctuating
fields). The source terms for the wall effects are characterized by the plasma recombination
frequency,
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the energy loss frequency,
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and the wall collisionality frequency,
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Here, 1, is a dimensionless parameter, which should be determined by the radial problem,
and &y, is the effective secondary electron emission(SEE) yield, which follows,
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where the asterisk indicates charge-saturated conditions of the lateral sheaths, with d;, ~ 0.983
and T ~ 0.967 T, and T} is the electron temperature yielding 100% of SEE; this reference
temperature characterizes the SEE of the particular wall material.

The rest of equations completing Egs. (1)-(4), their boundary conditions, their mathemat-
ical treatment, and a brief comparison with similar models |2, 3, 4] can be found in Ref. [1].

2 Spatial profiles and parametric investigation

Table 1 yields extensive performance data for four operational points of a thruster similar
to an SPT-100 [5]. Input parameters that change for the different cases are the discharge
voltage Vy, the magnetic strength Bj,.:, and the SEE reference temperature T7. Parameters
remaining constant are listed in the table caption. Figure 1 shows the axial plasma structure
for case 3. Cases 1 and 2 correspond to lower values of Vj, and case 4 is similar to case 3 except
for the SEE properties of the walls. [Figure 2, to be discussed later, shows a more complete
picture of the evolution of the main performance parameters with the discharge voltage.]

Although the profile of the magnetic field is the same in the four cases, the magnetic
strength, By,.z, has been adjusted in each case to the approximate point of optimum operation,
this one characterized by a solution with high efficiency and fully stationary (i.e. with zero
temporal oscillations). Also, the lack of satisfactory enough theories to define functional
expressions for agn, and vy, decided us to take them as input (and constant) parameters.
Part of the parametric investigation has consisting in determining their value range for the
solutions of the model to recover reasonably the experimental data. This range is found to be
narrow. The agreement of the results of Table 1 with experimental data, regarding both the
axial plasma structure and the performance parameters, proves that the present formulation
is basically correct.

2.1 Energy balance and temperature profile

The three main contributions to the total power loss, Pj,ss, come from ionization (Pjop,), and
plasma impacts at the anode (Pypoqe) and at the lateral walls (Pygy). Figure 3 compares
the three contributions at different discharge voltages. Ionization and anode losses remain
practically independent of V. Except for V; < 150V, which is far from the nominal value of
this thruster (V; = 300V), energy losses at the walls are dominant.

Figure 1(e) shows that, for V; = 450V, the external (from points P to E) heating of
the reverse electron current, Iz = I; — I;s, leaves the electrons at the chamber exhaust
with a temperature, Teg, larger than the temperature for charge-saturation of the two lateral
sheaths, T ~ 38.6eV. As a consequence, the electron gas suffers high energy losses near the
chamber exhaust, which cools it rapidly as it moves inwards. Eventually, the lower electron
temperature prevents charge-saturation of the sheaths, wall energy losses and Joule heating
become of the same order [see Fig. 1(h)], leading to a gentler temperature decrease. Further
inside the chamber, electron cooling from ionization becomes dominant and produces a second
steep decrease of T.

For discharge voltages below 300V, the lateral sheaths are charge-saturated nowhere inside
the chamber and both the energy balance and the internal temperature profile are different.
Figure 4 shows the evolution of the maximum temperature, T¢ a4, With the discharge voltage.



Three different slopes are observed in the curve T¢mqq(V4) which correspond to different
regimes of the temperature profile: For low V; (regime I), both the temperature gradients
and the energy losses at the walls are mild and the maximum temperature occurs inside the
chamber; for intermediate values of Vj (regime II), the SEE yield is large in the acceleration
region and T, mey tend to be placed near the exit; for large Vy (regime III), the sheaths are
charge-saturated near the chamber exhaust, the energy losses are very large there, and heat
conduction helps to place T¢ 4, outside the chamber. The parametric range of these three
regimes depends on the SEE properties of the material too: Fig. 6 of Ref. [1] shows these
regimes in terms of the SEE reference temperature, 717, for V; constant.

The present near-plume model shows significant Joule heating there, yielding T,p ~
eA¢pp/5 (if T} is high enough and taking into account that heat conduction and convec-
tion are of the same order, generally). Experimental data shows that a significant part of
the discharge voltage takes place outside the chamber (in region EP for us) but the electron
population remains practically unheated there. This means that an external heat sink, not
included in our model, must exist. The interaction of the magnetized electrons with the ex-
ternal walls of the chamber is the most plausible mechanism. The near-plume model will be
improved to account for it. The lack of this external sink is the responsible of finding T¢ ;44
further downstream than experimental measurements.

2.2 'Wall collisionality and anomalous diffusion

Figure 1(i) compares the four contributions to the electron axial diffusion frequency, v.. From
Eq. (3), the effective axial diffusion for electrons follows
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For typical SPT-100 experimental conditions, one finds v, ~ 5 x 107s™!. It is well known
that classical collisions between electrons and heavy particles cannot yield such a large value.
It is a matter of controversy, however, whether the main contribution to v, comes from wall
collisionality or from anomalous diffusion (based on weak plasma turbulence). The present
model proves that wall collisionality, if based on SEE exclusively, contributes marginally to
ve. Refs. [2, 11] propose surface roughness and electron backscattering as mechanisms able
to increase the wall collisionality to the level of being the main contribution to v,. Here we
opted for anomalous diffusion based on correlated plasma fluctuations. This mechanism was
demonstrated experimentally by Janes and Lowder [6]. As in the original Bohm’s formulation,
we define a specific diffusion frequency in the form agnowe where agpn, is the Bohm parame-
ter. For the anomalous diffusion to dominate the diffusion process, it must be agpowe ~ Ve,
which here means ogno ~ 1072. This value’s range has received some indirect experimental
support [9] and is the most widely used in models and simulations |7, 8, 10].

It is interesting to notice that there is a formal way to include anomalous diffusion in the
electron momentum equations [1]. Let us assume the presence of fluctuations in the plasma
magnitudes and, in particular, let us split the electric field and the plasma density on time-
averaged components, E and ne, and fluctuating components, E' and n,. Then, the electron
diffusion equation is written as

0~ —e(E* +ve X B) — (Ve + Vei + Vi) MeeVe, (11)

where
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is the generalized electric field, with the last term representing the average effect (per particle
and unit of time) of correlated fluctuations of density and electric field. For a weakly-turbulent,



axisymmetric discharge, Ej is expected to be the only correlated term of importance. Janes
and Lowder suggested that component to be proportional to the axial force. Thus, in the lack
of a better theory, we write
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for certain parameter agno. Operating conveniently with Egs. (11) and (13), Egs. (3) and (5)
are reached.

There is a final remark of interest. Although correlated fluctuations are included in Eq.(3)
as a collisional contribution in v,, they are indeed part of the total electric force on the elec-
tron fluid and, as a consequence, a collisionless effect. Therefore, when anomalous diffusion
dominates the electron axial diffusion, the electron dynamics are collisionless, and the com-
ponent v, of the electron velocity perpendicular to B is given by the £ x B drift based in
the generalized electric field, v, . = E* x B/B2.

2.3 Plasma recombination at the walls

Figure 1(b) shows that the ionization fraction is practically constant in the acceleration region.
Physically this means that the main ionization region ends when the ion production has
decreased to the level of the ion recombination at the walls. Then, these two effects compensate
each other along the internal acceleration region, as Fig. 1(g) shows graphically, where S; =
Aney; and S, = Ancr,. An interesting analytical relation can be obtained then. Setting
S;s ~ Syps one has
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which relates linearly the inefficiency in the propellant utilization to the wall recombination
parameter, i,,. This parametric relation is confirmed by Fig. 5, which presents the influence

of 7, on several plasma magnitudes. Also, Table 1 shows that cases 1 to 4, which use the
same I, have practically the same 7.

This study (and some more results presented in Ref. [1]) points clearly to 0.1-0.3 as the
correct value’s range for ,,. This brings up an important issue: these values of 7, are
too small to be justified easily by our present models for the radial dynamics. The free-
acceleration model of Fife et al. [12] yields #, > 1, whereas a more advanced model of the
radial presheath [13], yields 7y, ~ 0.2 if a 'radial friction’ parameter, named 7., is about 50.
Physically this last situation corresponds to a strong inhibition of the ion radial flux by axial
effects. However, in spite of the uncertainty on the value of 7., we estimate that o, = O(1),
which leaves 7, ~ 1. Therefore, radial/axial coupling on the ion dynamics does not seem to
justify totally a low .

This important issue leaded us to revise the radial model of Refs. [13, 14]. This model as-
sumes a single Maxwellian distribution for primary electrons, total trapping of SEE, and
a presheath/sheath structure. However, there seems to be a large evidence of different
anisotropies on the electron distribution function (EDF); see, for instance, Meezan and Capelli [15]
or the Russian review of Morozov and Savelyev [9]. The loss of primary electrons at the walls,
the new electrons born by ionization and wall secondary emission, and the low radial colli-
sionality would explain such a complicate EDF. In an attempt to evaluate progressively these
effects we had considered already the case of partial trapping of the SEE [16]. We found that
low trapping of the SEE prevented charge-saturation of the lateral sheaths and decreased the
energy loss per recombined ion, that is parameter 3, in Eq. (7). However, low trapping af-
fects very weakly to #,,. In addition, partial trapping needs both experimental and numerical
confirmation.



The next action, in progress now, consists of considering a bi-Maxwellian EDF with dif-
ferent temperatures for the directions parallel and transversal to the magnetic field, T} and
T, .. We have already demonstrated that most of the radial parameters, and v, in particular,
depend on T, exclusively. These results are being implemented in the axial model now. For
Tre < T, the case of supposed interest here, the axial equations are characterized mainly by
T, .. Associating the different axial and radial dependences, it should turn out that ,, ~ 0.2
in Eq. (6) is be obtained for T,¢/T . ~ 0.1 — 0.2. Thus, the prospects are positive, although
Tre/T1e ~ 0.1 is a too low value, in principle. Specific measurements of the ratio Tye/T |
would be important to support this theory.

2.4 The V;-B,,,; curve

Figure 2 shows the evolution of some plasma and thruster parameters when the discharge
voltage varies from 50V to 700V. Leaving aside other factors close to 1, the thrust efficiency,
7, is the product of the propellant utilization, 7,,, and the current efficiency, g = oo /I4. The
discharge current is obtained from the current parameter ig = m;Ig/ema = 1y /nq, Fig. 2(d).
The current efficiency (and the reverse electron current Iy = Iy — I;») are related directly to
the total energy losses, Pjyss,by [1]

Ng~=1-— Ploss/IdVd- (15)

Two different regions are observed for 7 in Fig. 2: below and above V; ~ 200V. The high
voltage region is the convenient operation range, with the thruster working at maximum (and

almost constant) efficiency, and the specific impulse increasing as I, le/ 2 Thruster per-
formances deteriorate in the low voltage region: 1 decreases significantly due to the combined
effects of n, and ng = ny/iq. First, the low T, 4z, Fig. 4, reduces the ionization rate and
decreases 1),. Second, ionization losses, which depend weakly on Vy, become dominant there,
increasing strongly the current inefficiency, 1 — n4.

The scaling law of By, with Vy for optimum operation is a relevant subject of research,
because of both its practical interest and the different results that have been reported. Figure
6(a) plots the slope p = dIn Bpaz/d1nVy of the Vy-Bpe, curve of Fig. 2(a). Again, different
behaviors are observed in the low and high voltage regions, which can justify the disparity of
the reported data. The characteristic exponent p tends to approach 1/2 in the high voltage
region, and 1 in the low voltage range. (This last result is indeed related to p = 5/4, found in
Ref. [17] for zero wall losses and 7, ~ 1). These results verify approximately the parametric

law
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which comes out from a dimensional analysis of the acceleration region. The length between
the sonic point and the cathode, Lgp, is obtained from Lgp = Lap — Lag, with Lag plotted
in Fig. 2(e). The relative error of the law (16) is shown in Fig. 6(b).

3 Conclusions

We stand out the following.

1) The shape of the electron temperature profile is governed by a complex energy balance,
which involves ionization, Joule heating and wall losses. The two last phenomena are very
dependent on the discharge voltage and the wall SEE parameter. Three different cases for
the temperature profile have been identified. A correct formulation of the energy equation is
found to be essential for a correct simulation of the discharge.

2) Wall collisionality based on primary/secondary electron exchanges is a marginal contri-
bution to the axial electron diffusion. Fluctuation-based (or Bohm type) anomalous diffusion



can be included formally in the electron momentum equation. A Bohm parameter with a
reduced value of 102 yields the most reasonable results.

3) The propellant utilization is directly proportional to the rate for plasma recombination
at the walls. The axial model indicates that wall recombination is about 3 to 6 times lower
than the values predicted by radial models based on Maxwellian electrons. A reduced radial
temperature on the electron distribution function could explain the discrepancies.

4) The evolution of the thruster performance with the discharge voltage has shown two
different operation regions. For the nominal and high values of V;, maximum (and almost
constant) thrust efficiency is found, and the interaction with the wall dominates the energy
losses. The performance deteriorates for low voltages due to a lower ionization and, mainly,
the increase of the relative energy loss ratio. The magnetic-strength versus discharge-voltage
operation curve approaches B4, X le/ % for high voltages and B,z x Vy for low ones.
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Case 1 2 3 4 Case 1 2 3 4
Vg (V) 150.6 302.5 4472 4472 Iy (A) 514 4.83 4.73 4.21
B (G) 1435 2325 2975 423 Tpan (A) 078 0.73 064 123
Ty (eV) 39.9 399 399 1975 zp (mm) 45 26 1.8 4.6
F (mN) 60 84.9 102.6 105.7 zg (mm) 16.2 129 11.1 151
F,p (mN) 514 725 873 90.9 Ppa (V) -43 48 -51 -44
Fpoo (mN) 614 86.1 103.9 107.9 ®pp (V) -1.7 -19 -22 -11
n (%) 487 516 519 62.1 ®sp (V) 126 143 15 25.7
uw (%) 83.7 833 833 848 dps (V) 72.6 168 255 212.1
e (%) 96.9 96.9 96.7 98.7 ®pp (V) 71.4 126.9 184.5 214.8
ng (%) 56.6 60 612 70.1 T.5 (V) 2.84 337 397 1.89
P; (W) 774 1461 2115 1882 T,s (V) 19.2 219 225 46.9
Pon (W) 1385 1352 1316 160 Tommar (V) 285 391 544 813
Puay (W) 1358 376.8 601.1 306.9 Tip (V) 1.25 203 3.01 1.36
Panode (W) 528 568 632 36.3 6g (°) 227 186 179 223

Table 1.- From Ref.[1]. Main plasma parameters for different operation points of a thruster. Input
= 4.78mg/s,

parameters which remain constant are L, = 25mm, Lgp = 8.5mm, A, = 40cm?, 4

T.p = 4.46V, agno ~ 1.24 x 1072, i, ~ 0.1912.
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Fig. 1.- From Ref.[1].. Axial profiles of different plasma magnitudes for case 3 of Table 1. Asterisks
represent points D and S delimiting the main ionization region; point E is the chamber exhaust and
point P is the neutralization surface, the anode and the anode sheath transition (points A and B)
are at x = 0 in the quasineutral scale. vy,, = Qunowe, S; = Anev;, Sy = Angvy. AcvyenT. and
Acengv, 0¢/0x are ’a’ and 'b’, respectively, in plot (h).
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Fig. 2.- Evolution of the thruster performance
with the discharge voltage. Biqs in subplot (a)
is an input parameter, adjusted with V; to obtain
an optimum solution. Other parameters are like
in cases 1 to 3 in Table 1 (except for the accom-
modation factor for recombined ions, which here
is 0.5).
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Fig. 3.- Main contributions to the power
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Fig. 4.- Maximum electron temperature in
terms of the discharge voltage for the cases of
Fig. 2. Points 1 to 3 correspond to 4, = 0.9,
Te,maz = Ter and T, 10, = 11, respectively. Re-
gions I to III are defined in the main text.
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