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Temperature gradient in Hall thrusters
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Plasma potentials and electron temperatures were deduced from emissive and cold floating probe
measurementsiia 2 kWHall thruster, operated in the discharge voltage range of 200—400 V. An
almost linear dependence of the electron temperature on the plasma potential was observed in the
acceleration region of the thruster both inside and outside the thruster. This result calls into question
whether secondary electron emission from the ceramic channel walls plays a significant role in
electron energy balance. The proportionality factor between the axial electron temperature gradient
and the electric field is also significantly smaller than might be expected by fluid model200®
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A conventional magnetic layer Hall thruster is a crossedorobe design and thruster operating regimes were chosen to
field electric discharge device with a radial magnetic fieldminimize probe-induced perturbatioh3he results are only
and axial electric field applied in a coaxial chanh@he ions  shown for regions where the probe induced changes in
are electrostatically accelerated through the azimuthally rothruster discharge current were less than 15%, and the
tating cloud of magnetized electrons. Secondary electroghanges in the floating potential of a fixed Langmuir probe
emission(SEE from the ceramic channel walls is considered mounted 2 mm inside the thruster exit plane were less than
to be a major effect limiting the electron temperature in the25 V.
thruster. Current analytical modéfsrely on SEE effects to Figure 1 shows the electron temperature and plasma po-
produce operational characteristics similar to experimentdential profiles calculated from the emissive and floating
The use of such theoretical models has not, however, begdrobe potential profiles when the thruster was operated at a
justified in detail. discharge voltage of 300 V and an anode gas flow rate of 5.0

In recent experiments, emissive and cold probe floatingng/s. Outside the thruster the temperature is greater than 14
potential profiles were used to estimate the plasma potentigV beginning about 20 mm from the exit plane. The tempera-
and electron temperature in the PPPL 2 kW laboratory Halture peaks at a value of about 37 eV, 4 mm inside the
thruster for discharge voltages in a range of 200-400 \thruster. For this measurement the change in discharge cur-
These measurements indicate no limitation by SEE of th&ent during probe insertion was less than 5% and the changes
walls on the electron temperature below 40 eV, which tend$ stationary probe voltage were less than 8 V. The standard
not to support existing theoretical models. They also exhibigdeviations of the averaged probe measurements were at most
a yet unexplained mechanism of electron energy loss propo&2 V. Based upon the perturbations and the standard devia-
tional to the electric field. tions for this measurement the error in plasma potential is

The 2 kW PPPL laboratory Hall thruster and test facility I€ss than 20 V and the error in electron temperature is less
have been described in detail elsewhfiéne vacuum facil- than 4 eV.
ity is a 28 n? vessel with two CVI cryogenic pumps provid- Figure 2 is a plot of the electron temperature as a func-
ing ~107° Torr background pressure when operating thetion of the plasma potential. ThiB.-¢ plot is a very useful
thruster. The thruster has inner and outer diameters of 73 aridication of the electron energy gain. Three distinct regions
123 mm, respectively. The channel was made entirely of bodre noted a cathode/plume region, the acceleration region,
ron nitride HP grade. and the ionization region. The electron temperature varies

The electron temperature and plasma potential measur8€arly linearly with the plasma potential in the acceleration
ments were made using emissive and cold prolesich
were rapidly inserted and removed from the thruster while

the floating potential of the filament tip was measured. These %300 _ i >
potentials are related to the electron temperature and plasma 2 Exit plane <
potential® For xenon we havel .= (¢~ ¢.)/4.27 and ¢ 8 30 2
= ¢+ 1.5T, were T, is the electron temperature; is the 2 200 8
plasma potential, aneb. and ¢, are the cold and emissive 2 o 20 §
probe floating potentials. Although the electron energy dis- § 100 v VA e 10 8
tribution may depart from an isotropic Maxwellian, which g J‘%j" S A N g
was used in derivation of these equations, the results pre- § e
sented below still reflect an averaged electron energy, and % 0 26 36 46 56 66 76 86 96 0
hence qualitatively reflect the actual physical processes. The Distance from Anode (mm)

FIG. 1. Plasma potential and electron temperature profiles for 300 V dis-
¥Electronic mail: dstaack@princeton.edu charge voltage, 5.0 mg/s xenon flow rate, and 4.56 A discharge current.
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cooling mechanism is most effective for SEE of about 100%
when the sheath becomes space charge limifear. boron
nitride ceramic walls and a Maxwellian electron distribution,
the critical electron temperature is about 17*8Vhe precise
temperature depends on the experimental data used for SEE
properties of the material. Contrary to these theoretical pre-
dictions, our measurements show that the linear relationship
holds both inside and outside the thruster channel for elec-
tron temperatures up to 40 eV. A Maxwellian distribution
function with a truncated high-energy tail has been shown by
FIG. 2. Electron temperature vs plasma potential for 300 V discharge voltRef. 11 to have a lower effective SEE and so a higher critical
age, 5.0 mg/s xenon flow rate, and 4.56 A discharge curgeintlicates the temperature; however, their estimates were onIy for electron
distance from the anode. . . .
temperatures around 20 eV. Similar estimates using non-
Maxwellian distribution functions with average electron en-
region. A linear fit to this region is accurate within2 eV  ergy of around 40 eV show the effective SEE can be less
and yields the equationt,=0.104+5.2. This linearity is  than 100%.
also visible between the independently measured cold and T.-¢ diagrams, for comparison, were deduced from
emissive floating potentials. published data. High spatial resolution experimental data on
The linear dependence of the electron temperature on thdifferent hall thrusteré-*is available and Refs. 12 and 13
plasma potential can be simply put as an energy relationshighow the same linear trend in thig-¢ diagram over the
in the formdT./dz= — BE with 3=0.10, where the electric acceleration region, and ionization region, though the
field E= —d¢/dz. A simplified electron energy equation of cathode/plume region is not as distinct. Reference 13 uses a
the form T,=p¢ has been suggested in the past for Hallsimilar method to determine the electron temperature, and
thrusters’ We derived an equation of this form with a value shows a definite linear relationship at 100, 160, and 200 V in
of =0.4 beginning with an energy equation similar to Eq.the acceleration region both inside and outside the thruster
(7) in Ref. 2, and then considering only electron heating inyjth g=0.09, 0.13, and 0.14, respectively. Reference 12,
the electric field, neglecting energy transfer to other speciegich is the 90 mm outer diameter PPPL Hall thruster, has a
and neglecting thermal conduction. Such an equation as3 of 0.15 for 250 V operation. Th&,- ¢ diagram of Ref. 14,
sumes all the potential energy of the electron is converteqyhich uses double probe characteristics to determine the

into internal energy and pressure. As can be seen from Fig. §iactron temperature, has a different structure and no linear
the measured value @ is significantly smaller and in the region is observable.

range of 0.08-0.14. For the cases shown the linear relation- T.-¢ diagrams from analytical modé&do not show a

ship holds both inside and outside the thruster for electrofy,ea; relationship over the entire acceleration region. A re-
temperatures up to 40 eV. gion outside the thruster is approximately linear witjs af
Theoretical models of Hall thrusters generally use aypq¢ 0.4, the same as derived for simple electron energy

Maxwellian or bi-Maxwellian electron distribution function. ., ersion. These model results nearly match the assump-
The presence of high SEE from ceramic channel walls thefy, o of the electron heating derivation because in this region
limits the electron temperature in the plasma. This electronjigions are negligible, the electron flux is nearly constant

and thermal conductivity is not significant. TAg-¢ dia-
gram of a fully kinetic 2Dpic codé®>1® shows a linear rela-
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tionship similar to that observed experimentally. For 300 and
400 V simulations the linear fit slopes are 0.1 and 0.13, in the
range of those measured experimentally. The agreement be-
tween the kinetic code and the experiments indicates that
there is an energy loss mechanism that is included in the
kinetic model but is not included in the analytical models.
However, in theric code the linear relationship ends at the
thruster exit plane where the temperature is a maximum. This
indicates that in theic model as in Refs. 2, 3, and 10 energy
loses to the wall are more significant than deduced from
experiment. Another kinetic codfedoes not show the same
linear relationship and also has much lower electron tem-
peratures then measured experimentally for similar discharge
voltages.

Some insight into the nature of the electron energy loss
mechanism can be gained by considering the electron energy
balance for the conditions shown in Figs. 1 and 2. In the

FIG. 3. Linear fit parametef for several discharge voltages, mass flow 5.caleration region the electrons gain about 200 eV in poten-
rates(M), inner to outermagnetic coils current ratids)( and probe design

(AP=unshielded alumina probe holder, SBegmented graphite shielded tidl energy and about 20 eV in temperature. 5/2 times the

probe holder (see Ref. . change in temperature corresponds to the energy stored in-
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ternally in the internal and mechanicgbressurg energy. indicating that the walls and SEE do not have a significant
From the measurements about 50 eV or 25% of the potentiaffect on the electron temperature over this operating range
energy gained is converted to internal energy. Using the meand for this wall material.
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