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I, INTRODUCTION

There are four major parts to this annual report. The first is a
continuing study of the multipoie discharge chamber of an electrostatic
ion thruster. This portion of the effort is directed at furthering
Ehe understanding of discharge-chamber operation, with the ultimate
goal of reducing discharge losses.

The second part is a continuing study of the hollow cathode, with
emphasis on assembled (nonwelded) construction and operation without
emissive oxide.

The third and fourth parts are devoted to the Hall-current accel-
erator, and represent a significant departure from past ion thruster
work in this Graﬁt. The third part is an experimental study of a Hall~
current accelerator, while the fourth part is a general theoretical
study of ion acceleration with a transverse magnetic field and a closed
electron drift path. The Appendix is also related to the last two parts
in that it includes five summiry papers on ion accelera;ors wtih closed
electron drift paths. These papers were originally published in the

U.S.S.R. and are reproduced here together with translations.



II. ION CONTAINMENT

by Larry E. Frisa

The efficiency of an ion thruster is important for electric space
propulsion. The discharge loss (the power used to generate ions) is a
major factor in this efficiency. Reduction of the discharge loss, then,
would permit ion thrusters to become more efficient.

Discharge-loss correlations have indicated that, for similar utili-
zation conditions, the volume production cost for ions is essentially
constant.l ~This means that discharge losses can be reduced, again for
similar utilization conditions, only by extracting a larger fraction of
the ions produced. This fraction of ions extracted could be increased
if some portion of the discharge chamber walls could be configured and
operated so that ions were reflected back into the chamber, instead of
the usual recombination with electrons that occurs at surfaces.

Such ion reflection, or containment, has been proposed in the past.
Discharge losses have been low enough in some designs to indicate that
some degree of ion containment might have been attained.?'-3 On the
other hand, preliminary anode bias experiments have failed to indicate
any significant degree of containment.4 The experiments described
herein were further attempts to determine if ion containment could be

obtained in a discharge chamber.

Apparatus
The thruster used for the ion containment experiments is rectangular
in shape and has been described in previous publications.s—6 Argon gas
was used as the propellant. The rectangular design of thisAthruster

makes it easy to change anodes, hence convenient to use for iomn



containment experiments. Except for a short general description, the
apparatus description herein will emphasize the aspects directly involved
in these experiments.

The internal dimensions of the discharge chamber (circumscribed by
the screen grid and pole pieces) are 7.5 cm deep, 10 cm wide, and 45 cm
long. Two cross sections with different anodes are shown in Fig, 2-1.
The 45 cm dimension is normal to the paper in Fig. 2-1, and there are
no pole pieces or anodes at the ends of the discharge chamber. The ion-
beam extraction area is 5 x 40 cm, with a 587 open screen grid within
this area.

Anodes. The first type of back anodes used in the ion containment
experiments were the narrow anodes (Fig. 2-1 (a)), which were part of
the original design. The anode surfaces exposed directly to the dis-
charge plasma were 0.4 cm wide, while the length was 44.5 cm. In this
original configuration, no anode was installed behind the cathode. (Thus
for Fig. 2-~20, only three back anodes were used. All other tests used
four anodes.) The second type of anodes used (Fig. 2-1 (b)) are called
wide anodes. These wide anodes had 2.0 cm wide strips attached to the
discharge side of the narrow anodes, and the same 44.5 cm length as the
narrow anodes. These wide sttips were slightly bent in cross section,
as indicated in Fig. 2-1 (b).

Thermal warping problems with the designs of Figs. 2-1 (a) and (b)
were indicated by increasing discharge losses with duration of opera-
tion, distortion after use, and, for the wide anodes, shorting to the
pole pleces. Because of these problems, a new strip design was fabri-
cated using 1.6 mm thick stainless steel, 43.2 cm long. This strip

anode design is compared to the narrow anode design in Fig. 2-2, and
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shown in more detail in Fig. 2-3. The strip anodes were held in place
using support brackets of 0.55 mm thick stainless steel, spot welded to
the heavier anode strips. The bracket at one end of each anode was
slotted to allow for thermal expansion.

Magnetic fields. The thruster was operated with two basic magnetic

field configurations. The first was that of the original design, and
used six Alnico V permanent magnets, 6.4 mm diameter and 25 mm long,
between each pair of pole pieces. In this configuration, field strength
between all pairs of pole pieces was approximately the same. The mean
calibration value for the magnets used in the original configuration
was, after disassembly, 18.9 + 1.4 x 10"4 T. (This was a measurement
at a location 2.8 cm radially out from the center of the magnet, and
serves as a relative indication of magnet strength.)

The second configuration was one in which the number of magnets
in the back wall (both "back center' and 'back corner" locations in
Fig. 2-4) were doubled. As a more minor change at the same time, the
. original magnets were remagnetized, giving a calibration value of
20,7 £ 0.3 x 10”4 T. Also, the new magnets added to the back were from
a different shipment, resulting in a remagnetized calibration value of
19.5 £ 0.5 x 107 1.

Magnetic field measurements were taken between adjacent pairs of
pole pieces. This was done by centering the magnetic probe between a
pair of pole pieces, then moving the probe (while taking measurements)
parallel to the 2.5 cm pole-piece faces (see Fig. 2-4). The magnetic
field distributions obtained in this manner for the end location (see

Fig. 2-4) are shown in Figs. 2-5 and 2-6 for the first and second

magnetic field configurations. The increase of the maximum from
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3 to 8.6 x 10‘-3 T was associated with the remagnetization

7.8 x 10
described earlier. The magnetic field distributions for the other
locations of the second configuration are shown in Figs. 2-7 through
2-~10. These distributions were‘usea to calculate the magnetic-field
integral values (/Bdx) between the anodes and the bulk of the plasma.
In Figs. 2-5 through 2~10, the center of the discharge chamber is
always to the right.

Ferromagnetic powder maps were also made of the two configurations
and are shown in Figs. 2-11 and 2-12. These maps are helpful in under-
standing qualitative differences between the fields for the two config-
urations, particularly around pole pieces.

The total flux through a magnet was calculated by measuring the
magnetic field in a plane normal to the magnet's axis; and passing
through its center. These measurements were found to agree with

B = K/[16 + (z/R)213/? (2-1)

where B is the magnetic flux density, R is the magnet's radius, r is
the radial distance from the magnet axis, and K is a constant selected
to fit the experimental data from a single magnet. Taking the mean
value of K, the total flux through one magnet was found to be 3.26 #

> T—m2 (Webers). The corresponding flux density in one magnet

0.28 x 10
was found to be 1.01 + 0.09 T. This procedure was checked by integrating
the magnetic flux between two pole pieces and dividing by the number of

magnets. This latter method gave the flux through one magnet as 3.24 *

0.10 x 10—5 T—mz. The two procedures were thus in excellent agreement.
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With the doubled magnetic field at the back wall of the discharge
chamber, it was found necessary to move the cathode farther into the
discharge chamber. The magnetic field distribution of Fig. 2-10 indi-
cated that the field strength was essentially zero at 4.0 cm from the
edges of the back pole pieces (5.3 cm from the back pole-piece centers).
The cathode was put at that location.

Plasma probe. The plasma probe consisted of a Ta wire, 0.74 mm in

diameter, and 3-4 mm long. Probe voltages were referenced to the biased
anodes. Some measurements were initially made along the long dimension
of the discharge plasma. After verifying plasma unifofmity; méasure—
ments were restricted to a location at the center of the discharge
chamber, between the cathode and screen grid. The narrow anodes were

used for these measurements.

Procedure

Bias configurations. The thruster was operated in four different

bias configurations. Except for changes associated with these bias
configurations, the operating conditions were: discharge (VD, ID) 40 v,
1 A; screen, 460 V; accelerator (Va)’ -500 V; decelerator (Vd), 0V;

beam (Vb, I 500 V, 100 mA; accelerator impingement, 7 mA; neutralizer

o)
heater, 25 V (ac), 9.0 A; main cathode heater, 20 V (dc), 25 A; Ar flow
(ﬁ), 472 mA-equiv; bell-jar pressure (P), 4 x 10-4~Torr.

The first bias configuration used is indicated in Fig. 2-13 (a).
The side anodes were held at +40 V relative to the discharge chamber
body and the center connection of the cathode, while the béck anodes
were biased more positive than the side anodes. Note that the main

cathode was heated with direct current to minimize noise. However,

the discharge supply was attached to a center electrode in the
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20

cathode, resulting in a cathode voltage distribution analogous to an
alternating-current supply with a center tap.

The second bias configuration, indicated in Fig. 2-13 (b), was
similar to the first, except that the back anodes were maintained at
+40 V relative to the body and cathode, while the side anodes were
biased negative as much as -12 V relative to the back anodes.

The third configuration, Fig. 2-14 (a), differed from the first
only in that the discharge-chamber body and screen were not connected,
hence "floated". (The side anodes were again maintained at +40 V
relative to the cathode, while the back anodes were biased positive up
to 420 V relative to the side anodes.)

In the last bias configuration investigated, Fig. 2-14 (b), the
discharge chamber body and all the pole pieces were biased from -20 V
to +12 V relative to the anodes, which were maintained at +40 V relative
to the cathode and screen. Inasmuch as the ends of the discharge
chamber had no anodes or pole pieces, sheets of insulation were used at
these locations to avoid excessive loss of high-energy electrons.

Discharge losses. The discharge losses were, of course, used to

indicate the degree of ion containment achieved. These discharge losses
were calculated using the following equations:
"For the first and third bias configurations, Figs. 2-13 (a) and

2-14 (a), the discharge losses were calculated from

eV/ion = [VD(ID—Ib) + vbias(lbias—lb)]/lb; (2-2)

For the second configuration, Fig. 2-13 (b), the discharge losses

were calculated from

eV/ion = [VD(ID—Ib) + VvV ]/Ib ; (2-3)

biasibias
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For the fourth and last configuration, Fig. 2-14 (b), the discharge

losses were calculated from Eq. (2-3) when V_ > V_ . and from
D . bias

eV/ion = [V_ I +V (1

0 Vbias Thias™Ip) 1/ 1 (2-4)
when Vbias > VD; where ID and VD are the discharge current and voltage,
I,. and V, . are the bias current and voltage, and I, is the beam

bias bias b
current.

In each case the beam current, Ib’ was subtracted from the most
positive supply. Ignoring the bias supplies in Figs. 2-13 and 2-14 for
the moment, the ions originate at plasma potential. Thus any positive
potential above screen potential, up to plasma potential, appears as
kinetic energy in the beam ions. Because plasma potential is usually
within a few volts of anode potential, it is customary with circuit
diagrams similar to those in Figs. 2-13 and 2-14 to assume that only
VD(ID—Ib) is the power that contributes to the ion production. (Note
that this calculation would be different if the positive high-voltage
supply were connected to the anodes instead of the cathode/screen.) In
a generalization of this approach with a bias supply, the beam current
has been subtracted from the most positive electrodes in the discharge.
The error in this approach is that the discharge power is underestimated
by an amount (V+—Vp)Ib, where V+ is the most positive electrode potential
and Vp is the plasma potential. This magnitude of error did not signif-

icantly alter the results presented herein.

Calculation of plasma properties. The plasma properties in the

discharge chamber were analyzed using the two-group electron model,

low-energy Maxwellian background plus monoenergetic primaries.
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Some of the probe traces obtained under bias conditions did not show a
clearly defined two~group distribution. Still, the plasma potential was
felt to be sufficiently accurate to indicate plasma potential trends
relative to the anode potential. Specifically, the results presented
herein would be valid if the plasma potential were in error by several
volts, which is larger than can be justified by the departure from the

assumed two-group model.

Results and Discussion

Plasma uniformity. Plasma properties are shown in Figs. 2-15

through 2-19 as a function of distance in the long dimension of the
discharge chamber. Narrow anodes were used in these plasma-property
tests. In each case the properties are essentially constant within the
chamber, except for end regions where the end wall of the discharge
chamber was approached. The plasma potential had a mean value about 6 V
positive relative to the anodes, the mean Maxwellian electron tempera-
ture was about 9 eV, while the primary electron energy averaged 40 eV.

The mean Maxwellian electron density was about 6.5 x lO15 m~3, while that

of the primary electrons was about 4 x lO14 m-3. Note that the discharge
in these earlier tests was 50 V instead of the otherwise standard 40 V.

The uniformity of the plasma properties indicated in Figs. 2-15
through 2-19 was the justification for the use of single point plasma prop-

erties (at the center of the discharge chamber) in all subsequent tests.

Standard magnetic field. Bias tests were conducted first with the

original magnetic field. Each of the anodes were adjusted to have a
magnetic field integral (between the anode and the center of the
discharge chamber) of at least 56 x 10—6 T-m (56 Gauss-cm). This value
was chosen for the original design as being sufficient to prevent

primary electrons from directly reaching the anodes.



24

50
> . N O
- g O— 000 Q =0 O
[ ]
©
2
§40—

o VD::SC)V
=
- Ip=1A
e
o 30

[ ]

(8]

[ =g

[}

o
®
~ 20}
°

e

[+ ]

S

Q

g OF

[72]
R/

a

O 1 L 1 | 1 1 ] _ 1 1 J

o 2 4 6 8 10 2 14 6 i8 20
Distance from center of chamber, cm

Fig. 2-15. Plasma potential versus distance from the center of the
discharge chamber.



25

12 r
> 10| O
@
- <\7 r\ — e W O
e i ~ U (O O 0 J ~
S 8F
g
2
g 6 | VD-SOV
§ Ip= 1A
s 4r
-
3
w 2Ff
0 L 1 1 i 1 ] 1 I ] )
0 2 4 6 8 10 12 14 & 8 20
Distance from center of chamber, cm
Fig. 2-16. Electron temperature versus distance from the center of
the discharge.
50
N ) e ~—— TN O NN )
2 40< U O OO0 o—5
3
§ 30 VD=5OV
° Ip=IA
> 20 F
o
E
a |0
0 1 . 1 L 1 1 I L L ed
o) 2 4 6 8 10 12 14 16 I8 20
Distance from center of chamber, cm
Fig. 2-17. Primary electron energy versus distance from the center

of the discharge chamber.



Maxwellian density, m™3

26

s Vp =50V O
[ Ip=1A

O | i 1 | 1 1 A - 1 ]

0 2 4 6 8 0 12 14 16 18 20
Distance from center of chamber, cm

. 2-18. Maxwellian electron density versus distance from the

Primary density, m~3

center of the discharge chamber.

14
O O

4 . a o) O 0O
5 O © o
3_

Vp =50V
2r Ip=IA
|_
O i i i i i i i 1 d )

0 2 4 6 8 10 12 14 16 I8 20
Distance from center of chamber, cm

ig. 2-19. Primary electron density versus distance from the

center of the discharge chamber.



27

The discharge loss curves obtained using the first bias
configuration (side anodes at 40 V, back anodes biased more positive)
are shown in Figs. 2-20 through 2-22 for the narrow anodes and two
settings of the wide anodes (see Fig. 2-1 for narrow and wide anode
shapes). The bell-jar pressure was held constant at &4 x 10-4 Torr
during these tests. The discharge currents were varied from about 1 to
10 A to obtain the range of beam current shown. The narrow anodes,

Fig. 2-20, showed about a 207 increase in discharge loss in going from
0 to +10 V relative bias of the back anodes.

In the hope of providing more anode area to reflect ions, similar
blas tests were conducted with the wide anodes, Fig. 2-21, The adverse
effect on discharge losses of a given positive bias was nearly doubled
with the wide anodes.

Analysis of Langmuir probe data, to be described later, indicated
that the wide anodes were less isolated from the discharge plasma than
the narrow anodes. To provide an increased magnetic integral, all back
anodes were moved 3 mm further away from the discharge. Data taken with
this modified anode location are shown in Fig. 2-22, To the‘extent.that
comparison is possible, the effect of anode bias is about the same in
Figs. 2-20 and 2-22.

The fraction of total discharge current gping to the back anodes
is shown in Fig. 2-23 as a function of bias voltage for the three
different anode configurations of Figs. 2-20 through 2-22. The modified
location for the wide anodes is seen to move the current distribution to
the back anodes back closer to that for the original narrow anodes.

Plasma properties obtained from the centrally located Langmuir

probe are shown in Figs. 2-24 through 2-26. The electron temperatures
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and densities for the narrow anodes and original location of wide
anodes, Figs. 2-24 and 2-25, show only moderate effect of increased
bias. The most significant effect of bias appears to be on the plasma
potential, Fig. 2-26.

For both the original narrow anodes and the wide anodes with
modified location, the back anodes were essentially decoupled from the
discharge plasma during bias operation. This decoupling was shown by
the approximately 0.9 V increase in anode-plasma potential difference
for each 1 V increase in positive bias for the anodes. The original
location of the wide anodes resulted in much less decoupling, 0.4-0.6 V
change for each 1 V of bias change.

As mentioned above, the originél narrow anodes had magnetic
integrals of at least 56 x 10"6 T-m. The wide anodes in their original
locations had, midway between pole pieces, magnetic integrals of 58 x
10-'6 T-m for the back corners and 52 x 10_6 T-m for the back center
locations. (These locations are defined in Fig. 2-4.) In addition,
because of the width of the wide anodes and the effects of warping, the
magnetic integrals for edges of the wide anodes may have been consider-
ably less. After recessing the wide anodes by 3 mm, the magnetic
integrals for the wide anodes, again midway between pole pieces, were
increased to 78 x 10_6 T-m in the back corners and 69 x lO—6 T-m in
the back center locations.

Some additiomnal tests with the other bias configurations were also
conducted with the standard magnetic field configuration, Figs. 2-27
through 2-30. 1In Fig. 2-27, the discharge losses are shown for the
second bias configuration, with back anodes at +40 V and the side

anodes biased negative relative to the back anodes. The wide anodes
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with their modified locations were used here, and some of the results
(éee -8 V, in particular) appear to be affected by warping of the wide
anode surface. Other than these possible effects of warping, the
results are similar to those with the same anodes and the first bias
configuration. The corresponding plasma potential, Fig. 2-28, also
showed the same ~0.9 V change in plasma potential relative to the back
anodes for each 1 V change in bias.

The discharge losses for the third bias configuration, with
floating discharge-chamber body, are shown in Fig. 2-29. The wide
anodes with modified locations were used here, and, again, there is no
significant departure from results with the first bias configuration.

Discharge loss data for the fourth bias configuration, with biased
pole pileces, are shown in Fig. 2-30. The narrow anodes were used in
these tests. All bias operation with this configuration shows higher
losses than the standard configuration (Fig. 2-20, with no bias). Part
of the difference was due to a change in operating procedure. In the
earlier tests, bell-jar pressure was held constant at 4 x 10"4 Torr.

It was felt that holding the gas flow to the thruster constant (at

472 mA-equiv) might provide more constant thruster operating conditions.
The two operating procedures are approximately equivalent at a 100 mA
beam current, but diverge increasingly at highe: beam currents.

In Fig. 2-30, the losses rise sharply as the pole pieces reach
plasma potential. This sharp rise can be explained by the increased
electron current loss associated with the more dense Maxwellian
electrons. The loss increases for lower (more negative) biases are
smaller, but stiil no beneficial effect could be found for biasing pole

pieces positive of their usual -40 V (relative to anodes) value.
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Increased magnetic field. After the magnetic field near the back

anodes was doubled, the strip anodes (Figs. 2-2 and 2-3) were tested
with the first and fourth bias configurations. The use of the strip
anodes was based on the warping problems encountered with the narrow
and wide anodes (which were made of thinner sheet metal), together with
the lack of any clear evidence that anode width was significant.

For the first test with the increased magnetic field, the back
strip anodes were moved far enough into the discharge chamber to reduce
their magnetic integrals to about 56 x 10“6 T-~m. With these anode
field integrals and the fourth bias configuration (biased pole pieces),
the data of Fig. 2-31 were obtained.

Again, no benefit of biased operation was found. In comparing the
data of Fig. 2-31 to the similar data obtained with the original magnetic
configuration, Fig. 2-3(, two things are evident. First, the data in
Flg. 2-31 are more regular, indicating less effect of warping on per-
formance. Second, the adverse effect of a given bias level was generally
decreased with the increased magnetic field.

Because the magnetic integral protecting the anodes was the same
in both cases, this difference did not appear to be associated with the
anodes. Referring back to Figs. 2-11 and 2-12 for the ferromagnetic
powder field maps, it is clear that the increased magnetic field will
result in stronger '"mirrors" and smaller loss cones for the escaping
electrons. The higher magnetic field thus results in less coupling of
the discharge plasma with the pole pieces, hence less electron loss to
the pole pileces at a given bias.

The strip anodes were also tested in the first bias configuration

(back anodes biased positive) with both the original 56 x 10—6 T-m
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integral and increased values of 112 x lO—'6 T-m, or more, for the back
anodes. The increased back magnetic field was used for both of these
tests, so the integral difference simply corresponded to a displacement
of the anodes.

The discharge losses for the 56 x lO“6 T-m integral value ‘are shown
in Fig. 2-32. Comparing these results with the supposedly similar
results with the original magnetic field, Fig. 2-20, thé adverse effect
of the same bias is slightly greater in Fig. 2-32 for a 100 mA beam, and
slightly less near 400 mA, TFor the same field integral, then, there is
no large difference between the added losses due to biasing for the two
magnetic fields.

For the increased integral, Fig. 2-33, the adverse effect of back
anode bias is sharply reduced. For the same +20 V bias, the higher
magnetic integral results in abéut half the loss increase.

The plasma potentials corresponding to the two fieid integrals of
Figs. 2-32 and 2-33 are shown in Fig. 2-34. Although both configurations
are believed to be above the minimum magnetic integral of about 56 x
10_6 T-m, found for the original magnetic field, the lower integral
was clearly not as isolated‘from the discharge plasma as the higher
value.

There are at least two possible explanations for the results shown
in Fig. 2-34. The use of a magnetic integral is based on a nearly
constant conduction area.8 In moving the anodes further out into the
discharge chamber to obtain the 56 x l()_‘6 T-m integral with the doubled
number of magnets, the average magnetic field line above the anode
becomes longer. This means that the mean conduction area (parallel
to field lines) becomes more curved, and has a greater magnitude.

As one explanation, then, the same magnetic integral with the
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doubled number of magnets results in a lower impedance’ connection to the
plasma. Closer coupling to\that plasma potential should, therefore, not
be surprising.

As a second possible explanation, the exact value of the magnetic
integral can be a critical matter, as shown by the effect of a 3 mm
anode displacement for the wide anodes (see Fig. 2-26). Mechanical
tolerances, thermal motion, and variation of field strength along the
pole pieces all combine to produce spatial and timewise variation in
integral values. Perhaps the mean integral for the data of Fig. 2-32

was actually slightly less than that of Fig. 2-20.

Conclusions

From the magnitudes of magnetic integrals used and the plasma
potentials obtained with these magnetic integrals, it appears that
considerable isolation of the anodes from the discharge plasma potential
was possible at, or above, 55-60 x 10_6 T-m. This value range for the
magnetic integral is approximately what was required to prevent energetic
primary electrons from having direct trajectories to the most positive
anodes.

The anode width did not appear to be a major parameter in deter~
mining discharge losses.

Despite the use of several bias configurations and the frequent
demonstration of anodes biased positive relative to the discharge
plasma, there was no example of reduced discharge losses due to biased
operation. One can infer from the absence of beneficial effects that,

if ion reflection took place near the positive anodes, the added power

required for biasing more than offset the gains due to ion reflection.
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The most significant result of this biasing appears to be the sharp

reduction in biasing losses at the high magnetic integral value (112 x
10“6 T-m). Further increases in the magnetic integral for positively
biased anodes may show that the benefits of biasing may outweigh the
biasing losses at sufiiciently high values of this integral.

The possibility of beneficial effects of biasing at high magnetic
integrals is consistent with the apparent previous observation of
reduced losses,zm3 where, although not evaluated, it is believed that
very high integfal values were used. The use of much higher integrals
also implies the possibility of discharge stability problems. These
problems were presumably the reason for the use of an auxiliary plasma
anode in some earlier tests.z_3 More recently, conductivity calcula-
tions have indicated that an excessive minimum discharge voltage can
result from a high magnetic integral.l It is hoped that the greater
knowledge of plasma processes available now would permit a rapid reso-

lution of any stabiliiy problems.
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III. HOLLOW CATHODES

by R. P. Stillwell

The hollow cathode investigation reported herein used oxide-free
components, mechanically assembled. This approach has advantages from
the research viewpoint in that such cathodes are easy to fabricate and
there is no confusion as to the work functions of the surfaces involved.
These advantages, in research, should eventually be translated into more
rapid progress. The effectiveness of mechanically assembled construction,
as opposed to electron-beam welded construction, should also be signifi-
cant for future large hollow cathodes. That is, the assembled construc-
tion should avoid the thermal stress problems of welded assembly using
dissimilar materials and section thicknesses.

In a previous report,l a rolled foil insert was found to be the
most efficient oxide-free emission surface. This present investigation
continues the study of a rolled foil insert. Graphite tips were also -
used in the previous study.l The work reported herein uses both
graphite and tungsten tips. The internal starting electrode described
earlier is also used throughout this investigation.

The propellant gas was in all cases Ar. Ar represents a greater
departure than Xe from previous Hg experience, hence was felt to be

more productive for a research investigation.

'

Apparatus and Procedure
The typical test arrangement for a hollow cathode is indicated in
Fig. 3-1. The body of the hollow cathode was a 6.4 mm outside diameter
Ta tube, 6.3 cm long. Unless otherwise indicated, the tube thickness
was 0.25 mm. The Ta tube was mounted in am Al block, onto which the

other components were connected.
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Fig. 3-1. Hollow cathode assembly.
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The rolled-foil inserts used in these tests were fabricated from
0.013-mm thick Ta. The inserts were typically cut to 4 x 8.6 cm,
textured by pressing the foil against 50-grit abrasive paper using an
elastomer for pressure, and rolled into about a five-turn insert with
a length of 4 cm. Where noted, the length (the 4 cm dimension) was
varied and untextured foil was used.

A stainless steel perforated cylinder, 5 cm in diameter and 7.6 cm
long, was used as the anode. The position of the anode in Fig. 3-1 is-
displaced for clarity. Unless otherwise specified, the tip of the
cathode was flush with the near end of the anode.

The only gas introduced into the 45-cm diameter vacuum chamber
was the Ar flow through the hollow cathode.

As indicated earlier, an internal starting electrode was used to
initiate emission. After initiation, the starting discharge was turned
off. Because there was no external source of heat after the starting
discharge was turned off, a minimum emission was required to maintain
operation. This minimum depended on Ar flow and cathode geometry, but
was typically 3-4 A.

The testing procedure was to take current-voltage characteristics,
with the current varied from the minimum required to maintain operation
up to either the power supply limit (25 A) or the emission limit. -
Tests were typically conducted at Ar flows of 0.6, 0.7, 0.8, 0.9, and

1.0 A-equiv.

Tip Configuration and Material

Four tip geometries, shown in Fig. 3-2, were used in this investi-

gation. The tip shown in Fig. 3-2(a) was fabricated from graphite of
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(b) I5mm

(¢c) 6.9mm

T
(d) 6.4mm
4

Fig. 3-2. Tip geometries.
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unknown composition. The tips of Figs. 3-2(b) and (c¢) were fabricated
from grade HPD-1 (lnion Poco), which is a high density graphite that
‘typically has trace metals in hundreds of parts per million. The tip
design of Fig. 3-2(d) was fabricated from both grade HPD-1 graphite
and W. 1In all tips the cylindrical hole length was 1 mm.

Hole diameter. Tests were initially conducted with the configura-

tion indicated in Yig. 3-2(a), which was the final one used during the
previous support period of this grant. A tip of this configuration was
tested with hole diameters of both 0.71 and 1.1 mm. The ratio of
powers for these two hole sizes is plotted in Fig. 3-3 as a function of
emission. Since the power is proportional to the voltage wﬁen current
is held constant, the ratio of anode voltage would be the same as the
ratio of power showvn. In all cases the power (and voltage) at a given
emission level was less for the larger hole diameter.

A high discharge power is undesirable for a hollow cathode from
the viewpoint of eicessive losses. It is also undesirable from the
viewpoint of the high sputtering rates encounteréd at higher voltages.
For the main discharge cathode of an inert gas thruster, then, the
larger hole diameter would be preferred. It should be kept in mind,
however, that the ) mm thickness in the vicinity of the tip hole was a
selection based, in part, on the requirement fpr long thruster lifetime
and past wear rates encountered with Hg. The smaller 0.71 mm diameter
hole thus had a length-to-diameter ratio of 1.4, while the 1.1 mm
diameter hole had a ratio of 0.9. With the longer length-to-diameter
ratio, the smaller hole was a considerably greater obstacle to plume-—
neutralizing ions diffusing from the inside to the outside - much
greater than would be indicated by the hole cross sections alone. If

wear rates were low enough to permit thinner tips to be used, some of
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the adverse effects of a smaller hole diameter, shown in Fig. 3-3,
might not be observed.

Radiation area. The tip geometries shown in Figs. 3-2(a) and (b)

were chosen to permit comparison of considerably different thermal
designs. The design of Fig. 3-2(b), with a diameter of 15 mm, had a
large external radiating area. The design of Fig. 3-2(c¢) has a much
smaller external radiating area, although the area exposed to the
internal plasma was increased at the same time.

The experimental performance for these two configurations is shown 4
in Fig. 3-4. The only clearcut difference is that for the higher Ar
flow rates (0.8 and 0.9 A-equiv. in Fig. 3-4(c) and (d)), the maximum
emission is higher for the smaller tip diameter.

The data in Fig. 3-4 also illustrate a trend evident throughout
this investigatiorn. That is, as the flow rate of Ar increased, the
maximum emission also increased.

Erosion rate. A problem encountered with the graphite tips was

that of rapid erosion. This problem was first encountered with the
graphite tip indicated in Fig. 3-2(a). Because the graphite composition
was unknown for this tip, it was decided that the erosion should be
evaluated for a tip of known composition. Using the tip design of

Fig. 3-2(c), made of HPD-1 graphite, the tip hole was observed to
increase from 0.71 mm to 1.0 mm during 19 hours of operation. The hole
diameter was measured after every few hours of operation, so that this
is known to be a continual erosion process rather than rapid wear during
a short time at some unusual operating condition. The erosion process
involved in this vapid wear is not clear. The sputter yield of graphite
is quite low, so it does not appear that simple sputter erosion can be

the main cause.
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Tip material. The erosion rate found for the graphite tip was
clearly unacceptable for space applications. 1In an attempt to reduce
orifice erosion, it was decided to try W for the tip material. Due to
the difficulty in machining W, the simple design of Fig. 3-2(d) was
adopted. The tip was a 6.4 mm diameter disc, 1 mm thick, with a
centered 1.0 mm diameter hole. Since this design is a simple disc
without provision for centering in the Ta tube, a 0.013-mm-thick piece
of Ta was spot welded to the Ta tube to perform this centering function.
This W tip was operated for 16 1/2 hours with no measurable wear evident
with an optical microscope.

Because the change in tip material was associated with a change in
design, a similar tip configuration was also fabricated from ﬁPD-l
graphite. The cathode performance obtained using the two tip materials
is indicated in Fig. 3-5. At all combinations of emission and Ar flow
that could be compared, the W tip showed lower powers and voltages than
the graphite tip. In addition, the maximum emission was increased by
the use of W.

The difference in power required for the two tip materials is
consistent with the hypothesis that the plasma discharge supplies
whatever power is required for the emission surface to reach emission
temperature.l' Because the potential variatiqn is small from the anode
to the plasma within the hollow cathode, most of the discharge power
(emission times anode-cathode potential difference) appears as cathode
heat. Because the plasma is densest near the cathode tip, much of this

heat is lost to the tip. Graphite has an emissivity in the operating

%

The emission within a hollow cathode is believed to be by a combination
of thermionic and high-field processes. The concern here is only with
the effect of temperature.
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range for temperature of 0.80-0.85, while that of W is 0.2-0.3. The
lower power required for the W is therefore explained as simply due to
lower heat loss with this material. While the tip, itself, is not
believed to be a source of significant emission, its heat balance will
directly affect the inside temperature of the foil insert, which is
believed tb be the major emission source.

Note that the more efficient thermal design (with W) had higher
maximum emissions. /This is similar to the trend observed with different
tip diameters (Figs. 3-2(b) and (c)). It is suspected that the dif-
ference in internal configuration obscured some of the difference that
might otherwise have been expected with different tip diameters.

Insert configuration. After the cathode emission has been init-

iated by the starter electrode, the discharge power is the only heat
input to the cathode. As discussed previously, most of the discharge
power appears as heating power inside the cathode. A change in insert
configuration that reduces heat flow to the outside of the cathode
should thus be expected to reduce the power required to maintain
emission temperature at the inside of the insert, which, in turn, should
reduce the anode voltage required for a given emission level.

With this reasoning in mind, textured (described in the Apparatus
ananrocedure section) and untextured foil inserts were compared in
terms of operating characteristics. The intent of the texturing was, of
course, to minimizé contact between foil layers. At the high operating
temperatures for the inside layers of the foil insert, some bonding
would be expected to take place at any contact area. With plain sur-

faces, a high degree of direct thermal loss would be expected after
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this bonding takes place. With a textured surface, though, thermal
conduction must follow a labyrinth path.

The textured-to-plain power ratio is presented in Fig. 3~6 for
several Ar flow rates. In all cases the textured insert showed sub-
stantial (10-40%) reductions in discharge power.

The insert length was also varied. One might expect a shorter
insert to provide less insulation for thermal conduction to the Ta tube,
hence be less efficient. On the other hand, experience with oxide
coated inserts indicates that most of the emission is from the first
2 mm near the tip.3 Three insert lengths were tested: bl, 2.5, and
4 cm. These tests employed a W tip with a 1.0 mm hole diameter (Fig.
3-2(d)). As indicated in the Apparatus and Procedure section, textured
inserts were used. The results of these tests are shown in Fig. 3-7.

The tests of different insert lengths did not show a clearcut
result for voltage at a given emisison, hence for heating power. Where
differences were found, the medium length (2.5 cm) showed the lowest
anode voltage. TFor maximum emission, the highest value was found for
the shortest insért. Depending on the parameter of interest, then,
somewhere in the 1-2.5 cm range of length appeared of most interest.

Tube thickness. The Ta tubes used in previous hollow cathode

i.nvestigationsl_2 and in the majority of the studies reported herein had
0.25 mm-thick walls. When ordering more Ta tubing for this investiga-
tion, it was found that the 0.25-mm wall thickness was no longer
available for the 6.4 mm outside diameter used herein. The closest that
could be obtained to the original tubing had a wall thickness of 0.51
mm. This change in wall thickness resulted in tests to determine the

effect of this change on performance.
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The effect of wall thickness is shown in Fig. 3-8 for an Ar flow of
0.8 A-equiv. In all cases tested, the thin-walled tubes showed somewhat
higher maximum emissions. For the purposes of the investigation
reported herein, the change in wall thickness was not considered to be
critical.

Magnetic field. A magnetic field was used with a hollow cathode in

an attempt to increase the maximum emission. The attempt was not
successful, but is reported here because it might be of interest.

As indicated several times in discussions of this investigation,

a maximum electron emission is encountered for each combination of Ar
flow rate and hollow-cathode configuration. A possible reason for this
limit is the "'starvation" of the discharge due to the too rapid escape
of electrons. No similar maximum has been encountered with Hg propel-
lant. It may be that a similar limit does, in fact, exist with Hg,

but is simply at too high an emission to be encountered in the usual
experiments.

In comparing cross sections of Ar with those of Hg, it is apparent
that, for electrons with of the order of 1 eV energy, the ratio of
ionization to collision cross section is much smaller for Ar than for
Hg. This observation is consistent with the Ramsauer-Townsend effect,
generally observed with inert gases.

The hope was that the presence of a transverse magnetic field
would enhance the collisional processes with an inert-gas propellant,

resulting in performance close to that observed with mercury.
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A change in anode position was necessary to provide space for the
magnets between the anode and cathode. Tests were therefore conducted
to determine the effect on performance of this change. The anode
change investigated, and used as a basis of comparison with a magnetic
field, was with a 1.5 cm gap between the cathode tip and the near end
of the anode. This 1.5 cm change in anode position did not result in a
significant performance change when no magnetic field was introduced.

The first magnetic configuration tested used 6.4 mm diameter
magnets positioned radially with respect to the cathode axis of symmetry,
as indicated in Fig. 3-9(a). Magnet separations (see Fig. 3-9(a)) of
0.7, 1.5, 2.0, and 3.0 cm were tested, but only with a 3.0 cm separation
could the cathode discharge be started. The magnetic field for a 3.0 cm
separation is shown in Fig. 3-10(a). The magnetic integral downstream
from the orifice was 217 Gauss-cm for this configuration.

From discharge-chamber tests, 217 Gauss-cm should be considered a
high value of integral. Another configﬁration, shown in Fig. 3-9(b),
was devised to obtain a lower value of integral. The magnetic field for
this latter configuration is shown in Fig. 3-10(b). The integral down-
stream from the orifice was found to be 52 Gauss-~cm for this lower field
configuration.

The performance of the configuration shown in Fig. 3-9(a) is com-
pared to that of a similar configuration without magnets in Fig. 3~11.
The most noticeable change is the general 10-15 V increase in anode
voltage with the presence of a magnetic field. The maximum emission
was only slightly increased by the magnetic field.

The performance of the configuration shown in Fig. 3-9(b) is

compared with that of a similar configuration without magnetic field
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in Fig. 3-12. With the smaller magnetic integral of 52 Gauss-cm, the
increase in anode voltage due to the presence of the magnetic field is
only about 5 V. There was no significant trend for maximum emission.

Also shown in Fig. 3-12 are the results of locating the pole pieces
of Fig. 3-9(b) upstream of the orifice, instead of downstream as shown
in that figure. The results are intermediate of the downstream configu-
ration and the no magnetic field field configuration. This result is
consistent with the magnetic integral downstream of the orifice being
reduced below 52 Gauss-cm. No significant results appear to be due to
the magnetic field increase upstream of the orifice.

The tests conducted with transverse magnetic fields in the plume
regioﬁ thus covered a range of anode voltage effect from <5 V to 10-15 V
as the magnetic integral of the transverse magnetic field downstream of
the orifice was increased. If beneficial effects on maximum emission

were possible, they should have been evident in the range covered.

Conclusions
A number of detailed conclusioné were drawn from the oxide-free

hollow cathode tests described herein. The use of graphite as tip
material resulted in unaéceptably high erosion rates. The substitution
of W for graphite greatly reduced this erosion. The use of W for the
tip also reduced the required discharge power at a given Ar flow rate
and emission level. Power reductions (up to 40%) were also found for

a textured foil insert, compared to a plain one. Higher maximum emis-
sions for a given Ar flow rate were also found with the W tip. No
beneficial results were observed for a transverse magnetic field down-

stream of the orifice.
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The results observed for oxide-free hollow cathodes are generally
in agreement with a thermally controlled model, where the anode voltage
reaches whatever value is necessary to maintain emission temperature at
some surface. For the designs tested, this surface is almost certainly
the inside of the rolled foil insert.

The ability to dgfine surface work function (with no emissive
oxide present) makes the oxide-free design well suited to a more
thorough analysis of the interplay between emission and thermal losses.
The non-welded, mechanically assembled construction also appears to be
promising for future large-cathode applications, where thermal-
expansion problems could be serious at welds.

from the absence of any beneficial effect of a transverse magnetic
field downstream of the orifice, it appears that the too-rapid escape
of electrons to the anode may not be a significant factor in the
maximum electron emission observed for each combination of inert-gas

flow rate and cathode configuration.
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IV. EXPERIMENTAL HALL-CURRENT ACCELERATOR

by Gregory M. Plank

Electric propulsion needs for interplanetary missions appear to
be best met by specific impulses of 3000 sec or more, depending on
mission difficulty. The electrostatic thruster, with ion acceleration
provided by electric fields between closely spaced grids, performs well
in this specific impulse ramge.l—2

For geocentric missions, a lower range of specific impulse appears
to be of interest, probably 3000 sec, or less. The need for lower
specific impulses in geocentric applications results from considerations
of mission lifetime. 1In interplanetary missions, the added mission time
associated with the use of electric propulsion is usually a small
fraction of total mission time. In geocentric missions, however, a
mission time of hundreds of days can be a serious problem when the
equivalent chemically propelled mission takes only a few hours.

The most serious obstacle to the use of electrostatic thrusters
at low specific impulses (<3000 sec) is probably the ion-current limita-
tions of electrostatic acceleration. Hall-current acceleration is an
alternative to electrostatic acceleration between grids.

Hall-current accelerators have been studied as electric thrusters
in the past in this country, but were dropped because of low effic-
iency.3-4 It was, for example, difficult to aqcelerate more than about
one ion downstream for each electron that traveled upstream. This
limitation put an upper limit on thruster efficiency of about 507% due
to the acceleration process alone. In comparison, the electrostatic

thruster has an overall efficiency of about 70% at 3000 sec, and is
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capable of higher efficiencies at higher specific impulses. This
relatively poor performance of the Hall-current accelerator at the high
specific impulses that were then being considered resulted in its
demise in the U.S. about 1970.

If we consider low épecific impulses, though,tthe relative perfor-
mance of the Hall-current accelerator is at much less of a disadvantage.
As indicated above, the electrostatic thruster becomes increasingly
limited in ion current capacity as specific impulse is reduéed. The
Hall-current accelerator has no such limitation. The electron backflow
results in a serious loss at high specific impulses. But at low specific
impulses this backflow is more easily recovered by using it to generate
ions.

The investigation of the Hall-current accelerator reported herein
was undertaken as part of a preliminary attempt to re—evaluate this
type of thruster for electric propulsion. The preliminafy nature of
this investigation should be emphaéized. It has been over a decade
since the Hall-current accelerator was last seriously considered for

electric propulsion in the U.S.

Apparatus and Procedure

Ion acceleration in a Hall-current thruster is due to the electric
field generated by an electron current interacting with a magnetic
field. The generation and shape of this magnetic field is thus equiva-
lent in importance to the design of grids in electfostatic thrusters.

Construction. The Hall-current thruster investigated herein
(Fig. 4-1) uses two cylindrical magnetic pole pieces to generate an
essentially radial magnetic field. As iﬁdicated in Fig. 4-2, a non-

magnetic annular anode is located at the upstream end of the
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(a) Upstream view (open end).

(b) Downstream view (closed end).

Fig. 4-1. Photographs of Hall-current thruster.
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accelerator (the bottom of Fig. 4—2(b))ﬂ A nonmagnetic annular cup to
contain the discharge surrounds the anode. Two refractory metal
cathodes were used, one located as indicated in Fig. 4-2(b) near the
anode, the other a neutralizer cathode at the exit plane of the accel-
eration channel (not shown in Fig. 4-2(b)). The cathode close to the
anode was fabricated of 0.51 mm diameter W, with a nominal emission of
1 A for a 17.5 A heating current. (The two semicircular segments of
this cathode were effectively in parallel, resulting in a heater power
supply current of 35 A.) The neutralizer cathode was a single strand of
0.25 mm diameter Ta wire, with a nominal emission of 1 A for a 5 A
heating current.

The magnetic integral in a radial-field configuration varies with
the radius at which the integration is performed. Still, the concept
of the magnetic integral is a useful one for general design considera-
tions. At the radius of the cathode, the magnetic integral between the
anode and cathode (see Fig. 4-2(b)) was 20 x 10—6 T-m (20 Gauss-cm).
This value was low compared to the typical 50-60 x 10_6 T-m between
anode and cathode in an electron-bombardment discharge chamber.

The original configuration that was fabricated used six permanent
magnets instead of three, and had the cathode farther from the anode,
with a magnetic integ:al more typical of electron-bombardment thrusters
between the anode and cathode. This configuration proved almost impos-
sible to operate in the <100 V range that was felt to be of interest.
Subsequent tests indicated that discharges could be started and main-
tained with the reduced number of magnets and relocated cathode.

The gas flow was originally introduced through two tubes on

opposite sides of the thruster, resulting in a nonuniform
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pressure distribution. The thruster was then modified to permit the gas
flow to be introduced through the central pole piece. When the gas flow
was introduced in this latter manner, rings of insulator were used to
force the gas flow through evenly distributed small holes in the inner
cylinder of the annular cup. Also not shown in Fig. 4-2 are the insu-
lators used to support anode and annular cup, as well as to block the
upstream end of the thruster and shield the Alnico V magnets from the

heat.

Magnetic field. The magnetic field of the operating Hall-current
thruster has two major components to the local field strength. Fivst
there is the radial magnetic field produced by the magnets and the
cylindrical pole pieces. The strength of this component is indicated
in Fig. 4-3, which shows contours of constant magnetic field strength at
the axial location of the cathode, and in Fig. 4-4, which shows the mean
axial variation of magnetic field strength. The second component is
the contribution from the cathode heater current. To avoid the problem
of measuring the magnetic field close to a current-carrying cathode, the
cathode field component was calculated. The combination of these two
fields is indicated in Fig. 4-5, with the axial location 1 mm upstream
from the cathode. The combination is also shown in Figs. 4-6 through
4-8 for the axial variation at different radii. The cathode heater
current was 17.5 A for Figs. 4-5 through 4-8.

The cathode heater current clearly has a significant effect on the
total magnetic field distribution. On the one side of the thruster,
the 17.5 A heater current drops the anode-cathode magnetic integral to
14 x 10_'6 T-m, and on the other side increases it to 34 x lO.6 T-m,

both compared to 20 x lO"6 T-m without a cathode heater current.
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Magnet

Fig. 4-3. Contours of constant magnetic field strength at the axial
location of the cathode. (Field strength is indicated in
Gauss. Cathode not operating.)
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Fig. 4-4. Mean axial variation of magnetic field strength at different
radii.
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Fig. 4-5. Contours of constant magnetic field strength at an axial
position 1 mm upstream of the cathode. (Constant field of

Fig. 4-3 plus the calculated effect of 17.5 A current through
each branch of the cathode.)
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This significance of the heater current appears to be a sharp
distinction from electron-bombardment thruster experience. In the
latter, the background field near a refractory cathode is normally
quite small. Inasmuch as the cathode heater current is not enough to
result in localized containment of the emitted electrons, the effect
of the heater current on discharge-chamber performance is usually not
significant.

Operation. The Hall-current thruster design tested can be operated
in three different modes: main cathode only, neutralizer cathode only,
or both cathodes together. The electrical circuitry for all three
modes is indicated in Fig. 4-9. The Ar introduction could also be
changed as indicated in Fig. 4-2(b). Unless otherwise noted, all opera-
tion was with the uniform Ar feed. For the flows of Ar of about 100-1000
mA-equiv, the vacuum chamber pressure was in the range of 1-10 x 10"4

Torr. (The relation between flow rate and pressure was close to linear.)

Results and Discussion

Operating range. The voltages required to start and to maintain

the discharge were investigated with both Ar feeds. The results of
these tests are shown in Fig. 4-10. As discussed in the section on the
magnetic field, the magnetic field strength was reduced from the initial
value to facilitate operation. The reduced field strength used for
the operating range tests of Fig. 4-10 (indicated in Figs. 4-3 through
4-8) thus represent a compromise between the low value required for
discharge operation and the high value desired to minimize the electron
backflow in the acceleration region.

The results of Fig. 4-10 were obtained with only the main cathode

heated to emission temperature, using a 17.5 A heating current. Up to
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an 8 V increase in starting voltage was observed with the nonuniform
Ar feed, while the minimum voltage for the same feed was increased up
to 4 V.

The effect of the neutralizer cathode on the operating range is
indicated in Fig. 4-11 for uniform Ar feed. It was found that with a
neutralizer emission current of about 1 A (correspoﬁding to 5 A heater
current), the neutralizer emission caused the minimum operating voltage
to approach the starting voltage over most of the pressure range inves-
tigated.

The interaction between the two cathodes indicated in Fig. 4-11 was
typical of this investigation. Simply increasing the neutralizer
emission at a fixed main cathode emission usually resulted in the
discharge being extinguished. On the other hand, if the main cathode
emission were reduced as the neutralizer emission was increased, it was
occasionally possible to continue operation.

Operation with the neutralizer cathode only was possible at higher
facility pressures and voltages, as indicated in Fig. 4-12. The opera-
ting range shown does not include stafting the discharge. The discharge
was started with the main cathode, then the emission was gradually
shifted over to the neutralizer cathode. The crosshatched region in
Fig. 4-12 is, therefore, simply the operating range for the neutralizer
cathode after the discharge was started using the main cathode. ‘The
pressure range of 6-9 x lO~4 Torr corresponded to Ar flows of about 600-
900 mA-equiv. The minimum pressure of 6.5 X 10—4 Torr gave operation at
only 94 V, which (in eV) is close to the electron energy for maximum

~ionization cross section of Ar.
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Plasma properties. A Langmuir probe was used to measure the plasma

properties in the channel of the Hall-current thruster. The plasma
properties were all evaluated at a radius of 3.2 cm, which is 1 mm
more than the cathode radius. The operating conditions were: Ar flow,
772.5 mA~equiv; pressure, 4 X 10“4 Torr (this higher flow-to-pressure
ratio was caused by a change in the pumping system); main cathode
heated to emission of 1 A; neutralizer cathode heated to an emission of
0.6 A; anode set at 70 V with a plasma discharge of 2.5 A.

Results obtained with the nonuniform gas flow are shown in Figs.
4-13 through 4-15. The two sides of the thruster are indicated by the
two magnetic.integral values. Although the flow was nonuniformly
introduced through two tubes, the plasma probing was symmetrical with
these two tubes. The differences for the two sides are thus believed to
represent the results of the different magnetic fields on the two sides,
and not due to a flow difference.

Both magnetic integrals in Fig. 4-13 indicate that the plasma
potential outside the thruster is about 20 V less than anode potential,
which is still about 50 V positive of the common potential near ground.
It is clear that the magnetic field between the main cathode and
neutralizer cathode is inadequate for voltage isolation. To be more
specific, the reductions of field strength that were made to facilitate
low voltage starting and operation resulted in too little field for
acceleration purposes.

The plasma properties for uniform an& nonuniform Ar flow are
compared in Figs. 4-16 through 4-18 for the 34 x 10“6 T-m side of the
thruster. All circumferential nonuniformities tend to reduce the

voltage isolation capabilities of Hall-current channels. The added
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uniformity of a uniform gas flow might be expected to improve voltage
isolation capability, which it does by 5-6 V. But the plasma potential

outside the thruster is still about 45 V above the common potential.

Conclusions

An experimental Hall-current thruster was tested with refréctory
metal cathodes. The magnetic field was reduced from the initial design
to facilitate starting and operation at low voltages (<100 V). Although
various operating modes were possible with the main and neutralizer
cathodes, the voltage isolation capability of the acceleration channel
was severely limited at the reduced field used. Circumferential varia-
tions are always detrimental for isolation capability, and a small
improvement was noted when uniform Ar flow was used to replace a more
nonuniform flow from only two tubes.

The use of refractory metal cathodes resulted in serious circum-
ferential variations in the magnetic field, which resulted in corres-
ponding variations in plasma properties. Some of the limited voltage
isolation capability observed was probably also due to the adverse
affects of the refractory cathode on circumferential uniformity.

As a major conclusion, then, the heating current for a refractory
cathode can adversely affect circumferential uniformity in a Hall-
current thruster.

As another major conclusion, the low field strength used to
facilitate starting and operation resulted in inadequate voltage isola-
tion for acceleration. |

One approach.for avoiding the field-strength cbmpromise used herein

is to have a 'discharge chamber" upstream of the acceleration region,
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so that the ion generation can take place with only moderate field
strengths in this region, while high field strengths are still available
for acceleration. This is the general approach used in Hall-current
accelerators in the U.S.S.R.5

Another approach might be to ﬁse more sophisticated approaches to
electron diffusion in the '"discharge chamber" region. Electron-
bombardment thrusters have discharge problems when the magnetic integral
between the anode and cathode becomes too large. This problem is aggra-
vated when the anode area is only a small fraction of the total wall
area for the discharge chamber.6 It is suspected both of these factors
are involved in field-strength problems encountered in this investiga-
tion. Inasmuch as the diffusion of electrons to the anode is the common
limit when too high an integral or too small an anode area is used,

alternate escape mechanisms for electrons may effectively solve these

problems.
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V. THEORY OF ION ACCELERATION WITH CLOSED ELECTRON DRIFT

A class of ion accelerators, called Hall-current accelerators in
the U.S., use the electric field generated by electrons diffusing
through a magnetic field to accelerate ions. To avoid large electron
sources and sinks due to E x H drift, the acceleration channels have
closed drift paths, usually annular in shape. A theory is developed in
this section for ion acceleration with closed electron drift paths.

The major assumptions in this theory are: (1) the radial and
circumferential variations in properties are small, so that the time~
averaged properties vary only with x, the acceleration direction; (2)
the ion current density is constant throughout the acceleration region;
and (3) the electron current density is constant throughout this region.
Assumptions (2) and (3) imply (with energy conservation for ions) a
constant-area flow channel, and localized ion generation at the upstream
end of the acceleration channel. In practice, constant ion current
density usually also means a channel of uniform radius and length.

Using an integral approach to electron diffusion that was developed
previously,l it is not necessary to make assumptions regarding the

detailed distribution of magnetic field intensity.

Differential Diffusion Equation
Assuming Bohm diffusion for both the potential and density gradient
terms, the equation governing electron diffusion in the upstream direc-

tion is

Jo = 16 dx ~ 16B ax ’ (-1
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where je is the electron current (opposite to conventional current) in

A/ m

, e is the absolute electronic charge in C, n is the electron
density in m—3, V is the plasma potentiél in V, T is the electron tem-
perature in eV, B is the magnetic field in T, and x is the distance in
m in the direction of the electron diffusion measured from the exhaust
plane. Note that this equation is concerned only with the electron
motion opposite to the applied electric field, and not the circulaﬁing
or Hall current.

If ion production and losses are both negligible in the acceleration
region, and the ion acceleration is restricted to the x direction, then
the ion density can be expressed as |

n=nv %@ - w2, ' (5-2)

where n is the ion density after acceleration and VO is the potential
through which the ions are accelerated. The plasma potential V is
defined as zero at the exhaust plane of the accelerator. From the
quasi-neutrality assumption for a plasma, Eq. (5-2) also gives the

electron density.

Zero Electron Temperature
The simplest case to calculate is the one in which electron
temperature is negligible throughout the acceleration region. Substi-
tuting Eq. (5-2) in Eq. (5-1) and rearranging the results,

1/2

168) dx = en v M 2av/(v_ - w1/% . (5-3)
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With je assumed a constant throughout the acceleration region, Eq. (5-3)
*
can be integrated from the exhaust plane (V = 0) to obtain

/2y (5-4)

1
5 = - 2(1 -
16JedeX enOVO{Z ( V/VO>
To facilitate comparison with other solutions, it is convenient to
rearrange terms:

2y/g . (5-5)

jdex/enoVO = {1 - (1 - V/Vo)l
For integration over the entire acceleration region, to V = Vo’ the right
side of Eq. (5-5) becomes 1/8.

In practice, the acceleration process described by Eq. (5-5) might
result from the continual collection of high energy electrons by, and
emission of low energy electrons from, the walls of the acceleration
channel. The electron temperature might also be maintained at a low
value by excitations of ions and neutrals. In the latter case, however,
one might also expect the assumption of negligible ionization in the

acceleration region to be violated.

Zero Initial Electron Temperature
As another fairly simple case, the electron temperature can again
be assumed zero at the exhaust plane, but then to incréase as the
electrons pass through the acceleration region. If energy is conserved,

one would expect the electron temperature to be

%

The integral of SBdx is assumed to have B normal to dx for the problem
herein. If this orientation ig not used, a cross product must be used
in the integration, i.e., [Bxdx.
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T = 2V/3 . , (5-6)

That is, the energy gained in passing through a potential difference of
V results in a rms electron temperature of 2V/3. Note that this
approach ignores thermal conduction by the electron population. The
assumed Bohm diffusion is believed to result from electron scattering
by ion-plasma waves, which can be generated by much lower electron~ion
drift velocities than electron-plasma waves. This electron scattering
is usually orders of magnitude greater than the scattering due to '"soft"
or Coulomb collisions by other electrons. Yet the thermal conductivity
of an electron population is a function mostly of these Coulomb colli-
sions. The scattering collisions with ion-plasma waves tend to result
in a much slower transfer of energy to and from the electron population.
Ignoring thermal conduction by electrons thus appears to be consistent
with the assumption of Bohm diffusion.

For a nonzero electron temperature, the second term of Eq. (5-1)
becomes important. The expression for n, Eq. (5-2), can be differen-
tiated to obtain
VO1/

_ V)3/2 )

_ 2
dn = n_ dV/Z(V0 (5-7)

Substituting Egs. (5-2), (5-6) and (5-7) into Eq. (5-1) and rearranging

the results,

. _ 1/2 -dv vdv
l6BJedX = enoVo < + )3/2> . (5-8)

1/2
(vo -V 3(V0 -V
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Again assuming je a constant throughout the acceleration region, Eq.
(5-8) can be integrated from the exhaust plane (V = 0) to obtain

2y 104 . (5-9)

3 fBax/en v = {5 - 4L - vV Y - 17a - vy )
This result is not as straightforward as Eq. (5-5). For example,
integration of V to the limit of VO results in an infinitely negative
value for the right side of Eq. (5-9). To illustrate the problem in
more detail, Eq. (5-9) is plotted in Fig. 5-1, together with Eq. (5-5)
for comparison.

The values in Fig. 5-1 represent integrals from V = 0 to a particular
value of V/VO. For the integration limit of V/Vo much closer to zero
than unity, the two approaches (Egs. (5-5) and (5-9)) give very similar
results. As the limit V/V0 is increased, the divergence between the two
approaches becomes greater. Both Eq. (5~5) and Eq. (5-9) include
electron diffusion from the potential gradient (first term in Eq. (5-1)).
But only Eq. (5-9) has a diffusion in the opposite direction due to the
increase in plasma density as potential increases. Note that the assump-
tion of zero electron temperature for Eq. (5-5) results in no such
opposing diffusion. Due to this opposing diffusion effect in Eq. (5-9),
less additional magnetic field is required to offset an additional
potential difference at the same current density. The effect is propor-
tional to electron temperature, so the difference between the two solu-
tions increases with V/Vo. (Note that from Eq. (5-6), T/V0 is propor-
tional to V/Vo.)

At a V/VO = 3/4, the opposing diffusion due to increasing plasma

density exactly balances the diffusion due to potential gradient.
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An incremental increase in V/Vo at this point thus requires no additional
magnetic field to maintain a given value of current demsity. Beyond

V/Vo = 3/4, the solutions become double valued, which is clearly
unrealistic.

In the derivations of Eqs. (5-5) and (5-9), the diffusion processes
were assumed to be continuous. That is, the finite sizes of electron
orbits were not considered. The physical expectation for Eq. (5-9),
then, is that the electrons would pass from V/VO = 3/4 to V/VO = 1 by
means of a single, collision-free orbit. Using momentum considerations,

the magnetic-field integral that can be crossed by this single orbit is
rBax = (2n_fe)/2art/? vy M2y (5-10)

where T is the electron temperature in eV and the potential difference
from beginning to end of the orbit is Vo/4. The rms velocity was used
to calculate the contribution in Eq. (5-10) due to random electron
energy. Having passed through a potential difference of 3V0/4, Eq.
(5-6) indicates an electron temperature of VO/Z at the start of the
orbit for substitution in Eq. (5-10). With this substitution, together
with the electron charge and mass, the magnetic integral crossed is

fBdx = 6.45 x 107° vol/2 . (5-11)

The maximum value of abscissa in Fig.'S—l (the start of the escape orbit)

1s
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jedex /enoVo = 0,0417 . : ' (5-12)

Substituting for electronic charge and solving for the magnetic integral,

f/Bdx = 6.68 x 10721

nOVO/Je . : S (5-13)
It should be clear from Eqs. (5-11) and (5-13) that the escape orbit’

'y
does not correspond to any particular fraction of the diffusion magretic
- integral indicated in Fig. 5-1. It is, therefore, not possible to show
the specific value of abscissa in Fig. 5-1 that is associated with the

end of the escape orbit.

Constant Electron Temperature
The constant electron temperature case is the more general formula-
tion of the zero electron temperature case. For a constant electron

temperature, Egs. (5-2) and (5-7) are substituted into Eq. (5—1),

1/2 —dv TdV

+
v, - v/2 209, - V)

l6Bjedx =enV, (5-14)

3/2

.
Integration upstream from the exhaust plane, again assuming a constant

je, yields

. T/V
. B T _ 1/2 _ o
Jedex /enOVO =l1+ Ev;— (1 V/Vo)

/8 . (5-15)
2(1 - v/vo)l/2

The numerical results for Eq. (5-15) are similar to those from Eq. (5-9),
in that results become double valued for V/VO above a certain value. For

Eq. (5-15), the limit for single-valued operation is
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VNV =1 - T/20 . (5-16)

Values for Eq. (5-5) (’I’/VO = 0) and Eq. (5-15) are shown in Table 5-1
and Fig. 5-2.

At first glance, the results shown in Table 5-1 and Fig. 5-2
indicate that a potential jump may be expected for acceleration with
constant electron temperature, similar to that shown in Fig. 5~1 for
zero initial electron temperature. If the ions are assumed to come from
a plasma at the start of acceleration, they should have an initial
velocity corresponding to ion acoustic velocity (the minimum velocity
found by Bohm for a stable plasma sheath). With this initial velocity,
the ions will have gone through just enough preacceleration to avoid the
dashed portions of the curves shown in Fig. 5~2, hence avoid any sudden
potential jump. In most practical applications, a constant electron
temperature can, therefore, be expected to correspond to a continuous

potential variation throughout the acceleration region.

Conserved Electron Energy
The conserved electron energy case is the more general formulation
of the zero initial electron temperature case. The electron energy was
assumed to be conserved in the derivation of Eq. (5-9), but the initial
electron temperature in the exhaust plane, To’ was assumed to be zero.
The case of interest here is a nonzero initial temperature. The electron

temperature as a function of local potential V then becomes

T = To + 2v/3 . (5-17)

Substituting Eqs. (5-2), (5-7), and (5-17) into Eq. (5-1) yields
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Table 5-1. Solutions for Constant Electron Temperatures. (Equations
(5-5) and (5-15).) Values of jedex/enOVO.

%; %; =0 %; = 0.1 %; = 0.2 %; = 0.5
0.0 0.0000 0.0000 0.0000 0.0000
0.1 0.0064 0.0061 0.0057 0.0047
0.2 0.0132 0.0125 0.0117 0.0095
0.3 0.0204 0.0192 0.0180 0.0143
0.4 0.0282 0.0264 0.0245 0.0191
0.5 0.0366 0.0340 0.0314 0.0237
0.6 0.0459 0.0423 0.0387 0.0278
0.7 0. 0565 0.0514 0.0462 0.0307 .
0.75 0.0625 0.0562 0.0500 0.0312
0.8 0.0691 0.0614 0.0536 0.0305"
0.9 0.0855 0.0720 0.0584 0.0179"
0.09375 0.0938 0.0750 0.0562" -0.0000"
0.95 0.0970 0.0753 0.0536" -0.0115"
0.99 0.1125 0.0562" 0.0000" ~0.1688"
0.9975 0.1188 0.0000" 0.1188" ~0.3562"
1.0 0.1250 o™ e oo

*
These values are believed to be in a physically unrealistic operating

regime.
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Fig. 5-2. Solutions for constant electron temperatures.
(T/VO in eV/V.)
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T dv

l6jede/enOVOl/2 - dv 5 - 77 - vdv 75 (5-18)
vV -V 2(v_-1V) (v - V)
o , o o)
Integrating from the exhaust plane then gives
3T0 1/2 2 + 3T0/Vo
j fBdx /en V = (5 + == - 41 - V/V)) - )/24 . (5-19)
e 00 ZVO o 21 - V/Vo)l/z
The limit for single valued re§ults is
V/VO = (3/4) (1 - T,/2v) . _ (5-20)

Values for Eq. (5-9) (TO/VO = 0) and Eq. (5-19) are shown in Table 5-2
and Fig. 5-3.

A finite initial electron temperature, To, is shown to result in
the requirement for a potential jump, similar to that described in con-
nection with Eq. (5-9) and Fig. 5-1. It is true that the magnitude of
this jump decreases relative to VO as To increases, when an initial
velocity equal to the ion acoustic velocity is assumed. But the jump

will still exist for all TO/Vo < 1.

Comparison with Experimental Results
The value of the Bohm diffusion coefficient used herein is the one

2,3

most widely used,”’

DB = Te/l6B s (5~21)

with Te again in eV and B in T. Although this value has been used to

correlate diffusion data for a wide range of experiments,3 it should be
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Table 5-2. Solutions for Conserved Electron Energy. (Equations (5-9)
and (5-19).) Values of jedex/enOVO.

v To =0 EQ.= 0.1 Lo . 0.2 Lo . 0.5

v v v v v,
0 0.0000 0.0000 0.0000 0.0000
0.1 0.0063 0.0060 0.0056 0.0046
0.2 0.0127 0.0119 0.0112 0.0090
0.3 0.0191 0.0179 0.0166 0.0130
0.4 0.0254 0.0236 0.0218 0.0163
0.5 0.0316 0.0290 0.0264 0.0186
0.05625 0.0351 0.0319 0.0287 0.0191
0.6 0.0370 0.0334 0.0298 0.0189"
0.675 0.0402 0.0355 0.0308 0.0167"
0.7 0.0410 0.0358 0.0307" 0.0152"
0.7125 0.0413 0.0359 0.0304" 0.0142"
0.75 0.0417 0.0354" 0.0296" 0.0104"
0.8 0.0406" 0.0329" 0.0252" 0.0020"
0.8086 0.0402" 0.0321" 0.0241" 0.0000"
0.8944 0.0260" 0.0130" 0.0000" -0.0389"
0.9 0.0239" 0.0104" 0.0032" -0.0437"
0.9173 0.0175" 0.0000" ~0.0155" ~0.0620"
0.9375 0.0000" -0.0188" -0.0375" -0.0938"
1

. 0000

|
8

|
8

[
8

*
These values are believed to be in a physically unrealistic operating

regime.
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Fig. 5-3. Solutions for conserved electron energy and various
exhaust-plane electron temperatures. (TO/V0 in eV/V.)
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kept in mind that it is only a semiempirical approximation and there is
considerable data scatter. Perhaps more important, anomalous diffusion
has been found to follow 1/B relationships in a wide variety of tests.
Further, if one accepts a 1/B relationship proportional to Eq. (5-21),
the results of Eqs. (5-15) and (5-19) should be expected to follow as
qualitative consequences.

The constant-electron~temperature solution, Eq. (5-15), does not
depart significantly from our intuitive expectations. The solution with
conserved electron energy, Eq. (5-19), is less obvious. A similar sudden
potential jump at the positive end of the accelerating region, though,
has been described in Soviet literature (see Appendix). The continuous
potential variation of Eq. (5-15) is associated with a "hybrid accel-

"

erator with closed electron drift," which is normally translated as a

"Hall~-current accelerator." The version where the potential jump is

' with no

encountered is called an "accelerator with anode layer,'
equivalent type in U.S. literature. An experimental study was made in
which both accelerator types were studied with essentially the same
experimental apparatus.4 (This Soviet paper by Bardadimov, et al.,

is included in the Appendix.) The only essential difference was that
the insulator (item 2 in Fig. 1 of the Soviet paper) was included for
the Hall-current accelerator and omitted for the anode-layer version.
The presence of the insulator in close proximity to the accelerating
channel would be expected to result in the collection of the higher
energy electrons, and their replaéement with lower energy secondaries.
The presence of the insulator would thus be expected to correspond more

to Eq. (5-15). Without the insulator, there would be a barrier of

lower density plasma between the plasma in the accelerating channel and



116

any solid surface. The electrons flowing back from the neutralizer
would thus be expected to reach a higher temperature before escaping,
and the acceleration process would be expected to correspond more to
Eq. (5-19).

Numerical comparisons were also attempted. Using the Ar propellant
points included in the table of Bardadimov, et al., and assuming that
they correspond to Fig. 5~3 and the 400 V points of Fig., 5-2, Eq. (5-15)
was found to be about 10 times higher than the experimental electron
‘back-flow for the Hall-current accelerator, and Eq. (5-19) was found to
be about three times higher than that of the anode layer accelerator.
Inasmuch as the tabulated data used represent the product of some opti=-
mization, it is perhaps reasonable that the experimental values are
lower than predictions based on mean experimental electron diffusion.
The sensitivity of operation of such accelerators to optimization is

indicated in another paper by Ivashchenko, et al.

Conclusions

Solutions were derived for ion accelerators with closed electron
drift. Two classes of solutions were found, depending on whether the
electron temperature is constant tﬁroughout the acceleration channel or
it is allowed to rise as electrons flow toward the anode. 1In the latter
case, a near discontinuous jump in potential is predicted at the positive
end of the channel. Details of the acceleration process (such as the
initial electron temperature) do change particulars of the calculated
results. But the existence of the potential jump appears to be a persis-—
tent phenomenon when electron potential energ§ is converted into random

energy.
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The continuous potential solution associated with the assumption of
constant electron temperature corresponds, from the experimental view-
point, to the Hall-current accelerator. The solution with a potential

jump near the anode corresponds to the anode-layer accelerator, described

in Soviet literature.
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VI. CONCLUDING REMARKS

No reductions in discharge losses were obtained in any of a
variety of bias experiments conducted with a multipole discharge
chamber of an elecfrostatic thruster. This absence 6f any reductions
in discharge losses was observed despite repeated demonstration of
anode potentials more positive than the bulk of the discharge plasma.

The most promising trend in these bias experiments was the reduc-
tion of the penalty associated with biased anode operation as the
magnetic integral above the biased anodes was increased. The obvious
next step appears to be further bias tests with even higher magnetic
integrals.

The use of hollow cathodes with assembled construction, as opposed
to welded construction, appears practical. This approach is particu-
larly promising for larger‘cathodes at higher missions, where the
thermal expansion problems would be moré serious with the present
welded construction. Successful operation without emissive oxide
offers the opportunity for accurate analyses of the electron emission
and heat flow in a hollow cathode. Operation without oxide also offers
the possibility of more reliable starting in programs where repeated
or prolonged exposure to air after operation is a necessity.

As indicated in the Introduction, the study of the Hall-current

accelerator represents a sharp departure from past work of this Grant.
The experimental configuration of the Hall-current thruster that was
tested had a uniform field throughout the ion generation and accel-
eration regions. To obtain reliab;e ion generation, it was necessary

to reduce the magnetic field strength, to the point where excessive
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electron backflow was required to establish ion acceleration. This
problem should be resolvable by using a nonuniform magnetic field
strength, with ion generation restricted to a reduced field strength
region. It also may be resolvable by the use of a more sophisticated
electrode geometry in the ion generation region.

The theoretical study of ion acceleration with closed electron
drift paths resulted in two classes of solutions. One class has the
continuous potential variation in the acceleration region that is
normally associated with a Hall-current accelerator. The other class
has an almost discontinuous potential step near the anode end of the
acceleration region. This step includes a significant fraction of the
total acceleration potential difference. This latter class corresponds

to the anode-layer accelerator in U.S.S.R. literature.



APPENDIX A

The five summary papers included in this Appendix were selected
to show typical Soviet technology in what, in the U.S., would all be
called Hall-current accelerators. These papers were presented in the

IV All-Union Conference on Plasma Accelerators and Ion Injectors,

sponsored by the U.S.S.R. Academy of Science, Scientific Council on
the Combined Problems of Plasma Physics, Moscow, 1978. The papers
were, in the order presented, pages 21-22, 25-26, 31-32, 35-36, and
68-69 in the Proceedings. Assistance from William Lewus in the trans-

lation of these papers is gratefully acknowledged.
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0B YBEMMEILY CLABHIBHOCTY TAPAMETPOB @OPMIPYALIY CTYIIEHH
JCKOPUTIUEL C AROLHLI CIOLM

Hpawenro C.C., Mawrunen H.A., Tkauenxo B.A.

3 padome]:lj LOXasaHo, UTO OpM raloTe YyCKODHTeNI C
QHOIALE CJOCH B HISKODOJNDTHHX peiMax ( nmence 5008) HawjIGLH-
BAWTCA MECTKHE TpeOOBaNUsI Ha CTaOﬁﬂbHOCTE napaMeTpoB MaTHL T~
HO# CHCT@MU, QopMipywelr cTyliemy, YCKopsiouiel CTyneHu M PacXxo-
Ia MOHHOOCpasywuero marepnasa ( B Ti2HHOM cJyuae - yesiit) . Oco-
GeHHO HECTKHC . OI'DOHMYEHUS HAKJALHBRWTCH Ha NaPaMeTPH GOpMIYY -
wei cwyhenn. YieiplieHlie TOKA HA BeJMWINY Cojice 2% OT HOMIHAJD-
HOTO BHAYEeHHsA OPUBOJMIIT K CPHBY YCKODHTSJBHOTO peidiia, a yBeJri-
ycjime ToKa B (QopMiipywlilicl CTyHeHHM NPUBOMIT K 3HaWITEJNDIIOMY BO3-
pacTaknl TOKA YTEUKH HA DOJOCA MATITHOR cueTehu 3, CJAeLoBa-—
TCJHRHO, CHHXEHIN DNOCKTIBHOCTH palCoTH YCKRODLTENA. 1 Clyuae
OP¥MEHCOHMS MCTOYHIIKOB IMTAHAA C aKTHBHENMY OGJwaCTHIMI dJeneH-
TEME BUIEDMATh TaKiue KEeCTKie TpeCoBaHNsg N0 CTaCWIBHOCTI Man&-—
MCTDO3 (opMiIbywlel CTYHOeHI  LOBOJLHO sanynHﬁTeﬁbHo. Aneis yo-
JIOBILE yCTOHMIBOI COBMGCTHoﬁ PaCoTH YCKODRMTEJNS ¥ CHCTEMH 3xek~
TPOINITAHNSA [OKaSHBAeT, YTO JUIA NOCTHXEHUA MAiCHMAJbHON YCTOR-
WGiBOCTH [0 QOpMUpYLUCHE CTyIeHXM YCLOLITEeJd ¢ gHOIHEM CJoeN He-
00X0omilt0, YTOCH BHEWHSS XapaKTEPHMCTIIE CHCTEMH SJICKTPONKTa-—
H¥A COOTBETCTBOBAJA MCTOUHWKY TOKa. OKCIEpIMEHTAJNBHO OpOBEDe-
H& DadoTOCHOCOCHOCTH YCKOPHTEJ A C aHOIHEM CJOCM NDH NUTAMN
QopmMypyloilel; cTylmenys OT IBYX HCTOYHHKOB C BHEUHIMH xabamwepnc-
THKaN#d, OpuBeneHHmMy Ha pic.l ¥ puc.2. Ilpa muTaHun Copmiipyio-
wef CTyNeHH OT HCTOYHHKA TOKa (prc.2) OTMeveHO BHau:ITeJNBIIoC

HOBLlleH;I¢ yCTouMBOl LalOTH BCeil CHUCTeMH.
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I. Msawernxo C.C.,Hapumk A.C.,TKaveHko B.A.,lumunos D.5.
"OCOGEHHOCTHA PACGOTH YCKOPITEII C aHOIHHM CJOEM B HIIBKOBOJHT-

Hux pexmmax". TesSiCH NaHHODO COOPHHKE.
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ON INCREASE OF STABILITY OF PARAMETERS FOR IONIZATION STAGE OF

ACCELERATOR WITH ANODE LAYER

S. 8. Ivaschenko, N. A. Mashtylev, and V. A. Tkachenko

In the work of Ref. 1 is shown that during the operation of the
accelerator with anode layer in low-voltage regimes (less than 500 V)
there are imposed close requirements on the stability of the parameters
of the magnetic system, which forms the acceleration of the stage and
the discharge of ion-forming material (in this case cesium). Particularly
close restrictions are imposed on parameters'of the ion generation stage.
A decrease of current at a value more than 2% from the nominal magnitude
causes a breakdown of the acceleration regime, and an increase of the
current in the forming stage causes considerable increase of current
loss on the poles of the magnetic system and, consequently, a reduction
in effectiveness of operation of accelerator. It is rather difficult
to maintain such strict demands for stabilization of parameters of the
ionization stage using power sources with active elements. An analysis'
of the conditions of stable joint operation of the accelerator and the
system of the power supply shows that to attain the maximum stability
for the ionization stage of the accelerator with an anode layer, it is
necessary for the external characteristics of the power suppy system
to correspond to a current source. The working capability of the
accelerator with an anode layer using the ionization-stage supplies from

two sources with (different) exterior characteristics, has been proven
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experimentally and is shown in Figs. 1 and 2. With power supplied to
ionization stage from current sources (Fig. 2), there is noted a sig-

nificant increase in the working stability of the entire system.

References
1. S. S. Ivaschenko, A. S. Parschik, V. A. Tkachenko, and Yu. V. Shipilov,

"Working Features of Accelerator with Anode Layer in Low-Voltage
Regime," Thesis of given (this) symposium.

In Fig. 1 and Fig. 2 (Puc. 1 and Puc. 2), I¢/Io and U¢/Eo are the

relative current and voltage of the discharge of ionization stage.
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XAPAKTEP/CT i1 OZHOCTYNEHYATOI'0 YCKOPUTEILSA C
AHOZIHER CJIOEM HA LE3UN

B.!.Tapkywa, B.C.Epodeen, E.A.Janun
C.l.Yyruna

B Hacrosyeil paGoTe NPEACTABAEHH XAPAKTePACTUKA OFHOCTY—
NenyaToro yCHOPUTENs C AHOLHWM CJIOGM, WCIONL3YNWEr0 B HAUECTBE
pagoyero BeuecTsa Le3uit. CXEeMATUYECKOE u30GpaxeHue MOZEIN ¢
CXEeMa 3NEeKTPONUTAHNUR NpUBENEHHW HA puc. I. B XauecTse KaTOxa
Ha BHXOZE YCKODATEJNA Y4CIONB30BANUCH JKUCO NpPRMOHAKANBHASA
BOML(pPAMOBAA HAThH, JAuC0 CHEUA8IBHH{ [ONWH# KaToh, Tar#e paco-
Tapuiit Ha 1esvu, B cayuae BHKINUEHHOTO KaTOZA MMHUMAJNIBHOS
Da3pAAlIoe HanpAxeHue cocrasinno ~ 200 B. lcnons3osaHse KATO-~
La MO3BOJUIO CHU3UTEH HalpAxeHue MeHee ueM 70 20 B. XapaxTepuc—
TUKYM OZHOCTYIIGHUATOTO AKCUANBHOTO YCKODMTENA UCCJENOBANUCEH 1A
M3MEHEHMU DPA3PALHOIO HaNpAXKEHMSA uf’ or 20 no 200 B, mMarauTHO-
ro noig H ot 0,005 mo 0,04 Txn
IpsA 3TOM Pacxon paodoyero seue- 77777777
CTBA NOALCPHMBAJCH [NOCTOSHHHEM B
TeyeH)e BCEI'0 IHCHEepuMeHTa. B
OCHOBHOM padoTa MpOBOAAJNACH IpU
pacxoze pafoyero BeumecTsa B TO-
KOBHX epuHupax I+3 A, HO B DpAze
cayyaes oH gmosoguiacs zo I0 A,
Mpy 3TOM Xapa®TEepUCTUKM OCTa- _ LT
BaJACh QHAJNOTUUHHMM. '

BONBT-aMIEPHAR XAPAKTEpPUC— bﬁ{rﬁ
TKA OAHOCTYNICHYATOr'O YCKODUTEINSR . Pue. I
npejcrapieHa Ha puc. 2. B oOmac~ I-napopacnpemenuTenbHasn
- TU Hanmpaxesuii medee I00 B Boasr- KaMmepa, 2-aHOZ, 3—IOJNCHHE
—~aNMlIepHafA XAapaKTepUCTMKA Majaw-  3KpaHW, 4~KaTyuwKa, S—-MarHu-
Wasg # TOK pas3paAzna B nBa 4 (0= TOAPOBOZL, 6—KaTOZ.
Jee pasa IpEeBNIAET BEIUYMHY pac— '
xozxa. lIpu Hanpawenuu consme IO0 B paspsizHuii TOX CAACO 3aBUCHUT
OT HANpAXEHWA X OTHOWEHUE® pPA3PANHOTO TOKA K pPACXOZYy HA 3TOM
yyacrTre cocrapianeT ~ I,5.

Ha puce. 3 npuBeneHa 3aBUCUMOCTH CpPEZHEMACCOBOit CKOPOCTH
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MOIOB OT pPa3pfzHOro HANPMREHUA I1pu
pasLIuiEX Dacxozax padouero BewecT-—
Ba. Pas@poc 3nauenuit cpenHemMaccosoi
CKOpOCTZ OT 3KCHEpUMEHTA K JKCNmEpi—
MEHTY cocTasanetT Mexee I0%. Ha aroM
K€ DICYHKE [MOKa33aHa 33BUCUMOCTH
TEODET/YECKOT0 3HAYEH(IA CpenHeMac-
COBO# CKOpOCTM OT DPA3PAZHOTO Halps-
HEeHAf., HaK BAZHO, [IONYYEHHAA U3
DKCIIe DUMEHTa CpPEeZHeMacCOBafd CKO-
POCTH ONd3Ka X TEOpeTAYECKOMY
BHAYEHII X K.H.Z. YCHOPEHUA COC-
rapaser Q,7540,87, r.e., 00pasyw-
WMECH WOHH YCKODANTCA 3JEHTPUYECKMUM
noncu coownemcwnymmmm,(0,75+0,87)U%
B xoze wcchaenopanas OHIA CHATA

Ip
6
4 \L
d G

0 50 wo 150 Upt

A

Puc. 2
I-BONBT~AMIEPHAR XapaK=
TepuUCTAKE, 2—-PACXOZ
padouero BemecTsa

q =2,1 A.

38BUCIMOCTE IP N cpegac—

M3CCOBOJ CHOPOCTY OT MABTHATHOTO Nojsf, OHM CYWECTBEHKHO BABUCHT

OT BEJXU/AHH MArHATHOI'O MOJF M MMET

3HAYEHIN HOHT'

OITHMYM IIPA HEKOTOPOM

JTO ONTUMBIBHOE 3HAUEHWE B KCCIEAYyEMOM ZAuaHa—

30HE DPA3PALHOIO HANDAKEHAS M3MEHAeTCH B npegenax oT 0,005

o 0,025 Tx.
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I-pacyeTHas KpuBaf, 2-3KCIepuMEHTANLHAA

spusag (X - §=2,1 4, V
a - § =1,43

- 8 =1,76 A,
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CHARACTERISTICS OF SINGLE-STAGE ACCELERATOR WITH ANODE LAYER ON CESIUM

V. I. Garkusha, V. S. Yerofiev, E. A, Liapin, and S. P. Chugina

In this work are presented the characteristics of a single-stage
accelerator with anode layer, which uses cesium as a working material.
The schematic representation of the model and the power-supply scheme
are presented in Fig. 1. As a cathode at the exit of the accelerator,
use was made either of a directly heated tungsten filéﬁent or of a
special hollow cathode, also working on cesium. In the event that.the
neutralizer was turned off, the minimum discharge voltage constituted
about 200 V. Utilization of é cathode permitted a reduction of this
voltage to less than 20 V. Characteristics of the single~stage axial
accelerator were investigated with a variation of discharge voltage Ud
from 20 to 200 V, of the magnetic field H from 0.005 to 0.04 Tesla, with
the consumption of working material maintained constant in value for all
of the experiment. The work was mainly conducted at a flow rate of
working material in current units of 1 to 3 A, but in a number of
cases it was brought up to 10 A, with the characteristics remaining
similar.

Volt—~ampere characteristics of single-stage accelerator are
presented in Fig. 2. In the region of voltage less than 100 V, volt-
ampere characteristics are decreasing and the current of discharge is \
two and more times greater in value than the flow.” With a voltage of v

more than 100 V, the discharge current depends slightly on voltage, and

the ratio of discharge current to flow in this range is about 1.5.
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In Fig. 3 is presented the mean-mass velocity of ions as a function
of discharge voltage for different flows of working material. The
spread of values for mean-mass velocity from experiment to experiment
constituted less than 10%. This drawing shows the dependence of theo-
retical value of mean-mass velocity on discharge voltage. As is seen,
the obtained mean-mass velocity is close to the theoretical value, and
coefficient of useful operation constitutes 0.75-0.87. That is, the
ions generated are accelerated by means of an electric field corresponding
to (0.75-0.87) Ud'

In the course of the investigation was gathered the dependence of
Id and mean-mass velocity on magnetic field. They essentially depend on
the value of the magnetic field and there exists an optimum with some
value H . This optimum value in the investigated range of discharge

OPT
voltage varied from 0.005 to 0.025 Tesla.

In Fig. 1 (Puc. 1): 1 ié the gas distributor, 2 is the anode, 3
are the pole screens, 4 is the magnet winding, 5 is the magnetic circuit,
and 6 1s the cathode. The left-hand power supply in Fig. 1 is the
discharge power supply. 1In Fig. 2 and Fig. 3 (Puc. 2 and Puc. 2);

Ip,A and UP,B are discharge current I, in Amp and discharge voltage U

d

in V; while V in cm/c is velocity V in cm/sec. In Fig. 3, 1 is the

d’

calculated curve and 2 is the experimental curve, while Q is the flow

rate in A-equiv.
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O Bl HAIPABIERVIT TOTAYL PABOYAI'0 BEIECT3A
HA XAPAKTEPACTVIUL PASPHIA C AHOGHLS CHOEA

C.\.Ipzumu, B.K.Karawinkos, 1.B.Cesouuy

Jichie e ambHEe uceRoBaia ceoiicrs £ L H vaspana ¢

SGMKHYTLLL OPC oM 2JEK TPOHOB YKA3HBAIOT, UYTO HAITDABJCHKE NNOJaui

Pa0oBero DeileCTna CYHeCTBCHHO BIMST HA CTOYKTYDY QHOHOTO CJOs

/1,2/. {lonpoGHee usyued paspay B yCKOpUTe X, DIE MoJauya BEuECT-

Ba OCyuecTBJeTCH uepes aHon (ciywai A). OGpamimit cayyait ionaum

(cia/yait B) TCOPEeTAYGCKM WCCJBJOBAH SHAWITEJbHO cladee. [loaroMy

Npe/CTaBwieT MITepeC peleHNe 3alawi Al cJiydaeB-A,b u cpasHeuue

pe3ybTaToB. PaccMoTpelKe MPpOBOMJOCh B JHGyBUOHHOM NpCmiiie—

Huvi. JJIH A MCNOJBb30BaJACh CUCTEMa YPABHEHWMH M TDAHUUHLIX YCJIOBUI

/3/, mun D OHM YMEIT CJCAyIMMit BAJ: CL;/A- =gn 51/.&-_ g A,
S

’

, otz A
L ds:,“ne ¢ g //¢ A{ / Zﬂg ://f) %:‘g/&.),
':/.r %
= NN AR T AR m“’e Lt v 5%
f z z.‘& ﬁ / ) ”= 47’6" )d..y‘>.1.'

o 05
Puc. 1

2(0)= é%/-‘O, Jete)=0, _/}/s,, =0
PeneHre Raio pacrnpelelsHke M0 CJO0 0C—
HODHHX XapakTepucTdk paspifa # Ux uaue—
HeHue ¢ pocToM pacxona LJT DA3JMUHEX BE-
JMWLT MATHMTHODO noJsI. Ha pucyditax Cripii-
HHE JMHUMA COOTBETCTBYWT CJ/uanw B, MyHK=-
TAPHHE - A, WTPHXIyHKTUMpdHe - DB, HO ¢
YUYe TOM PeaJsbHOCTY MPOLECCOB — 3aBUCHMOC—
TU UACTOTH MOHABAIMH OT BHEPIUA DIBKTPO-—
HOB, NOMCPb SHEPIUM BJSKTPOHOB U HAJMGLA
00J1ac T cpuBa,if aHopa. Ha puc.l medu

pacnipenesenud /1, (xpusas I) u A (xpusad

' 2) B 3aBUCUMOCTHA OT MNOTEHILMAJA Z hadico
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o =0,2 n p =0,8, TUIMWHE B ueiPOKOM JMANAZONC HONGHSHUI Napie -
poB ¥ U B Ha D4C¢.2 NOKa3aHH MPoGii rowoixa z-:é:‘-ﬁpams 7/2/ )i
PaB3 I UHLK J5 (1ptgpEl Ha KPUBLX). B ciyuce B MaKCAMYM KOHUGH TDa4i
oy Moy navas ciox u NOSTOMY 3IECh Dea3yloTCH /CJOBUA JJIA Ha-
7 N UL |

; 0f =", nboimieit CropocTA noHusaym,. C pocToM
A

/‘/\057 7"{——- pacxona 00JaCTb, B KOTODOH MOHUBYETCA
| OCHOBHEH YaCTh HEETDADB, B OTIHUAE OT A
0?5_» /'0\ /' fold - M !
cMellaeTca K HauaJy clioi. Kpome TOIO,HU3~-
7
// 2 KaA DHeDIUA BJBKTPOHOB B Haya/L CJOA U
e .
o _| MOHOTOHHOE yOHBaiue S, //3} (puc.3, twopH
a5 1% se
¢ 2 Ha KDKUBHX — SHAUCHS ) YKasLBaOT Ha
S /042 TO, UTO YUST PCAJbHOCTH BHIEYTOMAH/TLIX
15
W N // TPOLECCoB Ji cayuasn b OoJee BaieH, Pac-
XD~ / :
\\\ AQ7 UeTH, OPOBEISHHHE C YMX YueToid NONTBEep:i

LT 370, AaBas sHauemit §,= 2 + 34

o \/02\ CpeIHeil Heprus BJEKTPOHOB ~ 0,2.
OmKTpUuccKoe NMoie £ M BIRKTDOHHHN

bos .
05 TOK e B Cayuae B pactyT 6Hcipee U ¥
!
o 10 /3 anosa uMenT COJbikie BEILIUMHH B LAPOKOM
Puc. 3

JWaNasoHe wWiCeJ B . AHAJM3 pPe3, JbTAY0B MOKABHBAST, YT0 Nepe—

MeHa HanpapJRiA nojauwl BHOCUT DAJ CYuleCTBSIHEX M3MeHeHU! B

CTDYKTYDY aHOLHOI'0 CJDfl.

I. H.A.Keppamusiim, A.B.HapuHos. XaparTepdCTidki DPaspana HUMSKOIO
JABJEHUS B IONEPewHoM MarduTHoM moJs=2. Wl®, 35, mam.l2, IO85.

2. IlIagvMeHHHE YCKODUTEJM C BaMKHyTEM JpeijoM. slarepuas [I Bee—
COWaHO ¥ KOH(). N0 MJA3MEHHEM ycKopuTeJsid. MuHCK, ush.MH-Ta
¢uauku AH BCCP, cro.I20.

3. B.C.Epogees, 10.B.CanowuH, C.C.dnmnrnos. [[pHaHomHHA BJICKTDH=~

YeCKMA CJ/DIt B paspAne C 3IaMKHY TH:M XO JUI BCKIA ToxoM .IMT®, 5, 69.
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THE EFFECT OF DIRECTION OF SUPPLY OF WORKING MATERIAL ON

CHARACTERISTICS OF DISCHARGE WITH ANODE LAYER

C. D. Grishin, V. K. Kalashnikov, Yu. V. Sanochkin

Experimental investigations of the properties of E x H discharge
with closed drift of electrons indicate that the direction of supply of
working material essentially affects the structure of the anode layer,
Refs. 1 and 2. Detailed study was made of the discharge in accelerators
where the flow of material occurs through the anode (case A). Reverse
case of supply (case B) has been theoretically studied significantly
less. Therefore the answer is of interest for the problem of cases A
and B, and the comparison of results. The treatment was carried out in
the diffusion approximation. For A, use was made of a system of equations

and of boundary conditions, Ref. 3, for B they exhibit the following

appearance:
ds > Tgs ang»
an 72 dn
H— =n-n;, q=/3,"-N", 3 =an, 5, N =a(s) ,

ds

't ' n

s ¥n'-nte Yo
mw ed 1/2 <0,V >3/2
e o ie

4ne2 mv 2 <o Vv >l/2
o e
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n(o) = n'(0) = 0, je(O) = 0, ji(so) =0 .

The solution gave the distribution over the layer of the fundamental
characteristics of the discharge and their variation with increase of
discharge for various values of magnetic field. In the illustrations
the continuous lines correspond to case B, the dashed lines to case A,
and the dot-dash lines to case B, but with account taken of real
processes — the dependence of ionization frequency on electron energy,
and existence of breakdown at the anode. 1In Fig. 1 is given the dis-
tribution of n, (curve 1) and of n, (curve 2) in terms of potential n
for H= 0.2 and 8 = 0.8, typical for a wide range of variation of
parameters of H and B. In Fig. 2 are shown profiles of neutral flow
q(n) for various B (numbers on curves). In case B, the maximum con-
centration of n and n, is in.the beginning of the layer, and therefore
here is realized the condition for the greatest rate of ionization.
With increase of discharge, the region in which the majority of
neutrals is ionized, in contrast to A, is displaced to the beginning of
the layer. Apart from that, low energy of electrons in beginning of
layer and monotonic decrease of so(B) (Fig. 3, numbers on curves are
values of H) indicate that the effects of the above mentioned real
processes are more important for case B. Calculations carried out with
the inclusion of these effects confirm this, giving values of s, M 2-3
and mean electron energy of %0;2. The electric field E and electron
current je in case B increase more quickly and at the anode exhibit
greater values in a wide range of quantities than of R. Analysis of the
results shows that change of the direction of supply brings about a

sequence of important changes in the anode layer structure.
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ZOHAOZIE ACCTRZOBAA PACTPRIENERAT [IAPAUSTPOB B KAHATE
v 3l

AL Dyrposa, B.C.2opcouuuit, B.K.XapdesHuxcs

PacrpegencHds xoumesTpamdu e M Teuneparypd o SNEKT-
POHO3, & Twie NOTeLRIaNa TIasiH “fi  %BMEPRAIACH C IOMOIIDN
SJIEKTPOCTATHICCKOTO 30314 O CTaﬁnapTHoﬁ cxene. TopileBoit SOHL
YCTAHABIABAICA HA DABIKUHHX P2CCTOFHKAX OT axoJa ¥ C IOMOWbD
KOOPAHHATHOIO YCTPORCTEa Mepeveyaicad N0 DallyCcy MOIeiH.

COHLOB:E BOAbTAMIIEDHHE XapaKTepPUCTHKX 00palarTHBaliCh CODJac—
HO MOTONMK MpEeJoXeHHHX B padorax /I—ﬂj.

Hax 13BeCcTHO, MeTOX O0padOTKA 30HLOBOX XapaKTepuCTUKH MO
Doy IpKMEHYM B TOM CJyyae, XOrha TeMneparypa Te Gonbuie Teu-
nepaTypH MoHOB | . JaWHHe YCIOBUR COONNTEOTCT B 0OI&CTH Ka-
Hala OAM3KOft K &HOLY. B 30HE MOHMUBELXYM UOHH HAOUPAlT dHEPLKO
NopAIKA NOTEHIMANA U COOTHOMEHMS Je»® |; HE BHIOJIHACTCH.

flosroNMy B BHXOZHOH# UacTW KaHala BOXbTAMIEDHHS XapPaxXTepUCTUKA
30HZa O O0paCOTaHH MO MEeToNuKe, Npemrozennod JlajpaMOyasoM u
CoHuHOM. |

/3 aManu3a KpugHA pAcTpefesenud TeMIepaTypil ¥ KOHUSH TRl
DACKTPOHOB Mo e xadasa (fur.l) caemyer, uro M, u o
NDVHMUMAOT SKCTPeMAIbHEE 3HAUEHUsd, nonomeuuh KOTOPHX B8BUCAT OT
pexumMa padoTH MOLEIH.

XapaxTepdoit 0COOEHHOCTDPID ABIAETCA HEKOTODOE CHeljeHUe MAKCH~
MQIbHHX 3HadeHut /1, 10 CDABHEHUO C MAKCHMATBHERAL SHAUCHUMM

Te B o6nacTe Goxee YIOaJIEHHYyK OT aHoja.

MaxcuManbHOe 3HauYeHue TeMIIepaTypH SJIEKTDOHOB ONPenelfieTeH

HampsKkeHUeM paspalna u ¢ ypelmdenuen Ly aﬁanenux Te ypemu-

uiBaWTCA. PacrpefeneHite TEMIEPATYDH SJEKTPOHOB M0 DAIUyCy Mo-
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Aelh  CEMASTeAbCTBYeT OO ySeamuemuu [, oMz RIIYTPEHHEGH CTSH-
Kil Kaiald.
IVHETUPHED M JiHHaM: Ba dur. [ noxasaHo pacnperescHre KOHUEHTpa-
Uit 9JIEKTDOHOB, NOYUCIEOES NPy O0PaCOTHE BOJbTTIEPHON XapaKTepHC—
I

THRI 30HZa o

Jajpaubyasy. DBigHo, YTO B 9TOM CIyuae B BHXOIHON

HacTl KeHala KORUEHTDALA SJIEKTDOH0B HMeeT gosee TOIOTUH cran u

GONISLYI0 alCoINTAYD BEIMUAHY . [IDA4 BTCM 06JaCTd MAXCIJAJbHHX 3Haue-
iRnvy 2023

; 1907 11727/30/907 I
7H ~ 4 / / / [ / /
19 / n'q:2gif JkceHon] y { ’ / / / /

Uy:2200 | I / /
a 40 20 30| bmn| |0 \ 1O 20 30 M
Dur{ Pur. 2

(<>
\

Huit Ne eme Codee cieinaercd ¥ cpesy. [Id CPaBHEHUA CIUIOMHONR JK-
Ered 0003HadedO pacnpenesendue KOHIEHTDAalUA, MoJydsHHOe mo Bowmy.
TouraM® OTMEGUEHH DesysibTard BHUMCASHUX HMe U le  TO QYHKUUK
pacnpeneneHns 2aexTporos (QPJ) no sHeprumd. $PO Grra mnosyueHa
JBO/HEM DPaNUOTeXHMUECKWM IAPPepEHIIMPOBaHMEeM 30HLOBOM XapaxTepuc-
ruzu [3]

[loreHuan miasiu pacCUMTHBAICA U3 30HNOBHX XaPaKTeDUCTHR U cpaé—-
HYBAJICA C pesykbraTauy, NOJYUSHHEMA ropauuM 3oHaoM. KapruHa SKBU-~
NoTeHUuaJbHHX JMHu# npercrasieHa Ha dur.2. PacnpegmerneHue noreHuua-
Ja TUiasMd 110 OJKHE Kaiaka [0Xasalo, 4To ero BeJMUYHA HEe3HauuTeNbHO
u3MeHAeTCA LO B0HH HOHU3aUUU. B 30H€ MOHK3AUMY MPOMCXOLUT Cran Io-

TeHUMANA M Ha BXone XKeHana Y. UMesT sHaueHud nopagxka 25-40 s,

{. , DuarHoCTUKa nnAsMol” nog. peg XaggcroyHa P Mockasa 1967,
2. Sonin AAJA  gournal n 9, 1366,

AU Byzposa u gp. [ Beecowat, kou®. no naasHeHHsIM ycro,ourenmﬂuucx
j9%6¢.
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PROBE INVESTIGATION OF THE DISTRIBUTION OF PARAMETERS IN THE
*
CHANNEL OF UZDP

i

A. I. Bugrova, V. S. Versotskii, and V. K. Kharchevnikov 3

The distribution of concentration n, and of temperature Te of
electrons, and also the potential of the plasma ¢p was measured with the
aid of an electrostatic probe of standard design. The end-facing probe
was mounted at various distances from the anode and with the aid of a
coordinate mechanism was displaced over the radius of the model.

Probe volt-ampere characteristics were processed according to the
procedure in Refs. 1 and 2. | .

As is well known, the method of analysis of probe characteristics
of Bohm applies in the case where the temperature Te is greater than the
temperature of the ions Ti' These given conditions are observed in
the region of the channel near the anode. In the zone of ionization,
ions gather energy approximately with the potential, and the relationship
Te>>Ti is not carried out.

Therefore in the exit region of the channel, volt-ampere charac-
teristics of the probe were processed by the procedure proposed by
Laframbois and Sonin.

From the analysis, of curves of temperature and concentration

distribution over the length of the channel (Fig. 1) it follows that -

%
UZDP is an accelerator with closed drift of electrons and extended
acceleration zone.
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n, and Te assume experimental values, with status which depends on the
working regime of the model.

As a characteristic feature there appears some displacement of
maximum value n, by comparison with maximum values Te in the region more
remote from the anode.

Maximum value of electron temperature is determined by electric
stress of the discharge and with increase of Ud the values of Te are
increased. The distribution of electron temperature over the radius of
the model indicates the increase of Te near the inside wall of the
channel.

The dashed line in Fig. 1 shows the distribution of electron con-
centration, obtained during analysis of the volt-ampere characteristics
of the probe by Lafrombois. As is seen, in this case, in the exit
region of the channel, the concentration of the electrons has more of a
gentle fall and a more absolute value. 1In this case, the region of
maximum values of n, is still more displaced at the edge. For com-
parison of the solid line, there was designated the distribution of
concentration, obtained according to Bohm. Dots mark the calculated
n, and Te by function of the distribution of electrons (FDE) by energy.
FDE was produced by double differentiation of probe characteristics
(Ref. 3).

The potential of the plasma was calculated out of probe charac-
teristics and compared with the results obtained with a hot probe. The
picture of equipotential lines is presented in Fig. 2. The distribution
of plasma potential over the length of the channel shows that the
variation changes insignificantly up to the ionization zone. In the
ionization zone there occurs a decrease of potential and at the exit of

the channel ¢p exists at values of about 25-40 V.
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In Fig. 1 (Puc. 1), the electron density n, in cm_3 (cm—l looks
like a mistake) and Te in eV (Te, 3B) are plotted against £ in mm for
a mass flow rate m of 2 mg/sec of xenon at a discharge potential Ud of
220 Vv (Up = 220 B). 1In Fig. 2 (Puc. 2) equipotential lines at constant

voltages (B) are plotted in terms of radius R in mm and length 2 in mm.

fvy
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PaGpuamkuil yoxopuresp ¢ 3aMKEyTuM EPef{oM DJIEKTPOHOB
H.A bapnamumon, A.B. Wpawxuu, J.B. Jleckos
A.B. TpoquOB

B paGore npuBOAATCA DPEe3yABTATH 2KCIIEPAMEHTANBHOLO KCCJGLO-
BaHig TUOPANHOTO YCKODATENA ¢ 3aMKHYTHM Hpeidom BJIeKTPOHOB
(Y3IT') n mano cpassernue ¢ padoyumMi XapaKTeDPUCTUKAMA YCKOPHUTEJS
C asHoIHHM CJOeM OipocTyneHvaroro tuna (YAC).

CxeMa KOHCTDPYKIAM SKcHepuMeHTaJbHOo# Momesm Y3II' moxasana
Ha Puc.I KomneHcanus o0DBEMHOIO 3apAlia MOHOB HA BHXQIE YCKOpHUTE—
s upomssonnﬂaci nNpy NOMOUWK NJIa3MEHHOTO uesﬁénoro HelTpaIu3aTo-
pa. MoZeie YAC orianyanach OT MOISJU YBHE TOJBKO OTCYyTCTBMAEM U=~

QJIEKTPIMYBCKUAX BCTABOK 2,HO3TOMy JiiHa yCKOPUTEJbHOI'O KaHaJusa

. N ;
- a |oal
RN 2 jp'xs"o:rf:_*::!:""o =
A ’:' : X %o_.%ll l o ‘D/n 2
- ,)_/——/L.— l/“’\lﬁl
S0 NAN f l_, AaﬁiA‘“’n'—‘
N §°N Sy
\ ¥ / -
ANANARINRR AV R 1 23issor |
' 12 |8 1 23-9300 e
8 =i il 200 400 600
+ E]———. Puc.2 B A X paspsga.
Prc.1 1 - anom; 2 - pusnext-~ 1,2-flx, M= 0,84ur /cek;
puyecKde BCTABKH; 3 ~ KATORH. 3,4~Hz2, m=0,35Mr fcek.

YAC cOcCTaBIAa -9MM.Memanepronﬂuﬁ 3a30p aHOA~KaTOIH OHJ- INvM.
Hccaenopanus monesu Y3II' mpoBOAAJIMCE C IEJBO IPOCTPAHCTBEH-
HOTO pa3fie/eHiA BOH MOHU3AIMA M YCKODSHMS B OJHOGTYIEHIaTOM
YCKOPUTEJ8,C TeM YTOOH NpuCJA3UTE eI'0 XapaKTepuUCTHKA K De3yib-
Taram, IOCTUTHYTHM Ha JByxcTynenwarom YAC I . Kpome TOro, Hexro-
TOpO8 yBeJimgyenue oOWel IJMHH yCKODATEJBLHOI'O KaHala 3a CYer
JA3IEKTPAYECKAX BCTABOK & AOJKHO CIOCOCCTBOBATE yBEJUIMGHAD BE—
POATHOCTH MOHMBAUAZ padoydX TeJ ¢ MaJoji aTOMHO maccoil -

4 Ip. B ycxopuTeJe ¢ AHOLHHM CJIOEM LIUHE YCKODPATEJBHOI'O KaHa-
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Ja COSTaBJIA0T nopﬂﬂxa(ii. ABJMIeTCA LOCTLTOYHO MAaJIOH ,

d = pu) V% 5 (D

BCJGUCTBIE YET'O B HUBKODOJLTHOM PERIME 3(DPeKTABHOCTH MOHH-

3amii JeTKUX aTOMOB HISKA. Tagmiua 1.
3, omn. N%L\/i y3oar SAC
os S \Q{S \fj > Ar | Me | Ho| A | Ve | Ha
i N\ n
® T oaar NN FB.1029 031 |0,25 |0, 28] 020|015
-Q 4 TINY . CL

— PJAC \\\ Mg,z 0% |40 |26 |g3 |1,0] 26
0,2 — WrNN

) \

L‘zz O 08 e [N\ Ja (2002218 1,941,511
Puc,3 Wp=4008; 1,2-A%; m=0 '
Mr/cex- 3 4~ Hz) m-—O 35Mr/ceg4 Ho,3 200 1100| 70 | 300| 200| 180

CpaBHeHNe BOJHTAMIGDHHX XapakTepHCTUK ﬁaspﬂna(BAX) Ha
_ aproHe,Ha KOTopoM OuJa ILOCTHTHyTa BEPOATHOCTH moﬁmsauku
P = I Ha o0euX mMONeJsX,10Ka3HBaaT,uTO NOCHeAHNE IPaKTAYECKA
NOeHTHYNH IJE OZHOI'O M TOrQ Re peXuma paspaia,Puac.2 Hpﬁ
ggo,z BAX paapama odeuxX mozneJe#t ABAINTCA PacTyLzMM,CM.KPHELE
3 1 4-Bonopon,H0 B cJiyvae Y3II' BAX paspsana cmeieHa B GTODOHY
GOBIAX 3HadeHu fjp.Kax cleiyeT K3 pe3yJbTaToOB M3MEpPSeHUit
OHepPI/d HMOHOB B Ny4Ke,Puc.3,n0HO000pasOBanne B NPAAHOLHOH} 0C-
JacT# Bume B Y3II' i,CO0TBETCTBEHHO,CPEIHAA 9HEPIUA MOHOB SB=-
JgeTcsa dosee BHCOKOH 110 cpasﬂeﬁum ¢ JAC.B radmume I npuseie-
HH XapaKTepHHG BOJWYMHH MATHMTHOT'O HOJIT HO A MAKCUMABHO
JOCTUI'HY THE 3HAYGHUA MHTEHCHBHOCTH J»iﬂ [IOJIHOI'O TOKa 7,: nyuxa
B CTAINUOHApHOM pemume.Pacxomamocts monoB v, Me,Hs npu yenosuu,
4YTo 0,85'59é3annmqeﬂo B yroa oyé,ﬂe Opesuuana IQO Ha ofeux
MoJeJiaX. MaKcaMalbHOoe OTHOMeHHth?6$xﬂH Y3II' u YAC cocTapig-
JI0 O 9u O 8 COOTBETCTBEHHO,

I. B.C Epoqﬁen, H B. Hecxon B RH."@HBMK& M NpHMEHGHUE [OJa3-
MEHHHX yckopuTeJei", crp.I8-47, r.duxck, I974r.
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HYBRID ACCELERATOR WITH CLOSED DRIFT OF ELECTRONS

N. A. Bardadimov, A. B. Ivashkin, L. V. Leskov, and A. V. Trofimov

In this paper, the results of an experimental investigation of a
hybrid accelerator with closed electron drift (Hall-current accelerator,
HCA) are shown and compared with the working characteristics of an
accelerator with anode layer of the single-stage type (anode-layer
accelerator, ALA).

The scheme of construction for the expverimental model of the HCA is
shown in Fig. 1. Volume neutralization of the ions leaving the accel-
erator is obtained with a cesium plasma neutralizer. The ALA model
differs from the HCA model only in the absence of the dielectric inserts
2 (Fig. 1). The length of the acceleration channel of the ALA is 9 mm.
The interelectrode anode-cathode spacing was 1 mm.

Investigations of the HCA model were carried out with the goal of
showing an ionization and single~stage acceleraﬁion zone, to bring its
characteristics closer to the results obtained with the two-stage
ALA I. Some increase in the overall length of the accelerator channel
due to the dielectric insert 2 should increase the probability of
ionization of working gases with small atomic masses, and closely
related materials. 1In the ALA model, the length of the acceleration

channel constitutes of the order of d,l and appears rather small,



142

d N Pe (Ud) vo/vi | 1)
because in the low-voltage regime the efficiency of ionization of
light atoms is low. Comparison of voltampere characteristics of the
discharge with argon, with which ionization probability approached
unity for both models, shows that the latter are practically identical
for both (Fig. 2). With a probability of ionization of <0.2, the
voltampere characteristics of both models are seen to increase - see
curves 3 and 4, for hydrogen. But in the case of the HCA, the volt-

ampere characteristics are displaced upwards in I As shown by the

4
measurements of ion-energy distribution, Fig. 3, the ions are formed
more in the near-anode region for the HCA and, accordingly, the mean
ion energy of ions appears higher than for the ALA. 1In Table 1, the
typical values of magnetic field Ho and maximum attained values of
intensity ji and of field current Ii are shown for several operating
conditions in the steady-state regime. The angular dispersion of ions
of Ar, Ne, and H2 did not exceed 10° in both models, with 0.85 Ii/2

included in this angle of o/2. The maximum ratio of Ii/Id for the HCA

and the ALA agreed within a factor of 0.9 to 0.8.

References

1. V. C. Erofiev, L. V. Leskov, in Physics and Applications of Plasma
Accelerators, pp. 18-47, Minsk, 1974.

In Fig. 1 (Puc. 1) all dimensions are in mm, with dimensions
preceded by ¢ diameters. Also 1 is the anode, 2 are the dielectric
sbacers, and 3 is the cathode. 1In Fig. 2 (Puc. 2), Ip,a and Up,B are
the discharge current I

d in A and discharge potential U, in V, while

d
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VYAC is the anode layer accelerator and y3DI' is the Hall-current accel-
erator (hybrid accelerator with closed drift of electrons). The Ar flow
rate is 0.84 mg/sec (curves 1 and 2), and the H2 flow rate is 0.35

mg/sec (curves 3 and 4). TFor Fig. 3 T q is the normalized (relative)

0T
current Irel’ while UT/Up is the ion formation (creation) voltage
divided by the discharge voltage. The flow rates m are again 0.84

mg/sec for Ar and 0.35 mg/sec for H,, and the discharge potential U

2° d
(Up) is 400 V. 1In Table 1 (TaGsmmia 1) Y3DI' is again the Hall current
accelerator and YAC is the anode layer accelerator. At the left of
the table, ji is ion current density in A/cmz, ﬁs is the mass flow

. . 2 ; . . .
density in A/cm”, Ia is the total ion current in A, and Ho is the

magnetic field in Oersted.
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Vavilova 40

117333 Moscow, B-333
USSR

Attn: Dr. V. V. Zhurin

Comsat Corporation

950 L'Enfant Plaza, S.W.
Washington, DC 20024

Attn: Mr. Sidney 0. Metzger

COMSAT Laboratories
P.0. Box 115
Clarksburg, MD 20734
Attn: Mr. B. Free
Mr. 0. Revesz

CVC Products

525 Lee Road

P.0. Box 1886

Rochester, NY 14603 »
Attn: Mr. Georg F. Garfield, Jr.

DFVLR - Institut fur Plasmadynamik
Technische Universitat Stuttgart

7 Stuttgart-Vaihingen

Allmandstr 124

WEST GERMANY

Attn: Dr. G. Krulle

DFVLR - Institut fur Plasmadynamik
33 Braunschweig

Bienroder Weg 53

WEST GERMANY

Attn: Mr. H. Bessling

EG & G Idaho

P.0. Box 1625

Idaho Falls, ID 83401

Attn: Dr. G. R. Longhurst, TSA-104

Electro-Optical Systems, Inc.
300 North Halstead
Pasadena, CA 91107
Attn: Dr. R. Worlock
Mr. E. James
Mr. W. Ramsey
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Electrotechnical Laboratory
1-1-4, Umezono, Sakura-Mura,
Niihari-Gun

Ibaraki,

JAPAN

Attn: Dr. Katsuya Nakayama

Fairchild Republic Company
Farmingdale, NY 11735
Attn: Dr. Domenic J. Palumbo

Ford Aerospace Corporation
3939 Fabian Way

Palo Alto, CA 94303

Attn: Mr. Robert C. Kelsa

General Dynamics
Kearney Mesa Plant
P.0. Box 1128

San Diego, CA 92112
Attn: Dr. Ketchum

Giessen University

1st Institute of Physics
Giessen,

WEST GERMANY

Attn: Professor H. W. Loeb

Hughes Aircraft Company

Space and Communication Group
P.0. Box 92919

Los Angeles, CA 90009

Attn: Dr. B. G. Herron

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, CA 90265
Attn: Mr. J. H. Molitor
Dr. R. L. Poeschel
Dr. Jay Hyman
Mr. R. Vahrenkamp
Dr. J. R. Beattie
Dr. W, S. Williamson

IBM Corporation

Thomas J. Watson Research Center

P.0. Box 218

Yorktown Heights, NY 10598

Attn: Dr. Jerome J. Cuomo
Dr.lJames M. E. Harper
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IBM East Fishkill

D/42K, Bldg. 300-40F
Hopewell Junction, NY 12533
Attn: Mr. James Winnard

Ion Beam Equipment, Inc.
P.0. Box O

Norwood, NJ 07648

Attn: Dr. W. Laznovsky

Jet Propulsion Laboratory
4800 0Oak Grove Drive
Pasadena, CA 91102
Attn: Dr. Kenneth Atkins
Technical Library
Mr. Eugene Pawlik
Mr. James Graf
Mr. Dennis Fitzgerald
Dr. Graeme Aston

Joint Institute for Laboratory Astrophysics

University of Colorado
Boulder, CO 80302
Attn; Dr. Gordon H. Dunn

Kyoto University

The Takagi Research Laboratory
Department of Electronics
Yoshidahonmachi Sakyo-ku
Kyoto 606,

JAPAN

Attn: Dr. Toshinori Takagi

Lawrence Livermore Laboratory
Mail Code L-437

P.0. Box 808

Livermore, CA 94550

Attn: Dr. Paul Drake

Lockheed Missiles and Space Company

Sunnyvale, CA 94088

Attn: Dr. William L. Owens
Propulsion Systems, Dept. 62-13
Mr. Carl Rudey

Massachusetts Institute of Technology
Room 13-3061

77 Massachusetts Avenue

Cambridge, MA 02139

Attn: Henry I. Smith
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University of New Mexico

Department of Electrical Engineering

Albuquerque, NM 87131
Attn: Dr. Robert McNeil

Optic Electronics Corporation
11477 Pagemill Road

Dallas, TX 75243

Attn: Bill Hermann, Jr.

Physicon Corporation
221 Mt. Auburn Street
Cambridge, MA 02138
Attn: H. von Zweck

Princeton University
Princeton, NJ 08540
Attn: Mr. W. F. Von Jaskowsky
Dean R. G. Jahn
Dr. K. E. Clark

Research and Technology Division
Wright-Patterson AFB, OH 45433
Attn: (ADTIN) Mr. Everett Bailey

Rocket Propulsion Laboratory

Edwards AFB, CA 93523

Attn: LKDA/Mr. Tom Waddell
LKDH/Dr. Robert Vondra

Royal Aircraft Establishment
Space Department
Farnborough, Hants

ENGLAND

Attn: Dr. D. G. Fearn

Sandia Laboratories

Mail Code 5743
Albuquerque, NM 87115
Attn: Mr. Ralph R. Peters

Tektronix, 50-324

P.0. Box 500

Beaverton, OR 97077
Attn: Curtis M. Haynes

Texas Instruments, Inc.
MS/ 34

P.0. 225012

Dallas, TX 75265

Attn: Larry Rehn
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TRW Inc.

TRW Systems

One Space Park

Redondo Beach, CA 90278

Attn: Dr. M. Huberman
Mr. Sid Zafran

United Kingdom Atomic Energy Authority
Culham Laboratory
Abingdon, Berkshire
ENGLAND
Attn: Dr. P. J. Harbour
Dr. M. F. A, Harrison
Dr. T. S. Green

University of Tokyo
Department of Aeronautics
Faculty of Engineering
7-3-1, Hongo, Bunkyo-ku
Tokyo,

JAPAN

Attn: Prof. Itsuro Kimura

Veeco Instruments, Inc.
Terminal Drive
Plainview, NY 11803
Attn: Norman Williams

University of Iowa
Department of Physics

Iowa City, TA 52242

Attn: Dr. R. T. Carpenter
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