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Abstract F = jx B. (1)
End-Hall thrusters range in size from small power

levels (1-20 kW) to very large power levels (2(X) kW or In EHT, the magnetic field, B, is supplied by the
more). The physical processes and operating character- external solenoid. At a modular power of 200 kW or
istics of these thrusters depend on power level and vary more, in the regime of HCEHT, the magnetic field is
in a consistent manner with that power level. The primarily that due to the discharge current. An external
research and development of end-Hall thrusters in the magnetic field is still important, but because it can be
USSR are reviewed for a wide range of power levels, used to control the current distribution at the anode, not

because it is required for acceleration.
Introduction A change of discharge-current regime, together with

Low-power (1-20 kW) end-Hall thrusters (EIIT) have the change in propellant introduction, leads to a change
been used in scientific and spacecraft-propulsion in flow pattern for the accelerated plasma. At the same
applications which did not require particularly high time, the conditions at the flow boundaries (electrode
exhaust velocities and thruster efficiencies. The surfaces) are changed.
development of high power sources for spacecraft Thus, in the ElHT, the plasma flow is determined
increases the probability of using plasma thrusters with directly by the shapes of the electrodes and the
a modular power of 30 kW or more. In the region from operating parameters. The general solution of such a
30 to 200 kW, EHT with a solenoidal magnetic field problem is not yet available, which is why it is
have the highest performance. necessary to make a quasi-one-dimensional

The high-current end-Hall thruster (HlCEHIT) at approximation of the acceleration processes.
modular power levels of 200 kW or more is The above describes the electromagnetic acceleration
distinguished from the EHT by the nature of the process, but it is necessary to compare this process with
volumetric acceleration and the type of cathode used. the gas dynamic one. The ratio of the electromagnetic
These differences define the physical processes in the pressure to the gasdynamic one is
thruster, the interrelations between the operating
parameters, and the thruster characteristics. R = Pe / Pgd =  ,J2 / 8 n S Pgd, (2)

Features of Physical Model where Po is the permittivity of free space, J is the
and Relations Between Thruster Parameters discharge current in A, S is the cross-sectional flow area

EHT typically use coaxial propellant introduction of the thruster in m2 , and Pgd is the gas-dynamic
between the central cathode and the surrounding anode. pressure in N/m 2 averaged over the area S. This ratio is
The magnetic field is provided by an external solenoid, equivalent to the similarity criterion

In comparison, the propellant supply in an HCEIIT is
introduced through the cathode (made of tungsten rods R = k UoJ 2 M/ 8 h a = 0.833x 1072 M / ii a, (3)
and wires) in the HCEHT. The array of holes between
rods provides a multihole cathode capable of current where k = Cp/Cv = 1.67, M is the Macl number, rh is
densities up to 200-3(X) A/cm 2.  the mass flow in kg/s, and a is the sound velocity.

The electromagnetic acceleration force in all end-Hlall The electromagnetic acceleration of flow is efficient if,
thrusters is of the form in each cross section, the criterion R > 1. At the exit

from a cathode of a IICEHT where the plasma velocity
is small, it can be assumed that R = 1: it permits the

Copyright © 1991 American Institute of Aeronautics accurate definition of Mach number at the cathode exit
and Astronautics, Inc. All rights reservel. for low plasma temperatures.
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It can be seen that, at sufficiently high currents, the p v C (dT/dz) - (v dp/dz) = j2. (j >> j2) (10)
flow leaving the holes of a cathode is subsonic, M < 1.

In an ElIT, where the current value is low, an external In the region of clectromagnetic acceleration the flow
magnetic field has practically no influence on the flow is accelerated from M = 1 to M > 1. The plasna
inside of a hollow cathtxe, at the exit of which ion temperature does not change significantly and it is
acoustic velocity is established. The region of subsonic reasonable to assume the condition of T = const.
flow can be absent, which requires an intense interaction In this case from Eq. (8), reduced to non-dimensional
of magnetic field with current, when the following form, it follows that
condition is fulfilled:

S= exp[- (k Mo/2)(1 2 - 1) - 20RoJ Mi diJ, (11)
jx'-v > j2 /c. (4)

where p = p/po, 1M = M/Mo, and J = J/Jo, with Po, Mo,
If current is increased (toward HCEHT operation), the and Jo are the pressure, Mach number, and current at
M number at the cathode exit becomes less than one the start of the electromagnetic acceleration region.
and the character of flow acceleration changes. (Note that because of the curved current paths, the

The interdependence of flow pattern with the current through the plasma can vary with z.) The value
acceleration process is determined from the analysis of of ca is from
the mass continuity equation and the momentum
equation projected into a hydrodynamic line of flow a = Bave/B2bud - 0.5, (12)

p v S = ril = const, (5) where Bbou d is the value of B at the outer boundary,
and Ro is obtained from Eq. (2) with the values for the

pv dv + dp + d(B 2 /2 Po) + B2 dr/P r = 0. (6) start of the acceleration region.
The equations (8) and (11) point to the existence of a

Using Ampere's law, variety of possible plasma-acceleration processes. A
special case is the acceleration with frozen magnetic

po J = 2 r B, (7) field (the magnetic field carried with the plasma). For
this condition, it can be shown theoretically that

Eq. (6) can be transformed into
B/pr = const. (13)

(v2 /2) + f(dp/p) + (1/2 h) fvJ dJ = 0. (8)
One can see that this relation corresponds to the

It follows from Eq. (8) that, for each pair of functions following conditions: J v = const or M J = 1 at T = 1,
p(p) and J(v), there is a unique flow distribution. In where T = T/T o . For a single-stage accelerator,
this case it is defined p(v) and is, consequently, a flow typically M o = 1 and Eq. (3) becomes
cross section S(v) from Eq. (4).

The existence of two regions of acceleration: the R = 0.833 x 10-7 J2 / 1m ao. (14)
subsonic (thermal) and the supersonic (electromagnetic),
requires that their parameters be determined separately. In two-stage accelerators at the entrance to the second
If, in the initial subsonic region, the plasma is stage, Mo > 1. The possible accelerating processes in
constrained by a magnetic field so that R < 1 and a the general case has been analyzed. 1

current does not flow out of flow boundary (j II v), the The function M(z) is defined from the generalized
work of volumetric forces is Ohm law :

jxB-v = 0. (9) jr = a(Er - vz'oIr - jxB/en + Vp/en) (15)

In Eq. (8) the two first terms remain and, if we At small values of wt e and the thermodiffusion term
assume that the process is a polytropic one, p = Cp", Vp/en, Eq. (15) is simplified,
we can define the function p(v) and, consequently, S(v).
The relations between corresponding parameters along a Jr = o(Er - z*Bo r) = - (l/)(dBo/dz)r (16)
longitudinal coordinate are defined by the energy
equation:
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Fig. 1. Currents and magnetic fields inside of an EHT.

After making it non-dimensional and integrating we characteristic zones are found: 1) the cathode current
obtain the dependence Z(M) in the form: tube, where the current leaves the cathode in a primarily

axial direction; 2) the intermediate region where the
= current flows in a primarily radial direction between the

(Io/2Rm)njkM2 M+ M- - 2txAAo- 2)dM/h(l - n) (17) outer cathode diameter and the internal diameter of the
exit anode; and 3) and the anode current layer, where

where I10 is the ratio of flow velocity to electromagnetic electrons are constrained to move along the magnetic
drift velocity at the start of the electromagnetic force lines.
acceleration region, This division into three characteristic zones facilitates

the mathematical calculation of electromagnetic forces
no = VoBo/Eo, (18) and, as a result, the performance and operating

characteristics of EHT. From experimental probe
and Rmo is the magnetic Reynolds number at the same measurements of electric and magnetic fields, the most
location, intense plasma acceleration occurs in the intermediate

region, where the currents are nearly radial.
Rmo = Poo vRe, (19)

Instabilities in Thrusters
with Re the conventional Reynolds number. The incompatibility of electrode geometry with the

The similarity criteria M, n, R, and Rm are flow distribution in some thruster operating regimes can
interconnected and their values are restricted to narrow cause disturbances in the acceleration process. Two
ranges. Their values at the beginning of the types of instabilities were found in experimental studies:
electromagnetic acceleration region are: Mo = 1, no < 1, magnetogasdynamic and ion-sonic instabilities.
Ro > 1, Rmo > 1. The magnetogasdynamic one is a connected to the

In different operating regimes of current and a disruption of continuous flow acceleration from subsonic
propellant mass flow, when the condition Ro  to supersonic one with a transition through sound
= const is obtained, there is self-similarity of flow velocity, Alfven velocity, fast sound velocity. This type

distribution, which is supported by the solution of the of instability disturbs the acceleration process due to
same problem in the two-dimensional approximation, possible flow drift, and leads to appearance of local

The results of measurements of magnetic fields thermal vorticity and to the plasma deceleration. The
between the electrodes of an EHT by a three-component magnetogasdynamic stability boundaries are the lower
Hall-type magnetic probe clarified the physical picture boundaries shown in Fig. 2 for a coaxial thruster with
of current distributions.2  As shown in Fig. 1, three constant cross section.
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The amplitude increase of ion-sound waves is the
1.2 best indicator for the onset of the critical regimes, rather

than the shape of tihe volt-ampere characteristic.

8 Acceleration regime The Overall Characteristics of Thrustcrs

° M < 1 Experimental thrust, specific impulse, electrode
0.4 a voltage, efficiency as functions of current, mass flow

HCEHT and magnetic field strength in the HCEIIT and the EHT

EHT show substantial differences, as well as certain

0 2 4 6 8 similarities.

Ro Tile variations of discharge voltage and efficiency with

discharge current lor the EiHT and the HICEIT are

Fig. 2. Stability boundaries for MUID flow in a channel generally different. One similarity in the volt-ampere

of collnsiil cross section. characteristics of both types is the onset of critical

current (ion-sound instability) with an increase in

The other type of instability is due to ion-sound magnetic field, or a decrease in mass flow. This

oscillations in the near-anode region caused by pinch phenomenon also defines the maximum efficiency that

and Hlall effects with increasing current or decreasing can be reached by increasing discharge current

propellant Ilow and is shown by the upper boundary in Comparisons of the EIIT thrusters characteristics with

Fig. 2. known calculated functions, such as those for thrust,

It has been shown that for each regime of thruster
work there is a corresponding pattern of accelerated F = 10 n(ra/rc)J. (21)

plasma flow, that is defined by the value Ro - J2/lilao.
The processing of expcrimental data in the coordinates F = 10 10.75 4- In(ra/rc)J 2 (22)

Ro, and da/dk permits the determination of the stability
boundary for the ion-sound oscillations, show that tie thrust cocfficient, KF = F/J 2 , is a variable

The upper boundary in Fig. 2 is universal one for value and depends on the regime of thruster operation.

thrusters working with different propcllants and having This is the consequence of boundary motion for the

an clcclltode geometry close to cylindrical, accclerated flow. (Equation (22) is also known as

if, in hle Ro value, one can use the substitution Mekker's equation.)

Using the momentumn equation and taking into account

.1 (i - rc)/Po ii = J2/rha, (20) the features of the physical model and several

parameters of Ilow and elecitomagnctic field

the curve of the stability boundary would apply also to irregularities it is ixssible to obtain the following

the H IT. With this substitution, cxperimental data for a formula for the El Ill trust

wide range of EIT configurations are shown in Fig. 3.
F = 10-711.33 + (1/2R)1J 2 . (23)

' ri HCEHTI oo Ne,Ar, Kr, Xe

(Molioric, et al.) The purely elclciotagnetic thrust component with no

SAr (Gilland) account for pressure force on the cathxle, which is
SAr (Subrarnaiam) equal 0.5 x 10-7J 2 ,will be
0 o Ar (Kurtz)

2 ~ Ar (MAI) Fcm = 10710.833 + (1/2Ro)J 2  (24)
EHT * Li (0.2-0.8 kA,

S ', 0.04-0.12 T) Equations (23) and (24) are similar in structure to
'1 " 88 -- Mekker's formula, but instead of In (ra/rc) they contain a

term which depends on ite operating regime and

i i decreases with an increasing current or decreasing

1 3 5 7 9 propellant flow.
do/dk It should be noted that Eqs. (23) and (24) constitute a

Fig. 3. Experimental stability boundary for diffcrcnt special case, corrscponding to the condition B/pr =

types ol end-Hall thrusters. const, or to a relatin J M = I at T = 1. The equations
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are applied at Ro > I and show a decreasing value of
thrust coefficient, KF as Ro - J2/ri increases. In 60 - rh
addition to the experimental data obtained by the - 0.08 g/s
authors of this paper, similar conclusions can be found > 0.25 g/s
in other publications. 5-7 There is also a more general - 40 -
expression for F(J) that does not exclude different 1 eV
patterns of current flows.1  " 20 -A

The knowledge of the thrust coefficient as a function .
of the thruster working regime permits the calculation of
thrust and other overall thruster characteristics. The 0 _ L - - L  -

2 4 6 8 10
volt-ampere characteristics are convenient to define Current, kA
using equivalent voltage drops for the main processes in
a thruster. The minimal voltage is detennined by the Fig. 5. Volt-Ampere characteristics for HCEHT.
ionization of the propellant, the acceleration of the
plasma flow, and the electrode losses.' The anode A similar voltage oscillation and drop in efficiency
voltage drop increases sharply after the critical current is developed in a thruster with a power up to 500 kW at a
reached. The variations in anode potential drop are not current greater than 9 kA. Just below this current, the
completely understood and will require additional study. thruster efficiency was 0.65 with the voltage up to 60 v.

Solenoid- 0.8 r

Te 1 eV. 0.08 g/s
R 0.6 + 0.25 g/s 2eV
C

- ._\"Anode t 0.4

3 0.2
Cothode aossembly I-

Fig. 4. The EHT design. 10 20 30 40 50
Velocity, km/s

The comparison of calculated and experimental data
has carried out for end-Hall thrusters with a design close Fig. 6. Thruster efficiency for HCEHT.
to that shown in Fig.4. The difference between the
EHT with external magnetic field and the HCEHT is in In Figs. 7 through 9, the characteristics of EHT (with
the source of external magnetic field and size of the external magnetic field) are shown. The typical
main components. The volt-ampere characteristics for variation in efficiency at a magnetic field of 0.112 T
HCEHT with a power up to 500 kW are presented in and a mass flow of 20 mg/s is from about 0.12 at a
Fig. 5, which includes calculated (theoretical) values power of 20 kW to 0.4 at a power of 40 kW. The
with currents up to 9.5 kA at Te = 1 and 2 cv. efficiency increases at higher magnetic fields, with the

In Fig. 6 the variation of thruster efficiency, TIT1., is increase due both to changes in the current distribution
shown as a function of exhaust velocity for two at the anode and other design changes.
thrusters of different geometry, in addition to the The computational methods that have been developed
calculated values for two electron temperatures. The predict EHT characteristics with an accuracy of ±15-20
lower curve is for a thruster with a power up to 250 percent. Additional corrections are required for wider
kW. With this thruster, voltage oscillations were ranges of operating parameters. 8

observed at a current J > 6.5 kA. These voltage Plasma sources of small power (1-6 kW) have been
oscillations were related to an increase in anode voltage developed based on the EHT configuration 9 and used
drop and the efficiency decrease shown at high exhaust for the study plasma-flow interaction with the
velocities in Fig. 6. surrounding medium (both its own atmosphere and with

the space background) and with spacecraft surfaces.
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80 -r,mg/s B, T deposition of alkali metal on spacecraft surfaces, but

8 0. 112 confirmation requires longer operating times for the
* 12 0.112 plasma sources.

60 * 20 0.112
> * 30 0.05 Conclusions

. Theoretical and experimental studies of EHT and
E 40

40 HCEIHT support a physical model with moveable
0  boundaries between flow regions that has been

20 developed for the plasma acceleration. This model has
been used to calculate opera'ing parameters and
characteristics.

2 4 6 8 10 Experimental results show a very high efficiency at a

Current, kA power of more than 40 kW for an EHT (with external
magnetic field) and at 5(10 kW for the HCEHT.

Fig. 7. Volt-Ampere characteristics for EHT.
Preliminary estimations for the HCEIIT at power levels
of I MW and higher shows that using gaseous working

0.8 materials (H2, NH, and N2) at high specific impulses
(5-6 x 104 m/s), the necessary voltage exceeds the
capability of energy sources using thermionic diodes and

0.6 - having efficiencies of 0.25-0.35.
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