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Related to an electric propulsion system capable of spiraling a satellite from a parking orbit
into the synchronous orbit, the ion-thruster ESKA-18-P has been designed for an electric in-
put power of about 700w and an exhaust velocity of 38 km/sec. The characteristic data of this
mercury thruster are presented as function of the magnetic field and different mass flow
ratios. In addition, some experimental results on hollow cathodes obtained in separate in-
vestigations, and beam diagnostic measurements with a multiple Faraday-probe, are re-
ported. Finally, the application of the thruster for a solar electric propulsion module of 2.5 kw

is demonstrated.

Introduction

N the Federal Republic of Germany, project studies of a
solar electric propulsion module, called SELAM,!2 have
been done for 2.5 kw of electric power. This would be the
first step of testing German ion thrusters in space. In-
creasing the electric power, Europe would be able to raise the
payload capability of its launchers for the synchronous orbit
by a factor of three.® According to orbit transfer calcu-
lations*® an optimum exhaust velocity of about 40 km/sec,
depending on the power supply, has to be realized. Because
of the given power input of 2.5 kw, a thruster of about
700w has been investigated, considering a cluster of three
thrusters, before continuing research on the 30-em ion
thruster.® Related to the exhaust velocity corresponding
to 1.5 kv of positive high voltage, an ion current of 0.35 amp
is required, resulting in a beam diameter of 18 cm.

Figure 1 shows a cut-away view of the thruster’.® with
separated tanks for the main propellant feed system with
mercury as propellant and for the plasma bridge neutralizer.
The mercury tank is sized for 200 days of operation. A
porous tungsten diaphragm in the vaporizer separates the
liquid and vapor phases of the Hg propellant. Passing the
isolator, which is necessary in the case of clustering using one
tank only, the mercury is fed through the hollow cathode or
through the distributor into the discharge chamber, where
the propellant is ionized by electron bombardment. The
ions are extracted by the accelerating system of two molyb-
denum grids with 4-mm-diam holes. The buckling of the
grids, separated by 1.5 mm, is prevented by a special mount-
ing support. The grids are allowed to expand in the radial
direction only, without bending at the point of mounting.
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A plasma bridge neutralizer emits the electrons into the ion
beam. A Faraday cage around the ion source prevents
arcing outside the thruster. The thruster is tested in a
vacuum facility (with prechamber) of 2 m in diameter and
5 m in length at a pressure of 10~7 to 10~ torr (liquid-
nitrogen cooled). The tests with the prototype ESKA-18-P
have been performed since fall 1969.

The control system of the thruster controlling the vaporizer
is based on the ion beam current or the discharge current.
If the ion beam is increasing, too much propellant is fed to
the thruster, and the power of the vaporizer must be de-
creased. In this kind of operation no lifetime problems of
the vaporizer will occur, but the porous tungsten diaphragm
will change the mass flow rate over a long time. Life prob-
lems of the main cathode can be eliminated in certain limits
by controlling the discharge current with respect to an ideal
discharge characteristic given by a function generator.
The same control system is used for the plasma bridge
neutralizer taking the keeper current as control element for
the neutralization cathode. One control system has been
in operation since January 1970 and is based on pulse-width
modulators.?

Fig. 1 Cut-away view of the electrostatic ion thruster

“ESKA”, 1) = Hg tanks, 2) = anode, 3) = vaporizer, 4) =

neutralizer, 5) = screen, 6) = accelerator, 7) = hollow
cathode, 8) = bar magnet, and 9) = isolator.
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Fig. 2 Jon beam current I; vs discharge power Pp, in-
cluding the cathode power, at a constant total mass flow
rate m, of 0.78 mg/sec; Vyos = 1.5 kv, and Voo, = 1.0 kv.

Measurements

Discharge
The loss energy of ion thrusters is defined as
Wy = sum of all loss powers/ion beam current (ev/ion) (1)

where the loss powers are those for the mercury feed system,
the main cathode, the discharge, accelerator and neutralizer.
From this value, it is easy to calculate the energy efficiency
defined as

7. = ion beam power (directed kinetic energy)/
total electric power input (2)
If V,oe is the voltage required for the exhaust velocity, then
Ne = VpOS/(WT + Vpos) (3)

The main losses are inside the discharge chamber, in-
cluding the discharge power and cathode power. Therefore
another loss energy is defined:

Wp = discharge power including cathode power/
ion beam current (ev/ion) (4)

Theoretically Wp would be 10.4 ev/ion, in practice, how-
ever, the discharge loss energy is in the range of some hundred
ev/ion.

The problem of the ionization in the discharge chamber
consists in distributing the ionization collisions homoge-
neously over the total discharge volume, or, better, close to
the grid area. Concentrating the ionization processes close
to the center, the possibility of recombination in this area
would increase. In this case, neutral particles in the outside
region will leave the discharge chamber. Two methods will
be applied to prevent such concentration of ionizations:
feeding the neutral particles in the correct point into the
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Fig.3 Discharge loss energy Wp vs mass utilization factor
Nm (8same My, Vpos, Voo, as Fig. 2).
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Fig. 4 Discharge loss energy
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discharge chamber and having the suitable magnetic field
corresponding to the thruster geometry.

Injecting the propellant mainly through the hollow eathode
of the discharge, a very high concentration of neutral particles
close to the cathode tip would result. Thus a high ionization
collision rate appears in a small region because of the large
number of primary electrons and of neutral particles. Fur-
ther, outside of this area, Maxwellian electrons are present
mainly and because of the necessary diffusion of the ions a
high recombination rate is caused. Therefore it is useful to
feed the main propellant separated from the electron injection.
Only a small fraction has to flow through the hollow cathode
in order to maintain the plasma bridge for the electrons.
The main mercury flows into the discharge chamber close to
the anode.

In order to determine the optimum ratio of the mass flow
rates through the cathode and through the distributor, two
vaporizers have been used at a constant magnetic field.
Figure 2 shows ion beam current I, vs discharge power Pp
for various values of mass flow rate through the cathode 7.,
with total mass flow held constant at 0.78 mg/sec. The ion
beam current increases with smaller 7. However, below
0.06 mg/sec it decreases again. The Wp's calculated from
Fig. 2 are plotted in Fig. 3 as a function of mass utilization
factor n,,. Further cross plotting gives Wp vs m, at 4, =
85%, and 7, vs m. at Wp = 400 ev/ion as shown in Fig. 4.
The decreasing 7, agrees with the model previously assumed.
The increase of Wy below the optimum 7, of 0.06 mg/sec
can be explained by the decreasing primary electron cur-
rent. The electrical conductivity of the plasma bridge to
the discharge decreases, lowering the primary electron cur-
rent necessary for the optimum ionization.?,11

permanent bar magnet discharge chamber
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Fig. 5 Distribution of the magnetic induections lem =
10 Gauss, 12 permanent magnets.
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Fig. 6 I, and Wy vs magnetic induction B at constant m,
of 0.58 mg sec; Vyos = 1.5 kv and Vi, = 1.0 kv,

The magnetic field also has to be optimized. The magnetic
field configuration of ESKA-18-P isshown in Fig. 5. Keeping
this configuration, the magnitude of the magnetic induction
was varied by replacing the permanent bar magnets by
electromagnets of the same shape. Figure 6 shows the
resulting curves of I, and Wp vs the magnetic induction at a
constant mass flow rate: The I; in this special case is
relatively small, because the discharge current at low magnetic
inductions increases very much,

At normal mass flow rates the discharge current exceeds the
present capability of the discharge power supply. In the
range of 35 to 45 Gauss the ion beam current and the discharge
loss energy are nearly constant. This optimum represents
the best primary electron distribution within the discharge
chamber.

Hollow Cathode

In ESKA-18-P a hollow cathode!?.1? is used as discharge
cathode and plasma bridge neutralizer.’* In the following,
the mechanism of the keeper-cathode-system and the possi-
bility of using the keeper as control element are investigated.
Furthermore, a relation between the mass of the power supply
and propellant mass of the neutralizer system depending on
the discharge mode is shown. A hollow cathode operates
in two different modes, the spot mode and the plume mode.
For the change from spot mode to plume mode the following
condition has to be satisfied!s:

Jo/Js Z Umi/me)tPhe/ N]1P =~ 40 (5)
where j.; = current density of electrons or ions, A.; =
mean free path of electrons or ions, and m.,; = mass of an

electron or ion.
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Fig. 8 Keeper voltage Vx. vs Ip and V5 for the spot mode
at m, = 0.4 mg/sec.

Introducing the space charge instead of the current density,
the change between modes evidently depends also on the
positive and negative space charge in front of the cathode.
The space charge can be influenced by the keeper. Con-
necting the keeper with the cathode including 1 k@2, we get a
positive current on the keeper consisting of ions moving to the
keeper and electrons coming from the keeper into the dis-
charge. The space charge in front of the cathode depends on
this current. Applying a positive voltage to the keeper with
respect to the cathode, we get a negative keeper current.

The discharge characteristics (I» vs V) in Fig. 7 show the
influence of the keeper potential V. as parameter on the
discharge mode. Both characteristics were obtained at a
constant mass flow rate m, = 107* g/sec. At Vg.= +8v,
the cathode is operating in the spot mode over the total range
from Ip = 120 ma to Ip = 510 ma. When Vg, = 0, the
discharge changes to the plume mode for Ip < 400 ma, in-
creasing Vp strongly.

Corresponding to Eq. (5), the change from spot to plume
mode can be explained as follows: decreasing the discharge
power the ionization degree is reduced. Therefore the frac-
tion of the ion current in the ambipolar current and the
positive space charge in front of the cathode decreases. At
an applied Vi, of 8 v this is not sufficient to change the
mode because of the additional negative keeper current.
However at zero external keeper voltage and positive keeper
current the mode changes into plume mode. This change is
only possible at 71, <0.1 mg/sec. The result of these ex-
periments is the suitable choice of the keeper potential
influencing the mode and stability of the discharge.

The following characteristics of the hollow cathode are
given to show the possibility of using the keeper as the in-
dicator for the control system of the neutralizer. In Fig. 8
the keeper voltage as a function of the discharge current and
voltage is plotted for spot mode at m, = 0.4 mg/sec. The
characteristics of plume mode are shown in Fig. 9 at m, =
0.01 mg/sec and the applied keeper voltage U k.r as parameter.

Table 1 compares the spot and plume modes of the hollow
cathode operating as neutralization cathode. The data in-
clude the loss energy for one electron, the propellant mass
m, for 6 months of operation and the additional mass for
the power supply m,,, assuming a specific mass of 30 kg/kw.
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Fig. 9 Plume mode char- 2
acteristics: Ipvs Vp at m, = 3
0.01 mg/sec. ~
200
tf(fP-V / /
/
02 10 0-2
00 1 1
5 20 25 kY



308 BAUMGARTH, BESSLING, AND SPRENGEL

Fig. 10 Radial current distribution; spacing from the
accelerator: 20 cm; total ion beam current 336 ma; fully
neutralized.

The plume mode requires only 0.1 as much propellant, but 2.4
as much power. Accounting for the mass of the power
supply, the plume mode operation for 6 months is better by a
factor of 4.

Multiple Faraday-Probe

A multiple Faraday-probe was built, which can be swept
through the beam and axially moved by means of a suitable
mechanism. The axis of rotation of the probe is located 27 em
above the axis of the thruster. The total length of the probe
with 17 single Faraday-cups spaced by 2.5 em and insulated
against each other is 47 em. At present the maximum axial
distance from the accelerator is 43 cm.

The single cups are connected with a selector switch, so
that the reading of the measured cup currents occurs suc-
cessively by one microammeter. Presently secondary elec-
trons due to ion impact on the probe’s surface are neglected.
Therefore the cups have flat bottoms instead of conically
shaped ones. According to Ref. 16, the secondary emission
in electrons/ion for 2-kev mercury ions is léss than 0.1 for
stainless steel.

Figure 10 shows the results of using the probe (arm and
Faraday-cups) at target potential (zero). Thus, the cup
currents give only the difference current of electrons and ions.
An asymmetric influence, resulting in an excess of electrons
at the beam boundary nearest to the neutralizer, and a lack
of electrons at the opposite side of the beam, disappears at
more down-stream positions, demonstrated in Fig. 11.
From both figures it is evident, that at these axial positions
the ion beam is not yet neutralized in a sense that each ion
pulls along an electron.

According to Fig. 10 it is assumed, that some electrons
reach directly the Faraday-cups (zero potential) before
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Fig. 11 Radial distribution of the cup current at different
axial positions 1; total ion beam current: 325 ma.
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Table 1 Spot vs plume mode characteristics

Spot Plume

Discharge current, I'p, amp 0.5 0.5
Discharge voltage, Up, v 12 29
Keeper voltage, Ve, v 10 20
Keeper current, I x., amp 102 102
Propellant flow rate, m,, mg/sec 0.15 0.016
Discharge power, Pp, w 6 11.5
Keeper power, Px., w 0.1 0.2
Total power, P, w 6.1 14.7
Propellant mass for 6 months, m,,

kg 2.35 0.25
Electron loss energy, W., ev/elec-

tron 12.2 29.4
Mass of power supply, mys, kg 0.18 0.44
mp + Mps, kg, for 6 months 2.54 0.6

entering the ion beam, because the potential difference be-
tween neutralizer and ecups is greater than that between
neutralizer and beam boundary. Thus, the excess of elec-
trons near the neutralizer is certainly caused by direct electron
impact on the Faraday-cups, so that the lack of electron
current at the opposite side of the beam is resulting.

As Fig. 11 shows the relative maximum of beam current
(ions and electrons) is shifted towards the neutralizer. But
this is not necessarily a thrust misalignment, because the
maximum of the ion beam might still be in the beam axis.
At present measurements are done to achieve radial dis-
tributions of ion current, in order to learn more about a
possible beam deflection due to the neutralizer and about
beam spreading. Possibly two symmetrically arranged
neutralizers are required to avoid this one-sided influence.

According to beam spreading first measurements indicate
an angle of divergence of about 5°. However, these values
have been evaluated from single ion beam profiles under the
assumption of radial symmetry.

Characteristics of ESKA-18-P

The vaporizer feed pressure is ~2 atm. The vaporizer,
made of molybdenum with an electron-beam-welded, porous
tungsten diaphragm, needs 7 w. of power (the mass flow is
~0.8 mg/sec), and it operates at ~270°C. The mercury
vapor is fed through the isolator and the main hollow cath-
ode into the discharge chamber. A main part is fed through
the distributor. The cathode and isolator need 30 w.. The
discharge power, however, depends on 7, and is related to
the desired ion beam current. The ion losses on the accel-
eration electrode depend strongly on 7.

Operating near 74,, = 85%, they are ~0.6%, of the total
ion beam. Taking the maximum value of 2 ma, the total
power losses on the grid are 5 w, because of 1 kv negative and
1.5 kv positive high voltage. The neutralizer is operating
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Fig. 12 Ion beam current I; and thrust F vs total power
input of the thruster Pr; Vyos = 1.5 kv and Vieg = 1.0 kv.



APRIL 1971

360 |—_tes kv ’”y’
12
10

20 /] ae

Fig. 13 I; vs Vpos at my, =

0.78 mg/sec and Pp =

120 w; accelerator current
is indicated.

I;,ma

120

0 ! IAcc
0 1 2
Voos. kv

with a second mercury vaporizer, but because of its smaller
mass flow rate and its location nearer the discharge chamber
(radiation heat), only 3 w are needed. The hollow cathode
operating as plasma bridge neutralizer needs 21 w, The
keeper losses are negligible. Another problem is the potential
of the neutralizer in order to control the electron flux equal-
izing the ion beam current. To get 300 ma of electron
current we need 10 to 20 v, depending on the neutralizer
mass flow rate. This takes up to 6 w of power losses. So
the neutralizer needs up to 30 w of total electric power
losses. For the -calculation of the total thruster loss
energy Wr (ev/ion), all the aforementioned losses (vapor-
izer, accelerator, neutralizer) have been kept constant at
different mass flow rates and ion beam currents. The
following diagrams give some data of the total thruster
characteristics. In Fig. 12, I, is plotted vs the total power
input of the thruster Pr for two different sm,’s. With
Vpos = 1.5 kv, and V., = 1.0 kv, the required exhaust
velocity of 38 km/sec was obtained. The diagram was
obtained by varying Vp. A second scale gives the thrust
F vs Pr. From these curves we get 5,, vs Pr, which is in-
cluded and scaled on the right ordinate.

The dependence of I; on V. at Pp = 120 w and m, =
0.98 mg/sec is plotted in Fig. 13. Because of the scale of
the beam current the acceleration loss current is indicated
only. The most interesting curve is shown in Fig. 14, where
the thruster loss energy Wy is plotted vs g, for m, = 0.78
mg/sec. Below 7, = 609, the curve is given as broken line,
because this region is of no interest for a thruster.

Application of ESKA-18-P

Optimal design for a given mission is a question of time
when the additional mass of the power supply Am,, will be
comparable to the additional propellant mass. This is
demonstrated in Fig. 15. At m, = 0.8 mg/sec, 50 w, are
needed to produce an I, of 190 ma. An additional 50 w
produces 90 ma more, whereas a further increase of 50 w will
raise I; by only 40 ma. This is the same problem considered

600

Fig. 14 Thruster loss en-
ergy Wr vs mass utiliza- 500
tion factor 7, at m, =
0.78 mg sec; Vyes = 1.5
kv, and Ve, = 1.0 kv.
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already in the discussion of the operation of the plasma
bridge neutralizer. At higher m,’s, less power is required.
Therefore a very intensive mission analysis with an optimiza-
tion of 9, and m,, is necessary in order to know the optimum
operation point of the thruster.

Considering again the solar electric propulsion module of
2.5 kw, three ESKA-18-P thrusters, each with about 700 w,
input can be operated. For redundancy," 6 thrusters (with
3 in stand-by-mode) can be clustered in a hexagonal array.
It is required that the total thrust vector of the operating
units has to be directed to the center of mass of the space-
craft. The failure of one of the 3 operating thrusters can be
compensated by the 3 thrusters in stand-by. If the second
one is failing the mission can be continued either with 2
thrusters only (in case A that both failing thrusters are located
side on side) taking £ of the total power input or using 4
thrusters (in case B that both inoperative thrusters are
located at opposite sides) operating each of them with reduced
power. If the third thruster fails the propulsion module
breaks down totally in case A, whereas in case B still 2
thrusters can operate. Here the total system breaks down if
the fourth thruster fails.

The effectiveness of such an eleetric propulsion module is
very high. Even if no thruster would break down, this array
gives a duplication of the lifetime looking for missions with
longer flight times.
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A Photographic and Analytic Study of Composite Propellant

Combustion in an Acceleration Field

P. G. WiLLovaasy,* C. T. Crows,| axp K. L. BAkER]
United Technology Center, Sunnyvale, Calif.

The experimental fact that acceleration of a composite propellant can effect a significant
augmentation of the burning rate is well known. However, an adequate physical insight of
the responsible phenomena has been lacking. This paper reports the results of photographing
a burning metalized composite propellant under acceleration. The photographic details re-
veal the inertial retention of burning aluminum particles and the subsequent formation and
growth of pits in the surface. An analytic model is developed based on the buoyancy of the
globule by combustion gases flowing from the pit bottom and the attendant increased heat
transfer from the hot particle, through the supporting gas flow to the propellant surface.
The model adequately explains the observed trends in acceleration-produced burning-rate
augmentation with ballistic and propellant parameters.
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specific heat of propellant

eccentricity

heat of vaporization

cs(Tx - Too) + hv

burning rate exponent

pressure

Peclet and Prandtl numbers, respectively
heat transfer rate

radial coordinate and globule radius, respectively
burning rate

Reynolds number
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slope of pit wall

separation distance

gas viscosity

angle between acceleration vector and the normal to
the propellant surface

density

surface tension
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Subscripts

acceleration
chamber

edge

flame

gas

initial

static, surface
particle

radiation

surface, propellant
normal coordinate
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Introduction

IT has long been known that spinning an internal-burning
solid-propellant rocket motor about its longitudinal axis
for directional stability can significantly affect the motor’s
internal ballistics. Usually the propellant burning rate and
attendant chamber pressures are higher than they would be
in the identical motor fired under no-spin conditions.! The
centrifugal acceleration field is undoubtedly responsible for
the augmented regression rate, but understanding of the
interaction has been lacking. In order to gain some appre-



