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MERCURY HOLLOW CATHODE RESEARCH
Dan Siegfried

An extensive experimental investigation of mercury hollow cathodes has
been completed. A model describing the basic physical processes taking
place within the cathode has been developed. It can be used to predict,
to first order, important cathode operating parameters such as emission
length and insert temperature. The analytical formulation of the model is
based on the concept of an idealized "ion production region" which is defined
as the volume circumscribed by the emitting portion of the insert. The
energy exchange mean free path for primary electrons is used as a criterion
for determining the length of this region. An ion production region aspect
ratio (dia.-to-length) of two is suggested as a design criterion for
minimizing keeper voltage. The model accounts for electrons produced in
the ion production region both by surface emission and by volume ionization.
Surface and volume energy balances are used to predict plasma density and
plasma potential in this region. An empirical relation is presented which
can be used to estimate cathode internal pressure (a necessary input to the
model) using the mass flow rate, discharge current and cathode orifice
diameter. Calculations based on the model are compared with experimental
results.

This research is described in some detail in Reference 1, which was
released recently, and it will therefore not be reproduced here. In
addition a summary of this work is described in a recently completed paper2

which is included in Appendix A of this report.



ION BEAMLET VECTORING
J. M. Homa

An experimental study of ion beamlets emerging from two-grid optical
systems that were vectored by translating the screen/accelerator grid holes
relative to each other was completed. A paper3 describing this work is
included in Appendix A of this report. A more detailed description of
this research will also be presented in thesis form and present plans call
for this work to be released as a NASA Contractor report. The results of
this research can be used to design accelerating systems in which the
direction and focus of emerging beamlets are important. Deflection and
divergence angie data were collected for two-grid systems as a function
of the relative displacement of these grids. At large displacements,
accelerator grid impingement was observed to become a 1imiting factor and
this defined the useful range of beamlet deflection. Beamlet deflection
was found to vary Tinearly with grid offset angle over this range. Values
of deflection-to-offset angle ratio and the useful range of beamlet deflec-
tion were determined as functions of grid hole geometries, perveance levels,
and accelerating voltage levels. The divergence of the beamlets was found

to be unaffected by deflection over the useful range of beamlet deflection,
CONTROLL ING ION CURRENTS TO DISCHARGE CHAMBER SURFACES

J. R. Brophy

The study of mechanisms that enable a designer to control the loss
rates of ions to various discharge chamber surfaces in an ion thruster

continued to focus on the use of the flexible magnetic field ion source

o
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during the past year. The resuliting research has been described in a paper4
included in Appendix A of this report.

The flexible magnetic field thruster is a unique research tool for
studying the behavior of direct current electron-bombardment ion thrusters.
It utilizes a Tong wire anode shielded by a circumferential magnetic field.
The magnetic field around the anode, which is produced by passing a direct
current of up to 150 amperes through the wire, restricts primary electron
flow from the discharge plasma to the anode. Different magnetic field con-
figurations can be created by routing the anode wire in various ways through
the discharge chamber. Divergent, cusped and multipole magnetic field con-
figurations have for example been created in this manner. The thruster is
also designed so ion currents to various internal surfaces can be measured
directly and these measurements facilitate calculation of the distribution
of jon currents within the discharge chamber. Experiments indicate that the
distribution of ion currents inside the discharge chamber is strongly dependent
on the shape and strength of the magnetic field but independent of the dis-
charge current, discharge voltage, and neutral flow rate. Through proper
selection of the magnetic field shape and strength, the fraction of the ions
produced in the discharge chamber that is directed toward the screen grid has
been increased to over 50%. Measurements of the energy cost per plasma ion
indicate that this cost decreases with increasing magnetic field strength
due to increased anode shielding from the primary electrons. Energy costs
per argon plasma ion as low as 50 eV were measured. The energy cost per beam
ion was found to be a function of the energy cost per plasma ion, extracted
ion fraction and discharge voltage. Part of the energy cost per beam ion
goes into creating many ions in the plasma and then extracting only a fraction

of them into the beam. The rest of the energy goes into accelerating the
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remaining plasma ions into the walls of the discharge chamber. Measurement
of ion fluxes across a virtual anode surface appear to indicate that ions
cross this surface with velocities approaching their random thermal velocity

rather than the Bohm velocity.

ION EXTRACTION USING CLOSELY SPACED GRIDS
Dean Rovang

Experimental work has shown that the ion current density that can be
extracted through two grid systems can be enhanced if small diameter aper-
tures in closely spaced grids are used. This work is described in a paper5
contained in Appendix A. It has focused on accelerator systems with small
screen hole diameters (< 2.0 mm) operating at net-accelerating voltages of
100, 300, and 500 V. The apparatus developed for this study is shown to be
well suited for measuring the impingement-limited perveance, electron back-
streaming, and electrical breakdown characteristics of two-grid ion accel-
erator systems. Results suggest that the impingement-limited perveance is
not dramatically affected by reductions in screen hole diameter to 1.0 mn.
Impingement-Timited performance was found to be dependent on the grid
separation distance, the discharge-to-total accelerating voltage ratio, and
the net-to-total accelerating voltage ratio. Results obtained using closely
spaced grids having small hole diameters and operating at fixed low values
of net accelerating voltage show that the onset of high impingement current

occurs at progressively higher current density levels as the net-to-total

accelerating voltage ratio is increased. This unexpected result suggests a

new philosophy of high current density grid operation at high net-to-total

accelerating voltage ratios. When grids are operating at this condition
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it appears the onset of electron backstreaming ultimately determines the
extractable ion current density. Beam current densities as high as 25 mA/cm?2
were obtained using grids with 1.0 mm diameter holes operating at a net

accelerating voltage of 500 V.

THE INFLUENCE OF STRAY MAGNETIC FIELDS ON THE ION BEAM NEUTRALIZATION
Feng Yu-Cai

Work has continued on the study of the influence of magnetic fields
in the vicinity of the neutralizer on its capacity to couple to and
neutralize an ion beam emerging from a thruster. This work is described
in a paper6 also included in Appendix A. This paper describes the experi-
mental investigation in which a comparison of the ion beam neutralization
characteristics of a local neutralizer (within ~ 5 cm of the beam edge)
with those associated with a distant one (v 1 meter away from thruster)
was made. The influence of magnetic fields in the vicinity of the neutral-
izer cathode orifice which were either parallel with or normal to the
neutralizer axis were studied. Plasma property profiles which reflected
the influence of the magnetic fields were measured. The results indicated
that magnetic fields at the region of a neutralizer cathode orifice in-
fluence its ability to couple to the ion beam. They show that there is a
potential jump from the neutralizer cathode orifice to the plasma which
exists close to the orifice. The magnitude of this potential jump increases
as the axial component of magnetic flux density increases. A magnetic field
perpendicular to the neutralizer axis induces a potential rise a few centi-
meters further downstream of the neutralizer cathode. Test results indicate

the path length from the neutralizer to the beam along magnetic field lines
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also has an effect on the beam-to-neutralizer plasma potential difference
but this effect was typically smaller than the other two effects. The
results suggest that in order to minimize the adverse effects of stray
magnetic fields, a region as free of magnetic fields as possible should be

selected for placement of the neutralizer.



ENHANCEMENT OF ION BEAM CURRENTS
THROUGH SPACE CHARGE COMPENSATION

Feng Yu-Cai

Introduction

Langmuir7 has discussed the possibility of increasing the space charge
limited electron current between two electrodes by injecting positive ions
into the electron space charge and thereby partially neutralizating its
detrimental effect on electron extraction. In the following work the
neutralization of the positive ion space charge induced by injecting negative
changes into the region between the grids of a positively charged ion accel-
erator has been studied theoretically. If it is possible to do this the
jon current density of the extracted beam could be increased. This could
lead to an increased thrust density for electrostatic thrusters.

Several options for charged particle injection are considered and the
results suggest that the extracted ion beam density can be increased greatly
by negatively charged particle injection. The ratio of the extracted beam
current density to the conventional space charge limited value can be in-
creased through the use of charged particle injection by a factor 30 or
more, depending on the current density and velocity distribution of the
injected negatively charged particle beams. The ratio of injected particle
current density to the ion beam current density required to effect this
change is of the order of the square root of the ratio of the extracted ion
mass to the injected particle mass. In the following development the injected
negatively charge particles will be designated as electrons and the extracted
beam will be designated positive ions. The analysis is carried out in general

terms however and the injected particies could just as well be negative ions.
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Further, the results are applicable to the case where positive ion injection

is used to enhance the extracted current densities of negative ion beams.

Electron Injection Between the Acceleration Grids

Consider an infinite plane screen grid "A" at potential VA and a
parallel plane cathode (accelerator grid "C" at zero potential located at
a distance a from "A" as shown in Fig. 1), Assume an infinite supply of
ions without appreciable initial velocities is available at the screen grid.
If these ions are extracted at the space charge 1imit, the potential
gradient at the screen grid will be zero, and the current density is giveh
by the Child-Langmuir equation8
Zo (2e)7 X‘ai;/z (1)
) i
where e 1s the ion charge, €5 is the permittivity of free space and m, is
the mass of the ions.

Let us now consider the effect of introducing negative electrons with-
out initial velocity, uniformly distributed over a plane "B" which is at a
distance b from "A" as suggested in Fig. 2. Between "B" and "A" there is
as a result of this injection an electron current per unit area je. Because
of the partial neutralization of the ion space charge, the ion current per
unit area from the screen grid will increase to a new value, ji' We
assume that the ions and electrons do not collide with gas molecules nor with
each other and that no appreciable number of ions or electrons is lost by
re-combination during the passage between the electrodes. Let vi(x) be the
velocity of the jons at any point p, which is a distance x from the screen
grid "A". The ion current density at p is then pi(x). The corresponding
quantities for the electrons are denoted by the subscript e.

Then in region A-B one has
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Fig. 2 Configuration with Intra-grid Electron Injection



(2)
where
(3)
The electron charge density in this same region is given by
je
De(X) = ";-;(-x')- (4)
where
2(V-VB)e
Vo(x) = || ——=— (5)
e
V is the potential at a point p and vB is the potential at plane "B".
Poisson's equation may be written in one dimension as
2 J J;
B - ©
€, 2(V-VB)e €, 2(VA-V)e
m m,
Using the definitions,
je Me
0‘:3-:‘ Fn—-i—, ¢=V/VA9 X = x/a (7)
and combining Eqs. (1) and (6) one obtains
d2y 4 Iy -y
S5 7 | ale-eg) - (1-0)7H] (8)
i, .
where ¢g = Vg/Vp as suggested by the definition Eq. (7).
In the space charge limited case the boundary condition at the screen
grid is <Q£> =0 . (9)
4*/5=0

Applying this same zero gradient condition at plane "B" for the integration

of Eq. (8) gives

Js 5 1 L i 5
%% = - %.(31-> [a(¢-¢B)2 + (1-4)% - a(1-¢5)? ]2 . (10)
Lo
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The normalized position of plane "B" (AB) can be determined by integrating

this expression to obtain:

SRR ,
3 1.2 5 3 5172
A\g =7 [31 ] [a(cb—qu) + (1-9)7 = a(1-¢p) ] do (11)
B

In the region B-C of Fig. 2 only ions are present and their charge

density is given by

J-
p.i(x) = "V‘-_-I(?)" (]2)

1

where
2e(VA—V)
vi(x) =V —- (13)

1

Poisson's equation is given in this region by

d2 J; 1

-5 007, (14)
1
0

Integrating this equation one obtains

(]

i
0

2 .
Jj L
(g;:) R Y (15)

The constant of integration for Eq. (15) is again selected so that %% =0

at ¢ = ¢p and the equation becomes

do._3 [-j-:—o-]% [ (1-4)7 - (1(1-<;>B)1/2]11 ) (16)

Integrating this equation from x = AB to 1 one has
J; 1% ¢
B 1
3 | 1 35 1%
R g TRt E R P
0

Adding Eqs. (11) and (17) we obtain the ratio of extracted beam current
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density with injected electrons to the space charge limited ion current

without electron injection. It is given by

3_1_ =15 [a(¢_¢B) + (1-4)7 - oz('|-¢B) ] dé
0
%g

* , L -
+ [(1-¢)/Z-a(1-¢5)/2] do § . (18)
0

In the space charge 1imited case the boundary condition at plane "B" is

(%%)B=o (19)

and from Eq. (16) we see this means

a=1 or js ?n-‘— iy - (20)

e

Eq. (18) can be integrated to give

: 1 .
J5 L 1 P e
T, . f[(¢-¢3)2 + (1-¢)" - (1-¢B)2] do + % (1- VT-gy)3/2
i
0 og (21)
2
1 L
+ 4(1-¢B)2 (1- V1-¢B)2
For the case where ¢ = 1, Eq. (21) gives
i
2=, (22)
5
0

This means that if plane "B", from which electron emission occurs, coincides
with the screen grid, the extracted beam current density cannot be increased
by electron injection. For the case where ¢ = 0, i.e. locating the electron
emission plane at the accelerator grid, Eq. (21) can be integrated

numerically to obtain
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(4N

o187 . (23)
]O

[ 4]

This is the same result obtained by Langmuir for the case where ions were
injected into the electron space charge.8 Differentiating Eq. (21) with

respect to ¢B’ and setting the result equal to zero one obtains the value
of ¢B that results in the maximum ijon current. This occurs when ¢B = 0.4

at which potential Eq. (21) gives

€.
—ts

= 4,6, (24)

[ 4]
s

Numerical integration of Eqs. (10) and (16) has been accomplished for
this optimal case where ¢ = 0.4 and o = 1. This integration yields the
profile of electrical potential which can be used in turn to obtain the
potential gradient, and jon velocity profiles. Fig. 3 shows the normalized
versions of these profiles. For this optimal case the electron emission
plane is located at b/a = 0.43 as shown in the figure. Either increasesor
decreases in the optimal value of b/a cause the peak electric field to
decrease from the value shown in the lower plot and this in turn causes the
1on current density to decrease from its maximum value. It is noted that
the electric field has been normalized using the ratio of the intra-grid
potential difference to the grid separation distance. This is the electric
field that would exist between the grids if the ion and electron densities
between the grids were negligible. The electric field for the case of
electron injection 1s observed to be over 50% above this reference electric
field. Figure 4 shows how the maximum positive ion current that can be
extracted through the grids varies with the electron injection current and
the potential of the plane from which the electrons are emitted. The ex-

tracted ion and injected electron currents have been normalized using
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respectively the conventional space charge limited ion current and the mass
weighted electron current of Eq. (7). The figure suggests the highest ion current
enhancement is realized at when emission occurs at ¢§=0.4 as suggested pre-
viously. It also shows that a reduction in the injected electron current

from the maximum value (a=1) is accompanied by a dramatic decrease in the
extracted ion current. This points out the drawback of electron injection
because o=1 implies a large electron current (Eq. 20) and this in turn

suggests a substantial input power to the electrons.

Electron Injection from Upstream of the Screen Grid

Let us now consider the effect of introducing negative electrons which
are shot into the region between screen and accelerator grid from the upstream
side of the screen grid with their velocity directed toward the accelerator grid.
Because of the retarding field seen by the electrons as they enter the region
between the grids, their velocity will decrease and at some distance from
"A" (at plane "B" shown in Fig. 5) their velocity will become zero. They
will then be accelerated back toward the screen grid. As before, we assume
that the ions and electrons collide with neither the gas molecules nor with
each other and that no appreciable number of ions or electrons is lost by
recombination during the passage between the electrodes. As a consequence
of electron injection to neutralize the ion space charge, the ion beam
current density extracted by the grids will reach a value ji'

The development of this problem parallels exactly the problem just
solved. The only difference in the development being that the density
the injected electrons at any given location is twice that for the case
where electrons are emitted from a plane between the grids.

Solution of this problem shows that there is an optimum injection
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energy corresponding to the location of the plane "B" where the velocity

goes to zero. As one would expect

9 opt - 0.4

and

(j'i/j'io)max = 4,6 .

Hence the same 4.6 fold increase in the ion current density that was
obtained using intra-grid electron injection can be effected by optimal
electron injection from upstream of the grids. Numerical integration of
the equations in this case can again be used to determine potential,
potential gradient and ion velocity profiles. These profiles are identical
to those shown 1n Fig. 3. The plot of extracted ion current as a function
of injected electron current is the same as Fig. 4, except for the fact
that the peak ion currents occur at a normalized injected electron current
(¢) of one half. Hence one can conclude that the effect of electron injection
is the same regardless of the means of getting the electrons into the ion
acceleration region. The advantage of upstream electron injection is the
required electron current is half of that required for intra-grid injection

(o =1/2 vs. o = 1),

Electron Injection from both Sides of the Screen Grid

It is possible to inject electrons from both upstream and downstream
of the screen grid simultaneously in order to neutralize the space charge
within an 1on beam. Figure 6 shows a physical model of this situation in
which electrons are injected from upstream of the screen grid at plane "A"
with a current density jel and a velocity sufficient to enabie them to reach
plane "F". These electrons pass both directions through the region A-F as

shown in Fig. 6. Electrons are also released at plane "B" with zero velocity
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and they pass through region A-B going toward plane "A" as shown. As in
the cases considered previously collisions are neglected and one computes
the electron and ion charge density in each region as a function of the
velocity of the electrons injected from upstream, the location of electron
injection from between the grids and the current densities of the two in-
Jjected electron beams. The charge densities are then used in the Poisson
Equation describing each region, the resulting equations are integrated
and potentials and potential gradients are matched at planes "B" and "F".
The basic procedure is similar to the ones followed for the cases just
discussed. As a result of this analysis one obtains the following expres-
sions for the nondimensionalized locations of the planes "B" and "F" and

the ratio of the jon current to the ion current without electron injection.

J;: 1% 1 ) 1 1
.3 i ' . y3 Y2
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The potential gradient expressions describing each of the regions of
Fig. 6 are:

for region A-F

do a3
dr 3] 3.

L L L L
2 (4=0p) + o (4-05) " + (1-0)% [ 2 (1-¢)"

10 1 ; (28)
: a2<1-¢8)4]{
for region F-B
ggzaji% 1 1 15 al”
do . 31:3;:;] 3 @, (9=6g)% + (1-0)7 - [ 22 (1-p)% + 0 (1-4p) 1t @
for region B-C
do . _a[Ji]* » k a1k
e 5'['3;;] ’ (1-9)7 - [2a1(1-¢F) + G2(1-¢B) ]‘ . (30)

Application of the space charge limited conditions at planes "B" and "F"

yields the normalized injected electron currents from Eqgs. (28) to (30).

[N

j 5 5 [ ol ]

e \Mi (1-0p)*(1-85) "+ | (6p-0p)" = (1-0p) o ]1/2\/["_1_ (31)

3 1Y my 15 s BY ¥my
2(]'¢F) (¢F"¢B)

and

3

J 5
e, T (201 (10 ) D .
5 Sym (g )i VT,

i e (o-9g)"-(1-¢p e

Numerical integration of Egs. (28) to (30) yields the potential variations
through the ion acceleration region as a function of al, az, g and $pe

The maximum ion current density is observed for

a

) 0.42,

]

0.30,

%
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¢F = 0.4

4

0.16 = ¢§ ]

At the condition corresponding to these parameters the normalized ion current

is

and the normalized total i1njected electron current (from both sources) is

required to be

J
-.—e— = 0.72
Jj

EI_‘.S

e
Hence in this case the ion current density can be increased over an order of
magnitude above the value without injected electrons, As before, however,
very large injected electron currents are required. Figure 7 shows the
potential, potential gradient and velocity profiles associated with this
maximum ion current density operating condition. In this case the electric
field peak near plane "A" (x/a = 0)is observed to be greater than it was for
the case of electron injection at a single energy. It is this higher electric
field that induces the higher ion current densities observed. It is noted
that optimal electron injection from upstream at two energy levels produces

profiles that are identical to those shown in Fig. 7. In this case however

je " s
— = (0. +a )Y — = 0.57\{ — .
3; 172’ Y mg mg

Multiple Energy Level Electron Injection

a, = 0.15 and hence

The logical extension of the preceding section of this paper is the
analysis of the case where electrons are injected into the ion acceleration
region at various energies. By doing this the injected electrons can induce

space charge limited flow boundaries at an arbitrary number of locations
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within the ion acceleration region.

The basic one-dimensional model of this process is shown schematicaily
in Fig. 8. The screen grid is represented by the plane "A" and is at a
potential VA‘ The accelerator grid represented by plane "C" is assumed to
be at zero potential and is located a distance a from plane "A". Electrons

are ejected from plane "A" at velocities Ve, » Vg, 2 Vg - - oV all

e
0 0 39 o
directed at the accelerator grid (plane "C"). Because of the retarding

er

field seen by the electrons as they enter the region between the planes their
velocities will drop to zero at planes Pl, P, - « .« « P, which are at poten-
tials Vl, v2 . .. vn respectively. The electrons will, after they come to
rest, be accelerated back toward plane "A". Again it is assumed that the ions
and electrons do not collide with each other or with neutral particles between
the grids. As a result of electron injection at current densities jel’ jez' . o

J. corresponding to injection velocities v s V e e o WV the ion
en e e €n

Lo 29 °
current density will reach a level ji' The ion charge density anywhere

between the planes "A" and "C" is given by Eqs. (2) and (3) as in the
preceding cases discussed. The electron charge densities will, however,
depend on which region is being considered. In the region between planes "A"

and "P1"’ for example the total charge density is the sum of charge densities

pe ’ pe o o o o pe
1 2

the reflected ones that pass back through this region.

associated with each of the incident beams as well as
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Fig. 8 Configuration for Multi-energy Electron Injection
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In the preceding expressions V is the potential at a location x between

planes "A" and "P; . Poission's Equation in this region becomes:

n .
2 —— J.
d_.\£.= Z €k - 1 (34)
dx e 1fv. - c8Wp-V) 2(V.-V)e
k=1 So\/Ve, = —— €, A
ko Mg “m.

1

nondimensionalization using the parameters defined in Eqs. (1) and (7)

enables one to rewrite Eq. (34) in the form
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. n
2y 4 [di - -3
A (j. Z 200 (90, )7 = (1-0) = . (35)
To k=1
In this equation ji is the ion current density without electron injection
0
and
_ Jek m
=S (36)
i i

Integrating Eq. (35) and applying the space charge 1imited boundary condition

d¢ = 0 at x = 0 one obtains

dx

j 1/2 n n 1/2

<'3:-— z 20Lk(¢'¢k) + (]'¢) = z Zo‘k(]"d)k) . (37)
) k=1 k=1

do _ _ 4
da 3
Integration of this equation using the boundary condition ¢ =1 at x =0
gives the normalized location (Al) of the plane P1 in terms of the potential ¢,

3, 5 1rn n ~3
Q 1 1 i
oAl f D, 2o )* + (=)= 5 20 (1g)% | de | (38)

! 97 Lk=1 k=1
In other regions groups of injected electrons that do not reach those regions
are not included in the summations but the procedure followed above to

obtain potential gradients and plane locations is similar. In the general

region between planes Pj-] and Pj for example one obtains

1

. s i

Js

do . _ A i £

dx 3<j’-|b> z Zak(‘b ¢k)2 + (] ¢)2 2 zuk(] ¢k)2 (39)
k=J

1
-4

and j 5 ¢ 0 n
- 1. 1. 1
Ap = Aot % 3-— f Z 2ak(¢-¢k)2+ (1-9)2 - z Zak(l-q>k)2 d¢ (40)
¢ k=j k=1

The preceding expressions are valid for j =2, 3 . .. . n. For the

last region to the right in Fig. 8 (Region P -C) one obtains
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5 L n Y
do _ _Af5i EL N - )2
To k=

—

which can be integrated to give

ji 2 n . n . s
<3.12> f[n-(»)/z- > zakn-cpk)/z] T (42)
k=1

0

Adding the equations of the form of Egqs. (38), (40) and (42) describing
the locations of the planes "P1"’ "P2" o o » ."Pn" one obtains the normalized

jon current density ratio:
1

3i 9 n 3 - 1/2]M2
3-17— * e [ [(1-¢) - Z zak(]'d)k) d¢
0 o k=1

%

n-1 n -
1 1 1
+[ [2an(¢-¢n)‘ +(1-9)" - Z Zak(1-¢k)2] d¢
b k=1

(43)

1 n n -5
>4 -5 i 2
" f D, [osle-e )%+ (-0% - > 2o (1-0,)%] g
¢_| k=1 k=1

Applying the space charge limited current condition at each of the planes

"Pl", "PZ" ..... "P." to Egs. (37), (39) and (41) one obtains the following

set of simultaneous equations
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L 1 1 L L 1
20, (1-41 ) *+2a, [(1-¢2)2-(¢1-¢2)2] e .+2an[ (1-¢n)4-(¢1-¢n)2] =(1-¢7)"

2ay (1) 20y (1) 223 [ (1-03) % (o09) F [ t2, [0 (6700 F0-8,)

(44)

5 L L L
20(1-07)% + 20,(1=6,)F + o o oo w oo t2a (1-g) = (T-0)"

Simultaneous solution of Eqs. (44) was accomplished using Cramer's Rule
to obtain expressions for the constants al s e o e Op in terms of the
normalized potentials ¢1. o e o bye The previous cases considered in this
paper suggested that the maximum jon current density was realized when the
normalized potentials of the planes "P1" and "Pz" were ¢1 = 0.4 and

2
¢ =29

9 1
injected electron groups this result was verified for the two group

= 0.16, Using the simplex method9 for cases of two and three

problem and the potentials for the three group system were found to be

9y = 0.4, 9, = ¢$ = 0.16 and ¢3 = ¢$ = 0.064. The logical extension of
this is to establish injected electron energies such that the generalized
potential is

o, = (0.)F . (45)

Numerical integration of Edo (43) carried out using values of oy
determined using Eq. (45) together with the solutions of Eq. (40) suggested
that this criterion does indeed result in the maximum normalized ion current
density for the general case. HNormalized ion current densities have been
computed for one through ten stages of electron injection and the results
of this work are shown in Fig. 9. This figure shows that the jon current
that can be extracted from a plasma increases monotonically with the number
of stages of electron injection to a value over thirty times the uninjected

Child's Law 1imit. This value of extracted ion current is realized when

-
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Fig. 9 Effect of Number of Optimally Injected Electron Beams

on Extracted Ion Current
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ten stages of injection are used. The normalized electron current density
required for each injection stage at this optimized condition as a function
of the number of injection stages is shown in Fig. 10. The greatest

electron current densities are seen to be required for the first (lowest
energy) stage regardless of the number injection stages used. The total
electron current density required would be the sum of all of the values

given by the curves that apply for the number of stages being used. For

the cases of upstream electron injection investigated this value lies between
0.5 and 0.6 times the ion current and the square root of the extracted ijon

to injected electron mass ratio.

As an example consider the case of electron injection from the upstream
side of the screen grid at two energies. In this case the potential,
potential gradient and ion velocity profiles at the maximum extracted ion
current density operating condition are exactly the same as those shown in
Fig. 7 for the case of two injected electron groups, one injected from
upstream of the grids and the other from between the grids. For the example
where upstream injection of both beams is used, the maximum extracted ion

current density is observed for

ay = 0.42
from Fig. 10
a, = 0.15
$ = 0.4
2 from Eq. 45
69 = ¢7 = 0.16

At this condition the normalized ion current (j./j; ) from Fig. 9 is 11.7
1 ]0

and the total injected electron current has the same value as previously determined.
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Comparison of these results with those obtained previously for upstream
injection of the primary electron beam (i.e. at¢1) and intra-grid injection
of the secondary one (i.e. at ¢2) shows that they are the same except for
the fact that o is 0.15 rather than 0.30 in the present case. This is
simply a reflection of the fact that only half of the injected electron
current density is required when upstream injection is used and the electrons
pass through the space charge region twice rather than a single time.

It is appropriate to ask whether electron injection at a fraction of
the optimum values given in Fig. 10 might not give substantial increases
inextracted ion currents (i.e. a substantial fraction of the values shown in
Fig. 9). The results shown in Fig. 11 suggest the answer to this question.
In this figure the normalized extracted ioncurrent is plottedagainst the normalized
first stage of injected electron current for a typical electron injection
case {three stages of injection with the second and third stages at optimal
current densities), Unfortunately the figure shows that the ion current does
not begin to increase substantially until the normalized electron current
approaches its optimum value (~0.4 in this case). The figure also suggests
one should just keep increasing the electron current above 0.4 to obtain
still higher ion currents. It is however physically impossible to increase
the electron current above the optimum value without inducing changes that
alter the potential distribution between the grids in such a way that the
normalized ion current decreases. Mathematically this is manifested in
the equations by solutions for injected electrons current density that
become imagainary.

It should be pointedout that while the analysis presented here has assumed
the 1njected negative particle currents would be produced using electrons,
the analysis is valid for negative ion injection. In this case the my

appearing in the development would be the injected negative ijons.
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Conclusions

The current density of a beam of charged particles being accelerated
between two parallel plate electrodes can be increased substantially by
injecting oppositely charged particles into the region between the electrodes.
Multiple beams of oppositely charged particles can be used to produce the
most substantial increases in the current density of the primary beam. The
current density of this beam increases monotonically with the number of
optimally selected, injected particle beams being used. There is an optimum
injected particle current density and energy associated with each beam that
yields the maximum primary beam current density for a given number of in-
jection stages. It is perferable to inject the neutralizing particles from
outside of the acceleration region rather than from within this region to
minimize the required injected particle current densities. However either
release of these particles in the acceleration region or injection with
sufficient energy to carry them against an adverse electric field to the
proper intra-grid potential produces the same solutions. The total required
injected particle current density, regardless of the number of stages used,
is of the order of the ion current density times the square root of the ex-
tracted ion-to-injected particle mass ratio. The primary beam current
density that can be achieved decreases rapidly below its maximum value with
small decreases in the injected particle current density below the optimum
value. The fact that the extracted ion-to-injected particle mass ratio is
high if electrons are the injected particle means that the injected particle
electron current density would have to be very high for typical ion current
densities. It is because they would have to be so high that the technique
would probably be impractical for use in space propulsion applications.
Negative ions could be injected and the required injected particle current

density would decrease substantially. The required negative ion current
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densities would however be comparable to the positive ion current densities
produced in the beam for this case. Efficient production of such a beam
however poses the same problem as generation of the positive ion beam that
would be the objective of the final device. Recent experimer}ts]0 suggest
that these concepts are of interest however in ground based applications

where power demand is a lesser concern.



THE ELECTROTHERMAL RAMJECT
Ben D. Shaw

In order to extend the practical uses of space for mankind it is de-
sirable (1) to.reduce the cost for delivery of a payload into space from
earth, (2) to simplify the systems needed to make these launches and (3)
to improve their reliability. One system that holds some promise of
achieving these objectives involves the acceleration of a payload to a
sufficiently high velocity at the earth's surface so it would be able to
undergo passage through the earth's atmosphere and still have adequate
velocity to enable it to meet its mission objectives in space. One candi-
date propulsion system that has been analyzed and appears to hold promise

for use in such a launching scheme is the electrothermal ramjet.
appears to be capable of operation at the high thrust levels needed to
achieve the high launch velocities desired with a reasonably short launch
tube.

The concept of this launch scheme is illustrated in Fig. 12. To effect
the launch, propellant, preferrably a low molecular weight gas, would be dis-
tributed in the launch tube upstream of the projectile shown. This projec-
tile, which is also the payload, would be brought to an initial velocity
where efficient ramjet operation could beginbydriving it with a 1ight gas
gun driverO]] At this point the projectile shown proceeding down the Taunch
tube in Fig. 12 would begin to process the propellant in the launch tube
through its annular intake diffuser. The diffused propellant would then
pass through a heat addition zone in the ramjet where energy would be added to
raise its stagnation temperature. Heat additionwould be effected using either

electromagnetic energy radiated from pulsed lasers or directly deposited

energy from pulsed electrical discharges located along the tube wall.
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These devices would be triggered sequentially as the projectile passed down

the launch tube. The heated propellant would then pass through the nozzle

and would be expelled at a sufficiently high pressure and velocity to

produce the desired thrust. The thrust level desired would actually be -
attained by adjusting the initial temperature and pressure of the propellant

in the tube, the rate of heat addition to the propellant, and the ramjet

geometry.

A preliminary analysis of this concept was conduced during the grant
period and the results of this work were presented in the paper]] inclued in
Appendix A. In this work 1twas assumed that the diffusion process illustrated
in F1g. 12 could bemodelled as an isentropic one. It was recognized that
this diffuser model was idealized and that the flow through the actual dif-
fuser would encounter a system of shocks. The preliminary analysis based on
the isentropic assumption suggested that the concept was workable and that

reasonable energy utilization efficiences could be expected with it.

Theoretical Model of Diffuser Shock Losses N

It was recognized that the diffusion process within an electrothermal
plug ramjet (Fig. 12) would be non-isentropic because of shock losses. For
this reason the first extension of the preliminary thermodynamic analysis
of the electrothermal ramjet has been the incorporation of these losses.

For supersonic operation a conical shock will either be attached to the nose
of the projectile or a bow shock will be driven ahead of it. Which will

occur depends on the velocity of the projectile and the geometric and boundary
conditions associated with the flow. Of the two options the attached conical
shock is preferrable because the stagnation pressure loss across a conical
shock system is less than that across a bow shock seeing the same free stream

flow. Consequently, flow conditions that enhance attachment of a conical
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shock are desirable and a conical shock model has therefore been used in
the analysis.

In order to incorporate shock losses into the complete analysis of the
device, the flow conditions immediately downstream of the conical shock
shown in Fig. 12 were first modelled. In an actual diffuser of the type
shown, the attached conical shock would be followed by complex series of
reflected shocks terminated by a normal shock. The location of this termi-
nating normal shock would depend on the geometry of the device and the flow
boundary conditions. Ideally the stagnation pressure loss associated with
the initial conical shock and the series of reflected shocks will be Tless
than that of a single conical shock terminated by a normal shock. However,
a review of the Titerature on hypersonic wind tunnel diffusers (Ref. 12 for
example) has shown that the actual stagnation pressure recovery that can be
expected is very close to the stagnation pressure recovery prediced theo-
rectically by assuming that all of the flow goes through the single conical
shock followed by a normal shock. Because of this, the conical/normal shock
model suggested in Fig. 12 was used in the analysis.

The thermodynamic properties of the working fluid will vary over the
range of temperatures and pressures encountered during ramject operation
primarily because of the effects of dissociation. For this analysis, however,
it was desirable to avoid the complications of temperature and pressure de-
pendent specific heats and gas constants. In addition, increases in propel-
lant temperature predicted during ramjet operation are generally accompanied
by corresponding increases in pressure. This being the case, it is not too
unrealistic to use fixed values for the specific heats and the gas constant.
The results contained in this analysis were obtained assuming ideal gas

behavior and diatomic hydrogen was the working fluid. A gas constant (R)
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of 4160 joules/kg°K and a ratio of specific heats (y) of 1.4 were used. It
is also noteworthy that the exhaust pressure for the device turns out to be
quite high for the cases examined to date. This suggests that recombination
rates in the exhaust will be high, that frozen flow losses will be small and
this should also tend to make efficiencies computed using the ideal gas
assumption reasonably accurate.

The model suggested in Fig. 12 implies an axi-symmetric (two-dimensional)
conical flow field immediately downstream of the conical shock that must
somehow be matched to the one-dimensional model used to describe the flow
downstream of the normal shock. The marrying of these flow fields necessitated
the development of an averaging procedure that provided single values of flow
properties at the conical flow field exit for input into the one-dimensional
normal shock relations. This was accomplished by determining a mass weighted
average of each property using the mass, energy, and momentum conservation
equations. Downstream of the postulated normal shock in the diffuser, all
flow throughout the ramject was assumed to be well mixed and one-dimensional
in nature. The flow exiting the diffuser passes through a constant area,
frictionless passage where heat addition at a subsonic Mach number is assumed
to occur. Next the flow passes through the nozzle where isentropic expansion
to the maximum attainable supersonic Mach number is achieved under the con-
straint of the available exhaust area.

It is also assumed that the ramjet exhaust pressure can be maintained
at that value dictated by the isentropic expansion through the nozzle. This
static exhaust pressure required at the projectile base will vary with pro-
jectile positionand control of its magnitude would have to be achieved inan
actual device by proper design of the launch tube. Such a tube would consist

of two sections, a cavity section into which propellant processed by the
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ramjet would be collected and the launch section through which the pro-
jectile would pass. It has been assumed in this analysis that the cavity
section would be designed to have the length and cross-sectional area needed
to accommodate the propellant and to facilitate maintenance of the necessary
projectile base pressure. While it seems possible to do this intuitively,
the unsteady fluid mechanical analysis of this process has not yet been
attemped.

The basic equations of fluid mechanics (conservation of mass and energy
coupled with a thermodynamic path equation) were applied to all processes
occurring within the ramjet. Solutions were obtained numerically. Propellant
velocities were computed in the frame of reference of the moving projectile.
The fact that the tube wall, which is the outer boundary to the flow, is
moving in this frame of reference was assumed to have no effect on the flow
behavior. This analysis assumes that the projectile has been accelerated to
a high enough velocity before the initiation of ramject operation so that
attachment of the conical shock to the diffuser nose is assured. Thrust was
computed by applying the momentum equation in the frame of reference of the
control volume moving with the projectile.

It should be noted that the boundary conditions associated with the
annular flow ramjet are different than those associated with conventional
ramjet operation. In the annular flow ramjet the inlet and outlet flow areas
must be equal and the flow area in the heat addition zone must be less than
this area. Further the ramjet inlet and outlet pressures will be different.
For the conventional ramjet on the other hand the inlet, outlet and heat
addition region flow areas are not constrained, but the inlet and outiet

pressures must be equal.
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Results for a Typical Supersonic Launch Cycle

In the analysis procedure that has been described it is assumed that
the projectile will be acted upon by either the ramjet thrust or some ex-
ternally applied force needed to produce the desired acceleration. As a
result of this assumption the projectile trajectory is known. This in turn
implies the projectile velocity is known and hence the propellant flow velocity
into the ramjet diffuser is also known at each position along the launch
track. In order to minimize the mechanical complexity of the projectile
it has also been assumed that the projectile geometry remains fixed through-
out the launch cycle. The diameter of the launch tube is allowed to vary
as a function of axial position however so efficient ramjet operation can
be achieved. Further, the present analysis requires that the flow through
the ramjet is choked at the nozzle throat. While choking could occur at
the diffuser throat rather than the nozzle throat, these two throat areas
were selected so that choking would occur in the nozzle because this gave
the best performance. Using the analysis one determines how the tube diam-
eter and heat addition rate should vary so that a prescribed thrust can be
maintained throughout the period of ramjet operation.

A typical case of electrothermal ramjet operation has been examined.
In this case hydrogen propeliant is placed in the launch tube at a pressure
of 30 atmospheres and a temperature of 300°K. A 10 kg projectile having a
16 cm diffuser throat diameter (Fig. 12), an 8 cm center body diameter and
a 16 cm nozzle throat diameter is used. These values were selected because
they gave reasonable performance and were at the same time sufficient to
ensure structural integrity during launch. It is also required that the
thrust be sufficient to sustain the projectile at a constant acceleration

level of 30,000 g until it reaches a final velocity of 15,000 m/sec.
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The results of the analysis in which diffuser shock losses are in-
cluded are compared to results obtained using an isentropic diffuser model
in Fig. 13 for this particular case. Figure 13a shows how the projectile
and exhaust velocities vary during the launch cycle. The projectile velocity
(relative to the stationary launch tube) is observed to increase linearly
with time as a consequence of the constant thrust and constant projectile
mass that have been specified. The exhaust velocities (relative to the
projectile) computed for the isentropic and non-isentropic cases are shown
in Fig. 13a for times greater than 10 to 16 msec. Prior to these times,
the conical shock would not attach, adequate thrust could not be produced
regardliess of the level of heat addition to the propellant, or the tube
diameter became so large that the assumption of a one-dimensional flow model
was seriously violated. During these initial phases a gun mode of operation
would be required to accelerate the projectile to the velocities at which
proper ramjet operation could be initiated. The parameter appearing in
this figure (8) is the half angle of the diffuser cone. A half angle of
about 22.5° 1s observed to produce exhaust velocities that lie closest to
the isentropic ones. At half angles greater or less than this value (5° and
45° are shown) the exhaust velocities are less at all times. The data of
Fig. 13a show that ~ 50 msec would be required to accelerate the projectile
to a final velocity of 15 km/sec. This would require a Taunch tube about
400 m long.

Figure 13b indicates how the launch tube diameter would have to vary
with time in order to maintain unity Mach number at the nozzle throat for
these same isentropic and non-isentropic cases. It is important to hold the
nozzle throat Mach number at unity to get the best performance from the

device. If the tube diameter is less than the value indicated in the figure
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at a given time and all other input parameters are fixed, then the conical
shock will detach and losses will increase. If the tube diameter js greater
than this value the heat addition will be insufficient to maintain unity
Mach number at the nozzle throat, the nozzle flow will go subsonic and poor
ramjet efficiency will result. In the case of Fig. 13b one again observes
that a diffuser cone half angle of 22.5° produces results that are closest
to the isentropic ones.

Figure 13c illustrates the pressures required at the projectile base
for the examples of ramjet operation being considered. The base pressures
for the non-isentropic cases rise as the projectile travels down the launch
tube. The non-isentropic cases are observed to exhibit higher exhaust pres-
sure requirements over most of the launch sequence. Once again a diffuser
cone angle of 22.5° yields conditions that approach the isentropic ones most
nearly. It is of interest to note that at the beginning of ramjet operation,
for each of the non-isentropic cases considered here the high projectile
base pressure is the source of all of the required thrust, and the momentum
change of the flowing propellant across the ramjet actually detracts from the
thrust. As ramjet operation continues, the momentum change of the propellant
begins to dominate the thrust, although not completely. For example, at the
end of the operating period for the 22.5° cone angle device, = 35% of the
thrust is being provided by the pressure differential across the projectile,
and = 65% of the thrust is being provided by the momentum change of the
propellant.

Figure 13d shows the temporal variation in propellant exhaust temperature
that is induced by the heat addition profile shown in Fig. 13e. The tem-
peratures and thermal input powers shown are high, but not excessive in
light of the short Taunch times involved. The power going into the pro-

jectile is also shown in Fig. 13e and the ratio of this power to the thermal
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input power at a given time is termed the instantaneous efficiency. This
ratio is plotted as a function of time for the cases considered in
Fig. 13f.

This figure shows that for the case under consideration the non-
isentropic diffuser having a cone half angle of 22.5° again produces results
closest to the isentropic ones. This suggests then that there is an optimum
diffuser shape and that the optimum conical diffuser has a cone half angle
of ~ 22.5°, The isentropic efficiency is observed in Fig. 13f to be
substantially greater than that for the best non-isentropic case (§ = 22.5°)
over most of duration of the launch. The efficiency of the electrothermal
ramjet equipped with this optimized realistic diffuser is however still very
attractive. It exhibits an efficiency near the end of the launch of about
50% and the mean efficiency over the complete cycle beginning at 10 msec is
observed to be greater than 40%. This efficiency is much greater than the
efficiencies of chemical and 1ight gas gun Taunchers and is competitive with
efficiencies predicted for rail guns and mass drivers.

The reason why an optimum diffuser cone half angle is observed in the
data of Fig. 13f can be understood by considering the fluid flow conditions
associated with the 1imiting cone half angles (i.e. values of 0° and 90°).
For the present model we are requiring subsonic heat addition so the flow in
the diffuser section must pass through a normal shock wave at some location.
For a specified incoming (free-stream) Mach number, each of these cones
coupled with the diffuser, will produce identical stagnation pressure re-
covery effects. The very shallow angle (~ 0°) cone will produce a Mach wave
at the diffuser entrance across which the Mach number of the flow remains
constant. The flow will then enter the supersonic diffuser, where it must

encounter a normal shock in order to reach the subsonic flows required in
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the heat addition region. This means the stagnation pressure loss across
the shock will correspond to the free-stream Mach number. The blunt cone
will propagate a bow shock,which is essentially a normal shock, ahead of it.
The bow shock will cause the flow entering the diffuser to become subsonic,
and the stagnation pressure loss will again correspond to the free stream
Mach number. This analysis has shown that a moderate cone half-angle
(between 0° and 90°) and the corresponding conical shock coupled with a
normal shock will produce more efficient stagnation pressure recovery than

will either of these single normal shocks.

Conclusions

There is an optimum cone angle for the diffuser in an electrothermal
ramjet which yields maximum energy efficiency. For a typical case con-
sidered here it is ~ 22.5°. The efficiency of the electrothermal ramjet
is degraded from the isentropic efficiency when account is taken for shock
losses occurring in the diffuser. Overall energy efficiencies for a typical
mission, where acceleration to 15,000 m/sec is effected, still 1ie in the

very attractive range of 40 to 50% when these losses are considered.



CONSTANT PRESSURE ACCELERATION OF THE ELECTROTHERMAL RAMJET
Charles E. Mitchell

Introduction

No ramjet engine can operate efficiently until it has been accelerated
to some minimum operational velocity. For the electrothermal ramjet system
discussed in Reference 11 and elsewhere in this report this minimum opera-
tional speed is quite high. Preliminary calculations performed for a
vehicle mass (mr) of 10 kg, an acceleration rate (a) of 30,000 g, and
employing diatomic hydrogen as the propellant indicated that this minimum
speed could be as high as 5000 m/sec (Ref. 11). Although certain designs
facilitate ramjet operation at considerably lower speeds it is assumed con-
servatively in the following analysis that the starting system would have
to bring the ramjet to 5000 m/sec.

One method of obtaining speeds of this order in short time periods at
acceleration levels of the order of those assumed for the electrothermal
ramjet is acceleration in a 1ight gas gun system. Devices of this type
have been both analysed and constructed and are discussed in the Titerature
(see for example Ref. 13). 1In what follows two acceleration systems based
on the light gas gun concept will be described and analysed. Both systems
are designed to produce a high level of constant acceleration (and therefore
constant base pressure) for the ramjet. The mode of energy addition re-
quired to produce the acceleration is taken to be similar to that assumed
for the ramjet mode of operation; that is, electrothermal in nature and
controllable in time.

A general description of the acceleration process will be presented

first. This will be followed by the analysis of an isentropic flow, piston
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driven dual chamber device. This type of system is typical of previous
1ight gas gun designs. Next a non-isentropic flow, single chamber design
will be described and analysed. This latter device differs from conventional
designs but appears attractive in the current application. Results of
calculations for a specific example will be presented and the relative

performance of the two designs compared.

Uniform Acceleration Flows - General Description

If a constant pressure is maintained at the rear surface of the ramjet
then, in the absence of frictional effects, a constant acceleration of the
ramjet vehicle will occur. (It can be pointed out in passing that available
data (see Reference 14) indicate that frictional effects between the
projectile (ramjet) and the launch tube should cause a decrease in velocity
obtained of about 5%.) The basic problem is to devise a method by which a
constant ramjet base pressure can be maintained. In Reference 11 a quasi-
steady expansion was assumed so that all the gas in back of the ramjet
(in the launch tube) was at a constant pressure during acceleration. The
high pressure level necessary was to be maintained by heat addition. Since
sound speeds of the order of 3000 m/sec and vehicle speeds up to 5000 m/sec
are desired, it is clear that the quasi-steady approximation cannot be correct,
and that the flow behind the ramjet is inherently unsteady.

One unsteady flow which does provide constant pressure at the ramjet
is the flow which results if all fluid particles in back of the ramjet are
accelerated uniformly. That is, the gas in back of the ramjet and the
ramjet itself are accelerated as a solid body. Conceptually, this is the
flow situation which would result if the ramjet and all the gas behind it
began accelerating at the constant value o starting at some arbitrary time,

say t = 0. The determination of the variation of the dynamic and thermo-
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dynamic variables for this flow as a function of axial location x and
time t is relatively straightforward.
Consider first the pressure-distance condition which must exist at
t = 0. Since solid body acceleration is occurring, then for the gas in back
of the ramjet it must be true that

%—)P(- =.po. (46)
0

where P is local pressure, p local density and X, the axial distance along
the tube at t = 0. This is of course, recognized as the usual gravitational
equation with g replaced by a. If a property relationship between P and p
is given (say isentropic or jsothermal for example)then P as a function of
Xo along the tube axis could be found at t = 0. For later times the way

in which the pressure must increase at any x location is determined by the
uniform acceleration condition itself. For any fluid particle (and for the
ramjet)

2
X = X +g—t- (47)

where x is the instantaneous location of the particle and X, is its Tocation
at t = 0. Particle paths on an x, t diagram for the case where X, Of the
ramjet is zero, are shown in Fig. 14. Also, since the acceleration is

uniform,the state of any fluid particle cannot change in time. That is

pe-0 pg~0 =0 pp=0 (48)

where %€ is the material derviative and T and s are temperature and entropy,

respectively. From Eq. (47) the identity (xO value) of the fluid particle
which passes location x at time t is immediately found as

2
X, = X - 5%— (49)
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Then, also,

a-t—- = - qat (50)
for any constant x location.
Combining Egs. (50) and (46) gives

dp

= a?pt (51)
dt

at any x station along the tube. Also at any x station
u=at . (52)

In order to integrate Eq. (51) a statement which relates P to p along
the Tine t = 0, and permits the integration of Eq. (46) must be given,
that is

P, = Plo,) - (53)
Since the pressure and density of every fluid particle remain constant for

t > 0, then Eq. (53) is valid for all times
P=Plp) . (54)

Integration of Eq. (51) using Eq. (54), and application of Eq. (52) permits
the specification of all thermodynamic and dynamic variables at any x
location in the uniformly accelerating flow as a function of t.

The practical importance of such a specification to the ramjet accel-
eration problem can be seen as follows. If the ramjet is located at x = 0
at t = 0 and if P, u, p etc., take the values required by Eqs. (51) - (54)
along x = 0 then the flow field for x > 0, t > 0 will be a uniform accelera-
tion flow field. This means that if a flow with the required physical param-
eters at x = 0 can be supplied to the tube at x = 0 starting at t = 0 then a

constant pressure acceleration of the ramjet will occur. Inpractice this could be
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achieved through the use of a large diameter driving chamber attached to
the launch tube at x = 0. Appropriate variation of pressure and density in
the driving chamber (by piston motion or heat addition for example) would
then give the required values of P, p, and u at x = 0. Two specific designs
for providing the required parameters at x = 0 have been considered. The
first of these, a dual chamber piston driven accelerator, will be discussed

next.

Piston Driven Isentropic Accelerator

A sketch of this device is shown in Fig. 15. The general acceleration
sequence would occur as follows. First, with the ramjet held at x = 0 the
pressure in the compression chamber would be raised to the value required
for the desired acceleration level. For an acceleration of o, this pressure
would be

P= P = o (55)

where P00 is the pressure at x =0 and t = 0, m,. is the ramjet mass, AT is
the launch tube cross sectional area and PC is the compression chamber pres-
sure, The ramjet would then be released and the solution of Eqs. (51) to
(54) would specify the required conditions at x = 0. These would be met
through appropriate motion of the piston which would in turn be effected by
heat addition in the heating chamber. This would continue until the ramjet
reached its operational speed. A complicating factor is the possibility of
choking the flow at x = 0. This will be discussed below.

Since the heat addition occurs in gas which is physically separated
from the gas which will enter the launch tube, it is reasonable to assume
that all gas entering the tube has the same entropy value and that the

flow field in both the compression chamber and launch tube is homentropic

(constant entropy everywhere). If in addition the gas is taken to be
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perfect (ideal gas with constant specific heats) then the conditions at
X = 0 can be expressed in closed form as functions of time, as can the
heat addition rate in the heating chamber. It will also be assumed that
the diameter of the compression chamber is large compared with that of the
launch tube so that the properties in the compression chamber are constant
in space except for a negligibly thin acceleration region which connects
the chamber to the tube and which can be taken to the quasi-steady. Finally,
the mass of the piston and the friction associated with its motion are
neglected.

In solving the problem thus posed it is convenient to define the

following dimensionless variables

P = P T= ot
P = P/POO s P = p/pOO s 1 = T/TOO > T 3
00
R-9 L Gy, T-,E-%
H] H 2 3

a00 H POOaOOAC a'00 a00
- u - <
u T c— N a = e——

00 a00

where the subscript oo indicates a quantity evaluated at x = 0 and t = 0,
350 = /yRTOO is the reference state sound speed and y and R are the ratio
of specific heats and gas constant, respectively.

The isentropic condition then gives
P=5" (56)

which is a special case of Eq. (54). Using this relationship and non-
dimensionalizing Eq. (51) becomes

- 1

d—_=v(F)Y T . (x=0) (57)

dt
Integrating, and using the ideal gas law, P = p T, gives at x = 0

(superscript o)



I
P = [1 + ix%ll-fz] Y] (58a)
T
0 = [1 + ] P] (58b)
0= 1+ 151- 12 (58c)
M0 = u = t — (Mach Number). (58d)
a [(y-1)t2/2 + 1]%

Equation (58d) can be solved for t*, the dimensionless time at which MO = 1,

The result is

T* = {T?TZW}/ o (59)

Clearly, the solution as outlined above is only valid to this point.
However, it must take some time for the information that the flow has choked
to reach the ramjet. That is, there must be a period of time after T = t*
during which the ramjet will continue to accelerate at o with a base
pressure Pooo The exact value of the time involved is determined by the
intersection of the right running characteristic emanating from x = 0,

t = [3%;]% » with the ramjet path on the x, t plane. Without giving the

details (see Ref. 14 for example) the resulting intersection time is

1

2 3
max il [ 5:7] i . (60)
(y-1)

This is the maximum time that the ramjet can experience uniform acceleration
and constant base pressure, under the assumptions made here.

If the gas in the tube and compression chamber is assumed to be hydrogen,
some numerical calculations can be made to assess the importance of the
maximum acceleration time condition. For hydrogen, vy = 1.4 and thus t* = 1,118

and tmax = 1.708., Since Upax = t s, and u =y

X max max max Zoo® &N estimate
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of the T00 necessary to reach a certain u in time tm can be made.

max ax

. . .. _ [ Ymax . _
For hydrogen this relationship is T00 = [T?ﬁi?] . If Unax 1S the conser

vatively high value of 5000 m/sec then T00 = 1472°K. This temperature does
not seem unreasonably high. Moreover, the maximum temperature which would
occur would be at t = t* when Toax = 1840°K. If it is desirable or necessary
to operate at lower temperatures and still reach 5000 m/sec, it is possible

to accelerate the ramjet in a non-uniform fashion after t = t__._. The nature

max

of the flow field in the tube after T = t* is, of course, non-uniform and
must be determined using the method of characteristics. Solutions indicate
nearly uniform acceleration at the ramjet can still be achieved by appropriate
tailoring at x = 0 (see Ref. 15). For the purpose of the present analysis,

the temperature condition will be taken as not overly restrictive and the

t of interest will be taken to be t <t .

The values of P, o and T as given by Egs. (58a, b, c) lead through the
quasi-steady assumption and the isentropic perfect gas relationships, to
the following expressions for TE, 5;, 5;, the non-dimensional temperature,

density and pressure in the compression chamber

TC = 1+ (y-1) t2 (61a)

5. = [1 + (v=1) EZ] T (61b)
Y

P, - [1 + (y-1) ?] -l (61c)

The ideal gas law written for the compression chamber is
Pc g Ac - me R Tc (62)
where m. is the mass of hydrogen in the compression chamber at any instant

and ¢ is the instantaneous length of the compression chamber (see Fig. 15).

Also the quasi-steady outflow at x = 0 implies that



1
dm —
Et—°—=-5°ﬁ°=-[1 ]E‘Z]]E. (63)

Combination of Eqs. (62) and (63) leads after some manipulation to

the following expression for £ , the non-dimensional compression chamber

length
17 xo1 )7
1+ 1T g xle
= YA-- 2
E - € %o . (64)
g 1
0
[1+(Y-])T:.2]Y_-T
&0 is the compression chamber length at t = 0. It is related to the final
clearance length in the compression chamber which exists at t = t*. For
A
T _ 1

example, if v = 1.4 ,and £ ~ 0 at t = t* , then Eo = 0,0528. This

"AE"T'G‘
corresponds to £ = 1,540 m if Unax

non-dimensional piston speed. For the example just discussed

is 5000 m/sec. The quantity |Q§l is the
dt

l ] takes a maximum value of 0.0622 which corresponds to a piston speed of
about 183 m/sec for Unax - 5000 m/sec. The piston speed is thus quite small
compared with the sound speed in the chamber (~ 3000 m/sec and the maximum
ramjet velocity ~ 5000 m/sec). This suggests that the assumption of uniform
pressure, temperature and density in the compression chamber is probably not
unreasonable.
Several methods for producing piston motion of the type required by

Eq. (64) have been suggested in the literature (Ref. 15). In the present
analysis it will be assumed that energy can be added to the heating chamber
behind the piston by electric discharge or laser addition methods similar

to those envisioned for the electrothermal ramjet itself. In particular it
will be assumed that the rate of energy addition can be controlled closely
enough to meet the requirements of the piston motion presented above. The

necessary heat addition profile can be determined from application of the

first law of thermodynamics to the heating chamber. This is
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o [ ] dUH
Q- Wy = q¢ (65)

where QH is the required heat addition rate, wH is the power necessary to

du
move the piston as required by Eq. (64), and HEH' is the rate of energy

storage in the gas in the heating chamber,
If the piston is massless and frictionless (these effects can be
shown to be relatively small) then

Y de \ - dg
Wy =-PugEhe=-Peat e (66)

with %%-determ1ned from Eq. (64), while
du dT

H
& @ (67)

H
dt
where my is the (constant) mass of gas in the heating chamber and Cy is the
specific heat at constant volume for the same gas. Application of the
ideal gas law and substitution of Eqs. (66) and (67) into Eq. (65) gives

after some rearrangement

. 1

- Q A - —

i} oy M 17T, o 17T | =

Q= = {pr-[l + X0 ] + 2L [1+(y-]) T ] } T (68)
H Poofaofc Y1 | A¢ 2

where L = L E%S-and L is the combined length of the compression and heating
chambers (see Fig. 15). The value of L is somewhat arbitrary, though it does
have an impact on the temperature rise in the heating chamber. This is
readily seen upon application of the ideal gas law to the gas in the heating

chamber. This gives

p P
L-g) __ C [L:Q ] (69)
L-&, Peo LL-E4

Ifg=0att=1t*=1,118 then



= 4.133 — . (70)

It is clear from either Eqs. (69) or (70) that small values of L lead to
large temperature rises. The maximum value of TH’ TH* still depends on
THo‘ Since THo need not be equal to T00 a separate control on the maxi-
mum temperature is possible beyond that implied by the choice of L. In
the numerical results to be presented shortly, L was taken quite arbitrarily
to be 250. This means that at t = 0 the driving chamber is separated into
two equal volumes by the piston. Other choices of L would lead to higher
or lower values of TH for the same THo‘ As will be pointed out later
the choice of L also affects the performance of the device as far as energy
conversion efficiency is concerned.

The efficiency of the accelerating process at any instant of time can
be measured by the ratio of the rate of change of the kinetic energy of the
ramjet vehicle to the rate of heat addition to the heating chamber éH’ The

rate of change of the kinetic energy of the ramjet is

d(m u2/2)
r _ du - 2% - _ -
—dr - =M U T Mo t = mtaaoot = PooAt aoot .
Thus, using Equation (68)
dlmu2/2) 1 a7
S R, [1 s v ot L | . o)
QH Y 2 AT

A
The dependence of n on T for y = 1.4, A—C =16, T = 25, = 0.1056 (L = 3.08 m)
T

is shown in Fig. 16. The maximum efficiency is seen to be about 0.065 at
t = 0. The efficiency decreases with increasing t and drops to 0.026 at
t = t* = 1.118, the end of the heat addition period. These values can be

compared with the equilibrium, constant pressure expansion value of x$1-= 0.286,



-61-

0075

0050

Y =14

EFFICIENCY (9)

DC/DT=4
0025  L=2¢,
Unaxs 5000 m/sec
O 1 ] ] | }
0 025 050 075 .00 ™ I|I8I.25
NON - DIMENSIONAL TIME (1) '
Fig. 16 Efficiency of Piston Driven Accelerator
3.0 I
|
~ Y =14
= De/Dr =4 :
3 e |
Z & 20 gt i
© @« Umax= 5000 m/sec '
? > |
& S !
= E 1
a Q :
z' < I.O"' |
o I
z 5 |
w |
T |
|
0 1 1 1 L ! ]
0 0.25 0.50 0.75 1.00 - 1.25

_ t*=118
NON-DIMENSIONAL TIME (t)

Fig. 17 Rate of Heat Addition: Piston Driven Accelerator



-62-

which could be realized if the ramjet were accelerating slowly (this is the

value used in Reference 11). The factor multiplying xil in Equation (71)
can thus be considered to be the loss incurred because of the unsteady
acceleration process occurring in the piston driven device. Physically

this loss can be traced to the fact that the pressures in the compression

chamber and heating chamber must be maintained at values increasingly larger

than Poo’ the pressure at the base of the ramjet, as time increases.

The effect of L on efficiency (n) can be seen in Eq. (71). Increasing
values of L decrease efficiency through the second term in brackets. There
is a 1imit on how small L can be, IfL = E; (i.e. no heating chamber volume)

then n at t = 0 would increase to 0.106 and to 0.045 at T = 1.118. Of course

this represents an impossible situation physically, since, as can be seen from

T
Eq. (70) that T, > f L > €. . The choice L = 2£_ gives LI 4,13,

H 0 0 THO
still a substantial temperature rise. In general, relatively modest in-

creases in efficiency can be obtained at the cost of large increases in
Th
THo - —

The heat addition rate (QH) as a function of time (t) is shown in

Fig. 17. From this figure it can be seen that the heat addition rate is

nonlinear in time and must increase more and more rapidly as the acceleration

process progresses. The maximum power required for accelerating a 10 kg
ramjet to 5000 m/sec would be 370 gigawatts (at T = 1.118).

An overall efficiency for the acceleration process can be defined as
the ratio of the kinetic energy of the ramjet to the total amount of heat

added to the heating chamber. Thus

2
mrur /2 i

Ny = (v-1) ”
t, 2 -1 Y A
J gyt 1+ 5L F2) + T8 (4(=1E) -4 )
0 T T

» |+l

X
-1

(72)
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Equation (72) is valid for any time, T. However it must be remembered
that for t < T* = 1.118, 6ﬁ= 0. That is, once the flow chokes at X = 0, the
power to the heating chamber can be cut off while the ramjet continues at
constant acceleration until T = 1.708. The period from t = 1.118 to
T = 1.708 thus represents a "free" acceleration period during which the over-

all efficiency continually increases (and n is »). At T = T* = 1,118 the

overall efficiency (n,) is 0.0386. At T = toax this efficiency reaches
0.0901. This last value represents the overall efficiency for the complete
acceleration process. During ramjet mode operation, the efficiency of energy
conversion remains above 40%, even considering shock losses. Consequently,

it seems that once the ramjet can begin operation it is to be much preferred

over the piston driven device just described as a mass accelerator.

Pistonless Single Chamber Accelerator

In the accelerator design discussed above a separation of the heating
chamber from the isentropic compression chamber by a piston was assumed.
This is consistent with the practice common in high velocity light gas gun
design. The question arises as to what would happen if the piston were
simply removed and both heating and compression occurred in a single chamber.
Certainly a measure of design simplification would result. What would be
the effect on efficiency?

In attempting to answer this question, the first thing which becomes
clear is that the analysis of the problem is considerably more difficult
mathematically. This is because the unsteady gasdynamic flow in the system
can no longer be modelled as a constant entropy (homentropic) flow. 1In
general each fluid particle in both the chamber and the tube will have a
different entropy value associated with it since it is generated in the

heating chamber at a different entropy. However, there is no reason to
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expect that the entropy of each particle, once generated, might not remain

Ds.
Dt

for x > 0. The solution for the flow field downstream of x = 0 still

constant, That is, it seems reasonable to assume that = 0, as before,
poses a difficult problem in the method of characteristics, one that cannot
apparently be solved in closed form, but that is amenable to numerical
techniques (see Ref. 16). This solution has not yet been attempted. However,
a reasonable estimate of the performance of the single chamber design, based
on the uniform acceleration model discussed earlier, can be made.

As before, it is assumed that a solid body type acceleration of the gas
and ramjet occurs starting from t = 0 with the ramjet at x = 0. That is, it
is assumed Eqs. (46)to (54) apply. The basic physical design of the accel-
erator is also similar. Referring to Fig. 15, removal of the piston leads
simply and immediately to the design we wish to consider. The parameter L
now represents the heating chamber length, ahile £ has no significance. The
ratio of AC to AT will be taken to be large as in the dual chamber design
so that a quasi-steady isentropic (not homentropic!) flow field connects the
heating chamber with the launch tube.

Because of the homentropic assumption appropriate in the piston driven
accelerator, it was possible to replace Eq. (54) by the relationship

50 =0
P s P

P =o' (Eq. (56)) and finally develop closed form expressions for
and T°, the pressure, density and temperature at X = 0, as functions of time T.
in the single chamber design no relationship of this type can be written

down a priori. In fact, the relationship between pressure and density is
implicit in the complete solution. Though any choice of P(p) will lead under
the uniform acceleration assumption to the 50, Eo and T° required to support
the solution at x = 0; this flow must in general be generated in the upstream

region by a combination of piston motion and heat addition in the chamber
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immediately before X = 0. For the choice P = p', only piston motion was
required. For the present case where only heat addition is allowed the
relationship between P and p at X = 0 is unknown. If P =5 (isothermal)
then both piston motion and heat transfer out of the chamber would be
required,

The solution is pursued by writing down the necessary conservation
and state equations at X =0, in the heating chamber, and for the region

connecting them.

At X = 0;
—o
SEE: =y° T (uniform acceleration condition) (73a)
dt
P =507 (ideal gas equation of state) (73b)

5h =y Ty (ideal gas equation of state) (74a)
dT, A,y -0 T, dP,
I B R
it "¢y T Py dt
(conservation of mass) (74b)
dT, dp,
S 1 1
Q, = P, T S AUR L 1 N N 1 1
v 7 4T P. dt
TH dt PH dt
(first law of thermodynamics) (74c¢)
Across the connecting region:
Th =70 + l%l'f (first law of thermodynamics) (75a)
dP, P, A. —o
H H Lilyt-2o Lt L (75b)
dt T° 2 cp, T
1- 1.321 °H
2 30

(isentropic condition)
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The derivation of this system of equations requires extensive algebraic
manipulations, which have not been reproduced here. The seven equations
in the seven variables 50, Eo, To, PH’ Eh, Th, ah can be solved numerically
in a straightforward way by the method of finite differences using a forward
marching technique in t, recognizing that at t = 0 all of the variables are
unity except 6;, which is zero.

The next question which arises concerns how far the integration in t
should proceed. Certainly if the desired final speed for the ramjet is
Umax

Unax® then one answer is tmax = Uy T —3;;-. For this solution it is

only necessary to specify 350 (or Too) in order to find the maximum time the

ramjet can experience uniform acceleration Eﬁax' Unfortunately, two aspects
of the problem would be left out with this conclusion. First, the question
of choking at x = 0, and second the "free acceleration" period which must
occur after heat addition is terminated. The question of choking does not

turn out to be of major importance in this case because of the high tempera-

tures which are present at x = 0. The Mach numer at x = 0 is

0 —
Mo u t

L VP

Numerical integration of the governing system of equations (Eqs. (73) through
(75)) indicates that T° increases rapidly enough so that M® = 1 is not
approached in reasonable values of t and isnever approached for some parameter
selections (especially small L values). Thus, in this case there does not
seem to be a "natural" termination of the uniform acceleration solution, as
there was in the homentropic accelerator. For a given Too’ then, higher
final velocities can probably be achieved in the pistonless design.

The problem of the "free acceleration" period is more difficult to
evaluate. Certainly it must take some finite time for information to travel

along the right running characteristic which intersects the ramjet path in
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Xs t space. In order to find the exact time involved it is necessary to
apply the method of characteristics to the non-homentropic flow field down-
stream of x = 0. As was mentioned earlier this has not been done yet.
Consequently, we are left with making an estimate of what this period might
be. It is reasonable to expect that it might be of the same order as that
for the homentropic flow field.

For the sake of preliminary comparisons between the piston driven and
pistonless accelerator it will be assumed that heat driven acceleration
occurs until T = 1.2 and that from T = 1.2 to 1.708 a "free acceleration"
period occurs. These numbers are arbitrary and will be corrected when the
characteristic solution is completed. The parameter L, the non-dimensional
length of the heat addition region, also appears in the equations. As in the
piston driven case, small values of L give better performance and higher
maximum temperatures, large values give reduced performance and maximum
temperatures. The exact dependencies are more obscure in the pistonless
case., For the preliminary calculations that were performed for the sake
of comparison with the piston driven accelerator, an L value of 0.05 was
chosen. This is close to the dimensionless length of the compression
chamber of the dual chambered accelerator.

Results of calculations are shown in Figs. 18, 19 and 20, The varijations
of 5h, TH
heating period, 5h = 2.32.711= 3.80, P° = 1.78. Dimensionally these

and P° with T are shown in Fig. 18. At T = 1.2, the end of the

correspond to P, = 344 MPa (49,900 psia), Ty = 5597°K, P = 264 MPa (38,300 psia)
for the example wherea 16 cm dia, 10 kg ramjet is accelerated to 5000 m/sec.

The maximum pressures attained are about halfof those attained in the piston
driven case. Acomparison between maximumsystem temperatures for the two dif-
ferent designs is not really possible, becauseof the arbitrary nature of THo

in the piston drivencase. If THO were taken to be equal to T00 » then the maximum
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system temperature in the pistonless accelerator would be about 40% of that
of the piston driven accelerator, for the example chosen here,

In Fig. 19 n the instantaneous efficiency defined earlier is shown
as a function of time (t). Incontrast with the piston drivencase (Fig. 16),
the efficiency increases with time, reaching a maximum value of about 11,9%
at T = 1.2. The total change in efficiency during the acceleration period
is 30%. For the piston driven device it decreases by a factor of 2.5 during
acceleration, starting from a maximum of 6.5%.

As shown in Fig. 20 the heat addition rate Egincreases nearly linearly
with time (i.e. power input would have to increase linearly with time to
provide the uniform acceleration desired). The maximum of Bhoccurs at t = 1.2
and corresponds to a power input of 86.8 gigawatts. This compares favorably
with the maximum power requirement of 370 gigawatts for the piston driven
accelerator. The overall efficiency of the acceleration, No? including the
"free acceleration" period from T=1.2toT=1.708 is 23.4%, more than

double that of the piston driven device.

Conclusions

Calculations indicate that gun-type, constant base pressure acceleration
of an electrothermal ramjet vehicle to the speed necessary for effective
ramjet mode operation is feasible. The efficiency of the acceleration
process is not high compared with the ramjet itself. Overall efficiences
(conversion of thermal to kinetic energy) of less than 25% are predicted
for idealized accelerator operation. These compare unfavorably with effi-
ciencies greater than 40% for ramjet mode operation, even when shock losses
are considered. Two types of accelerator designs were evaluated: a dual

chambered piston driven accelerator, and a single chambered accelerator with
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no piston. Of the two, preliminary comparisons strongly favor the pistonless
accelerator, It is mechanically simpler, provides higher efficiencies, has
the potential for reaching higher maximum velocities, requires a much
simpler power addition profile (linear vs nonlinear), and reaches lower

maximum pressures during the acceleration process.
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A MODEL FOR MERCURY ORIFICED HOLLOW CATHODES.
THEORY AND EXPERIMENT®*

Daniel E. Siegfried*s and Paul J. Wilbur]

Colorado State University

Fort Collins, Colorado

Abstract
A model is presented which provides a useful
qualitative description of the basic physical
processes taking place within a mercury orificed
hollow cathode and can predict, to first order,
important cathode operating parameters such as
emission length and insert temperature. The

analytical formulation of the model is based on the
concept of an idealized ’’ion production region’
which is defined as the volume circumscribed by the
emitting portionof the insert. The energy exchange
mean free path for primary electrons 1s used as a
criterion for determining the length (L )of this
region, An 1on production region aspegt ratio
(D/L ) of two 1s suggested as a design criterion
for ﬁinim1zing keeper voltage, The model accounts
for electrons produced in the ion production region
both by surface emission and by volume ionization.
Surface and volume energy balances are used to
predict plasma density and plasma potential in this
region, An empirical relation is presented which
can be used to estimate cathode internal opressure
(a2 necessary input to the model) from the discharge
current and cathode orifice dismeter. Calculations
based on the model are compared with experimental
results,

Nomenclature

theoretical constant (1.2x106 A/m2 °K2)

a -
[

Ac - area ot eEd boundary of ion production
region (m“)

Ae - insert emission area (mz)

As - total suriace area of ion production
region (m“)

D - insert inner diameter (m)

do - orifice diameter (mm)

e — electronic charge (Coulombs)

E - electric field at insert surface (V/m)

ID ~ total discharge current (A)

Ie — insert electron emission current (A)

Ii - total ion current to cathode surfaces (A)

j; - Bohm current demsity (A/mz)

* VWork performed under NASA Grant NGR-06-002-112

** Research Assistant, Department of Mechanical
Engineering, Associate Member AIAA

T Professor, Department of Mechanical
Engineering, Member AIAA

Rel hin all forms,

d to AIAA to publi

jth -~ field—enhanced, thetgionic emission
current density (A/m®)
J - normalized emission curreat ( Eq.1 )
X - Boltzman's constant (1.38:10-23 3/°K)
Le — insert emission length (m)
m - propellant mass flow rate (mA equivalent)
m, - ionic mass (kg/ion)
n_ - electron ansity in ion production
e region (m )
n, - ion density in ion production region (m_3)
a, - total neugg:l atom density in ion production
region (m °)
P - internal cathode pressure
éd ~ energy flux associated with de-excitation 2
T  of excited states on the emission surface (W/m‘)
&ph - energy flux due to plasma radiation (W/m?)
ch - insert thermal power loss (W)
T, - electron temperature in ion production ”
° region ( K)
Ts — insert emission temperature (OK)
V. - plasma potential in ion production "
P region (V)
e, - ionization potential (10.4V for Hg)
e, - permittxgiiity of free space
(8.85x10 F/m)
€ - primary electron energy, equivalent to
pr plasma potential Vp(eV)
lee - electron—electron elastic mean free path (m)
AEI - effective, energy exchange, elastic
mean free path for primary electrons (m)
AI - effective inelastic mean free path
n for primary electrons (m)
A e~ primary electron, energy exchange
p mean free path (m)
14
#, ~ average effective work function (V)
9, — average surface work function (V)
£
Introduction
The results ot previous experimental investi-
gations of mercury orificed hollow cathodes [1,2]
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showed that ~70% of the total cathode current is
due to surface electron emission from a narrow band
(~2mm long) on the downstream end of the low work
function insert and that the dominant surface emis-
sion process is probably that of field-enhanced,
thermionic emission, The results also indicated
that the remaining 30% of the current is due to
volume 1onization which takes place in the very
intense plasma discharge which 1s established adja-
cent to the emitting portion of the insert, A
phenomenological model describing the emission and
plasma production processes within the cathode was
developed based on the results of those experiments
[2]. The important cathode processes are shown
schematically in Fig. 1. Surface electron produc—
tion is from a narrow band on the downstream end of
the insert, primarily from field-enhanced ther—
mionic emission, These electrons are accelerated
across the plasma sheath and, thereby, pick up suf-
ficient energy to 1onize mercury atoms (via mul-
tistep excitations) in the region adjacent to the
insert, The total discharge current is made up of
the sum of the currents due to both surface and
volume electron production, The 1ons produced in
the process leave the production volume at the Bohm
velocity and are neutralized at intermal cathode
potential surfaces, Jons striking the insert sur-
face provide the energy input which is required to
maintain the insert at the emission temperature.

By defining an idealized ion production volume
as the region adjacent to the emitting portion of
the insert (indicated by dashed lines in Fig. 1)
and assumang that the plasma properties are uniform
in that region, the physical description above can
be represented analytically in a rather simple
form. The analytical model, as initially proposed,
was presented in Ref. [2] and further developed in
Ref, [3]. The development of the model is dis—
cussed 1n detail in those two references, so only
the important assumptions and a summary of the
final results will be presented here.

Summary of Model
)

Table I gaves a summary of the equations
developed in the model along with the physical
basis for each equation and a brief comment indi-
cating the 1important assumptions on which it is
based, It should be noted that all of the equa-
tions in Table I are in MKS units EXCEPT for the
empirical expression for the pressure (Eq. I.11)
which has the units indicated in parentheses, Each
of the equations in Table I will be discussed
briefly below,

The total cathode discharge current I is the
sum of the surface electron emission current I
plus the current of volume produced i1ons returning

to the surface I,. This 1s represented by Eq. I.1
of the table, where j 1s the field-enhanced
thermionic current density coming from emitting

area Ae of the insert (emission length L ) and j

is the Bohm current density of ions crossing the
boundary of the 1on production region which has a
surface area A ., This equation assumes that the
current due to surface emission processes such as
cold-field emission, photoemission, and secondary
emission due to ions and excited state atoms ais
negligible, These emission processes are discussed
in Ref,[3] where 1t is shown that the electric
fields at the insert surface are too low to cause
appreciable field emission and that photoemission
1s negligible because photons produced within the
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Fig. 1 Schematic of Ion Production Region
plasma by resonance de—excitations are effectively

trapped due to the high neutral atom denmsity, so
cannot reach the surface in appreciable numbers.
Secondary emission currents due to ions and excited
state atoms are estimated to be less than 5% of the
total current, so they are also neglected. Equation
I.1 also neglects electron production within the
orifice region and downstream of the orifice,
Experimental results indicate that this 1s a rea-
sonable assumption since these sources contribute
only ~7% of the total discharge current,

Equation I,2 of Table I gives the current den—
sity 3 for field-enhanced thermionic emission
from a surface at temperature T with an effective
work function of ¢ . The effective work function
¢e is the surface work function ¢ (a material pro-
pérty) minus the reduction in the work function due
to the electric field E at the emission surface and
can be calculated wusing Eq. I.3. The electric
field in Eq., I.3 is the field at the emission sur-
face associated with the potential drop across the
plasma sheath, It 1s estimated based on the
theoretical analysis presented by Prewett and Allen
[4] for the double sheath which forms at a hot
cathode surface emitting electrons into a plasma.
For the range of operating conditions typical of
mercury hollow cathodes, Prewett and Allen’s gen-

eral analysis yields the approximation for the
electric field given in Table I by Eq. I.4. This
approximation holds for plasmas where the ratio of

plasma potential (V) to electron temperature (Te)
1s ~10 and the normalized emission current

~1
kTe 1/2 vn 3/2
T =34 ne (;r‘) (2} ) (1)
e e
is less than ~10_3. These criteria are satisfied

for typical cathode conditioms,

The Bohm current density j, is estimated from
an energy balance on the emitting surface., In such
a balance, the power due to heating from ion neu-



Table I

Summary of Equations Used in Model

vhere m(mA) and d_(mm)

Physical Basis Comments Equation No.
Current balance Thermionic electron emission I.1
from insert only; 1on flux I =1 +I,=3 A +jA
based on Bohm criterion, D ¢ i th'e s
Field-enhanced Model neglects all surface ep 1.2
thermionic emission emission mechanisms, except J = a '1’2 exp (- __e)
th o's kT
this one, s
1/2
Effective work Based on electric field 0_1131 I.3
function at emission surface ¢ =p - =
e s 4ne°
Double sheath analysis Approx, based on theoretical kT 1/2 eV 1/2 1/2 | 1.4
analysis ix_13Ref. [4]. Holds = l_le e 2 (1 +2 -2 -4
for J < 10 © (J from Eq.1) e, kTe
=
4 -1
Insert energy balance Neglects energy input due _ [_th . a I.5
to excited states and plasma i T ¢ +ID 2Ac+Ae(1+¢e)
radiation, e
whe = -
Te a (vp+ei "s)
Energy balance on Neglects energy loss due SkxT I I.6
ion production region to excited states and VvV = —1 e,j —tD
P I -j.A i7i"s 2e
plasma radiation, D “i”s v
Bohm criterion Assumes uniform or n = I3 — I.7
average plasma properties., e e[k’l‘e/milllz
Existence length for Criterion for emission/ion L =23 I.8
primary electron production region length, ¢ pr
Semi-empirical Energy exchange mean free -17 3 -1 1.9
path based on results 6.5x10 “'n 10 novp
of computer model, Apr = + 23
V2 2.83x10°"~1,.5n
P [
Ideal gas law Assumes heavy particle P - n k('].‘e + Ts) 1,10
temperature equal to n, = T T
insert temperature. s
m -3
Empirical Neglects orifice plate P = J"z‘ (13.7 + 7.82 ID)xIO (Torr) 1.11
thickness effect. d,
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tralization and de-excitation of excited states is
equated to the power conducted and radiated from
the surface plus the power removed by emitted elec—
trons, The equation describing this 1s

j1Ae(vp M e1-¢s)+quAe+qphAe = ch+1e¢e (2)

where p_ is the effective work function of the sur—

face, g 1S the surface work function (a material
property), ch 1s the thermal power transferred

away from the surface, V. is the potential drop

across the plasma sheath, and &, is the iomization
potential, The terms q n A, and d,. A are the
energy input due, respectively, to photons leaving
the plasma and to surface de—excitation of excited
atomic states. The photon flux is mnegligible
because the resonance radiation is effectively
trapped waithin the plasma. The term &der due to
excited states is believed to be relatavely
small though not necessarily negligible. Calcula-
tion of this term and various factors affecting it
will be discussed in more detail in the last sec-
tion of this paper, The term Q in Eq. 2 1s the
thermal power lost from the insert, In general, it
is a function of the insert temperature T and must
be estimated for the specific cathode thermal con-
figuration on the basis of conduction and radiation
from the insert, Neglecting the terms
&der and & hAe in Eq. 2 and solving for the ion
current density ji gives Eq. I.5 of Table I. 1In
expressing Eq. I.5 1in terms of the total discharge
current I ., Eq. I,1 was used along with the fact
that the total surface area of the ion production
region is As=Ae+2Ac where Ac is the area of the end
boundary of the region.

The plasma potential is estimated by a similar
energy balance on the ion production regiom.
Energy is convected into and out of this volume by
the motion of the various particle species crossing
the boundaries of the ion production regionm, This
particle motion transports not only the random and
directed kinetic enmergy of the particles but also
their excitation potential energy. Again neglect—
ing the energy flux due to excited state atoms g
and due to radiation aph leaving the volume, the

energy balance can be written simply as

kTe
Pl * 3)

Here vae is the rate at which energy is brought

into the volume by the primary (surface emitted)
electrons, ¢ I 1s the rate at which energy 1leaves
the volume 1ﬁ the form of 1onized atoms, and
(5/2 kT I.) 1s the rate at which energy leaves the
volume due to the convection of Maxwellian elec—
trons through the orifice ( 5/2 kT_is the enthalpy
of the Maxwellian electron gas). Other energy
terms such as the directed kinetic energy and
enthalpy of the ions and neutrals can be shown to
be small [3]) and are neglected., Using the current
balance of Eq. I.1 and solving Eq. 3 for V_ results
in Eq. 1.6 of Table I. P

Calculation of the electric field E wusing
Equation I.4 requires values for the plasma density
n_ and the electron temperature T , Assuming that
the plasma density (ne = ni) 1s uniform throughout
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the ion production region and that the 1ons_  leave

the region at the Bohm velocity (kTe/mi) , &n
equation for the ion current density from the pro-—
duction region can be written, Rearrangement of
this equation gives Eq. I.7 where is the iomn
current density from Eq. I.5. The electron tem—
perature is also needed here, However, neither Eq,.
I.4 nor I,7 is very semsitive to the electron tem—
perature because it appears as a square root.
Probe measurements in the ion production region
show that over the normal range of mercury hollow
cathode operation the electron temperature is rea-
sonably constant at 0.71 + 0.1 eV. Therefore, 1t
1s suggested that this measured value be used 1n
the equetions,

To complete the model one requires a means of
estimating the length of the ion production region,
This length is determined by the collisional
processes taking place within the 1on production
region. Energy input to the ion production regiom
occurs mainly through the current of primary elec—
trons emitted from the insert. The dominant energy
exchange paths for a primary electron entering this
region are inelastic collisions with a mercury atom
(typically 109 collisions per second) and elastic
collisions with Maxwellian electrons (typically 10
collisions per second). The elastic collision
cross—section for an electron—electron collision 1s
proportional to the inverse square of the projec-—
tile electron’s energy, Therefore, once a primary
electron gives up energy, either by small angle
elastic or by inelastic collisions, it’s collision
rate increases and it is rapidly thermalized, los-
ing it’s identity as a primary. The fact that the
primary electrons are required for the excitation
reactions which sustain the plasma discharge sug-
gests the length of the ion production region is
probably on the order of the primary electron
energy exchange mean free path. Primaries can lose
energy both by elastic collisions over a mean free
path of A 1 and by inelastic collisions over a mean
free patg of Ay . Therefore, the effective mean
free path for the loss of a primary electron would
be

A

_ -1
pr = (LAp + 137

(4)

From where they are created, primary electrons will
be scattered upstream to some extent by elastic
collisions, Therefore, a reasonable criterion for
the length of the ion production region 1s probably
one to two primary electron energy exchange mean
free paths, It w1ll be seen in the next section
that a length of two mean free paths gives the best

agreement with experimental results, This cri-
terion is indicated in Table I by Eq.I.S8.
The primary electron mean free path criterion

as well as the concept of an ion production region
are clearly idealizations. The extent of the 1on
production region in reality will not be sharply
defined; properties will not be uniform throughout
the region and ionization will occur upstream of
the boundary, In addition, ions produced ain the
region will diffuse upstream, heating the insert in
the region upstream of the boundary. So far the
diffusion of ions upstream has not been discussed,
although to be consistent with the model, the



plasma density must fall off rapidly upstream of
the boundary. If this were not the case, signifi-
cant ion heating of the insert and related electron
emission would be expected to occur upstream of the
boundary defined by the mean free path criterion,
Experimental plasma density profiles show that, in
fact, the axial plasma density drops off exponen-
tially in the upstream direction, This indicates
that significant ion heating probably does not
extend far upstream of the ion production region
and is consistent with the observed rapid fall off
in surface temperature upstream of the emission
region, This observed behavior is also in agree—
ment with calculations based on ambipolar diffusion
of the 10ons and electrons, Such calculations show
that, by itself, volume recombination in the plasma

can result in a density decrease upstream of the
production region more rapid than that observed
experimentally. In the real situation, of course,

both volume ionization and wall recombination are
also taking place in conjunction with volume recom—

bination to determine the actual plasma density
profile in this upstream region.
In order to use Eq. 4 to estimate the emis—

sion length it is necessary to be able to calculate

the elastic (lEl) and inelastic (AI ) energy
exchange mean free paths, Elastic electron—ion and
electron-atom collision frequencies are relatively
low, Therefore, the effective elastic mean free
path for emergy exchange is approximately equal to
the electron-electron mean free path, or
2
pr

A = =I5 . (5)

El7ee  6.sx107
Here the expression for Aee is based on a Coulomb

collision between a primary electron with energy
e and a low energy Maxwellian electron [5], and
n_ is the Maxwellian electron density. The inelas—
tic

mean free path is given by the following expression

1

In
? Ba uiﬁ

(6)

where ajB is the collision cross—section for pro—
duction "of excited state B from a target particle
of type a having a density n ., The summation in
Eq. 6 1s made over all of the important excitation
reactions in the 1on production region. Evaluation
of A using Eq. 6 requires the densities of the
various excited states of mercury in the ion pro—
duction region as well as the cross—section for all
of the important reactions. Peters [6] has com—

piled the mnecessary collision cross—section data
and developed a computer model which calculates
excited state densities for a mercury discharge.

The application of Peters’ computer model for this
purpose 1s described in detail in Ref. [3], so only
the important results will be presented here.

The
excited

computer model was
state densities and inelastic mean free
paths AI over a wide ramge of ainput parameters
typical” of hollow cathode conditions. The results
of the computations are shown in Fig. 2 where A

1s plotted as a function of total mneutral dens?ty
n using primary energy as a parameter. Although
all of the input parameters were varied over a con-—

used to calculate
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the mean free path for inelastic
collisions was found to be sensitive only to total
neutral density and to primary electron energy.
The Maxwellian electron density n_  was also found
to have a slight effect on A , However, this
effect is rather small amounting to an increase in
AIn of less than 20% when electron density ais
inicreased by a factor of five, For our purposes
here, this effect can be neglected.

siderable range,

Recognizing that the mean free path varies as
the inverse ot the neutral density n., the results
of Fig. 2 are fitted with the following expression

23
- (810 g 1
by = (1) . 1

107 e
pr

This expression fits the results shown in Fig. 2
within + 5% over the full range of the parameters
except for values ot ¢ z equal to 6.0V where lIn 1s

overestimated by ~20% in the intermediate density

range. Using Eq.5 for the elastic mean free path
and Eq. 7 for the inelastic mean free path, the
effective primary electron mean free path for

energy loss due to both elastic and inelastic col-
lisions A is given by Eq.I.9 of Table I, It has
also been*éssumed in this equation that the primary
energy e__ is equal to the plasma potential V_,

Equation I.9 provides an easy means of estimating
the insert emission length., Of particular impor-
tance is the fact that over the normal range of
cathode conditions, the results of Eq. I.9 are
dependent mainly on the neutral density and are not
very sensitive to the plasma potential (V_ is nor-
mally 8-12V ) or electron density. This® enables
one to make a reasonable estimate of A__ based only

on typical plasma conditions and the neutral den-

sity, It is worth pointing out that the curves in
Fig. 2 are relatiyely flat at densities
greater than ~2 x 10 cm resulting in typical

values ot A near one millimeter. This is in good
agreement with the experiments, which show that for
insernal pressures over a few Torr (no ~ 2x101

cm ), the emission is confined to a region ~2 mm
long or 1less on the downstream end of the insert
but that the region extends significantly upstream



at pressures below a few Torr. Comparison with
additional experimental results will be presented
in the next section.

Finally, 1t is necessary to estimate the total
neutral density n_ in the region upstream of the
orifice. The presence of the cathode orifice plate
simplifies this problem somewhat because most of
the pressure drop is across the orifice and the
pressure within the cathode cavity upstream of the
orifice is essentially constant, The total pres—
sure at any point in the cathode is the sum of the
partial pressures of each species, Using the ideal
gas law this can be expressed as

P=n_ kT, +n; kT, +n kT (8)
where k is Boltzmann’s constant, n is the density,
T is the temperature, and the subscripts e, i, o

refer to electrons, ions, and neutral atoms respec-

tively., Given the local pressure, each of the tem—
peratures, and the plasma density, Eq. 8 can be
solved for the neutral gas density. Invoking
quasi-neutrality of the plasma (i.e., n ¥ n,) and

equilibrium of the heavy particles (iSns afid neu-
trals) with each other at the insert temperature,
Eq. 8 takes the form given in Eq. I.10. The local
pressure P used in Eq, I.10 is determined from a
correlation of experimental results based on actual
pressure measurements made over & wide ranmge of
mass flow rates, discharge currents, and orifice
diameters [3]. This correlation is shown in Table
I as Eq. I.11 where the units are P (Torr), m (mA
equivalent), do (mm) and ID(A). It is believed to
be accurate to within +30%.

Given the mass flow rate m, the orifice diame—
ter do, the insert diameter D, the total discharge
current , the surface work function ¢_ , the
insert thermal power loss Q B’ and the physical
constants (e, X, m_, L ei, a f, the equations in
Table I can be soived for all of the other parame—
ters except the electron temperature. As discussed
above, a value of 0.71 eV is a reasonable assump-
tion for the electron temperature, Because Eq. I.2
can not be solved explicitly for the surface tem—
perature T , the solution of these equations is
necessarily iterative. However, the equations con-
verge to a solution very rapidly (five place accu-
racy in six or seven iterations). The results of
calculations based on this set of equations will be
compared with experimental results in the next sec-—
tion.

Comparison with Experiment

An earlier paper describes an experiment in
which a special quartz tube test cathode was used
to determine the magnitude and origin of the vari-
ous hollow cathode currents [2]. The predictions of
the model will be compared here with the results of
that experiment,

A schematic of the test cathode used in the
experiment is shown in Fig.3. The cathode was
fabricated from a quartz tube such that all of the
internal surfaces were covered with tantalum foil
and each surface of interest was isolated as a
separate electrode. The insert was 2.2 mm long and
had a diameter of 3.9 mm, The cathode had an ori-
fice diameter of 0,96 mm, Both the insert and the
cathode tube were coated with the low work function
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Fig., 3 Test Cathode for Current Accounting

The cathode discharge was coupled

anode which was completely
enclosed within a stainless steel ground tube
covered on its downstream end by a fine mesh
screen, The current from each of the surfaces
shown in Fig. 3 was measured separately for total

chemical R-500%,
to a cylindrical

discharge currents I of 1.3, 2.3, 3.3 and 4,34 at
a mercury flow rate m of ~100mA, Data were also
collected for an emission curremt of 3.3 A at

internal cathode pressures P ranging from 1,3 to
5.5 Torr., The internal pressure was measured using
a U-tube manometer and the insert temperature was
measured using a micro-optical pyrometer.

Emission Length
A critical test of the model is its ability to

predict the lenmgth of the insert emission region
since this parameter strongly affects the predicted

insert surface temperature for a given discharge
current and surface work function, The model
assumes that the insert emission length is between
one and two primary electron mean free path

lengths, The primary electron mean free path A "

was calculated with Eq. I.9 for the experimental
conditions. In making these calculations, the neu-
tral density was estimated from the measured
cathode pressure using Eq. I.10 and the primary
electron energy was taken to be 8.7 eV. The pri-

mary electron energy could have been estimated
using Eq. I.6, but it will be seen shortly that
this wunderestimates the plasma potential by ~2V.

The value of 8.7 eV was chosen on the basis of
plasma property measurements [3] which showed that
over the range of normal operating coanditions for
this size cathode, the plasma potential in the ion
production region is nearly constant at 8.7 +0.5 V.

The results of the mean free path calculation
discussed above are plotted as the solid curve
(ler) in Fig, 4, Insert emission 1lengths deter-

mined from the experimental results are indicated
in the figure as circles, The agreement between
the experimental data points and the calculated
curve is quite good and supports the assumption of
the model that Lellpr is approximately two, The
data points above four Torr would have been in even
closer agreement with the curve except that there
was no way in this experiment to discriminate emis-—

sion 1lengths shorter than the 2.2 mm long insert
segment, Insert emission lengths, for conditions

* A double carbonate mixture — (Ba/Sr) C03 -
manufactured by the J,R. Baker Chemical” Co.,
Phillipsburg, New Jersey.
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where emission was taking place not only from the

insert (surface 2) but also from the cathode tube
(surface 1), were estimated by assuming that the
current density for emission from the tube was the
same as the measured average current demsity of the
2.2 mm long insert at that same condition,.

It is worth noting here that, for operation at
a typical internal cathode pressure of ~3 Torr, the
2mm emission length is the same as the cathode
insert radius, These conditions correspond to a
pressure-diameter product of ~1 Torr-cm. It is
interesting to compare this with experimental
results reported by Lidsky et al. [7] for an open
tube cathode. Working with a number of different
gases (Hz, H, A, NZ)’ they determined experimen—
tally that tﬁe emission region locates itself where
the local pressure~diameter product 1s ~1 Torr—cm,
A pressure—diameter product of this magnitude
corresponds to a primary electron mean free path
which 1s on the order of the cathode radius, In
the open tube cathode, the 1local pressure varies
significantly along the tube., It 1s reasonable in
this sitwation that the a10m production region
locates itself where conditions are such that pri-
mary electrons can reach the centerline of the
cathode. In the orificed hollow cathode, on the
other hand, most of the pressure drop occurs across
the orifice plate so that the pressure within the
tube 1s rather constant along the axis of the
cathode and can be sdjusted independently without
significantly affecting the emission location,
However, a primary electron mean free path on the
order of the insert radius is probably a desireable
operating condition here as well, This is so even
though the orificed cathode can be forced to
operate under conditions both with shorter and
longer primary electron mean free paths, That a
primary electron mean free path on the order ot an
insert radius is a desireable operating condition
1s also suggested by experimental results [1,8]
which show that a keeper/discharge voltage minimum
will occur at a pressure—diameter product of a few
Torr—cm,

The above discussion suggests that, for design
purposes, the insert should be chosen to have a
radius on the order of a few primary electron mean
free paths, This would correspond to an insert
radius which is about the same as the emission
length and an 210n production region which has an

aspect ratio (D/L ) of approximately two. Such an
aspect ratio 1s also convenient with regards to
application of the model since it should result in
an ion production region with fairly uniform plasma
properties (a basic assumption of the model).

Other Predictions

The results of the experiment can also be com—
pared with the model’s prediction of insert tem
perature, plasma density, and plasma potential, In
order to do this, calculations using the model were
performed based on the following considerations

1) Rather than the mass flow rate, the measured
pressures were used as input to the model,
Equation I.11 could have been used to determine
the pressure from the flow rate and orifice
diameter, but in this case 1t underestimates
the pressure by about 20%. A probable explana-
tion for this discrepancy is that the effective
diameter of the tantalum, foil-lined orifice
was slightly smaller during operation than its
measured dismeter when cold., A small error in
the orifice diameter results 1n a large error
in pressure because it appears in Eq. IV.1 as
an inverse square,

2) The surface work function ¢_ for the insert was
not known exactly, although it was believed to
be between 1.8 and 2.0 eV. The value of 1.94 eV
used in the calculation was arbitrarily chosen
from this range to give agreement between the
measured and the calculated temperature at the
operating conditions where I_ was 3.3 A and m
was ~100 mA, The comparison between calculated
and measured temperatures will, therefore, be a
relative one valid mainly for checking the
functional dependence on discharge curreat and
pressure predicted by the model.

3) The thermal power loss used for the calcul-
ations was taken from the dashed curve of Fig.
A.1 in Appendax A.

4) The electron temperature was assumed to be the
average measured value of 0.71 eV.

5) The ratio of emission length to mean free path
L /A__ was assumed to be two,
e’ "pr
The results of calculations using the model

based on the assumptions discussed above are shown
in Figs. 5, 6, and 7. Figures 5a and 5b show the
effect of discharge current and pressure on the
emission temperatures predicted by the model for
the assumed average surface work function of 1.94
eV. It should be recalled here that agreement with
the experimental temperature at a current of 3.3A
was assured by selecting a value of 1.94 for ¢ .
The significant feature of Fig. 5a, therefore, 1s
that the model accurately predicts the effect of
discharge current on the emission temperature,

Such good agreement is not obtained for the
effect of pressure on the emission temperature,
Fig. 5b shows emission temperatures plotted as a
function of internal pressure for a discharge
current of 3.3 A, Unfortunately, at the pressure
conditions indicated by the solid circles, insert
temperatures were not measured in this experiment.
The data indicated by the solid symbols were,
therefore, estimated using the results of another
experiment [1] which showed that for a cathode of
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similar construction operating at a discharge
current of 3,3A the maximum insert temperature

decreased by ~ 7 C per Torr when internal pressure
was increased. However, it is believed that this
estimate is reasonably reliable, so it would mnot
account for the differences between the two curves

in Fig, 5b, The main reason for the differences
between the ¢two curves is that the temperatures
indicated by the circles are the maximum emission

temperature while the calculated temperatures (cir—
cles) are average values based on the assumption of
uniform emission over the entire emitting length,
While for short emission lengths, the uniform emis—
sion assumption 1s probably valid, the assumption
apparently breaks down as the length of the emis-—
sion region increases., This suggests that, for low
pressures, emission temperature gradients become
mportant and the simple, lumped parameter model
does not provide an accurate description of the
emission temperature,

The ion production region plasma density
predicted b the model lotted in Fig., 6a as a
function of tyhschnrge %?Kn&"rvﬁgr comparison, the
plasma density n, adjacent to the upstream side of
the orifice plate  is plotted as the circles. These
data points (n,) were estimated from the measured
current I, based”on the Bohm criterion(Eq. I.7) and

represent” the average plasma density adjacent to
the downstream boundary of the ion production
region, Plasma densities are shown in Fig. 6b

plotted as a function of internal pressure for a
discharge current of 3.3A, In both cases (Figs. 6a
and 6b), the agreement between experimental values
and those predicted by the model is reasonably good,
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although in Fig. 6b the curve shapes for the meas—
ured and calculated values are different, This
difference may be attributable, at least partially,
to the assumption in the model of a uniform ion
production region. This assumption is expected to
hold best for operation at conditions where the
primary electron mean free path is on the order of
the insert radius, As the internal pressure is
increased beyond this point (a few Torr), the pri-
mary electrons have a lower probability of reaching
the centerline of the cathode, so that ion produc-
tion is increasingly confined to an annular region
bounded by the emission surface (as opposed to the
assumed cylindrical volume)., Such a reduction in
volume could account for the fact that the average
measured values of the plasma density adjacent to
the orifice plate are nearly constant for pressures
above a few Torr (Fig. 6b).

The fraction ot the total discharge current that
is due to volume electron production processes
depends mainly on the plasma density. For the
plasma densities predicted by the model, this frac-
tion ranged from 0.30 to 0.34. This s in good
agreement with results based on measured currents
which showed current fractions due to volume ioni-
zation ranging from 0.27 to 0,31,



Finally, the plasma potential predictions of
the model are shown in Figs. 7a and 7b where they
are plotted, respectively, as a function of
discharge current at a constant mass flow rate
(~100 mA), and as a function of internal pressure
at a constant discharge current (3.3A). Although
the plasma potential was not measured in this
experiment, results from Langmuir probe measure-
ments made during another experiment on a similar
cathode showed that the plasma potential in the ion
production region was ~8.7V [3]. The average meas—
ured value of 8.7V from that experiment 1s indi-
cated in the Figs. 7a and 7b as the dashed 1line.
The value is shown as a constant (horizontal line)
because the probe measurements indicated no clear
correlation of the plasma potential in the ion
production region with either current or pressure.
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It should be recalled that both the plasma
density and plasma potential predictions are based
on energy balances for the aion production region
and neglect the energy term due to the the flux of
excited atoms, A rough estimate of the energy flux
due to excited states was made in Ref.[3]. The
estimate was based on excited state densities cal-
culated using Peters’ computer model and assumed
that the excited atoms 1leave the ion production
region at their thermal velocity carrying with them
their excitation potential energy. Furthermore, 1t
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was assumed that all of the excitation enmergy 1s
deposited at surfaces outside of the boundary and
that the de-excited atoms return with only thear
random thermal energy. The excited state energy
flux based on those assumptions was found to be
rather large [3) and gave predictins for both
plasma density and plasma potential which were not
realistic., On the other hand, the results in Figs.
6 and 7 1ndicate that the model predicts plasma
densities and plasma potentials of the right magni-
tude when the excited state power term 1s
neglected. (In both cases the model would provide
better agreement if some fraction of the calculated
excited state power were included — 0 to 30%)., The
over estimation of the excited state energy flux
may be due to a number of factors. For example, 1t
may be that the excited state densities near the
boundary and, therefore, the particle fluxes are
actually over estimated, Another possibility 1s
that the particle fluxes are estimated correctly
but that there is some mechanism for returning
energy to the volume, such as reflection of excited
particles or of resonance radiation from cathode
surfaces. However, even in light of these uncer—
tainties associated with calculation of the excited
state energy flux, the model provides a useful and
reasonable qualitative description of the basic
physical processes taking place within the cathode.

Based on the above experimental results, it is
suggested that for design purposes the average
measured values ot the electron temperature (0.71
eV) and plasma potential (8.7V) should be used when
making calculations with the model. The results
also indicate that the best agreement between model
and experiment is obtained when the ion production
region aspect ratio (D/L ) is on the order of two,
This is also a condition Shich 1s expected to pro—
vide good cathode performance.

Conclusions

A phenomenological model has been presented
which describes the physical processes underlying
the operation of mercury orificed hollow cathodes
of the type used in 1on thrusters, This descriptave
model is in good qualitative agreement with the
experimental results indicating that our basic
understanding of the important physical processes
for these devices is essentially correct. By assum-
ing an i1dealized ion production region within which
most ot the plasma processes are concentrated, this
phenomenological model has been expressed analyti~
cal as a simple set of equations which relate
cathode dimensions and specifiable operating condi~
tions, such as mass flow rate and discharge
current, to such aimportant parameters as ainsert
temperature and plasma properties. Comparison with
experumental results shows that, if the excaited
state energy flux is neglected, the model provides
reasonably accurate predictions of emission length,
emission surface temperature, plasma density and
fraction of discharge current due to volume 1oniza-
tion, The plasma potential prediction of the model
is rather low; and it is suggested that the average
measured value of 8.7V be used in place of Eq. I.6
when making calculations using the model. An  1on
production regiom aspect ratio (D/L ) of two as
suggested as a design criterion for minimizing
keeper voltage.
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APPENDIX A

Thermal Power Loss from Emission_ Surface

The rate of heat transfer (Q y) avay from the
emitting portion of the insert Eue to conduction,
convection and radiation is required for the energy
balance calculations discussed above. An accurate
value for the power loss G,. for the experimental
cathode 1s mnot easily determained, although bounds
can be placed on 1ts velue and a reasonable esti-
mate can be made. A maximum value can be deter—
mined by assuming that end of the quartz tube which
holds the insert segment is at the same temperature
as the segment (perfect thermal contact), The
power loss is then calculated based on conduction
down the quartz tube and radiation from its ounter
surface to ambient (T; % 300°K). The quartz tube
would then be analogous to a cylindracal fin one
end of which is at the insert temperature. The
results of this analysis are plotted in Fig. A.1 as
a function of insert temperature and are indicated
by the upper (maximum) curve. The minimum value of

is calculated by assuming radiation from both
outer and inner surfaces of the insert to surfaces
at 700°C and by neglecting all losses due to con—
duction and cgnvection from the insert. A tempera-—
ture of 700 C was selected because the adjacent
surfaces — non—emitting portion of insert, start-up
heater, etc. — were at a temperature less than the
minimum temperature detectable with the optical
pyrometer (~700 C) used in meking temperature meas—
urements. The minimum value for Q calculated in
this way is plotted as the lower curve in Fig, A.1.
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Finally, a more probable value for Q is calcu-

lated by assuming direct radiation from the insert
in addition to some contact between the insert and
the quartz tube, The heat transfer between the
insert and tube is estimated to be due to & combi-
nation of direct contact and transfer via the
intervening mercury vapor. The heat transferred to
the tube is then assumed to be conducted down its
length and radiated from its median diameter to
surfaces at T. = 300°%K. The results of this
analysis are plotted in Fig. A.1 as the dashed
(best estimate) curve.
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Abstract

An experimental study of ion beamlet vectoring
is described. The results can be used to design
accelerating systems 1n which the direction and
focus of emerging beamlets are important. Deflec-
tion and divergence angle data were collected for
two-grid systems as a function of the relative dis-
placement of these grids. At large displacements,
accelerator grid impingement becomes a limiting
factor and this defines the useful range of beamlet
deflection. Beamlet deflection was found to vary
Tinearly with grid offset angle over this range.
Values of deflection-to-offset angle ratio and use-
ful range of deflection are given as functions of
grid-hole geometries, perveance levels, and accel-
erating voltages. The divergence of the beamlets
was found to be unaffected by deflection over the
useful range of beamlet deflection. The grids of a
typical dished-grid ion thruster are examined to
determine where over the grid surface the grid off-
sets exceed the useful range. This defines the
regions on this surface where high accelerator grid
mpingement is probably occurring.

Nomenclature

dy accelerator grid hole diameter

dg screen grid hole diameter

E; electric field, acceleration region
E; electric field, deceleration region
f thin lens focal length

h dish depth

J current density

J beam current per hole

Lg effective acceleration length

2 acceleration length

2g grid separation distance

m

7 10N mass
NP/H normalized perveance per hole
q charge

R net-to-total acceleration voltage ratio
Re radius of curvature

t; accelerator grid thickness

ts screen grid thickness

VN net accelerating voltage

VT total accelerating voltage

a beamlet divergence half-angle

8 beamlet deflection angle

By useful beamlet deflection range

8 grid offset angle

8y useful grid offset angle range

€ relative grid displacement

€a fractional change in accelerator grid
hole spacing

geg free space permittivity

+ Work performed under NASA Grant NGR-06-002-112

* Research Assistant, Department of Mechanical
Engineering, Student Member AIAA.

** Professor, Department of Mechanical Engineering,
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Introduction

The study of grid translation effects on 10n
beam optics has two important applications in the
design of electrostatic thrusters. First, for a
dished grid pair, hole misalignments are used to
redirect the emerging beamlets in order to minimize
off-axis thrust., A study that would yield correla-
tions or a model of this phenomenon would facili-
tate design of these grids, Second, for some
applications a vectorable beam 1s desired' and grid
translation is one method of producing a moderate
thrust vectoring capability. In addition, beam
focusing may be desirable to i1ncrease the current
density 1n iuch ground-based applications as
sputtering.© Again a model or correlations descri-
bing the effects of hole misalignment on grid
optics would be useful in designing the hardware
needed for these tasks.

Work done by Ast:on3’4 has shown the effects of
such parameters as grid separation, grid hole dia-
meter and net-to-total accelerating voltage ratio
on the optical performance of a two-grid system with
aligned apertures, Optical performance in this
context was defined as the beamlet divergence vari-
ation with beam current as well as the maximum
perveance that could be obtained before accelerator
grid impingement became excessive. The present
study of grid translation 1s intended to examine
the effects of grid geometry and operating para-
meters on grid performance for vectored beams. Of
particular mportance in this study are the degra-
dation of optical performance as a function of re-
lative grid displacement, the functional relation-
ship between beamlet deflection angle and grid
displacement, and the maximum usable beamiet de-
flection,

Definitions and Linear Optics Theory

Figure 1a shows a two-grid configuration in
which the accelerator grid hole is displaced a dis-
tance ¢ relative to the screen grid hole. As a
consequence the beamlet undergoes a deflection
through an angle g (degrees) with respect to the
screen grid centerline, while diverging with a
half-angle a (degrees). Figure la also i1lustrates
pertinent grid dimensions including screen and ac-
celerator grid aperture diameters (d_ and d_), grid
thickness ?t and t.) and the grid s@paratidn dis-
tance (2q). °The grid offset angle & also shown 1n
Fig. 1a gs defined in terms of the relative grid
displacement ¢ by the equation:

-1 €
6§ = tan | —=—1 . (1)
(29 * tS)

Figure 1b shows typical potential variations
with position for the two-grid aperture configura-
tion of Fig. Ta. As the figure suggests the ions
are first accelerated through a total potential,
V1, and then decelerated to a final 1on velocity
corresponding to Vy. The ratio of net-to-total
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voltage is designated as the R-value.

]

R=gh . (2)

-

The results of this study will be presented as
a function of the normalized perveance per hole at
which the grids are operating. This quanity desig-
nated herein as "NP/H" 1s based on the theoretical
Child's law current density 1imit for ion extrac-
tion between parallel plates due to the accumulation

of space charge in the i1ntervening gap. This law 1s
expressed as:
35V, 3/2
1=ge By o (3)

i

where 3 is the maximum current density, g4 15 the
permittivity of free space, q is the charge of the
ion, my is the 1on mass, V7 1s the total accelerat-
ng vo?tage and 2 1s the acceleration length, If
one considers the effective acceleration length
appropriate to Fig. 1a to be the one from the
plasma sheath to the intersection of the screen
hole centerline and the upstream surface of the
accelerator grid then the length in Eq. 3 is given
by

t = Llag + )2 + a2 /41% (4)

the theoretical 1imiting value of normalized per-
veance per hole 1s given by

J 2, 2 4
= _MAX ey . m 29
MAX. NP/H = W (a;') 9 €o (mi) ’ (5)
where Jypx 15 the maximum current per hole, and dg

is the screen hole diameter. For the argon propel-
lant used in this study, the maximum normalized
perveance per hole is 6.8 x 10-2 A/V3/2 | 1t is
noted that beamlet deflection can only be achieved
at values of NP/H significantly below this limit,

Beamiet deflect1gn can be estimated using
T1near optics theory, »6 and modeling the accelera-
tor aperture of a tyo-gr1d system as a thin lens
with a focal length/ f. The focal length 1s given
by
V1

f=4 57 °

(6)

where VT 1s the potential of the accelerator grid
with respect to the screen grid and E;, E; are the
potential gradients on the acceleration and decel-
eration sides of the accelerator grid, respectively.
The beamlet deflection angle, B is then given by:

B= 7 » (7)
where ¢ 15 the relative grid displacement. When E;
is assumed to be equal to the total accelerating
voltage divided by the grid separation distance,
this becomes
[ E2
B -5 - (8)
)
In the case where E,<<E; this simplifies to:
B'—"_s—" ’ (9)
45
g

g =« 14.3 if- (8 in degrees). (10)
g

The minus sign indicates that beamlet deflection
occurs 1n the direction opposite to that of accel-
erator grid displacement. It should be noted that
in Eq. 8, Ey and E; are of opposite sign so when E»
is sigmificant, the ratio (B/e) should be greater
than the value given by Eq. 10.

Apparatus

The beamlet vectoring study has been conducted
on an 8 cm dia. divergent field ion source in which
the grids have been masked down to a 1 cm? active
area. This masking of the grids results in very
uniform plasma properties at each aperture and
hence a uniform beam, The thruster uses a tungsten
filament for both the main and neutralizer cathodes
and it operates with argon as the propellant.

The grids are fabricated from graphite sheets
with a nineteen hole array arranged in a hexagonal
pattern on them, A screen grid hole diameter of
2.06 mm was selected for the study and mica sheets
were used to maintain the spacing between the grids.
While the accelerator 1s held fixed, the screen
grid can be translated along one axis during thrus-



ter operation by a mechanical system in the manner
suggested by Fig. 2. The screen grid was selected
as the translating grid, because such an arrange-

ment facilitated grid spacing and accelerator grid
alterations.

The beam emerging from the grids 1s probed by
a collection of molybdenum, flat plate probes each
1 cm2 1n area, arranged in the manner suggested in
Fig. 2. Twenty of these probes are situated along
a horizontal 1ine 14 cm downstream from the grids.
In addition, a line of probes extends vertically
downward from each end of the horizontal probe rake.
By using these three probe rakes it 1s possible to
intercept the full beam profile over the complete
range of grid translation. A 70% open area screen
1s placed in front of the probes, and is biased
24 v negative relative to ground in order to re-
flect neutralizer electrons. The probes themselves
are biased 18 v positive relative to ground to re-
flect low energy, charge-exchange 10ons produced
downstream of the grids. The rake assembly is de-
signed so it can be rotated 1n the manner suggested
n Fig. 2 to facilitate rake axis alignment with
the beam axis in the plane perpendicular to the
direction of grid translation.

RAKE ASSEMBLY ROTATION

TO FACILITATE ALIGNMENT

ELECTRON SHIELDING
CREEN WITH BEAM

FARADAY PROBE { typ )

— |~ PROBE RAKE

1) __ssem HoR1ZONTAL | 33 ASSEMBLY
1 PROBE RAKE

! -

|

VERTICAL
PROBE RAKES

Bcm  Argon

ION
SOT:CE

TO MICROMETER l

Fig. 2. Deflecting Beamlet Test Apparatus.

Procedure

A complete set of beam profiles 1s collected
by first achieving stable ion source operation with
the screen grid displaced to produce a substantial
negative 1on beam deflection, Once the 1on beam
has been probed, the screen grid is displaced 1n
0.05 mm increments and the beam 1s probed after each
displacement. This process continues until the beam
is displaced sufficiently positive so the accelera-
tor grid impingement current reaches ~ 25% of the
beam current. Since a grid displacement of 0,05 mm
has been shown to produce measurable beam deflection,
careful alignment of the grids in the direction
perpendicular to the direction of grid translation
and reduction of play i1n the movable grid are cru-
cial to the generation of accurate data.

Beam current density profiles are analyzed
using a computer routine., This routine first uses
the current density data obtained from the three
segment probe rake to compute the current density
on a circular arc located 17 cm from the grid
center, From this profile the point of maximum
current density 1s 1dentified. An imitial estimate
of the deflection angle is then computed as the
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angle between the thruster axis and the line from
the screen grid center through the point of maximum
current density. Next the two segments of the cur-
rent density profile on either side of the maximum
are averaged and the total beam current is esti-
mated by integrating this average profile for an
assumed axi-symmetric distribution about the line
of maximum current density. The deflection angle
value which best fits the data 1s then obtained by
iterating assumed deflection angle values and
solving for the minimum integrated beam current,

The final beam current obtained in the analysis is
then compared to the measured beam current to in-
sure that they agree to within 5 to 10%. The di1-
vergence angle {a in Fig, 1) is computed as the

half angle of the cone enclosing 95% of the inte-
grated beam current determined in the aforementioned
analysis. This definition of half angle is the same
as the one used by Aston3:4 in the study of di-
vergence characteristics of aligned grids.

Initially, current density data were collected
manually by reading a meter that could be switched
to read each Faraday probe in the rake. These re-
sults showed the linear relationship between the
grid offset angle (e} and the deflection angle (B8)
suggested by Eq. 10 but, inconsistencies were
observed when data from various runs were compared,
It was determined that these inconsistencies were
due 1n part at least to variations in ion source
operating conditions that occurred while the probe
currents were being read., In order to minimize
this drift the manual data collection was eliminated
in favor of automated collection using a Hewlett
Packard 3054 Data Logger. Results obtained using
the data logger have been very reproducible and
self-consistent,

In order to isolate the effects of various
parametric changes to be 1ntroducted in the experi-
ment a standard grid geometry was selected and then
one grid parameter was varied while other parameters
were held at their standard value. The standard
case selected 1s defined by the following geometri-
cal and operating conditions:

Screen hole diameter (ds) 2.06 m
Total accelerating voltage (VT) 600 volts
Net-to-total accelerating

voltage ratio (R) 0.70
Screen grid thickness ratio

(ts/ds) 0.18
Accelerator grid thickness

ratio (ta/dsg 0.37
Accelerator grid hole diameter

ratio (da/dsg 0.64
Grid separation ratio (zg/ds) 0.49

As suggested by the above list, the geometri-
cal grid parameters of Fig. 1 are normalized using
the screen hole diameter, which was held constant
at 2.06 mm for all tests. The range of variation
of the parameters investigated 1n this study were:

Total accelerating voltage (Vy) 600 - 1100
volts

Net-to-total accelerating

voltage ratio (R) 0.35 - 0.90



Screen grid thickness

ratio (tg/d) 0.18 - 0.37
Accelerator grid thickness
ratio (t,/d;) 0,12 - 0.74
Accelerator grid hole dra.
ratio (da/dsg 0.64 - 1.00
Grad separation ratio (zg/ds) 0.49 - 1.00

In addition, the discharge voltage was main-
tained at 40 v and ghe bell jar pressures were held
between 6 - 8 x 107" Torr. An argon flow rate of
10 mA equivalent was used throughout the experiments
because it was sufficiently high to produce stable
discharge chamber operation while being low enough
to keep the charge exchange 1on production less
than one percent of the beam current,

Results

A typical beam 1on current density profile
collected 1n the manner outlined 1n the previous
section is shown in Fig, 3a. As this figure sug-
gests, the profiles are relatively symmetrical.

This symmetry 1s retained within the useful range of
beam deflections. Using the information on this
profile one can determine the beamlet divergence and
deflection associated with this particular grid geo-
metry and relative grid offset. A typical plot of
deflection angle vs. grid offset angle is presented
in Fig. 3b; this one for the standard grid set
operating at a normalized perveance per hole (NP/H)
of 1,02 x 10=9 A/V 3/2 where
2
()
ds

Figure 3b shows the expected 1inear relationshi
between deflection angle (8) and grid offset (&) up
to a grid offset angle of ~ 15° where the beamlets
begin to 1ntercept the accelerator grid. The de-
flection angle at the onset of this non-linear
behavior 1s designated g, (for g useful), as sug-
gested 1n Fig. 3b. The data shown 1s for the
standard case accelerator grid hole diameter ratio
of 0.64, At accelerator hole ratios near 1.00 the
beam deflection beyond B, levels off rather than
increasing as shown in Fig. 3b. This change 1n the
slopes above the point where impingement begins to
increase 1s probably related to the observation that
the beam profiles become increasingly asymmetrical
at high grid offset angles. It should be noted,
however, that the non-linear beam deflection always
occurs at relatively high impingement levels which
are outside of the normal thruster operating regime,

J

NP/H = o—Srr (11)
Vr

The experimental deflection characteristics
11lustrated in Fig. 3b can be compared with the
theoretical relation expressed in Eq, 10, From
Fi1g. 3b, a deflection angle (B) of 6° corresponds
to a grid offset angle (a) of 15.5° within the
linear region., Using Eq. 1 to determine ¢, one
arrives at an experimental correlation of the same
form as the theoretical value given 1n Eq. 10,
namely

B =-15.8 ?5' (8 1n degrees) , (12)
g
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The coefficient 1n this equation 1s reasonably
close to the theoretical constant of 14.3°
(174 rad) and 1s also 1n regsonable agreement with
previously measured values.® It is also noteworthy
that Eq. {8) predicts an increase in this constant
1f the deceleration field E;, is significant,as it
'should be for the data of Fig. 3 where the fet-to-
total accelerating voltage ratio (R) is less than
unity.

Typical divergence and impingement character-
1strics for the grid set of Fig. 3 are given in
Fig. 4. It can be seen in Fig. 4a that the d1-
vergence angle (a) does not vary significantly over
the useful range of grid offset angles where the
impingement currents are acceptably low and opera-
tion would normally occur. With a larger accelera-
tor grid hole diameter ratio {dz/dg) the divergence
angle drops slightly from the value at a significant
offset to a minimum at zero offset. Even 1n this
case, however, the total variation 1n divergence
angle over the useful range of grid offset angle
was not observed to exceed two degrees. The rapid
decrease in divergence angle apparent in Fig. 4a at
large grid offset angles 1s probably due to inter-
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ception of the most divergent 1ons from the beam-
lets by the accelerator grid, In Fig. 4b this
rapid increase 1n accelerator grid impingement cur-
rent 1s apparent and 1t defines the range of useful
grid offset angles (6;). In order to quantify this
range 1t is defined here rather arbitrarily as the
grid offset angle at which the impingement current
reaches 10% of the beam current. This sets the
Timit on the useful range of beam deflection (8y)
which 1s indicated on Fig. 3b.

The useful range of the grid offset angle (&)
1s a function of both the geometrical parameters of

the grids and the perveance at which they are opera-

ting. Figure 5 11lustrates the effect of perveance

on typical impingement current vs. grid offset angle

plots. The two values of useful range of grid off-
set angle (6§,) appropriate to the two levels of

perveance are 1dentified and they show that the

limiting offset angle drops as the perveance is in-
creased. This presumably occurs because the beam-
let more nearly fills the accelerator grid aperture
at the higher perveance level. Using a collection
of data 11ke those shown in Figures 3 and 4, one

can define a group of parameters that characterize
the optical behavior of deflected ion beamlets. The

parameters that have been selected for use here are:

91

801

g

NP/H= |02 x (0-%A/v¥2

40
ARGON
N
1y gy K
5 018 g 049 !
301 K
to, dq H
% 037 a-.-'064 /
’
Vp=600V R=070 /

20

IMPINGEMENT CURRENT (% of Beam Current }

|
o A Fa¥ ..
cO 5
GRID OFFSET ANGLE, 3 (deg}
Fig. 5. Effect of Grid Offset on Impingement
Current.
1. The useful ion beamlet deflection
range (8,)
2. The deflection-to-offset angle ratio
in the useful range (8/8)
3. Divergence angle in the useful range (a)

Effect of Grid Offset on Beamlet Divergence

The assumption that a single divergence angle
characterizes the beamlets over the range of useful
deflection (3 above) is supported by the results of
Fig. 6, which show that the divergence angle is in-
dependent of grid offset angle over the full range
of perveance., The divergence angle results also
agree to within <2° with those obtained by Astond
using aligned grids. In comparing these results it
should be noted that a slightly different definition
of the effective ion acge]eration length 1s used to
compute the perveances.” In Aston's results the
effective acceleration length is defined as:

=[,2 2P
%, = [!'g +ds] ’
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v 2rras n the present work the screen grid thick-
ness 1s also incorporated 1n the definition of ac-
celeration length as-

' d2 £
Lo = [(zg +tg)2 + 7rs_] .

Figure 7 shows the effects of net-to-total voltage
ratio (R) on beamlet divergence {a). These typical
curves again agrge reasonably well with those ob-
tained by Aston,® Because of this agreement di-
vergence curves will not be presented here for each
parameter i1nvestigated, rather the reader 1s re-
ferred for divergence angle data to Aston's work
which utilized fixed grids and is therefore con-
sidered to give more accurate divergence angles
than the present study.
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Effect of Normalized Perveance Per Hole

The effect of increasing the normalized per-
veance at which the grid set 1s operating always has
the effect of decreasing the usable deflection angle
range. As perveance 1s 1ncreased an unacceptable
impingement level 1s eventually observed even at the
zero grid offset condition. If a moderate beamlet
steering capability 1s desired, this suggests the
grid-hole pair must be operating well below the
maximum obtainable,aligned-grid perveance. Figure 6
shows the shape of a typical divergence angle vs,
perveance curve, One would generally want to
operate at the minimum of this curve, but this cor-
responds to a rather high perveance condition where
the beamlet cannot be deflected substantially with-
out 1nducing a high impingement. Consequently,
although the divergence angle shows 1ittle change
with grid offset, the beamlets would generally have
to be operating at a perveance below the one for
minimum divergence in order to facilitate operation
at a moderate offset without high impingement. All
of the experiments suggested that perveance had no
significant effect on the deflection-to-offset
angle ratio (B/8).

Effect of Grid Separation Distance

The deflection angle range is observed 1n
Fig. 8 to decrease as the separation distance be-
tween the grids 1s increased. This can be explain-
ed by noting that the total voltage remains con-
stant as the separation distance is increased and
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that this results 1n a weaker electric field be-
tween the grids. Linear optics theory suggests
this will result in less beamlet deflection for a
given grid displacement (the grid separationappears
in the denominator of Eq. 8). Figure 9 shows that
the ratio of the beamlet deflection angle to the
grid offset angle is independent of the grid sepa-
ration ratio over the full range of perveance in-
vestigated. This is not surprising because one can
combine a first order expansion of Eq. (1) andEq. (9)
together and obtain the expression for this deflec-
tion-to-grid offset ratio., It shows this ratio
should indeed be 1ndependent of the grid separation
ratio to first order for this case of a thin screen
grid, The 1ndependence of the deflection angle-to-
grid offset ratio also confirms 1ts preference as

a correlating factor over other factors such as the
ratio of deflection angle to the linear offset dis-
placement (B/¢c).
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Effect of Accelerator Hole Diameter

Accelerator hole diameters larger than the
standard value enable grid sets to operate over
much larger deflection angle ranges, as shown in
Fig. 10. This 1s presumably due to the fact that
the beamlets have more room to deflect before being
intercepted by the accelerator grid. Figure 10 al-
so shows that larger accelerator holes will permit
a given beamlet deflection at a much higher per-
veance level; power supply limitations prevented
operation at impingement Timited perveance levels
with the larger accelerator grid hole diameters



used in this study. As Fig. 11 shows, the accel-
erator hole diameter had no significant effect on
the deflection-to-offset angle ratio.
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Effect of Net-ta-Total Accelerating Voltage Ratio

The net-to-total voltage ratio (R) has a
moderate effect on the deflection-to-offset angle
rat1o {(8/6). As the R-value decreased from 0,90
to 0.35, B/8 1ncreased from 0.4 to 0.6, as shown
in Fig. 12. This is explained by considering that
at a constant total voltage, a decrease in the
R-value 1s accompanied by a decrease 1n the net
acceleration voltage and hence 1n the ion velocity.
The 10n 1s then subjected to the lens effect of the
accelerator aperture for a longer time and this re-
sults in a larger deflection angle for a given grid
displacement, The deflection angle ranges as de-
picted 1n Fig. 13, show only a slight dependence on
the R-value as long as it is greater than about 0.5,
When the R-value 1s reduced to about 0.35 however
the deflection range becomes more restricted at the
higher perveances. This effect 1s presumably due to
the fact that beamlets which become more divergent
at low R-values begin to intercept the accelerator
grid at a lesser grid offset angle.
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Effect of Accelerator Grid Thickness

As shown in Fig. 14, the accelerator grid
thickness had no significant effect on the deflec-
tion-to-offset angle ratio, However, in Fig, 15 the
thick accelerator grid 1s seen to exhibit a pro-
nounced reduction 1n deflection angle range. This
1s considered to be due to the fact that inter-
ception of the beamlet on the downstream edge of
the accelerator grid occurs at a much smaller grid
displacement with the thickest grid. It is note-
worthy that a very thin accelerator grid showed no
improvement in the deflection angle range over that
observed for the standard case thickness.
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Effect of Screen Grid Thickness

The effect of doubling the standard screen
grid thickness on the deflection characteristics of
beamlets 1s examined in Figs. 16 and 17, This
change had only a slight effect on the beamlet de-
flection characteristics. A sltight reduction in
deflection range was observed for the thicker screen
grid as 11lustrated in F1§. 16. This 1s supported
by previous work by Aston3 which shows that thinner
screen grid geometries are capable of achieving
slightly higher perveances. This is consistent with
the fact that the thinner screen grid exhibits a
slightly higher deflection angle range at a given
perveance level. There appears to be a slight dif-
ference in the deflection-to-offset ratio for dif-
ferent screen grid thicknesses as shown 1n Fig. 17.
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Effect of Total Acceleration Voltage

An inspection of Eq. 8, which pertains to
linear optics theory, reveals that the total ac-
celeration voltage does not appear so this para-
meter would not be expected to affect the beamlet
deflection parameters to first order. Figures 18
and 19 do show however that these parameters were
affected somewhat by a change 1n total accelerating
voltage from 600 v to 1100 v, Figure 18 reveals a
larger deflection angle range over the complete
perveance range at the higher voltage. Figure 19
shows that while the magnitudes of the deflection-
to-offset angle ratio are comparable at the two
voltages, changes 1n perveance seem to 1nduce a
greater change in this ratio at the higher voltage.
It should be noted that some of the data on
Figs. 18 and 19 involved operation of the ion
source at a slightly higher discharge voltage and
magnet current. This did not appear to alter the
data trends. It was done so the ion source dis-
charge could be sustained at the higher beam cur-
rents associated with operation at the 1100 v
condition,
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D1shed-Grid Example

In this section the beamlet vectoring data
presented in the previous section of this paper
w111l be used to examine the beamlet deflections that
would be expected in a sample dished-grid geometry.
The objective is to determine the effects of such
design factors as dish depth and beamlet steering on



the impingement characteristics of a dished-grid
set. In order to conduct this analysis the current
density profile and thermal distortion characteris-
tics of a typical dished-grid system will be
examined,

The parameters used to define the particular
spherically dished grid set considered here are
shown 1n Fig. 20, The beamlet pattern shown sug-
gests aligned screen and accel grid holes that
would cause the beamlets to emerge in this divergent
pattern., Using current density profile data for a
typical 1on source together with reasonable values
for grid geometric parameters, the radial screen/
accel grid hole displacement profile needed to cor-
rect this condition will be determined. At this
operating condition the beamlets would be aligned
with the thruster axi1s. In addition, the impinge-
ment Timited perveance will be calculated as a
function of grid radius using the deflection angle
range data present in this paper. This will enable
one to determine where high impingement might be
expected over the surface of the grids.

RADIUS OF
CURVATURE {R¢)

MAX ANGLE
OF DISH

Dished Grid Geometry.

Fig. 20.

The thruster selected was the 30 cm dia. 800
series Engineering Model Thruster. The current per
hole data required as mnput for analysis of the
grids when this thruster 1s operatiBg ata 2.0 A
beam current are shown 1n Fig. 21. These data
were obtained using mercury propellant, so the cur-
rent per hole cited wn Fig. 21 had to be multiplied
by the square root of the mercury to argon atomic
mass ratio to obtain the allowable perveance data
needed for comparison. In order to determine the
grid separation distance and relative hole positions
at operating temperature, the linear expansion model
of Rawlin, Banks, and Byers!1>12 was applied to the
molybdenum grids and support rings. This model may

not be applicable to all grid assemblies, but 1t 1s

useful here to 11lustrate the application of beam-
let vectoring data to the analysis of dished-grid
accelerator systems.

When grids are dished and then provided with
the desired separation distance, the screen-accel-
erator hole pairs become mis-aligned, and the
beamlets are directed severely off-axis. This re-
quires hole-pattern compensation, which for grids
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dished convex downstream (Fig. 20), implies an ac-
celerator grid hole pattern with center-to-center
hole spacings increased or a screen grid with hole
spacings reduced. By using some compensation a
grid-hole pair can be re-aligned to the zero offset
angle condition, however, an additional amount will
be required 1n order to cause each beamlet to be
directed parallel to the thruster axis. In order
to accomplish this the accelerator grid hole
spacings are designed to be {1 + ea§ times the
screen hole spacings. Figure 22 shows how the grid
hole offset angles vary for a given grid dish depth
as a function of radius under the influence of the
indicated compensations (e;'s) and the thermal
gradients that the grid thermal modell0,11 predicts.
Also shown 1n Fig. 22 as a solid line is the grid
offset required as a function of radius to produce
para-axial beamlets. It 1s determined from a de-
flection-to-offset plot (Fig. 12 for R = 0,70 n
this case) using as 1nput the angular separation
between the thruster centerline and the normal to
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the accel grid surface at each radius for the 30 cm
thruster (8'sin Fig. 20). Figure 23 presents the
same type of data as Fig. 22 but in thi1s case the
dish depth 1s Tess. The magnitude of the dish
depth affects the value of grid offset needed to
re-align beamlets with the thruster centerline. A
comparison of Figs., 22 and 23 shows that the
smaller dish depth requires much less grid offset
for the outer radius holes, and therefore it would
be expected that the outer holes could then be
operated at higher perveance levels. The drawback
to using a smaller dish depth 1s that this leads to
greater variations in the screen hole to accelerator
hole separation distance as a function of operating
temperature. It 1s apparent from Figs. 22 and 23
that a single value of accel grid compensation (sa)
does not produce the required grid offset over the
entire grid surface for the thermal deformations
assumed here. This situation worsens as the dish
depth 1s reduced.
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Fig. 23. Dished Grid Offset Angles for Varying

Accelerator Grid Compensation, h = 1.12.

Figure 24 shows perveance 1imit design plots
for the sample case being considered. The allowed
perveance profiles 1n this figure were determined
by computing the angular displacement between the
thruster centerline and normal to the grid surface
at each radial location (8's in Fig, 20). This in-
formation 1s then used to enter the useful deflec-
tion range plots (Fig. 10 for da/d; = 1.00 in this
case) 1n this paper to determine the maximum per-
veance allowed for a given deflection angle at
each radfal location before direct accelerator grid
impingement becomes excessive. Also shown 1n Fig. 24
are the estimated perveance profiles that would be
observed 1n the 30 cm thruster operating at the cur-
rent per hole values of Fig. 21 with the dish depths
indicated on Fig. 24 and the computed grid thermal
distortions. It can be seen from Fig. 24 that the
allowed profile for the shallowest dish depth
(h = 1.12 cm) is above the corresponding estimated
profile at all radii. This indicates the impinge-
ment levels will be Tow over the entire accelerator
grid surface in this case. For the greater dish
depth curves however the allowed profiles fall be-
low the estimated ones at the greater radii. In
this case 1mpingement would be expected to be more
substantial. For the case under consideration the
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optimum dish depth seems to fall approximately mid-
way between h = 2,25 cm and h = 1,12 cm. At zero
radius, the estimated perveance profile drops with
decreasing dish depth. This is due to the decrease
in separation gap which 15 a maximum at the center-
line and 1s more pronounced at small dish depths
(the screen grid is assumed to be hotter than the
accelerator grid and therefore expands more). These
problems could be alleviated somewhat by varying
the 1nitial grid separation and accelerator grid
hole size as a function of thruster radius.
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Grids of Varying Dish Depths

A potential problem also exists for large
diameter multipole thrusters and is worthy of men-
tion. As seen 1n Figs. 22 and 23 realtively large
offset angles may be required for the apertures at
the outer edges of the grids on large diameter
thrusters. Because of the flatter plasma density
profiles in multipole thrusters, these outer radius
holes may be expected to operate at higher perveance
values and this would be expected to create even
more severe impingement problems when the beamlets
are re-directed parallel to the thruster axis than
was observed 1n Fig. 24 for the 30 cm divergent
field thruster.

Conclusion

Ion beamlet deflections of several degrees can
be accomplished by displacing the screen and accel-
erator grid holes relative to each other. This
deflection is Timited to a useful range by the on-
set of high accelerator grid impingement currents.
This range is primarily dependent on the perveance
at which the grid 1s operating and the diameter of
the accelerator grid aperture. The useful range is



also dependent to a lesser extent on the net-to- 12,
total voltage ratio, grid separation distance, grid
thicknesses, and the total accelerating voltage.
Over the useful range of beam deflections the beam-
let divergence angle 1s independent of deflection.
In this range the deflection angle 1s also a linear
function of the grid offset angle. The constant of
proportionality between these angles exhibits a
dependence on the net-to-total accelerating ratio
but 1s relatively independent of the other para-
meters studied. Good agreement between the theo-
retical approximation and experimental results for
this constant has been demonstrated. The beamlet
deflection data developed 1n this study can be used
to design large diameter dished-grid accelerator
systems i1n which the 1on beamlets are to be directed
along the thruster axis. An important design para-
meter that is crucial to the maintenance of low
mmpingement currents 1n these designs 1s the grid
dish depth.
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Abstract

The flexible magnetic field thruster is a
unique research tool for studying the behavior of
direct current electron-bombardment thrusters. It
utilizes a long wire anode shielded by a circum=
ferential magnetic field. The magnetic field
around the anode, which 1s produced by passing a
direct current of up to 150 amperes through the
wire, restricts primary electron flow from the dis-
charge plasma to the anode, Different magnetic
field configurations can be created by routing the
anode wire in various ways through the discharge
chamber. Divergent, cusped and multipole magnetic
field configurations have been created 1n this man-
ner, The thruster is also designed so ion currents
to various internal surfaces can be measureddirectly
and these measurements facilitate calculation of
the distribution of ion currents within the dis-
charge chamber. Experiments indicate that the
distribution of ion currents inside the discharge
chamber 1s strongly dependent on the shape and
strength of the magnetic field but independent of
the discharge current, discharge voltage, and neu-
tral flow rate. Measurements of the energy cost
per plasma 1on indicate that this cost decreases
with 1ncreasing magnetic field strength due to in-
creased anode shielding from the primary electrons.
Energy costs per argon plasma jon as low as 50 eV
were measured, The energy cost per beam 1on was
found to be a function of the energy cost per
plasma 1on, extracted 1on fraction and discharge
voltage. Part of the energy cost per beam ion goes
into creating many 1ons in the plasma and then ex-
tracting only a fraction of them into the beam. The
rest of the energy goes 1nto accelerating the re-
maining plasma 1ons into the walls of the discharge
chamber, Measurement of 1on fluxes across a virtual
anode surface appear to indicate that 1ons cross
this surface with velocities approaching their
random thermal velocity rather than the Bohm
velocity.

Introduction

A great deal of effort has been expended over
the last two decades on research to improve the
efficiency of electron-bombardment 1on thrusters.
Much of this effort has centered on the containment
of the high energy or primary electrons 1n the main
discharge region of the thrusters, and has resulted
1n a rather i1nteresting evolutjon of the thruster
magnetic field conf1gurat10ns.‘»2 In spite of this
effort the energy cost per beam jon (in electron
volts) for most thrusters is still on the order of
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15 to 30 times the first iomization potential en-
ergy of the propellent atoms.+ For example, the
J-series thrusterd using mercury, operates with a
discharge power of 190 eV/beam ion at a beam cur-
rent of 2 amps and a 32 volt discharge. This is a
factor of 18 greater than the first 1onization po-
tential for mercury. For SERT II% this factor is
about 22, Ramsey's magnetoelectrostatic thrusters®
typically operate with factors of 16 for both argon
and xenon as did Sovey's argon 1ine-cusp thruster.
Multipole thrusters of Isaacson,’ using xenon, and
Longhurst,8 using mercury, operated with discharge
power losses around 18 and 26 times the respective
fonization potentials.

Dugan and Sovie? have shown that the energy
required to produce an argon ion in plasmas similar
to that commonly found in ion thrusters should be
on the order of 50 eV. That this energy is greater
(by approximately a factor of 3) than the 1onization
potential 1s due primarily to the fact that the 1on-
1zation process 1s accompanied by some excitation of
the neutral atoms. Inherent in this analysis is the
assumption that electrons lose energy through in-
elastic collisions with the neutral atoms exclus-
1wvely, 1.e. that electron energy losses to the
walls are negligible. In the case of ion thrusters,
this condition is approximately satisfied when the
primary electrons are prevented from reaching the
anode by a magnetic field and when only low energy
electrons are removed from the plasma at the anode.
Thus, 1t should be expected that a properly designed
fon thruster (1.e., one which prevents primary elec-
trons from having direct access to the anode) would
produce argon fons in the plasma at an approximate
energy cost of 50 eV,

This i1ndicates that the high energy cost per
beam ion of typical thrusters is not the result of
1nefficient plasma ion production, but rather 1t 1s
the result of the fact that the fraction of these
10ns being extracted into the beam is substantially
less than unity. If every 1ion produced in the
plasma was extracted i1nto the beam, the thruster
would be operating at a discharge power level of
50 eV/beam jon (50 watts/beam ampere). This 1s
probably the maximum energy efficiency that could
be expected for an argon thruster.

To approach this maximum efficiency one must
understand the behavior of, and be able to control,
the ion currents inside the discharge chamber. The
flexible magnetic field thruster was developed to
study the behavior of these 1on currents. The
unique features of this thruster are that it allows
drastic changes in 1ts magnetic field configuration
to be accomplished quickly and easily, and that 1t
is designed so ion currents can be measured to 1ts
various 1nterior surfaces. Changes 1n magnetic
field configuration are made possible through the
use of a copper wire anode through which a direct

¥ For operation at the "knee" of the discharge
power-propellent utilization curve,



current on the order of 100 amps is passed. This
current sets up a circumferential magnetic field
around the anode. The anode wire may then be bent
1nto any shape inside the discharge chamber to pro-
duce the magnetic field configuration of interest.
Axial, mi1dly divergent, strongly divergent, cusped
and multipole magnetic field configurations have
all been created with this thruster,

This paper provides a detailed description of
the flexible magnetic field thruster design and
some of the results obtained with it. These results
include the measurement of ion currents to all
thruster cathode potential surfaces, From these
data the total 1on production rate, energy cost per
plasma ion and extracted ion fraction were calcu-
lated. In this study these performance parameters
were monitored as magnetic field configuration and
strength, discharge current, discharge voltage and
neutral flow rate were varied.

Apparatus and Procedure

The primary feature of the flexible magnetic
field thruster is the anode. It is made from a
3.2 mm diameter copper tube through which a rela-
tively large direct current 1s passed. In de-
signing the thruster the magnitude of the currents
needed to produce fields that will prevent primary
electrons from reaching the anode surface were
first computed to 1nsure they would be reasonable.
This was done by recognizing that the magnetic flux
density (B) at a radius (r) from the centerline of
a wire carrying a current (J¢) 1s given by

w.d
B=2$mf , (1)

where yg is the permeability of free space. It has
been assumed in writing this equation that the
radius (r) where the field 1s sought 1s greater
than the wire radius {r;). In order to prevent
collection of electrons having an energy Eq (in eV)
Isaacson found the following condition on the in-
tegral of the magnetic flux density had be sat-
1sfied 1n a similar geometrical situation

"1 -6

[ Bdr > 6,74 x 10 /E—e. (2)
,.

o]

In this expression r; is either the radius at which
the magnetic flux density drops to a negligible
value or the radius at which electrons are injected
into the magnetic field, whichever is less. Com-
bining Eqs. 1 and 2 and performing the indicated
integration one can solve for the current required
through the wire. After substituting for the per-
meability one obtains

33.7 /Eg
f = T‘l *

()
For 40 eV primary electrons, a 1.6 mm radius wire
and a radius of electron i1njection in the radius
range of 1 to 2 cm the required magnetic field cur-
rent given by Eq. 3 is about 100 A. This 1s large,
but not unacceptably so. For a 1.6 mm radius anode
of the order of a meter 1n length further analysis

suggests that copper can carry the required current
with a small voltage drop over the one meter tube

J (3)
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length (~ 0.1 V) as Tong as the wire is maintained
at a sufficiently low temperature (~ 80°C). Compu-
tations suggest this temperature can be maintained
by using commercially available 3.2 mm dia. copper
tube and circulating water through 1t at a flow
rate of a few tens of ml/min.

The basic stainless steel, sheet metal chamber
used to house the anodes in this study 1s shown
schematically without an anode in Figure 1d. For
all of the data presented here this chamber was
17 cm in diameter and 12 cm Tong. The other
sketches in Fig. 1 show perspective cutaway views
of anode configurations examined in this study.

The magnetic field shapes produced by these windings
are also shown. The refractory wire cathode used
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Fig. 1 Flexible Magnetic Field Thruster
Configurations.



in the tests was positioned 2.5 cm upstream of the
grids in the manner suggested in Fig, 1d for all
anode configurations. The cathode employed 0.25 mm
dia. tungsten wire about 30 cm in length. This wire
was heated using alternating currents in the range
12 to 15 A from a center-tapped power supply.

Argon propellant was used because of the ease with
which flow rates could be set and maintained. Tests
were conducted at flow rates of 740, 1270 and

1580 mA equivalent, Thruster performance was mea-
sured at discharge voltages through the range of

30 V to 50 V above the cathode center tap potential.
The discharge current was adjusted through the

range 2 A to 6 A by controlling the alternating
current through the refractory cathode.

The grids used in the tests had a 67% openarea
screen and a 30% open area accelerator. They were
operated at a total accelerating voltage of 1500 V
and a net-to-total accelerating voltage ratio of
0.67 with a cold grid spacing 0.75 mm, Beam neu-
tral1zation was accomplished using a refractory
wire cathode. A1l tests were conducted i1n the 1.2 m
dia x 4.6 m long vacuum test facility at Colorado
State University.

To facilitate the measurement of 10n currents
to various thruster surfaces the following features
were incorporated into the design of the discharge
chamber. The thruster back surface, cylindrical
side wall, screen grid and cathode were all elec-
trically 1solated from each other. The positive
high voltage was connected directly to the cathode
center tap. The back surface, side wall and screen
grid were connected to this point through one ohm
resistors and through a power supply that was used
to bias these surfaces negative of cathode potential.
During thruster operation, these surfaces could be
blased to =70 V {relative to cathode potential). At
this bias, electron collection on these surfaces
was eliminated and the 1on current to each surface
could be determined by measuring the voltage drop
through each resistor. It 1s noted that jon cur-
rents going to the anode surface and recombining
there are not counted when measurements are made 1n
this way. Due to the difficulty of measuring the
1on current to the anode surface 1t was decided
to treat the 1on-electron recombination there as
1f 1t were a volume recombination process. That is
the energy lost as a result of ion neutralization
at the anode surface was included in the overall
average energy cost to produce a plasma ion,
Further, the anode area exposed to the plasma was
relatively small compared to the area of the ca-
thode potential surfaces and was held constant for
each of the configurations of Fig. 1. Thus the ion
current to the anode could be safely neglected when
measurements of the total 1on production rate were
made,

Applying a large negative bias to the various
discharge chamber surfaces did not significantly
alter the discharge chamber operation. When the
bias was applied, the current from each surface
rose from zero (at floating potential) to the value
corresponding to the 1on current being collected.
As the negative bias on a surface was increased the
discharge and beam currents would also increase. The
discharge current increase was caused by the collec-
tion,at the anode,of additional electrons which had
previously neutralized the ions at the walls by
coming directly from the plasma. When the negative
bias was applied these electrons could no Tonger
neutralize the 1ons at the walls directly from the
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plasma, but rather they had to be collected by the
anode and then be passed through the discharge power
supply so they could reach the walls. The beam cur-
rent Increase associated with biasing discharge
chamber surfaces 1s a result of the increase 1n dis-
charge current brought on by the phenomenon just
described, In conducting the tests it was found
that when the discharge current was restored to 1ts
original value the beam current would also return

to 1ts original value, This indicates that the
thruster discharge chamber efficiency was the same,
regardless of whether the back, side and screen
surfaces were allowed to float, or were biased
strongly negative of cathode potential -- provided
the discharge current was held constant., At first
glance, this is a rather remarkable result. In the
floating case the ions reaching the walls are neu-
tralized there by high energy electrons from the
plasma. In the other case the 10ons are neutralized
by electrons from the discharge supply which are
primarily low energy electrons collected by the
anode and then pumped up to the discharge chamber
surface potential through the anode power supply.
That these two conditions should result in identi-
cal discharge chamber efficiencies requires an
explanation.

With the walls floating the discharge current,
Jps 1s the sum of the cathode emission current, Jf,
and the beam current, Jg, so that,

bp=dkt+ty - (8)
In this case the ions are neutralized at the walls
by high energy electrons emitted by the cathode.
When the walls are biased sufficiently negative of
the cathode potential so that no electrons from the
plasma can reach them, the discharge current
becomes,

!

JD = JE + JB + Jw (5)
where Jy is the magnitude of the 10n current to the
walls == a current that remains unchanged as the
walls are biased negatively. Now, 1f the discharge
currents of Egs. (4? and (5) are to be made equal
and if, at this condition the beam currents are
equal, then the cathode emission current (JE) in
Eq. (5) must be decreased by anamount equal to Jy.
That is the rate at which high energy electrons
are injected into the plasma for the case where the
walls are highly negative must be reduced by an
amount exactly equal to the rate at which high en-
ergy electrons were lost to the walls in the first
case, This results in the density of high energy
electrons being the same in both cases, and since
everything else was held constant, the efficiency
must be unchanged.

By measuring the ion current to the thruster
body and screen grid 1n the manner suggested above
one 1s provided with a powerful tool for evaluating
thruster performance. It 1s really an extension
of the Langmuir probe technique proposed by Sovey6
and is essentially the same approach uged by
Siegfried 1n studying hollow cathodes.!l In this
case however the back surface, side wall and screen
grid act as probes. The value of the measurement
Ties in the fact that the sum of the body and screen
grid 10on currents represents the current of ions
produced in the chamber but not extracted through
the grids, The sum of this current and the beam



cu-rent 1s the total ion production rate {expressed
as a current). Knowing this total 1on production
rate one can compute the fraction of ions produced
that are extracted (beam current-to-total production
rate ratio) and the energy cost of a plasma ion
(d1scharge power-to-total production rate ratio).
The first of these parameters indicates the effic-
1ency of the discharge chamber in directing ions
through the grids; the second the efficiency of dis-
charge chamber electrons in producing 1ons.

Results and Discussion

Existing Thruster Designs

In the first part of this study three thruster
magnetic field configurations were examined: the
divergent field, the single cusped field and the
multipole configuration., Each of these configura-
tions was easily created with the flexible field
thruster. Figure 1 shows these configurations and
how the anode wire must bend 1n order to create
each particular magnetic field shape. In each of
these three configurations the loop separation was
approximately 2 cm and the total anode length ex-
posed to the plasma was 280 cm. In addition, the
volume and surface area of the region bounded by
the anode was the same for each configuration.
effect of increasing the magnetic field strength
for the divergent field thruster configuration 1s
11lustrated 1n Fig. 2. In this figure the fractions
of total 1on current produced (J,) which go to; the
back surface (Jback/Jp), the side wall (Jsi e/dp),
the screen grid (Jscreen/Jdp), and the beam ?JB/Jp)
are plotted as functions o? normalized magnetic
field current through the anode wire. These data
were taken at a discharge current of 2.0 A, a dis-
charge voltage of 50 V and a neutral flow rate of
1580 mAeq. However, 1t was found that the 1on cur-
rent distribution 1n the discharge chamber was in-
dependent of discharge current, discharge voltage,
and neutral flow rate over the ranges investigated.
Because of this i1ndependence from discharge condi-
tions, the curves shown 1n Fig. 2 can be considered
generally applicable to the divergent magnetic field
configuration. Examination of Fig. 2 i1ndicates that
the fraction of the total 1on current extracted 1n
the beam 1ncreases with increasing field current.

In addition, the fractions of the total ion current
going to the back surface and screen grid increase
slightly while that to the side wall decreases.

This 1s clear evidence that the magnetic field
strength can influence the distribution of 10on cur-
rents inside the discharge chamber. The decrease

1n the fraction of 1on current to the side wall 1s
believed to be primarily the result of a radial
plasma density distribution 1n the discharge chamber
that becomes increasingly non-uniform as the field
current 1s increased. Most of the 1on current going
to the back surface 1s assumed to be going there
through the "hole" in the magnetic field on the
centerline of the thruster.

The

The distribution of 10n currents for the cusped
field thruster (Fig. 1b) configuration 1s shown 1n
Fig. 3. Again the fractions of 1on currents to each
surface are plotted against the normalized magnetic
f1eld current. Here the same basic trends exhibited
by the divergent field configuration are seen.
However, 1n this case the redistribution of 1on
currents is less pronounced than 1n the previous
case. This appears to indicate that the plasma
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density remains more umiform at high field
strengths i1n the cusped configuration than in the
divergent field geometry. This plasma uniformity
1s also reflected in the respective 1on beam pro-
files which are more uniform in the cusped field
configuration than they are for the divergent one,2
It 1s believed that an additional factor which
causes the side wall current fraction to be higher
for the cusped configuration than for the divergent
one 1s the plasma leakage that occurs at the cusp.

Finally the distribution of currents for the
multipole configuration (Fig. 1c) are shown 1n
Fig. 4. Here, 1nterestingly enough, the magnetic
field strength has no effect on the gross distribu-
tion of 1on currents inside the discharge chamber.
Further, the fraction of current to each surface
was found to be exactly equal to the area of that
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surface divided by the total area of the primary
electron region. This was true only at zero field
current for the first two configurations. This
appears to indicate that the ions move toward the
walls withnearly equal probably inalldirectionsina
multipole thruster., It should be noted here that
this result applies only to low field strength
multipole thrusters. It was not possible to create
the 0,3 Tesla magnetic fields now_ found at the pole
preces of some multipole designs. The improved
performance of these designs suggests that some re-
direction of ion currents 1s indeed occurring. In
any case, the uniform 1on current distribution of
Tow field strength multipole thrusters is clearly
demonstrated here, The fact that ions are lost
uniformly in all directions from the plasma implies
that the extracted 10on fraction should always be
less than 50% for multipole thrusters of low field
strength design,

For comparison purposes, the fraction of 1ons
directed toward the grids, (Jg + Jscreen)/Jdps 1S
plotted against the magnetic field current ?n Fig. 5
for the three thruster configurations. The advan-
tage of the divergent field geometry in terms of the
fraction of 1ons directed toward the grids is clear.

Plasma Ion Production

The energy required to create an 1on in the
plasma has, as one would expect, a strong influence
on the overall thruster efficiency. The relation-
ship between this energy cost per plasma ion and
that per beam ion can be related using quantities
measured in the tests described i1n this paper, The
energy cost per plasma fon (Pp-1n electron volts)
1s defined by ( W

dy = Jd
pp=__D_J__L_D. , (6)
p
where Vp 1s the discharge voltage. The ion produc-
tion rate (Jp) can be written as the sum of the
beam current and jon current to the discharge
chamber walls (Jy), 1.e.,

Jy=dg + Yy . (7)
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Substituting Eq. (7) into Eq. (6) yields,

_[p-l9g + 901 vy
P J

. (8)
B Y %
This can be rewritten as,
_ D9p-3p)¥y { % } _ %' { % } (9)
P I Jgtdy dp gty
Recognizing that (Jp-Jg) VD/JB is the discharge
1

power Pp (1n eV/beam jon), and letting f be the ex-
tracted ion fraction defined by,

! (10)
f= 10
dgtdy °

then, Eq. (9) can be written in the form,

P (1-f)v
P =?E+"'T'D‘ . (1])

D

This is the desired relation between the energy cost
per plasma ion and the energy cost per beam fon. The
first term on the right hand side of this equation
reflects the energy lost because ions are produced
that recombine on the walls and are not extracted
into the beam. The second term represents the
energy used to accelerate the plasma ions that go

to the walls of the discharge chamber 1nto these
surfaces,

The plasma 10n energy cost has been determined
for each thruster configuration and at each opera-
ting point considered 1n this study using Eq. (6).
A sample of the results obtained with the cusped
f1eld thruster are shown in Fig. 6. These data
indicate that the energy cost per plasma ion de-
creases with increasing magnetic field strength
(due to increased anode shielding from primary
electrons). In addition, 1t indicates that the
cost 1ncreases with discharge current and decreases
with neutral flow rate. However, 1t is relatively
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1ndependent of discharge voltage. While these data
were obtained with the cusped field configuration
results obtained with the other thrusters showed
smilar trends. These and other data indicate that
the energy cost per plasma 10n can be made as low
as 50 to 60 eV for the argon propellant used.

In the course of measuring the total ion pro-
duction rate 1t was noticed that this rate was
frequently much greater than the neutral flow rate
1n equivalent m1l1amperes. An example of this 1s
shown 1n Fig, 7 for data collected on the cusped
field thruster. The ion production rate being
greater than the neutral flow rate is an indication
that the walls of the discharge chamber behave as a
virtual source of propellent atoms. Also shown on
this figure 1s the beam current, This figure indi-
cates rather dramatically how the 1on production
rate can be significantly greater than the neutral
flow rate and yet the beam current 1s still sigmifi-
cantly less than the flow rate. This does not mean,
however, that 1f every 1on produced could be ex-
tracted into the beam that one would get a beam cur-
rent greater than the flow rate, Instead, the
neutral density would decrease causing a correspond-
1ng decrease 1n the 1on production rate such that
the beam current (assuming only singly charged ions)
would always be less than the neutral flow rate.

Other Considerations

In addition to the tests described above,
several other configurations of the flexible field
thruster were tested in an effort to reduce 10n
Tosses to the walls sti11 further., The number and
type of configurations that can be tested 1s 1imited
only by the imagination of the researcher., To date,
no configuration of the flexible field thruster has
directed a greater fraction of 1ons toward the grids
than the divergent field configuration. However,
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1n the course of this effort a very interesting
phenomenon was observed. Testswere beingrunon the
flexible field thruster 1n an axial magnetic field
configuration as shown in Fig., 8. In addition to
the solenoidal anode the thruster was equipped with
an external solenoid. This allowed the magnetic
field 1n the discharge chamber to be created by 1)
passing a current through the anode wire only, 2)
passing a current through the external solenoid
only, or 3) passing currents in opposing or adding
directions through both wires simultaneously to
produce a wide range of magnetic field conditions.
With this thruster configuration 1t was observed
that at any given flow rate, discharge current and
discharge voltage, the 1on current to the side wall
was smaller when the magnetic field was created
with the external solenoid alone than 1t was when a
magnetic field of 1dentical strength was created
with the 1nternal solenoid alone. This indicates
that the plasma is being contained better when the
magnetic field is created by the external solenoid
than 1t 15 when the internal anode wire is used.
Why this should occur was not immediately apparent.

The reason the external coil gives better per-
formance than the internal one can be understood,
however, by considering Fig., 8 further. Figure 8a
shows the magnetic field lines for the case where
the field 1s produced entirely by passing a current
through the anode wire. Figure 8b shows the field
lines when the field 1s produced entirely by the
external solenoid. The anode wire in this second
case serves only as the anode. In Fig. 8b we
notice that certain field lines intercept the anode
surface directly. As we progress outward from the
centerline of this thruster along a radiwus, the sur-
face of revolution of the first field line that we
encounter which intercepts the anode surface 1s
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called the virtual anode surface. It 1s so called
because once an electron becomes attached to a field
Tine on this surface 1t has a high probably of being
collected by the anode. Consequently, few electrons
would be expected to be found at radial locations
greater than that of the virtual anode surface.

This in turn mplies that the plasma density should
be reduced substantially in the region outside of
this surface., It appears that the reduced fon flux
to the side wall 1s a result of the reduced plasma
density in this region. For the case of Fig. 8a
(magnetic field created by the internal solenoid),
however, 1t 1s seen that no field Tines intercept
the anode directly. Instead they tend to form con-
centric circles around the anode wire. Consequently
there 15 no virtual anode surface. Further, the
f1eld strength between adjacent turns of the anode
wire goes to zero. These two factors apparently
enable the plasma to leak out of the volume bounded
by the anode wire and the result 1s an 1on current
to the side wall greater than that observed with the
external solenoid.

When the virtual anode surface 1s present, as
mentioned earlier, 10n losses to the side wall can
be greatly reduced. It was postulated that this
reduced ion loss to the wall was the result of a
greatly reduced plasma density adjacent to 1t.
Further, this reduction in plasma density was be-
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1ieved to occur across the virtual anode surface
because of the removal of electrons from the plasma
by the anode. If this is indeed the case, that is,
1f the plasma density 15 reduced dramatically
across the virtual anode surface, then the 1ons
must cross this surface with an average velocity
substant1ally less than the Bohm!3 velocity. This
must be so for if the ions crossed this surface
from a region of high density to a region of low
density with the Bohm velocity, then an excess of
positive charge would very quickly be built up in
the low density region. This excess charge would
serve to reduce the ion velocity across the virtual
anode surface to the point where the flux of posi-
tive charges across the surface was consistant
with the condition of quasi-charge neutrality 1in
both the high and Tow density regions.

To see if this was i1ndeed the case the follow-
ing experiment was performed. A thruster having
the configuration shown schematically in Fig. 9 was
constructed. The anode consisted of a washer-shaped
piece of 0.025 cm thick stainless steel. An axial
magnetic field was created 1n the discharge chamber
through the use of a six turn solenoid wrapped
around the cylindrical thruster body. The cathode
consisted of a tungsten wire bent into a circle
10.2 cm 1n drameter. With this configuration the
entire side wall was protected by the virtual anode
surface but the physical anode area exposed to the
plasma was extremely small, This allowed the 1on
current to the side wall to be measured very accu-
rately since the 1on current to the physical anode
was negligible. The actual 1on currents to each
thruster surface are shown in Fig. 10 for an argon
flow rate (m) of 1270 mA, a discharge current (Jp)
of 2.0 A and a discharge voltage (Vp)} of 50 V. It
1s noteworthy that this discharge cEamber gave a
higher extracted 1on fraction than the divergent
field design (Fig. Ta and Fig. 5). The remarkable
aspect of the results of Fig. 10 1s however that as
the fon current toward the grids (Jg + Jecpeen) 1N-
creases by approxmmately a factor of 5, due to an
increase 1n the magnetic field current from zero to
100 A, the 1on current to the side wall actually de-
creases. This shows that the virtual anode surface
does a remarkable job of containing the plasma. It
1s believed that this occurs because 10ns cross this
surface with velocities approaching their random
thermal velocity rather than the Bohm velocity. The
following rough calculation supports this hypothesis.

Assuming that the 1ons reach the accelerator
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system with the Bohm velocity based on an estimated
electron temperature of 5 eV, the plasma density
Just 1nside of the virtual anode surface was esti-
mated from an 1on beam current density profile to be
2.4 x 10-16m=3, If the ions crossed the virtual
anode surface with the Bohm velocity, then the cur-
rent to the side wall would be given by the formula,

d = neAsz (12)

side

where n is the plasma density(just ci1ted), e 15 the
charge for singly charged ions in coulombs, AS 15
the area of the virtual anode surface and vg 15 the
Bohm velocity corresponding to an electron tempera-
ture (To) of 5 eV. If, on the other hand the ion
current depends on the ion random thermal velocity,
then

21
Jeide = 7 NeA, <> (13)
where
8kT
<y> = -.n_m— N (]4)

and T is the 1on temperature (assumed to be equal
to 600°K), k 1s Boltzmann's constant and mj 1s the
1on mass. Using the density cited previously,

Eq. {12) gives a ion current to the side wall of
1010 mA, whereas Eq. (13) gives a current of 40 mA,
The measured current at the maximum magnetic field
was 113 mA. If the one-fourth factor 1n Eq. (13)
1s eliminated, then the equation would correspond
to the current due to a directed thermal velocity
and the result 15 a current of 160 mA, Admittedly
these calculations are somewhat crude but they are
believed to be accurate to better than a factor of
two. On the basis of these results 1t is suggested
that the ions cross the virtual anode surface with
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their thermal velocity rather than their Bohm
velocity.

This phenomenon can also be used to explain
the Tow 1on flux across the virtual anode surface
observed 1n the SERT II thruster.l4 In this case
the average current density across this surface was
measured and found to be approximately 15% of the
average current density toward the grids. Rough
calculations suggest that 1f the ions have the Bohm
velocity at this surface, then the average current
density would be on the order of 250% of the average
current toward the grids. If they are assumed to
have the random thermal velocity however the calcu-
Tated current density is about 10% of the current
toward the grids. It appears that the 1ons do not
cross the virtual anode surface with the Bohm vel-
ocity. It should be pointed out that these results
are st111 preliminary and final judgement must awairt
detailed probing of the plasma around the virtual
anode surface,

In Tight of this 10on velocity phenomenon 1t
should be noted that the flexible magnetic thruster
does not produce any virtual anode surfaces regard-
less of 1ts configuration (for the reasons discussed
with regard to Fig. 8a). This mmplies that the
flexible fi1eld thruster does not imitate exactly
those thruster designs which do create virtual
anode surfaces. This 1ncludes virtually all cur-
rent designs. However, based on results obtained
with the thruster configurations shown in Figs.
8a and 8b, 1t 15 believed that the 1on flux dis-
tributions obtained with the flexible field thrus-
ter are sti11 qualitatively correct, and meaningful
comparisons can be made between different magnetic
field configurations using this technique.

Conclusions

_ . The ability to make drastic changes in magnetic
field configurations, together with the ability to
measure 1ion currents to different thruster surfaces
makes the flexible magnetic field thruster a power-
ful tool for the study of magnetic field configura-
tion effects on thruster operation. With this
thruster 1t was observed that the distribution of
1on currents 1nside the discharge chamber was
strongly dependent on the shape and strength of the
magnetic field, This distribution of 10n currents,
however, was found to be 1ndependent of the dis-
charge current, discharge voltage and the neutral
flow rate. With no magnetic field the 1ons move to
the thruster walls with equal probability 1n all
directions, and the fraction of current to each sur-
face bounding the plasma is equal to the area of
that surface divided by the total surface area of
the primary electron region.

The fraction of 10n current to each thruster
surface was found to vary as a function of magnetic
field strength for both the divergent and cusped
field configurations. Generally the fraction of
ion current to the side wall would decrease and the
fraction of ion current toward the grids would 1in-
crease as the field strength was increased for these
configurations., No such redistribution of 1on cur-
rents was observed for the multipole configuration.
In this case, the ion current distribution remained
the same as 1t was for the zero magnetic field
condition.

Measurements of the energy cost per plasma fon



indicated that this cost decreased with increasing
magnetic field strengths. This effect was attrib-
uted to increased shielding of the anode from the
primary electrons. Energy costs per argon plasma
10n as low as 50 eV were measured.

The energy cost per beam ion was found to be
a function of the energy cost per plasma 1on, the
extracted 10on fraction, and the discharge voltage.
Part of the energy cost per beam 1on goes into
creating many ions in the plasma when only a frac-
tion of them 1s extracted into the beam. The rest
of the energy goes into accelerating the remaining
plasma 1ons into the walls of the discharge chamber,

The flexible fi1eld thruster does not exactly
imitate the discharge chambers of existing thruster
designs due to 1ts inability to produce virtual
anode surfaces. However, the ion current distribu-
tions measured with it are sti111 believed to be
qualitatively correct. The virtual anode surface
provides a boundary between high and low density
plasma regions. Ions from the high density region
cross this boundary with velocities approaching
their random thermal velocity. This indicates that
1on losses from typical 1on thruster discharge
chambers can be reduced by bounding the plasma with
virtual anode surfaces.
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Abstract

An experimental investigation into the 1o0n ex-
traction capabilities of accelerator systems with
small screen hole diameters (< 2,0 mm) at net-
accelerating voltages of 100, 300, and 500 V 1s
described. The apparatus developed for this study
1s shown to be well suited for measuring the m-
pingement-1imited perveance, electron backstreaming,
and electrical breakdown characteristics of two-grid
1on accelerator systems, Results suggest that the
mpingement~-limited perveance 1s not dramatically
affected by reductions 1n screen hole diameter to
1.0 mm, but impingement-T1imited performance was
found to be dependent on the grid separation dis-
tance, the discharge-to-total accelerating voltage
ratio, and the net-to-total accelerating voltage
ratio. Results obtained with small hole diameters
and closely spaced grids suggest a new mode of grid
operation where high current density operation can
be achieved with a specified net acceleration volt-
age. In this mode the grids are operated at a high
net-to-total acceleration voltage ratio rather than
the Tow ones that have heretofore been considered to
y1eld higher current densities. Under these con-
ditions 1t appears to be the onset of electron
backstreaming that ultimately determines the ex-
tractable 1on current density. Beam current dens-
1ties as high as 25 mA/cm? were obtained using grids
with 1.0 mm diameter holes operating at a net ac-
celerating voltage of 500 V.

Introduction

In order to reduce the number of electrostatic
1on thrusters required for a space propulsion mis-
sion and hence the cost and mass of the thruster
subsystem, 1t 15 generally desirable to 1ncrease
the thrust densities of these devices above those
attainable with currently available ion thrusters.
To keep the thrusters operating at their optimum
spec1fic 1mpulse this should be accomplished by 1n-
creasing the 1on beam current density extracted
from the 10n optics system without increasing the
exi1ting 1on velocity. This can be done under the
constraint of the space-charge effect by reducing
the grid spacings and hole diameters below the
values used on present-day accelerator systems. The
need for this type of accelerator system becomes
even more apparent when one considers the current
trend away from heavy propellants such as mercury
to lighter propellants such as argon and xenon. To
achieve the optimum specific impulse for a typical
mission, these lighter propellants require a lower-
1ng of the net accelerating voltages below those
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being used for current accelerator system designs.
In terms of the extracted current densities this
means that the trend to Tighter propellants neces-
sitates the use of accelerator systems with smaller
grid holes and closer grid separations 1n order to
maintain current densities at their present levels.

Although existing experimental performance
data for accelerator systems with relatively large
screeT hole diameters (> 2 mm) is quite exten-
swe, 323 this same information for smaller screen
hole diameters 1s somewhat 1imited. Previous ex-
perimental results have suggested that there might
be a reduction i1n the 10on extraction capabilities
of thrusters ut111z1n? ar1ds with small screen hole
diameters (< 2,0 mm).752,3 Because of this possible
degradation due to hole size, 1t was felt that be-
fore any future high thrust density designs could
be attempted an 1mproved understanding of the 1on
extraction capabilities of grids utilizing these
small diameter holes (< 2.0 mm) was needed. It 1s
for this purpose that the present detailed investi-
gation was undertaken,

Background and Theory

The essential components of a basic two grid
10n accelerator system are shown in Fig. la. Al-
though the side view of a single aperture 1s de-
picted, 1t should be noted that a multi-aperture
system 1s mmplied. The accelerator system 1s
placed adjacent to a discharge chamber containing a
low density ionized plasma at a potential of a few
tens of volts above that of the screen grid. Around
each screen hole a plasma sheath {s formed which de-
fines the boundary between the discharge plasma and
the acceleration region. Potentials applied to the
grids produce an electric field that accelerates
the 10ns and repels the electrons coming 1nto the
sheath from the discharge plasma. Figure 1b i1lus~
trates the variation of these electrical potentials
associated with the grid geometry of Fig. la. The
solid 1ine of Fi1g. 1b shows how the potential drops
slightly from the plasma to the relatively high
positive potential in the grid. It remains con-
stant through the screen grid area then drops almost
linearly in the space between the grids. It 1s
constant through the accel grid and then rises to
the potential far downstream of the accelerator
grid. In this downstream region electrons are
available to maintain charge neutrality in the
plasma associated with the ion beam. The dotted
Tine of Fig, 1b shows how for a normally operating
grid the potential varies with position through the
center of the grid holes rather than through the
grids themselves. The difference between the solid
and dotted lines 1s 1nduced by the space charge
effects of the 1ons passing through the grids.
Table 1 defines and names the symbols shown 1n
Figs. 1a and 1b.
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F1g. 1 Two-Grid Acceleration System
Table 1
Accelerator System Nomenclature
ta = Accelerator grid thickness
tS = Screen grid thickness
da = Accelerator hole diameter
ds = Screen hole diameter
lg = Gr1d separation distance
L, = Effective acceleration length
VN = Net accelerating voltage
VT = Total accelerating voltage
R = Net-to-total accelerating voltage ratio

The current density extraction capability of
an accelerator system aperture like the one shown
in Fig. la 15 generally limited by space charge
effects to the value given by Child's Law,

(1)

In thi1s equation, representative of a one-dimension-
al model of the ion acceleration process, g5 15 the

permittivity of free space, q 15 the 1on charge, my

1s its mass and % represents the length through
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which the ions are accelerated by the applied total
accelerating voltage (V7). In the case of the
parallel plate vacuum diode, for which this equation
was originally derived, 2 refers to the physical
distance between the parallel plates. However, 1n
the case of the extraction aperture the emissive
surface 1s not defined by a plate whose position
is fixed, but rather by a plasma sheath whose po-
sition 1s dependent on the fon current being ex-
tracted. The current density of 1ons arriving at
the plasma sheath, from the upstream plasma 1s de-
germ1ned by the Bohm condition for a stable sheath,

-

eT

(2)

In this equation the discharge plasma 1on density
(ni) 1s equal to the associated electron density
(ne) and the electron temperature {To) of the
plasma 1s 1n electron volts. The quantity "e" 1s
the electron charge.

Experimental results obtained by Aston showed
that increasing the Bohm current density, by in-
creasing the plasma density cauied the sheath to
move closer to the screen hole.? These results
lead one to the conclusion that the acceleration
length & adjusts 1tself so that Child's Law 15 al-
ways satisfied. In normal operation the shape of
the plasma sheath 1s similar to that shown in
Fig. la. As the plasma density and as a result the
ion current density increase, the sheath moves
closer to the screen hole and begins to flatten out.
Eventually, an operating point 15 reached where the
sheath can no longer focus the ions through the ac-
celerator grid aperture and direct 10n impingement
upon the accelerator grid begins to occur. At this
point the acceleration length 2 required by Child's
Law has reached a value less than a physical accel-
eration length required to produce a well focused
1on beam. This physical acceleration length 1s
dictated by the geometry of the accelerator system.
In past theoretical and experimental investigations,
the physical acceleration length used to correlate
the performance of various grid geometries is the
effective acceleration length 2, where

d2
%, = [z; + g~ 7% . (3)

Replacing 2 in Eq. 1 with 2e, and setting the beam
current density ?J) equal to the beamlet current (Jg)
divided by the area of a screen grid hole, Eq. 1 can
be written

2
B (e (29
m

VT3/2 dg i

The left side of this expression is known as the
normalized perveance per hole and it will be used
1n this paper to correlate the performance of ac-
celerator grid systems as a function of the various
grid geometries and the operating conditions in-
vestigated. Of particular interest will be the
impingement-11mited normalized perveance per hole
defined as the perveance per hole at the onset of
excessive accelerator grid 10n 1mpingement. It
should be noted that the right-hand side of Eq. 4
has a fixed value for a particular propellant. This
value is indicative of the perveance where one
would expect to encounter the impingement Timit,

%

1TE°
]

. (4)



In the case of argon, the propellant used 1n this
study, this 1mmiting value is computed to be

6.8 x 10-2 A/V3/2, "Assuming the grids can be held
parallel at any separation distance there are two
additional phenomena that 1imit the operating range
of an 10n acceleration system. These are electrical
breakdown through the region between the grids and
electron backstreaming 1nto the discharge plasma
from the plasma downstream of the grids. In prac-
tice the occurrence of these phenomena constrains
the absolute lower Timits of grid separation
distances that can be realized and thus Timits the
1on current which can be extracted from the ac-
celerator system, Electrical breakdown occurs when
the elegtrical field strength between the grids
(total accelerating voltage minus the discharge
voltage all divided by the grid separation distance)
exceeds the breakdown 1imit. When this occurs ex-
cessive electron currents begin to flow between the
grids. This 1imit 1s determined by the geometry of
the grids as well as such factors as the grid sur-
face finish and the density of charged and neutral
particles between the grids,

Electron backstreaming occurs when electrons
in the downstream 1on beam plasma find a path along
which they can be accelerated through grid apertures
directly into the discharge chamber, This condition
occurs when the potential variation through the
apertures 1s similar to that shown by the centerline
in Fig, 1b. When th1s type of potential profile
exists, the electrons in the beam plasma are no
Tonger repulsed by the negative potential on the
accelerator grid and they are therefore able to
backstream into the discharge chamber.

Many factors i1nfluence the onset of backstream-
ing, and traditionally those factors pertaining to
the accelerator system have been lumped together to
form a dimensioniess parameteg known as the elec-
tron backstreaming parameter.”? The parameter used
herein 1s

B=(1- Rmax) (%)(exp[-}:—] )

This parameter 1s slightly different from the one
used 1n previous theoretical investigations where
instead of (2g/d,) the factor (2,/da) was used,b
This change was made because the factor (24/dy)
gave a better correlation of the electron gac -
streaming data collected 1n this study.

Apparatus

A1l testing has been conducted on a 8 cm dia-
meter by 10 cm long 1on source with a mildly di-
vergent magnetic field. The magnetic field was
derived from a long solenoidal winding wrapped
around the outside of the thruster body. A cylind-
rical copper anode was used and apart from this,
nonmagnetic stainless steel construction was
employed throughout the source. Refractory tungs-
ten filaments were used for both the neutralizer
and cathode emitters. The emission levels for both
of these was controlled by adjusting the current
flowing through the filaments from their ac power
supplies. This source design was selected because
1t provided the high current density capability
needed to assure a proper test of the grids, and 1t
provided a stable discharge. To minimize the dis-
charge chamber noise further, the voltage drop
across the refractory cathode was reduced by using
two short filaments 1n parallel. It 1s believed

that this reduces the noise because it reduces the
range of primary electron energies coming off of the
cathode.

The 1on current extraction capability of var-
10us nineteen aperture grid sets investigated in
this study were each characterized by a different
screen aperture diameter. The grid aperture pattern
used was a hexagonal array with a center-to-center
hole spacing of 2.5 mm for all aperture diameters.
The grids were made from thin sheets of commercially
available graphite, and to help ensure proper grid
hole alignment, the screen and accelerator grids
were simultaneously match drilled, As a result of
this the screen and accelerator grids both had the
same diameter apertures. The thicknesses of the
screen and accelerator grids were both the same 1n
each test and as hole size was varied for the
different tests the grid thicknesses were also
varied to hold the ratio of hole diameter to grid
thickness constant at 0.25.

Because the grid separation distance was a
very wmportant parameter in this study, the test
apparatus was designed so 1t could be varied con-
tinuously while the ion source was being operated.
This 1s accompiished,using the apparatus shown
schematically in Fig. 2,by moving the fork-spaced
wedge 1n the manner suggested by the large arrow.
As this wedge 1s moved toward the grids it forces
the accelerator and screen grid support plates
apart and hence the screen and accelerator grids
attached to these plates are also separated. All
materials used in the construction of this appa-
ratus are capable of withstanding high temperatures.
Graphite was used for both the grids and grid sup-
port plates to minimize the differential thermal
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expansion between these components that could cause
grid warpage. The distance over which the grids
were supported was also minimized to minimize the
effects of grid warpage. Imitial alignment of the
grids was accomplished manually by positioning and
clamping each grid and then checking the alignment
visually beneath a large 111uminated magnifying
glass, This alignment 1s maintained during opera-
tion by the boron nitride guide posts shown 1in

Fig. 2. Electrical 1solation 1s assured by the
sheet of isomica between the screen grid support
plate and the wedge. The wedge 1s mechanically
connected to a micrometer used to measure and adjust
its translation from the outside of the vacuum
system,

Immediately after each period of data collec-
tion, while the source was stil11 hot, the grid
separation distance was reduced until the measured
electrical resistance between the grids went essen-
ti1ally to zero. This reference point on the micro-
meter (assumed to correspond to zero separation)
along with the geometry of the wedge could then be
used to calculate the grid spacing from the micro-
meter readings recorded during the testing. This
procedure for defining the reference point was
usually repeated two or three times for each test
setup to determine if the reference point had
changed for some unknown reason. Based on repeated
observations, it 1s believed that the grid separa=~
tion distance was known to within I 0.01 mm,

Jest Procedure

Because the objective of this study was to de-
fine the Timitations of the accelerator system and
not those limitations that might be source related,
every effort was made to operate the 1on source so
the highest possible mmpingement-limited perveance
would be realized with each grid configuration.
This was accomplished by optimizing the propellant
flow rate, discharge voltage {Vp) and magentic
fi1eld strength for each grid configuration tested,
In general, 1t was found that discharge voltage and
magnetic field strength could be maintained at a
single optimum value for a particular net accelera-
ting voltage. However, the propellant flow rate
was more critical and had to be optimized for every
grid separation investigated. This optimum flow
rate was almost always equal to the minimum flow
rate at which the source operated stably over the
full range of beam currents investigated. The con-
duct of the tests involved the establishment of
this optimum flow with a particular grid set, grid
spacing and net accelerating voltage and then 1n-
creasing the cathode emission current in steps to
induce increases i1n the beam and mpingement cur-
rents. These currents were recorded manually from
high accuracy digital gauges at each step. This
process continued until the impingement current
reached a high value (=10% of the beam current). At
this time, the cathode emission was reduced and the
procedure for collecting electron backstreaming
data was executed.

The collection of backstreaming data was ac-
complished by reducing the accelerator grid poten-
tial (V7-Vy) while watching for the rather sudden
increase in beam current that 1s indicative of elec-
tron backstreaming into the discharge chamber, This
procedure yielded a minmmum accelerator grid voltage
which could be used along with the net accelerating
voltage (Vy) to calculate the upper 1imit on the
net-to-total accelerating ratio (Rpax) which could

n2

not be exceeded without inducing electron back-
streaming. Since the grid separation and grid
geometry were known, the value of the electron back-
streaming parameter could be calculated from these
data. It will be shown later that the electron
backstreaming parameter is somewhat dependent on the
beam current or normalized perveance per hole, The
value of this parameter at the wmpingement-limited
perveance is probably of the most interest, however,
so most of the backstreaming data was collected at
this high perveance condition. After the impinge-
ment-1imited perveance and backstreaming data had
been collected, the grid separation distance was
reduced and the preceeding procedures were repeated.

Because of the potentially destructive nature
of the electrical breakdown phenomenon, the elec-
trical breakdown charactertistic of each of the
graphite grid pairs were measured after the per-
veance/impingement characteristics and electron
backstreaming data had been obtained. The back-
ground pressure was held constant for electrical
breakdown testing at a pressure of 2.0 x 10~5 Torr
because this represented an average value of the
bell jar pressures encountered during all testing.
The data was collected by establishing a given grid
spacing with the 1on source operating at a moderate
beam current. The screen and accelerator voltages
were then increased in magnitude until electrical
breakdown occurred. These tests indicated that
either the screen or accelerator voltage could be
increased to induce breakdown, 1.e. the sum of the
two voltages was the critical variable 1n determin-
1ng when breakdown occurred.

Results

Figure 3 displays a set of typical curves
showing how impingement current (normalized using
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beam current) was observed to vary with beam cur-
rent and grid separation distance. The figure shows
that closer grid separations facilitate operation at
higher beam currents before direct 10n mmpingement
levels become excessive. The data of Fig. 3 also
show that the sharpness of the "knee" or rate of
increase to high wmpingement becomes less dramatic
as the grid spacing 1s reduced. These curves per-
tain specifically to the impingement data collected
for the screen and accel grid hole diameters of

1.5 mm at a net accelerating voltage of 500 V and a
net-to-total accelerating voltage ratio (R) of 0,7,
Data similar to those i1n Fig. 3 were collected at
each of the screen hole diameters, net accelerating
voltages and net-to-total accelerating voltages in-
vestigated. Instead of presenting all of the per-
formance data in the form shown in Fig, 3, 1t 1s
more convenient and more meaningful for comparison
purposes to define a maximum beam current for each
grid separation, 1.e., the beam current at which

the direct accelerator grid impingement current be-
comes excessive, Since the total accelerating
voltage, the grid separation distance, and the hole
s1ze are known, this impingement-limited beam cur-
rent can be divided by the number of apertures and
then used to calculate the impingement-11imted
normalized perveance per hole using Egs. 3 and 4.
The normalized perveance based on this definition
facili1tates comparison of the 1on extraction cap-
abilities of various grid geometries over a range
of operating conditions. The mmpingement condition
selected somewhat arbitrarily to define the impinge-
ment-1imited beam current corresponds to an mpinge-
ment-to-beam current ratio of one percent. It
should be noted here that a normalized impingement
current of 1% 1s only slightly above the baseline
(charge exchange induced) impingement level shown

in Fig. 3. This 1imit on the beam current was

based on such a modest change 1n Impingement current
because 1t yielded consistent results close to the
operating condition where an 1on thruster would be
expected to operate. Acareful examinationof repre-
sentative data showed that this criterion yielded
impingement-1imited beam currents that on the
average were 10% ! 3% higher than those beam cur-
rents that might be associated with negligible
direct 10n 1mpingement,

Effect of Hole Size

Using the impingement-1imited normalized
perveance per hole,obtained from plots 1ike those
of Fig. 3,as the performance yardstick, the results
of Figs. 4, 5, and 6 were obtained. These figures
compare the performance of the various screen hole
s1zes 1nvestigated as a function of the normalized
grid separation distance, Each figure presents data
for a different net accelerating voltage. For each
voltage, the curves corresponding to the different
hole sizes all exhibit similar behavior. As the
normalized grid separation 1s reduced the perveance
remains constant or increases slightly and then it
falls off as the grid separation drops below the
value where focusing becomes poor and accelerator
impingement begins to limit performance. The poor
focusing that causes this reduction in performance
1s believed to be a result of intra-grid equipoten-
tial Tines which become progressively less planar
as the grid separation is reduced,

Figures 4, 5, and 6 do not appear to show any
dramatic trends that would i1ndicate a decrease 1in
performance with decreasing hole size. This obser-
vation differs from what was expected based on pre-
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vious experimental investigations that reported a
decrease in p?rgonnance for screen hole diameters
betow 2.0 mm.'»¢s3 It 15 believed that results
obtained in these tests differed from those measured
n previous ones because of the experimental pro-
cedures used, During the present study 1t was
found for example that it was important that the
jon source be capable of producing Bohm current
densities toward the grids significantly greater
than the current densities being demanded by the
grids when they were operating near the impingement
limit, This ensured that it was the grids rather
than the 10n source that was 1imiting 10on extrac-
tion, To accomplish this the source must be opera-
ted at the progressively higher plasma densities
and hence smaller Debye lengths that are demanded
as hole s1ze and grid separation are reduced. It
1s noted 1n addition that some adjustment 1n flow
rates was required to achieve the discharge chamber
operating condition that would yield the highest
mmpingement-11mited current densities, It was also
determined that the stability of the discharge
chamber influenced the ion extraction capabilities
of the grids. During a segment of the tests the
discharge chamber was changed to a design that
operated less stably (arc discharge noise being
being apparent on an oscilloscope). The onset of
high mpingement currents occurred at lower beam
current levels with this design than it did with
the more stable one.

To help visualize the dramatic effect that
decreasing hole size has on current density the
data of Fig. 4 has been replotted 1n Fig. 7 with
current density rather than perveance as the de-
pendent variable. The current densities shown here
were calculated by dividing the impingement-1imited
beam current per hole by the area of a screen hole.
It is noteworthy that the current densities con-
tinue to rise as grid separation 1s reduced below
the value where perveance began to drop off 1n
Fig. 4 (24/dg = 0.6 to 0.7) and that current den-
sities ingrease markedly as hole size 1s reduced,
The current density of ~ 25 mA/cm? measured with
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the 1.0 mm diameter holes is observed to be the
maximum value realized at a net acceleration volt-
age of 500 V for the case considered here where the
screen and accel grid hole diameters were equal and
the mmpingement was limited to 1% of the beam cur-
rent. When impingement levels of several percent
were allowed this maximum current density increased
to about 35 mA/cm2, This substantial increase 1n
current density can be realized when impingement is
allowed to increase because impingement does not
rise percipitously with beam current when the grids
are spaced very close together (see Fig. 3 for
example),

Effect of Net Accelerating Voltage

Although there is no apparent reduction 1n the
impingement-1imited perveance capabilities of grids
as hole s1ze is reduced, Figs. 4, 5, and 6 do show
that there is a definite trend toward lower impinge-
ment-1imited perveance per hole values as net accel-
erating voltages are reduced, Aston3 has also
reported that the net acceleration voltage level can
affect the impingement-1imited perveance capabili-
ties of grid systems. He suggests that the ratio
of discharge voltage-to-total accelerating voltage
1s a suitable correlating parameter for data of this
sort. This parameter has been used in Fig. 8 to
show how changes 1n total accelerating voltage as-
sociated with the data 1n Figs. 4, 5, and 6 1nduce
changes in the mmpingement-1imited perveance per
hole. The data symbols and error bars 1n Fig. 8
pertain to the data from the horizontal portions of
the curves in these figures. Figure 8 shows an
almost linear decrease 1n performance as the ratio
of discharge-to-total accelerating voltage
increases,
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Discharge and total accelerating voltages are
known to alter the screen hole sheath shapes and
positions and this could be the cause of the effect
shown in Fig. 8. One might also speculate that
this reduction results from a plasma related block-
age of the screen grid hole. Such a situation
could occur at low net accelerating voltages where
Tow current densities with their attendant low
plasma densities and larger Debye lengths are ob-
served. It 1s also considered possitle that
discharge voltage influences the off-axis velo-
city component of 10ns entering the sheath while



total accelerating voltage determines their on-axis
component. The ratio of these two voltages would
then be expected to determine the relative trajec-
tory of ions toward the accelerator grid webbing.
In any case, this effect 1s believed to be a real
effect and to avoid substantial decreases in per-
formance at very low total accelerating voltages,
1t appears that 1t w111l be necessary to use thrus-
ters which exhibit stable operation at high current
densities with low discharge voltages.

Effect of Net-to-Total Accelerating Voltage Ratio

Figure 9 shows the effect of variations in the
ratio of the net-to-total accelerating voltage on
the impingement-1imited perveance per hole charac-
teristics of grids as a function of normalized grid
separation for a typical case (dg = 1.5 mm,

Vy = 300 V). It shows that increases in the net-to-
total acceleration voltage ratio (R) cause the
characteristic impingement-1imited perveance vs.
grid separation curves to shift to the left. This
means that operation is possible at a given net
acceleration voltage at closer grid separation and
hence higher current densities at the higher net-to-
total acceleration ratios (R). This appears to be

a result of the improved focusing associated with
the higher values of R. Although Aston3 reported
large variations in beam divergence with R, his

data did not indicate such a dramatic effect of R on
the impingement-Timited perveance per hole as that
suggested by the results of Fig. 9. The reason for
this difference 1s uncertain at this time but 1t may
be related to a difference in the screen-to-accel
grid hole diameter ratio which was different 1n the
two tests,
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Ratio on Ion Extraction Performance for
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The significance of the results shown in Fig., 9
can be seen more readily 1f the impingement-1imited
current density (current per hole/hole area) 1s used
as the dependent variable 1n place of the impinge-
ment-1imited normalized perveance per hole. This
has been done in Fig, 10, Even though the poten-
ti1al difference between the grids decreases as the
net-to-total acceleration voltage ratio 1s increased,
Fig. 10 1ndicates the current density can be in-
creased by doing this. This can be accomplished
because increasing the net-to-total acceleration
voltage ratio facilitates better focusing and the

opportunity to reduce the grid separation to pro-
gressively lower values before accelerator grid
impingement becomes excessive. Unfortunately, the
process of increasing the net-to-total accelerating
voltage cannot continue indefinitely, because the
operation of the grids is eventually limited by the
onset of backstreaming. It should be noted that the
results of Fig. 10 were obtained with an accelera-
tor grid hole diameter equal to the screen hole
diameter and the observations just made could be
altered somewhat if the accelerator grid hole dia-
meter were reduced,
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Electron Backstreaming

Figure 11 shows the effect of variation in the
screen/accelerator hole size on the electron back-
streaming parameter as a function of normalized
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grid separation length. Qualitatively, all the
curves are observed to be similar. As the norma-
lized grid separation is reduced, the electron back-
streaming parameter remains fairly constant, and
then falls off slightly at the lower grid spacings.
The reason for this drop off 1s uncertain at this
time, but 1t should be noted that at the lower grid
separations under some conditions 1t was difficult
to distinguish between increases in beam current

due to improved focusing and increases due to back-
streaming, There is also a trend in Fig. 11 toward
lower electron backstreaming parameters with de-
creasing hole size. It is also possible that this
lowering of the backstreaming parameter might be
related to an increase of screen webbing area be-
tween the holes which accompanied reductions n
screen hole diameter in the present experiments.
This occurred because the hole-to-hole spacing was
held fixed while the hole diameter was varied.
Additional experiments are needed to determine which
of these parameters induce the observed effect, The
less significant effect of net accelerating voltage
on the electron backstreaming parameter, for the
typical case where the screen hole diameter 1s

1.5 mn, is shown 1n Fig. 12.

ARGON
dg = dg = | 5mm Vn
fa ,te o 100V
L2 .025
4y " ds o 300v
A 500V
o12r o
o
E 010} — =
3 L7 A &
g = o
& oo s
e =|s oos| a oS
£ a fod
z 3 s
o = %]
E3s cosf J
»n =
x
Q
g A
z L o004}
[ = e}
b
o ooz}
o . L .
0 05 10 15

NORMALIZED GRID SEPARATION [ Pq/d, |

Fig. 12 Effect of Net Acceleration Voltage on the
Electron Backstreaming Parameter for 1.5 mm
Diameter Grid Apertures

Figure 13 shows the typical results indicative
of the effect of the perveance at which a grid is
operating on the electron backstreaming parameter.
The rate at which the electron backstreaming para-
meter decreases appears to increase with decreasing
perveance levels., Similar qualitative results were
reported by Kaufman on the basis of numerical sg-
lutions for the electron backstreaming problem.

In summary, Figs. 11 to 13 indicate that there are
secondary effects due to hole size (or open area
fraction), net accelerating voltage, and perveance
on the electron backstreaming parameter. Disregard-
ing these minor effects the figures suggest that
there 1s an upper 1imit on the electron backstream-
1ng parameter of ~ 0.10.

Electrical Breakdown

The apparatus used in the conduct of the ex-
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periments described herein were particularly well
suited to the conduct of tests on the electrical
breakdown characteristics of grid pairs for 10n
sources. The reasons for this were that 1) the
grid separation could be varied to determine when
breakdown would occur and 2) the grids were small
so the effects of electrostatically and thermally
induced deformations could be minimized. Figure 14
shows that the electrical breakdown characteristics
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of each of the different graphite grid pairs re-
mained fairly constant over the range of grid sepa-
rations 1nvestigated 1n the range of 3 to 5.5 kv/mm.,
A1l of the data l1es above an electrical breakdown
timit of 3 kV/mm. This is slightly higher than
generally accepted 1lmit of 2 kV/mm for ion thruster
accelerator systems.” No special effort was made to
ensure the quality of the finishes on the grid sur-
faces and 1t 1s believed that this caused the scat-
ter in the electrical breakdown limits shown in

Fig. 14, There 1s no effect of grid aperture dia-
meter or grid spacing on the breakdown electric
field apparent from the data of Fig. 14. Additional
tests also suggested that neither the net accelera-
tion voltage nor the perveance at which the grids
were operating influenced this breakdown electric
field measurably.

Conclusions

Apparatus for testing two-grid accelerator
systems has been developed which 1s well suited to
evaluating the impingement-limited current density
capabilities and the electron backstreaming and
electrical breakdown characteristics of such
systems, The basic relationships defining the cur-
rent density capabilities of 1on optic systems
appear to be valid for screen grid hole diameters as
small as 1 mm and it 1s expected that these relation-
ships will be valid for even smaller screen grid
hole diameters. Tests show, however, that the
impingement-11mited perveance per hole at which the
grids can be operated degrades as the ratio of dis-
charge-to-net accelerating voltage i1ncreases. The
results also show that operation at the highest
current densities are realized at close grid sepa-
rations when the net-to-total accelerating voltage
ratio 1s high. 1In general, at close grid separa-
tions there 1s an optimum range of net-to-total
accelerating voltages. To operate 1n this optimum
range, the ratio of net-to-total accelerating volt-
age must be high enough to avoid poor focusing yet
Tow enough to prevent electron backstreaming., Elec-
tric fields greater than 3 kV/mm were obtained be-
fore electrical breakdown occurred between the pairs
of graphite grid tested,
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THE INFLUENCE OF STRAY MAGNETIC FIELDS ON ION BEAM NEUTRALIZATION+

Feng Yu-Cai1* and P, J. Wilbur**
Colorado State University
Fort Collins, Colorado

Abstract

An experimental 1nvestigation is described in
which a comparison of the ion beam neutralization
characteristics of a local neutralizer (within
~ 5 cm of the beam edge) with those associated with
a distant one {~ 1 meter away from thruster) were
compared. The influence of magnetic fields in the
vicinity of the neutralizer cathode orifice which
were either parallel or normal to the neutralizer
axis were studied. Plasma property profiles which
reflected the influence of the magnetic fields were
measured., The results indicate that magnetic fields
at the region of a neutralizer cathode orifice 1n-
fluence 1ts ability to couple to the jon beam,

They show that there 1s a potential jump from the
neutralizer cathode orifice to the plasma which
exi1sts close to the orifice. This potential drop
increases as the axial component of magnetic flux
density increases. A magnetic field perpendicular
to the neutralizer axis induces a potential rise a
few centimeters further downstream of the neutral-
1zer cathode. Test results indicate the path
length from the neutralizer to the beam along mag-
netic field Tines also has an effect on the beam-to-
neutralizer plasma potential difference but this
effect was typically smaller than the other two
effects. The results suggest that 1n order to min-
mmize the adverse effects of stray magnetic fields,
a region as free of magnetic fields as possible
_should be selected for placement of the neutralizer.

Introduction

Recent tests conducted in space on the SERT II
Spacecraft included an investigation of the process
of ion beam neutralization from an electron source
located far from the fon beam. This was accom-
plished by using the neutralizer or unaccelerated
thruster plasma of a thruster located a meter or TO
away from the thruster operating at high voltage. 2
One of the results observed in this test was that
the potential difference between the neutralizer
and beam plasma potential could be lower with the
distant neutralizer than it was when the local one
was used., In order to determine if local magnetic
fields could be the cause of this and to develop
an understanding of neutralization phenomena that
would aid 1n the design of future neutralizers,
the study described herein was conducted. The ex-
periments undertaken 1ncluded a comparison of the
ton beam neutralization characteristics of a local
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1ne

neutralizer with those associated with a distant
one. A study of the influence of magnetic fields
in the vicinity of a neutralizer cathode orifice
on fon beam neutralization was also undertaken,
The plasma property profiles which reflected the
effects of changes in magnetic fields near the
neutralizers were measured.

Apparatus and Procedure

The experiments were conducted in the 1.2 m
diameter by 4.6 m long stainless steel tank shown
schematically in Fig. 1. The operating pressure
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Fig. 1 Neutralization Test Apparatus

in the vacuum system was in the range of 5 ~
7 x 10-5 torr during the tests. At this pressure
the electron collision frequency is small compared
to a typical cyclotron frequency so the conditions
of this test should model the collisionless en-
vironment of the space tests adequately., Further
the potential of the plasma in the vacuum tank was
typically several volts above ground, so most neu-
tralizer electrons should have been reflected from
the tank walls; a condition that also facilitates
modeling of the space plasma, The SIT-8 mercury
1on thrusterd 1dentified in Fig. 1 is located at
one end of the test facility in such a way that its
ion beam 1s directed along the tank axis. Neutral-
ization of this beam is accomplished by either the
standard SIT-8 hollow cathode mercury neutralizer
located adjacent to the thruster or by the distant
neutralizer shown in Fig, 1, Both neutralizers
utilize conventional 0.32 cm dia. mercury hollow
cathodes. Each of the neutralizers is equipped
with a rolled tantalum foil insert, and a toroidal
keeper electrode located ~ 0.08 cm downstream of
the orifice plate. The distant neutralizer cathode
has a 0.04 cm dia. orifice while the local one is
0.025 cm in diameter. In order to achieve stable
and reproducible operation of the neutralizers, the
distant one was operated at a mercury flow rate of
~ 60 mA while the local one operated at ~ 12 mA,
The lower flow rate was presumably required for the
Tocal neutralizer because it had a smaller orifice
diameter and because 1t utilized an enclosed keeper
configuration.

The distant neutralizer was attached to a rod
passing through the top of the tank as shown in
Fig. 1. When this rod was rotated the neutralizer



moved through a 180° arc from one side of the tank
to the other. Because the vacuum tank is stainless
steel the influence of the earth's magnetic field
is felt within it, This field has a magnitude of
~ 0,5 gauss and is inclined at an angle of 65° from
the direction of the ion beam in the plane of
section A-A in Fig. 1. Movement of the neutralizer
support rod through its 180° travel is sufficient
to place the neutralizer at positions where it lies
on earth magnetic field Tines that either intersect
the 1on beam centerline or miss it by distances up
to ~ 30 cm. Each neutralizer cathode was eguipped
with power supplies that controlled keeper poten-
t1al, cathode tip heater current and neutralizer
bias potential. Keeper currents for the cathodes
were maintained at either 0.3 or 0.4 A and the neu-
tralizer bias was adjusted so it was sufficiently
negative to effect the neutralizer emission re-
quired to match the 10on beam current. Auxiliary
magnetic fields of variable magnitude were gen-
erated in these experiments by using the two elec-
tromagnets shown in Fig, 1, These magnets were
located immediately adjacent to the particular neu-
tralizer they served. Magnetic fields of the order
of 15 to 30 gauss could be induced at the neutra-
lizer cathodes with these magnets.

Evaluation of the effects of parametric varia-
tions introduced in the experiments required the
measurement of the neutralizer bias voltages, pro-
files of the plasma potential, and magnetic field
shapes and magnitudes. The neutralizer bias voit-
age could be measured directly but the beam plasma
potential had to be measured by an emissive probe
as suggested by Fig. 1.

In a second series of experiments the distant
neutralizer was moved to the vicinity of the vacuum
feedthrough 1n the configuration shown 1n Fig, 2.
In this configuration the neutralizer cathode axis
was pointed at the ion beam rather than away from
it as 1t had been in the configuration shown n
Fig. 1. It was also installed so emitting and non-
emitting spherical Langmuir probes could be used to
measure plasma properties along the neutralizer
ax1s through that region ranging from immediately
adjacent to the distant neutralizer into the 10n
beam. The emissive probes were used to measure
plasma potential profiles while the non-emitting
one gave electron density and temperature i1nforma-
tion as well, The details of the operation of
these probes are described 1n Refs. 4 and 5. In
this second series of tests two electromagnets were
installed to facilitate control of the magnetic
field 1n the vicinity of the distant neutralizer in
the manner suggested in Fig. 2. The intensities
and shapes of magnetic fields in all of these tests
were determined from gaussmeter and iron filings
map measurements,

Experimental Results

Neutralization in the Unaltered Environment of
the Magnetic Fields of the Thruster and Earth

The 1nitial investigations into the neutrali-
zation of the 10n beam were conducted with the
electromagnets shown in Fig. 1, turned off. The
magnetic field in the region between the distant
neutralizer and 1on beam is in this case the weak
one (~ 0.5 gauss) associated with earth only., In
the region between the local neutralizer and 1on
beam the net magnetic field as induced by the
thruster and earth was about 18 gauss., At a beam
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Fig. 2 Neutralization Test Apparatus

current of 100 mA with the distant neutralizer
positioned as shown in Fig. 1, so electrons emitted
from it would pass about 30 c¢cm from the beam
centerline, the plasma potential profiles repre-
sented by the dotted and dashed curves of Figure 3
were observed, These profiles were measured
through the ion beam at the indicated distances
downstream of the ion source screen grid and during
data collection for these curves, the local neu-
tralizer was not operating. When the distant neu-
tralizer was turned off and the local neutralizer
was started the higher plasma potentials represent-
ed by thesolid and centerlines were observedat the
two axial locations identified. The higher plasma po-
tentials observed here with the local neutralizer
are reminiscent of results obtained during some of
the SERT-II tests's¢ conducted 1n space. The
plasma potential profile at the 6 cm Tocation is
also seen to be broader when the local neutralizer
1s being used, a condition that was also observed
1n the space tests. Both of these effects are be-
Tieved to be manifestations of an impedence between
the beam and local neutralizer plasmas that is
higher than the one between the distant neutralizer
and beam plasma. This postulate is also supported
by the observation that the neutralizer cathode
bias voltage relative to ground (V) required to
effect neutralization was also considerably lower
1n magnitude when the distant neutralizer was used.
In a second experiment the local neutralizer
was secured, the distant neutralizer was moved with
respect to the ion beam while the thruster was
operating. The effect of thi1s movement on the fon
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Fig. 3 Effect of Neutralizer Location on Ion
Beam Plasma Potentials

beam plasma profile was examined. This neutralizer
movement was accomplished by rotating the arm sup-
porting the distant neutralizer (Fig. 1) so the
neutralizer plasma was moved from the earth mag-
netic field line missing the 1on beam centerline

by ~ 30 cm to one passing through the 1on beam
centerline and the beam potential profiles shown

1n Fig. 84 were obtained. As indicated on the fig-
ure, profiles were measured at axial locations
downstream from the grids (x) of 6, 29 and 52 cm,
The results shown i1n this figure are as expected

in that the beam plasma potentials dropped when the
neutralizer was moved to the field 1i1ne intercept-
1ng the beam axis. The fact that this drop was
small {~ 3v) could be due to the fact that the neu-
tralizer plasma was not moved very far away from
the edge of the beam plasma. In this regard 1t 1s
noted that 1) the beam plasma potentials suggest
substantial beam spreading with axial position and
2) the electron gyro radius in the tank plasma and
earth's magnetic field is about 10 cm. The fact
that the gyro radius 1s less than the 30 cm dis-
tance between the magnetic field line passing
through the neutralizer plasma and the beam center-
line 1s consistent with the observed change 1n the
plasma potential profiles. It is also noted that
the neutralizer bias voltage (V.) required to
effect neutralization of the 108 mA beam current
tracked with the changes in plasma potentials. It
has been suggested6 that fluctuations in beam
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plasma potentials of the order of several volts
observed during the SERT-1I space tests could have
been caused by spacecraft motion in the earth's
magnetic field. These fluctuations were originally
attributed to a spacecraft wake effect but the
relative motion of the distant neutralizer and beam
in the earth's magnetic field could have also
caused this effect 1n much the same way 1t was 1in-
duced in the test just described.

The Influence of Magnetic Field at the Distant
Neutralizer

For this series of tests the electromagnet at
the distant neutralizer in the Fig. 1 test config-
uration was positioned so its solenoidal magnet
f1eld was aligned with the neutralizer axis as sug-
gested by the inset sketch in F1g. 5. As the elec-
tromagnet current was varied the shapes of the
field 1ines shown in Fig. 5 were not altered but
the field strengths did change. The beam plasma
potential profiles at axial locations of 6, 29 and
52 cm downstream of the grids were measured as this
change was effected. The relative shapes and mag-
nmtudes of these profiles at these three axial
positions were however consistent with the trends
shown in Figure 5. As a result the plasma poten-
t1§1 at the beam centerline 6 cm downstream of the
grids was selected as representative of the state
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of the beam plasma potential. Figure 5 shows that
the magnitudes of both this representative beam
plasma potential and the neutralizer bias voltage
increase as the magnitude of the solenoidal mag-
netic field at the neutralizer tip is increased.
The same behavior 1s observed at beam currents of
100 mA and 200 mA although the magnitudes of both
voltages are higher at the higher beam current.

Figure 6 shows that the coupling voltages be-
tween the neutralizer and beam plasmas (1.e., total
voltage drop from beam plasma to neutralizer tip)
taken from the data of Figure 5 are nearly directly
proportional to magnetic flux density at both beam
currents. Further, these voltage difference levels
1increase in direct proportion to the beam current
level. Visual observation of the neutralizer
plasma when the solenoidal magnetic field current
was increased showed that an increase in the field
strength caused the luminous region associated with
the cathode discharge to contract. As the magnetic
field strength was increased to ~ 15 gauss, the
hollow cathode discharge appeared as a very tiny
bright spot at the orifice.

In order to further clarify the influence of
the magnetic field on the neutralizer's ability to
couple to the fon beam, another series of tests
were undertaken. In these tests the distant neu-
tralizer was positioned so 1ts axis was perpendic-
ular to the thruster axis as shown 1n Fig, 2. The
magnetic fields were arranged so one was aligned
with the neutralizer axis and another was normal to
1t as suggested by the sketch of section B-B 1n
Fig. 2, Each of the magnets could be controlled
independently. Again as the current was varied to
elther electromagnet the shapes of the field lines

were not altered but the field strengths did change.

The plasma potential profiles along the neu-
tralizer axis from the cathode to the ion beam
center observed when the axial magnetic field was
on and the normal magnetic field was off are shown
in Fig. 7a. These curves show that there is a
steep potential jump between the neutralizer
cathode and the plasma close to the cathode orifice.
Most of the voltage increase between the neutra-
lizer cathode and the beam plasma is seen to occur
in this region. Further the magnitude of this
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Fig. 6 Effect of Magnetic Field at the Distant
Neutralizer on Voltage Difference Between
the Neutralizer and Ion Beam

voltage rise 1s observed to 1ncrease with axial
magnetic flux density at the neutralizer tip. It
1s noteworthy that the data points at the cathode
orifice (on the vertical axis) in Fig. 7a corres-
pond to the neutralizer bias voltage while those
further downstream were measured using the emis~
sive probes, After the initial voltage jump, 1ts
rise 1s observed to be approximately linear with
distance and of the order of a few to several volts,
As the axial magnetic field (the component along
the direction of the neutralizer axis) was in-
creased by increasing the current to the axial
electromagnet (Fig. 2), Fig. 7a shows the magni-
tudes of the plasma potentials increased and the
cathode potential required to induce a 100 mA emis-
si1on current decreased, Fig. 8 shows this same
effect in the form of plots of the beam plasma
(1.e., 60 cm from the neutralizer), the neutralizer
plasma (1.e., ~ 0.3 cm from the neutralizer) and
the neutralizer cathode potentials as a function of
the magnetic flux density at the neutralizer ca-
thode orifice. It 1s noted the plasma density pro-
file measured along the neutralizer ax1s and shown
in Fig. 9 as function of ax1al magnetic field does
not seem to be affected signmificantly by this field.
These results suggest that the axial magnetic field
affects the capacity of a neutralizer to couple to
the ion beam principally because it i1nduces a po-
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tent1al drop close to the cathode orifice. Finally
it 15 noted that the coupling voltage between the
neutralizer and beam plasma 1s nearly directly pro-
portional to the magnetic flux denstity.

Plasma potentials were also measured for the
case where the axial magnetic field was turned off
and the normal magnetic field was turned on.

Figure 10 shows how this magnetic field component
affects the plasma potential profile. In contrast
to Fig. 8, where the axial field was observed to
cause an increase 1n the potential difference very
close to the cathode (< 0.3 cm), the normal magnetic
field induces a potential difference over a much
longer distance (a few centimeters), The increase
in potential difference through this region 1s pre-
sumably caused by the plasma impedance induced by
the magnetic f1eld aligned perpendicular to the di-
rection of current flow., Figure 11 shows that the
variation 1n plasma density along the neutralizer
axis when the normal magnetic field is applied.
Comparison of this Figure with Fig. 9 reveals a
much more dramatic drop in plasma density along

the neutralizer axis when the normal field 1s
applied 1n place of the axial one. In Figure 12
the potentials of the beam plasma, neutralizer
plasma and neutralizer cathode are plotted as a
function of the normal magnetic field flux density,
This Figure again shows that the potential rise at
the cathode does not increase in the immediate
vicinity of the cathode as 1t did in the case of
the axial magnetic field. As suggested by Fig. 10
most of the potential rise occurring between the
beam and neutralizer plasmas is observed within a
few centimeters of the neutralizer cathode.

The Influence of the Magnetic Field at the Local
Neutralizer

The test results obtained with the local SIT-8
neutralizer showing the influence of stray magnetic
f1elds 1n 1ts vicinmity on neutralization perfor-
mance indicators are shown in Fig. 13. In this
case the neutralizer is located i1n the magnetic
field associated with the thruster itself; this
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field 1s oblique to the 1ocal neutralizer axis. The
test 1nvolved altering this field with an external
magnet and measuring the resulting changes in beam
and neutralizer bras potentials. The central 1ron
filings map in Figure 13 shows the unaltered mag-
netic field associated with the thruster as well as
the Tocation of the neutralizer in this field., In
the filings maps to the left of center the external
magnet acts to cancel the thruster field thereby
reducing the magnitude of magnetic flux density at
the neutralizer and bending the field lines passing
through the neutralizer toward the ion beam., In
the filings maps on the right, the external magnet
1s used to increase the magnetic field magnitude
and draw the field 1ines passing through the neu-
tralizer still further away from the beam. The
arrows associated with each filings map i1ndicate
the magnitude of magnetic flux density at the neu-
tralizer corresponding to that filings map.

Figure 13 shows that when the magnetic flux density
magnitude is increased and the field Tines passing
through the neutralizer are drawn further away from
the beam, the neutralizer bias and beam plasma po-
tentials are increased. Conversely, reducing the
magnetic flux densities and directing the field
Tines toward the beam reduces the magnitudes of
these potentials somewhat, As with the distant
neutralizer (Fig. 5), operation at high beam cur-
rents requires higher potential differences between
the beam and neutralizer in order to effect neu-
tralization. The results of Fig. 13 are observed
to be qualitatively consistent with results obtain-
ed with the electromagnets used 1n tests associated
with the distant neutralizer,
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A Phenomenological
Discussion of Test Results

The Influence of Axial Magnetic Field on
Neutralization

The experiments have suggested that the plasma
between the neutralizer cathode and the i0on beam
can be described as three separable regions. The
first will be defined as the thin layer (sheath)
mmediately adjacent to the cathode orifice. The
next (1ntermediate) region 15 assumed to extend
from this cathode region through the first few cen-
timeters immediately downstream of 1t. The final
(distant) region is assumed to extend from the edge
of the second region to the 1on beam. Based on the
experimental results obtained the following model
describing the influence of low 1ntensity stray
magnetic fields in these three regions is proposed:

1) The sheath region 1s affected by the axial
magnetic field,

2) The intermediate region 1s affected by the
normal magnetic field, and
3) The distant region 1s not affected signif-

jcantly by ei1ther component of magnetic
field.

At the hollow cathode orifice emitted electrons
and 1ons are both present so a double sheath 1s
formed. When no magnetic field was applied 1n the
experiments the bulk of the neutralizer-to-beam po-
tential rise occured across this sheath., As the
ax1al magnetic field strength was increased this
sheath potential rise increased in magnitude, It
1s postulated that with no magnetic field present
the sheath 1s curved because the electrons exiting
the orifice can move both radially and axially
toward the keeper and/or the beam. As the axial
magnetic field strength 1s i1ncreased 1t 1s argued
that the electrons are confined to move along field
lines and the sheath moves from a curved to a flat
configuration. In order to model the effect of the
axial magnetic field on the sheath potential rise
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consider the sheath with no field present to be
hemi-spherically convex.,

For the purposes of this analysis the poten-
tial through the sheath will be measured relative
to the downstream sheath plasma boundary where the
potential is taken to be zero. Position will be
measured from the neutralizer cathode orifice exit
surface where r = rg as shown 1n Fig. 14, Assumin
the thickness of sheath to be one Debye length (Adg
analysis shows 1n the test under consideration that
Ad < Ay is satisfied where An is the electron mean
free path for elastic collisions. Therefore the
particles are assumed to move without collision or
1on production within the sheath. The sheath
plasma 1s assumed to be composed of three particle
groups, namely electron drawn from the cathode in-
terior, 1ons from the downstream plasma, and elec-
trons from this same plasma. The electrons from
the cathode 1nterior are assumed to enter the
sheath with a negligible velocity and to have a cur-
rent density Je and a mass mg. Ions entering from
the other side have a current density jj, a mass mj{
and a velocity determined by the Bohm criterion,

The potential equivalent of their velocity 1s given

by
m

where To is the electron temperature in the down-
stream plasma.

DOWNSTREAM

UPSTREAM T
SHEATH SURFACE
SURFACE

#

Fig. 14 Schematic Diagram of Cathode Sheath

\CATHODE

The plasma electrons entering the sheath from
the downstream plasma will have a Boltzmann dis-
tribution so that their density ne will decay ex-
ponentially into the sheath, Their charge density
can be expressed as

en, exp [eV/kT ] (2)

[o}

n
P en,

&



where ne, 1s the density of electrons at sheath
edge where V = 0. These three plasma constituents
combine to determine the potential variation
through the plasma sheath. In this case we assume
spherical symmetry and a sheath dimension that 1s
small compared to the orifice radius so the effect
of curvature can be neglected.’ For this case
Poisson's equation can be used to describe the
physical situation in one dimension.

d2y
rrs

- Je _ 3
lze(V-ch \’ze(vo-Vj
e‘N m oy my

I—l

+ (ene )exp(eV/kTe) (3)

[} [0}

]

where ¢, is the permittivity of free space. Using

the definition
Js rm o1k
(,:_1[_1]
Je L Me

and applying the space charge 1imiting boundary
conditions

av| .
=0
r = Y‘o
dv .
& 0
rErg g

where xg 1s the sheath thickness Eq. (3) integrates
to

4; m_ 3 1 L L
fele [(v-vc)1 +allV )T = (V) 1]
Zne kTe L
0 eV (8)
+ .e_o-——- exp(k—-re—)

The sheath thickness can be expressed as
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where m %
43 ;e i
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DT Lv=v ) = v 7]

In this expression J 1s the sum of the keeper cur-
rent and the 1on beam neutralization current and A
1s the surface area of sheath through which the
electron current flows. This area is taken to be
the surface area of the sector of a sphere of radius
R 1ntersecting the cathode orifice circle. If one
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assumes the potential of electrons entering the

sheath from the cathode interior is approximately

equal to the potential of the cathode and that the

potential at the downstream sheath surface is equal

to the potential which was measured ~ 3 mm down- -
stream of the cathode the sheath thickness 1n the

absence of a magnetic field 1s found to be

~ 0,024 mm from Eq. (5).

In the presence of a magnetic field, as men-
tioned earlier the surface should tend to become
more planar (1.e., R increases). In the limit of
a high magnetic field R + » and the sheath surface
1s equal to the area of the cathode orifice. If we
assume the sheath thickness is 1ndependent of the
axial magnetic field strength then the difference
1n the potential rise from the cathode to the neu-
tralizer plasma for these two extremes (R = rg and
R = w) can be computed. This change in potential
for the conditions pertaining to the present prob-
lem 1s found to be ~ 12v, (assuming T = 0.8 eV8,
and using measured values for the other quantities
in Egs. ?5) and (6)).

The measured changes in the neutralizer plasma-
to-cathode potential difference ranged in value up
to 7 or 8 volts at axial magnetic flux densities
near 25 gauss. It 1s believed that magnetic flux
densities near 50 gauss would be sufficient to 1n-
duce the computed change 1n potential difference
of 12 volts. At any rate the relative agreement
between the measured and computed values 1s con-
stdered significant,

For this case of an axial magnetic field the
experiments suggest that the potential drop through
the 1ntermediate and distant regions 1s only a few
volts and that it varies 1inearly with distance,
Ax1al magnetic field strength seemed to have a
minwmal effect on the voltage rise through these
regions. It 1s postulated that this condition
exists because the magnetic and electric fields are
approximately parallel. Under this condition the
conduction current dominates so the plasma conduc- "
tivaty 1s not influenced substantially by magnetic
field strength, In addition the collision frequency
1s relatively small and this 1s also essential to
the small rise observed through these regions. The
small increase in potential rise that 1s observed
through these regions with changes in axial mag-
netic field 1s considered to be due primarily to
small changes in the path length from the neutra-

Tizer to the 10n beam.

The Influence of a Normal Magnetic Field on
Neutralization

The experiments i1ndicate that a normal mag-
netic field effects a voltage rise 1n the inter-
mediate region rather than the sheath region. It
1s argued 1n this case that electrons 1n the inter-
mediate region are affected by both the electric
and magnetic field that exist there and that these
fields tend to be mutually perpendicular, It 1s \
also argued that in this intermediate region the
neutral density 1s sufficiently lTow so the ratio
of gyro frequency to collision frequency is
moderate and as a result the Hall Current is sig-
nificant. As the normal magnetic field 1s 1ncreased
under these circumstances there should be a sub-
stantial i1ncrease 1n the path length of electrons
passing between the sheath and distant regions., It
is believed that this increase 1n path length



through a region of moderate to low collision
frequency causes the observed increase in potential
difference.

For this case where a normal magnetic field 1s
applied the voltage rise through the sheath is not
affected by the field strength. This 1s expected
because the sheath thickness 1s small compared to
the gyro radius. In the distant region the magnet
induces a small change in the magnetic field. The
magnetic field there is quite weak and generally
parallel with the electric field. Hence the effect
of field strength on the potential rise through the
distant region 1s relatively small as 1t was in the
case where an axial magnetic field was applied.

Combined Axi1al and Normal Magnetic Field Effects

When the local neutralizer 1s used both normal
and axial magnetic field components are present.
Under this condition the ax1al magnetic field com-
ponent should cause the potential rise at the
sheath to increase while the normal magnetic field
component should cause a potential rise through
the intermediate region. Comparison of the results
of Figs. 8 and 12 with those of Fig. 13 suggest
that the potentials observed in this configuration
are however higher than one would predict consider-
ing both of the separate voltage rise components
due to separate axial and normal magnetic fields.
It 1s considered Tikely 1n this case that the con-
duction path length in the distant is increasing
substantially as magnetic field is varied so that
the potential rise in the distant region also be-
comes significant,

Conclusions

The magnetic field at a neutralizer cathode
ori1fice 1nfluences the neutralizer's ability to
couple to the 1on beam., A magnetic field which 1s
aligned with the neutralizer ax1s 1nfluences the
potential rise at the neutralizer cathode sheath
which exists between the neutralizer cathode and
the plasma immediately adjacent to 1t. This po-
tential difference between the neutralizer and
adjacent plasma increases linearly with axial mag-
netic flux density. When a magnetic field that is
perpendicular to the neutralizer axis is applied
the region over which the potential rise occurs is
extended over several centimeters.

Stray magnetic fields associated with ion
thruster themselves are sufficiently large to cause
substantial increases in the potential difference
between the neutralizer and the beam plasma. In
order to minimize this effect a region as free of
magnetic fields as possible should be selected for
placement of the neutralizer. The neutralizer does
not seem to have any difficulty coupling to the 1on
beam over distance of the order of 1 meter as long
as the magnetic field levels are low (of order 0.5
gauss or less). If a neutralizer must be Tocated
1n the region of a stray thruster magnetic field,
an external magnet which 1s properly arranged to
alter the magnetic field so 1t 1s directed tqward
the 10n beam can mprove coupling. Application of
such a field does not seem to alter thruster per-
formance measurably, Magnetic fields of the order
of those associated with the earth {~ 0.5 gauss)can
effect small beam plasma potential changes (of order
1v) when they are interposed between an ion beam
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and a neutralizer located on the order of 1 meter
away.
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ABSTRACT

An electrothermal ramjet confirguration is
examined as a possible alternative to rail guns and
mass drivers for high acceleration launch missions.
For a specific mission (earth escape) the idealized
performance of the electrothermal ramjet, the elec—
trothermal rocket and the electromagnetic accelera-
tion system are compared. This comparison indi-
cates that the gross performance of the ramjet com—
pares favorably with that of the ideal electromag-
netic acceleration system., A specific configura-
tion for the ramjet is chosen and models for the

dynamics, thermodynamics and fluid mechanics are
presented. Results of calculations for a typical
supersonic launch cycle suggest that pressure, tem

perature and power demand profiles associated with
ramjet operation should be reasonable. A light gas
gun is proposed to accelerate the vehicle to the
critical velocity where efficient ramjet operation
can begin, The theoretical performance of the ram—
jet is also shown to be substantially better than
that of the light gas gun at high velocities,

INTRODUCTION

The relatively massive expenditure of chemical
fuel and oxidizer associated with the launch phase
of space missions adds substantially to the cost of
such missions, Not only are the propellants
costly, but the additional mass of tankage and
structure required to hold the propellant mass
detracts from the payload mass and therefore adds
substantially to the cost of the delivered payload,
It is also desirable to simplify these launch sys—
tems and improve their reliability. For some mis-
sions where high acceleration levels can be
toleratef such ulteinative launch scheges as light
gas guns , rail guns®, and mass drivers™ have been
proposed as substitutes for conventional rockets.
These missions could include ones in which various
materials would be directed into space either for
disposal or application there. While the capital
1nvestment in such systems is expected to be large,
they hold the promise of lower cost per launch
because of the large number of launches that should
be realized over their design lifetimes.

¢ Work performed under NASA GRANT NGR-06-002-112
¢* Professor, Dept. of Mech. Eng’g.
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Because of the high acceleration levels at
which these devices could operate, the associated
launch tracks could be relatively short and the
terminal launch velocity could be achieved while
the payload was close to the earth's surface,
Achieving terminal velocity in a short distance is
considered desirable because the launch could be
effected in a tube of reasonable size which would
be sealed during the launch sequence if it became
necessary to abort the launch. This could facili-
tate containment if toxic or radioactive materials
were being launched.

Another propulsion concept which may be useful
in these high acceleration ievel missions is the
electrothermal rocket concept. In these devices
on-board propellant is heated electrically and then
discharged through a mnozzle to produce thrust,
Because the heating is accomplished electrically,
hydrogen propellant with its attendant high
specific impulse capability can be selected. There
are several types of electrothermal rockets. In
the resistojet, for example, the propellant is
heated by passing it over curreat-carrying, resis—

tive elements and exhaust velgcities as high as
8500 m/sec have been achieved. Higher exhaust
velocities can be realized if the material limita-

tions imposed by the heating elemonts are elim—
inated and joule heating is accomplished by passing

current directly through the propellant in an
arcjet thruster. Exhaust velocities as high as
15000, ,m/sec have been demonstrated in these dev—

ices.

A basic electrothermal rocket vehicle which
might be used in this application is shown concep-
tually in Figure la. This rocket would carry on-
board propellant which would be metered into the
heating chamber where its temperature could be
raised by energy either beamed there electromagnet—
ically or carried there in the form of electrical
current from rails located in the launch tube.

For the mission under consideration here,
where the launch is accomplished in a relatively
short distance close to the earth’s surface, it is
also practical to distribute the propellant in the
launch tube. When this is done a ramjet engine can
be used to collect the propellant, heat it and pro—
duce the desired thrust as it moves down the tube.
Physically the ramjet would operate in the manner
suggested by Figure 1b by simply drawing propellant
in from the tube through an intake diffuser, heat-
i1ng it electrically and them expelling it through a

nozzle. Energy could again be transported into the
heating chamber either electromagnetically or in
the form of electrical current, No compressor or

other rotating equipment would be needed although



an initial velocity would have to be imparted to
the vehicle, This might be accomplished by a
booster rocket, a light gas gun or & low terminal
velocity electromagnetic driver.

INTAKE

D'FFUSERN PROPELLANT ||

—— PAYLOAD \ [\\
|- PROPELLANT
V'
|, ELECTROTHERMAL~—]
HEATING
REGION
— NOZZLE'\\\\\\
k///LAUNCH
————

TUBE \

N
o ROCKET b RAMJET
Fig. 1. Electrothermal Thruster Concepts

The purposes of this study are 1) to determine
the potential of the electrothermal ramjet concept
by comparing its gross performance capabilities
with those of rocket and electromagnetic accelera-—
tor systems, 2) to select a ramjet configuration
that appears to be promising and 3) to examine the
fluid mechanics and thermodynamics of operation of
this configuration, The execution of this work
should point out any basic physical limitations
that make the concept impractical and illustrate
its potential advantages over other launch vehicle
concepts.

GROSS PERFORMANCE COMPARISON

In order to compare the performance of various
propulsion systems a high acceleration earth escape
mission was selected., In this mission sufficient
velocity would be imparted to the payload at the
earth’s surface so it would be at earth escape
velocity when it reached an altitude where atmos—
pheric drag would be negligible, The thrusters to
be compared are characterized by their exhaust
velocities with the following values being selected
as typical of the capabilities of the devices indi-
cated:

Exhaust
Thruster Velocity (U)
Chemical Rocket
Resistojet Rocket
Arcjet Rocket
Resisto-ramjet
Arc-ramjet

4,500 m/sec
8,500 m/sec
15,000 m/sec
8,500 m/sec
15,000 m/sec

Each of these thrusters will, for this prelim-
inary analysis, be assumed to operate at & constant
exhaust velocity. This is probably a reasonable
assumption for the rockets, but it is not obvious
that the ramjet is modeled adequately as a constant
exhaust velocity device. Work contained in the

130

next section of this paper shows, however, that
from a theoretical point of view it is quite rea-
sonable to model the ramjet in this way. In addi-
tion an ideal electromagnetic launcher will be used
in the comparison., This device is idealized in the
sense that all of the electrical energy input is
assumed to be transferred to the moving payload

mass and it therefore represents the ultimate
launcher,
The velocity required at the surface of the

earth by a payload intended to escape the earth and
the maximum acceleration that such a payload can
endure are also nocessary as inputs to the problem
under consaderation. These gquantities can be
defined 1f one considers the expulsion of the pay—
load to consist of two phases, namely the launch
phase illustrated in Figure 2 and the subsequent
phase of vehicle passage through the atmosphere. A
vertical launch trajectory 1is specified and ini-
tially the vehicle is assumed to be at rest and to
have a mass m,, When the thruster is started it
generates a constant thrust F which produces an
initial acceleration o, The launch phase is
assumed to continue untii time t_, when a terminal
launch velocity v_. is reached.” At this point the
vehicle mass is m_, the acceleration is o, and the
location measured from the 1nitiaf location

axial

is x,, Thrusting stops and the phase of vehicle
passage through the atmosphere begins at this
point, During this second phase the vehicle velo—

city decreases as a result of atmospheric drag and

gravitational effects. FINAL CONDITIONS
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The maximum acceleration o, occurs at the end
of the 1launch phase, In order to minimize track
length this acceleration should be as large as the
vehicle can withstand, a value that is ultimately
determined by the mechanical stremgth of the vehi-
cle. If one assumes the basic vehicle is cylindri-
cal and has a diameter d, the compressive stress S
at the base of the vehicle is equal to the thrust
force F divided by its cross sectional area,

ap, _ 4mp g 8 (1

g =—""=
nd2 nd2

In this equation o,, the final (maximum)
acceleration, is in G's and g is the acceleration
due to gravity, The ballistic coefficient of the
vehicle B which characterizes vehicle drag during
its movement through the atmosphere after launch,
is given by

2
B (2)

4 me

In this equation C_  is the vehicle drag coefficient
and it should have a value neag 0.1 for the veloci-
ties under consideration here. Combining Eqs, 1
and 2 and solving for the maximum acceleration one
obtains

BS 3)

Figure 3, which was obtained fgom data supplied by
the NASA Lewis Research Center , shows the ratio of
the velocity at the start of passage through the
atmosphere to that after this passage as a function
of the ballistic coefficient of the vehicle. For
the case under consideration here the velocity
after atmospheric passage is the earth escape velo—
city as the vertical axis title suggests. From
this figure it appears that a low but ealistic
ballistic coefficient might be 2x10 “m /kg. At
this wvalue the ratio of atmospheric entrance
velocity to the earth escape velocity (vesc =
11,200 m/sec) is just under 1.2 and the terminal
launch velocity (v_.) wonld therefore have to be
about 13,000 m/sec, If one spec&fies En allowable
stress in the vehicle of 1.4 x 10° ant/m“ ( 200,000
psi) then the maximum allowable acceleration (Eq.
3) becomes 30,000 G's. This acceleration, while
hxghi is not considered unattainable, Light gas
guns~ have in fact been operated at projectile
acceleration levels an order of magnitude higher
than this. For our case, however 30,000 G's should
not be exceeded 15 compiessive stresses are to be
held below 1.4 X 10° nt/m“ during launch to a velo—
city of 13 km/sec. This velocity will be suffi-
cient to enable escape from the earth when the
vehicle diameter is given by Eq. 2. For a 10 kg
mass having the ballistic and drag coefficients
mentioned this would ocorrespond to a vehicle
several centimeters in diameter,
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Fig. 3. Velocity Loss Through Atmospheric Drag

Results

A simple mathematical model based on a dynami-
cal force balance and an energy comservation
analysis can be applied to each of the thruster
cases considered, In each of these cases a con—
stant thrust and constant exhaust velocity in the
frame of reference of the rocket or ramjet have
been assumed. The basic equations used are given
in Reference 7. The results were obtained for a
particular case where a 10 kg final mass was
launched vertically on the earth escape trajectory.
The 10 kg final mass was selected rather arbi-
trarily but the basic trends and comparisons made
here are not affected by this selection,
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Fig. 4. Velocity Profile Comparison

Figure 4 shows the velocity profiles for the
six thruster options being compared. The effect of
increasing rocket exhaust velocity from 4,500 to
15,000 m/sec is observed to be a three-to-fourfold
reduction in the launch time and a two-to-threefold
reduction in the required launch track length (xf).



This points out the great benefit of using the high
exhaust velocity electrothermal rocket rather than
the conventional chemical rocket motor which is
characterized by the lower exhaust velocity. By
using a ramjet rather than a rocket further reduc-
tions in Jlaunch times and track lengths are real-
ized at a given exhaust velocity. This occurs
because there is no on-board propellant being
accelerated in the case of the ramjet, At an
exhaust velocity of 15,000 m/sec the ramjet per—
forms essentially the same as the electromagnetic
accelerator in that it requires the same track
length (285 m) and launch time (44 msec)., The
8,500 m/sec ramjet is seen to exhibat performance
comparable to the 15,000 m/sec rocket,

Figure 5 shows the time profile of the vehicle
acceleration for the various thrusters, The
acceleration is limited to 30,000 G's and this
implies considerably lower initial accelerations
for the conventional rockets in which the vehicle
mass must decrease with time as on-board propellant
is discharged. The shorter launch times and track
lengths given in Figure 5 occur of course for the
cases where the acceleration remains closer to the
limiting value throughout the launch,
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Fig. 5. Acceleration I'rofile Comparison

A discussion of the variation in acceleration
for the 8.5 km/sec ramjet will facilitate an under—
standing of some of the physical characteristics of
this thruster, Before a ramjet can be operated it
is necessary to accelerate it, using an alternative
force, to that velocity where it is processing ade-
quate propellant mass. For the ramjet cases in
Fig, 5 this is arbitrarily presumed to be accom
plished using an auxiliary rocket motor, During
the first ten milliseconds or so the acceleration
of the 8.5 km/sec ramjet increases because this
auxiliary rocket is operating and on-board mass is
being expelled to accelerate the vehicle to the
point where the ram pressure is sufficient to
effect ramjet operation, This decrease in mass
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canses the acceleration level to increase with
time, During the interval from 10 to 50 mil-
liseconds, ramjet operation occurs and the vehicle
acceleration is constant, Near the 50 millisecond
point the vehicle velocity gets sufficiently close
to the thruster exhaust velocity so that the ramjet
can no longer produce adequate thrust.* This means
on-board propellant must again be wused and
acceleration again increases with time, This use
of on-board propellant continues until the desired
final velocity (13 km/sec) is realized.

For the 15 km/sec ramjet the final phase
wherein on-board propellant is used is not required
because the desired final velocity is significantly
less than the exhaust velocity. As this discussion
suggests it is desirable to have a ramjet exhaust
velocity that is substantially greater than the
desired vehicle velocity at the end of the launch
phase, It 1is interesting to note at this point
that constant exhaust velocity, constant thrust
operation of a8 ramjet implies constant mass flow
rate operation. This would seem at first to be
difficult to achieve in this case where the projec-
tile velocity is continuing to increase. A con-
stant mass flow rate can be realized however by
either varying the ramjet intake area or the dis-
tribution of mass in the launch tube.

Figure 6 shows the variation in vehicle mass
with time for each of the thrusters, These curves
simply reflect the variations in acceleration
observed in Figure 5§, It is noteworthy however
that the 4,500 m/sec conventional rocket requires
an initial mass of 180 kg to deliver a final mass
of 10 kg at 13 km/sec while the 15,000 m/sec ramjet
can do it with 11.5 kg and the ideal electromag-
netic thrusger requires only the desired 10 kg as
an initial mass, It is also important to note that
propellant tankage, structure and thruster masses
are neglected in this analysis, If these masses
were included in the analysis the differences
between required initial masses would be even
greater,

CONSTANT THRUST
CONSTANT EXHAUST VELOCITY
@y = 30000 G's

200
K my = 10 kg

~
\ .
\ ™

ool \/aocm:r, U= 4500 m/sec
R ~
o [ ,ROCKET, Us15000 m/sec ~N
[
d
= L \ \

\  RAMJET, U = 8500 m/sec \

q AN ROCKET, U = 8500 m/sec \
AN \\<// \

m%u: \\ \
10 / 1 \ \ L t 1 \ |
o\ 50 100 150 200 250 300

ELECTROMAGNETIC GUN  TIME(msec)
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¢ Application of the momentum balance equation
demonstrates that the thrust (F= m [U-v])
goes to zero as the vehicle velocity (v) ap-
proaches the exhaust velocity (U).

o



The power profiles for each operating condi-
tion are compared in Figure 7. The total energy
(E) required to accelerate the payload to the
specified final velocity for each option is
obtained by integrating under the power curves and
is also shown in this figure, The variation in
total energy required for the launch 1s seen to be
relatively modest between the various modes, but
the ramjet and electromagnetic designs are seen to
require substantially greater peak power levels,
Figure 7 shows that the peak power 1levels of the
high exhaust velocity ramjet and the electromag-
netic gun are comparable, The electromagnetic gun
is observed to require the 1least energy of any
option, but it is important to note that this is a
highly idealized model, The energy stored in the
magnetic fields of this device, when the vehicle
leaves the launch track, as well as joule heating
losses will be substantial and they have not been
included here, Their inclusion conld well make the
energy required for the electromagnetic gunm more
to values obtained with the rockets and

comparable
ramjets,
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The modeling that has been used in this
is highly idealized. For example losses due
aerodynamic
mal energy in the propellants have

for the
powers and losses associated with energy
through conductors or windows,
absolute numbers significantly
parative results are
suggest the hydrogen ramjet thruster could

performance

with idealized electromagnetic thruster. It
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and frictional drag and residual ther—
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launch phase, as have propellant pumping
transport

These could change
although the com—
considered correct, and the
exhibit

that is comparable to that associated

examine specific ramjet

configurations and to determine the mechanical com—
plexity that might be required and the extent of
the thermodynsamic losses associated with their

operation,

RAMJET DESIGN FEATURES

The conventional ramjet design shown in Fig,
1b could be used in the present application, In
this configuration it would fly down the launch
tube processing a portion of the hydrogen and
bypassing the remainder through the region between
its exterior surface and the launch tube wall,
Such a design has several drawbacks typified by the
following examples of major design problems:

e Transmission of electrical
or electromagnetic energy
through the ramjet sidewall
into the heat addition core,

e Control of the ramjet
geometry to effect shock
swallowing and efficient
operation over the large
vehicle velocity range that
will be encountered.

e Control of the radial posi-
tion of the vehicle within
the tube,

A more suitable design would be one in which
the heat addition zone was located external to the
ramjet and the tube wall could serve to guide it
down the tube, Figure 8 shows a schematic diagram
of such a design which is designated the annular
flow ramjet configuration, This axisymmetric
design utilizes a launch tube of circular cross
section, All of the propellant flow is forced to
pass through the ramjet, The converging-diverging
diffuser and nozzle passages are observed to be
formed by the undulating configuration of the pro-
jectile coupled with the essentially straight
launch tube wall, The conceptual advantages of
this configuration over the conventional design

are

[] Heat addition can  be
effected outside the ramjet
body directly from the tube
wall, This eliminates the
need for windows in the ram—
jet for the case of beamed
energy heating and sliding
current contacts for arc
discharge heating schemes,

e Shock losses will probably
be lower with the annular
flow design because a coni-
cal shock attached to the
projectile would be expected
while a bow shock would be
driven ahead of the conven-—
tional ramjet.

e Direct mechanical or fluid
mechanical forces induced
between the tube wall and
projectile should tend to
stabilize and center it,
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o The structural design of the
projectile appears to be
relatively simple.

¢ Variations in fluid flow
areas needed to achieve
proper flow conditions as
the projectile velocity
increases can be introduced
by varying the cross—
sectional area of the launch
tube as a function of axial
position,

LAUNCH TUBE
WALL

PROJECTILE

ANNULAR
DIFFUSER
THROAT

ANNULAR

HEAT
ADDITION
ZONE

ANNULAR
NOZZLE
THROAT

Fig. 8. Annular Flow Ramjet Configuration

It is noteworthy that by eliminating the need to
transfer electrical energy to the projectile itself
and introducing the self-centering capability just
alluded to, one mitigates two of the problems asso-
ciated with such electromagnetic devices as the
rail gun, These problems relate to the design of
sliding electrical contacts and the maintenance of
a tight tolerance on launch track straightness,
Relaxation of the tolerance should for example
permit longer track lengths and lower acceleration
levels than those required for railgums.

FLUID MECHANICS MODEL

Since fluid mechanical forces propel the vehi-
cle it is appropriste to begin an analysis of the
annular flow ramjet by determining the magnitudes
of thermodynamic and fluid mechanical variables
required to produce the desired thrust level, This
analysis must be considered preliminary and as a
result very much simplified. The first major
assumption in this analysis is that the process can
be considered quasi steady. It is recognized that
at the acceleration levels being considered this
cannot in fact be accurate, However, including
unsteadiness introduces major complications in the
analysis. Estimates of the errors involved have
indicated that though they are fairly substantial,
they &re not so large as to render these prelim—
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inary calculations valueless.

Starting the projectile through the applica-
tion of an external force will be addressed later.
For purposes of this analysis we assume the projec—
tile has been accelerated to a substantial super—
sonic velocity. Though it is likely that there will
be a conical shock attached to the nose of the pro-
jectile, the strength of this shock can be con-
trolled to some extent by the contour and half
angle of the projectile nose. Consequently, for
this preliminary analysis the diffusion process is
modeled as an isentropic one, After diffusion the
hydrogen working fluid undergoes heat addition at a
subsonic velocity in a constant area duct and this
is followed by an isentropic expansion to a super—
sonic exhaust velocity. For this analysis propel-
lant velocities were computed in the frame of
reference of the moving projectile. The fact that
the tube wall which is the outer boundary to this
flow, is moving in this frame of reference was
assumed to bhave no effect on the behavior of the
flow. The basic equations of compressible fluid
mechanics (conservation of mass and energy coupled
with a2 thermodynamic path equation) were applied
separately to the diffusion, heat addition and
expansion processes,

Thrust was computed by applying the momentum
equation in the frame of reference of the control
volume moving with the projectile, It should be
noted that the boundary conditions associated with
the annular flow ramjet are different than those
associated with conventional ramjet operation, In
the present case the inlet and outlet flow areas
are equal and the flow area in the heat addition
zone must be less than this inlet/outlet area, In
the conventional ramjet case the static inlet and
outlet pressures are set equal while in the annular
flow ramjet the static pressure of the outlet
stream will typically be greater than that at the
inlet.

The thermodynamic properties of the hydrogen
working fluid will vary over the range of tempera-
tures and pressures encountered during ramjet
operation primarily because of the effect of disso—
ciation, For this preliminary analysis however it
was desirable to avoid the complications of tem—
perature and pressure dependent specific heats and
gas constants. Figures 9 and 10 show how the
values of the ratio of specific heats and gas con-
stant for hydrogen vary with temperature and pres-—
sure, In general, during ramjet operation,
increases in temperature are accompanied by
corresponding increases in pressure. This being
the case Figures 9 and 10 suggest that it is not
too unrealistic to treat these two parameters as
constants, For the results contained in this paper
ideal gas behavior was assumed and a ratio of
specific heats (y) of 1.4 and a gas constant (R) of
4160 Jonles/kgox were used.

Extensive analysis of the early phase of ram—
jet operation when &8 bow shock was propagated ahead
of the projectile was also undertaken., Modeling of
this phase of operation was successful and showed
that with proper launch tube design the bow shock
would become attached as an conical shock without
difficulty. However it also showed that positive
ramjet thrust could not be produced at the subsonic
diffusion inlet condition that accompanies opera-
tion with a bow shock, It was therefore assumed
that acceleration to supersonic speeds and initia-—
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tion of the isentropic diffusion process would be
accomplished by some alternative acceleration
scheme,
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TYPICAL SUPERSONIC LAUNCH CYCLE

If one assumes that the projectile will be
acted upon by either the ramjet force or some
externally applied force needed to produce the
desired acceleration, the projectile trajectory
will be known, With the projectile velocity
profile known the propellant flow velocity relative
to the ramjet is known at each position along the
launch track, One can now prescribe the diffuser
throat area required at each position along the
tube so that the flow will remain sonic at this
throat. One can also prescribe the heat supplied
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in the subsonic heat addition region so that the
specified thrust will either be produced or the
mach number at the exit of the heating region (in
the projectile frame of reference) reaches its max-—
imum allowable value of unity, After heat has been
added, the flow is accelerated isentropically in
the nozzle to the maximum supersonic mach number
achievable under the constraint of the area change
available, The static pressure at the nozzle exit
is determined by this expansion and it will vary
with projectile position, Proper control of this
pressure at the base of the projectile would have
to be achieved in an actual device by proper design
of the 1launch tube, Such a tube would consist of
two sections, a cavity section into which hydrogen
processed by the ramjet would be collected and the
launch section through which the projectile would
pass. It has been assumed in this analysis that
the cavity section could be designed to have the
length and cross sectional area needed to accommo~
date the propellant and facilitate maintenance of
the necessary projectile base pressure. While it
seems possible to do this intuitively, the examina—
tion of the unsteady fluid mechanics describing the
process has not yet been attempted.

Figure 11 shows the results of such an
analysis for the case where a constant thrust of 3
x 10 Newtons is maintained on a 10 kg mass and the
hydrogen in the launch tube is initially at 300k
(T,) and 30 atmospheres(P,). The projectile
solected for this example has a fixed 16 cm diame—
ter at the diffuser throat and an 8 cm diameter in
the heat addition region. These diameters are con-—
sidered adequate to assure the structural integrity
of the projectile during launch. As Figure 1la
shows the projectile velocity (in the Jlaunch tube
frame of reference) increases linearly with time,
Since the propellant is initially at rest, relative
to the tube wall the projectile velocity is equal
to the propellant inlet velocity in the projectile
frame of reference, The exhaust velocity (in the
projectile frame of reference) is observed to be
equal to the inlet velocity during the first ~8
msec of operation so during this time interval
essentially no mnet thrust is produced through the
mechanism of momentum change of the propellant,
After about 16 msec of operation, however, the
exhaust velocity has risen to about 15 km/sec and
begun to level off, During the time between ~8 to
~16 msec all of the heat that can be added without
choking the flow (achieving unity mach number at
the end of the heat addition region) is being
added,

As Fig. 11b shows the =mnet :ag;et thrust 1s
inadequate to meet the 3 x 10  neuton thrust
requirement at times less than 16 msec, Thus, an
alternative accelerating scheme such as the con—
stant pressure gun (discussed in the next section)
would have to be used during this time interval.
As the projectile velocity increases, more heat can
be added and this causes the increase in exhaust
velocity shown in Fig, 11a. After ~16 msec both
the exhaust velocity and the mass flow rate have
risen to the point where the desired thrust 1level
can be produced and the mach number after heat
addition begins to drop below unity.

Figure 11c, which indicates projectile posi-
tion as a function of time for this case of con-
stant acceleration, shows a launch tube about 400 m
long would be required to accelerate the 10 kg mass
to the terminal velocity of 15,000 m/sec in ~50



msec, Figure 11d indicates the variation in tube
and projectile diameters that would have to be
effected to satisfy fluid mechanical constraints
imposed on the ramjet, As the sketch suggests, the
projectile diameter at the diffuser throat and in
the heat addition region have been treated as fixed
at 16 cm and 8 cm respectively. The reduction in
tube diameter roequired to yield unity mach number
at the diffuser throat as the projectile velocity
increases is shown by the solid 1line, Data from
this 1line taken together with the position profile
of Fig. 11c specify how the tube diameter would
have to vary along its length., Figure 11d elso
shows that the projectile diameter at the mnozzle
throat would have to increase as the projectile
velocity increases and the input power is varied to
induce the desired thrust 1level, The fact that
this diameter must change during the 1launch cycle
represents & significant mechanical complication in
the system, It is noted however that the amount of
change in this diameter becomes very small after
about 20 m sec when the projectile velocity is ~5
km/sec. It is anticipated that a pressure or tem—
perature sensitive scheme might be designed to
facilitate this change in projectile diameter at
the nozzle throat, Alternatively omne could hold
the projectile diameter in the nozzle region fizxed,
reduce the tube diameter slightly more rapadly that
Fig 11d suggests and abrade the diameter of the
projectile at the diffuser throat using protrusions
from the tube wall,
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Fig. 11. Typical Electrothermal, Hydrogen Ramjet
Launch Cycle

Figures 11e and 11f indicate how the static
pressure and temperature at the nozzle exit should
vary to conform to the problem specifications., The
peaks in temperature and pressure occur at the
point where the power input 138 a maximum (Fig.
11g). This in turn occurs at the time when the
thrust has just reached its design value and the
mach number at the end of the heat addition region
is still at unity, At this condition the exhaust
velocity is still relatively low and the bulk of
the thrust is being produced by the static pressure
difference across the projectile. If one did not
start using the ramjet vntil after ~20 msec into
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the launch, we see that the exhaust pressure and
temperature would lie in a very moderate range
throughout the period of ramjet operation, Note
that 1t is the pressure profile of Fig. 1le that
would have to be matched through proper design of
the cavity section of the launch tube, This might
be achieved by selecting not only the length and
cross sectional area of this section but also by
the inclusion of accumulator chambers that could be
connected into the tube at the proper time,

The temperatures of Figure 11f are observed to
be relatively low. So low in fact that 1t would
probably not be possible to add energy to the
hydrogen using electromagnetic radiation to couple
to the plasmg using the mechanism of inverse
bremmstrahlung”. It is noted however that this is
not the case in the heat addition region where tem—
peratures in the 10,000°K range needed to effect
this energy addition mechanism do prevail.

Figure 11g shows the thermal power input pro-—
file required to effect operation as well as the
actual profile of mechanical power input to the
projectile, After the ~20 msec period over which
the auxiliary starting force would be applied 1t is
observed that the ratio of projectile power to
thermal input power rises above ~50%. (An approxi-
mate mathematical relationship for this ratio is
given in the next section.) The ramjet 1s observed
to become increasingly efficient as the launch
cycle proceeds, This suggests that the ramjet will
be more efficient at the higher velocities where
the efficiencies of electromagnetic launchers drop
of f. The difference between the projectile and
thermal input powers represents the power being
deposited as kinetic and thermal enexrgy in this
hydrogen propellant, It should be noted here that
frozen flow losses in the nozzle and electrical-
to—thermal power conversion losses as well as fric—
tional 1losses have been meglected in this prelim—
inary analysis,

Analyses similar to the one 1leading to the
results of Fig. 11 have been carried out at other
values of parameters such as the initial tube pres-
sure and the diameter of the projectile at the
diffuser throat, They suggest that inadequate mass
flow rates are brought on by low projectile diame—
ters and low initial tube pressures, This in turn
leads to excessively high exhaust pressures and
temperatures as well as extremely high thermal
power demands. It has also been determined that
the device will work if the nozzle is wused as a
diffuser and the propellant is exhausted at a sub-
sonic mach number and a high static pressure.

CONSTANT PRESSURE GUN — RAMJET COMBINATION

As discussed above efficient ramjet operation
does not occur until some critical projectile velo-
city is attained, Below this speed an auxiliary
thrust device is required in order to maintain the
constant acceleration level assumed. In the exam~
ple whose characteristic parameters are shown in
Figure 11 this velocity was reached at approxi-
mately 20 milliseconds., At this point the projec—
tile velocity was about 5900 m/s and the distance
down the tube about 59 m. One way of attaining
this necessary velocity would be to accelerate the
projectile as in a gun and delay ramjet operation
until this velocity was reached, In this process
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energy would be added to a fixed quantity of gas at
the base (in back of) the projectile and the pro—
jectile would completely occupy the tube cross sec—
tion., If acceleration is to be constant and the
tube cross sectional area and projectile mass are
constant, then the pressure in the tube must be
maintained at a constant value as well during the
acceleration, It is anticipated that the transi-
tion from the gun to the ramjet phases of operation
would be accomplished wher the projectile passed
through a diaphragm containing the hydrogen in the
section of the tube to be used for ramjet opera—
tion, The section of tube between the initial pro-
jectile location and the diaphragm would be at low
pressure initially so no significant amount of gas
would be compressed ahead of the projectile during
the constant pressure phase.

A simple relationship between  the required
rate of energy deposition to the gas Q and the pro-
jectile velocity v is obtained easily for the con-—
stant pressure (gun) phase of acceleration from the
principle of energy conservation if frictional
effects are ignored, This relationship is.

= (‘“f o g v) YY_ - (%)

O

Since the rate of kinetic energy increase of the
projectile is LITE B the efficiency of the pro—
cess (ratio of rate of kinetic energy increase to
rate of energy supplied to driven gas) must be
(y -1)/y. If hydrogem 1s taken to be the driver
gas, v = 1.4, the efficiency is about 28.6%. Thas
is constant throughout the acceleration process,
The energy not appearing as kinetic energy of the
projectile must reside in the thermal energy of the
driver gas., The temperature of the gas driving the
projectile must therefore increase substantially
during the acceleration, The magnitude of the rise
is, of course, dependent on the mass of driver gas
used,

Once the velocity necessary for effective ram—
jet operation is reached, operation of the projec—
tile as & ramjet in the mode described in the
preceoeding section is initiated. It is of interest
to develop an expression for the efficiency of this
process and to compare it with the efficiency of
the constant pressure gun process. Application of
conservation of erergy to the ramjet results in the
following expression:

- . 2 .
Q=m 5—+m (he-hi) (5)

vhere the subscripts e and i denote exit and inlet
conditions for the device, and h and m represent
respectively enthalpy and mass flow rate., Combina-
tion of this relationship with the thrust equation
F=m (U- v) + (P-P.)A, where A is the tube cross
sectional area, End’'P is the pressure gives after
rearrangement.

(P -P)A mC_ (T -T,)
s _ F(U+v) e 1 p ‘e 1
Q== (1" F T T oW ) (®
2




Since F=mf Ce B8 YV the

written

(®P,)
5=mfcfgv<-2%+%)<l— e LA+ ) )

Comparing this to the rate of kimetic energy gain
of the projectile, F = Do BV allows the definition
of the ramjet efficiency,

expression above can be

mcp(Te_Ti)
F(U+v)
2

. -1
(P -P.) mC (T -T,)
s __e 1 p e i )
ne = (25 + 4)(1-—— a2l . ®
2
The efficiency clearly varies with the projectile

velocity v. At the beginning of ramjet operationm,

for the case given in Figure 11, at t = 20 mil-
liseconds,
" L =0.497  (9)

R~ (1,25 + 0.5) (1-.062 + .212)

and at t = 50 milliseconds (end of acceleration)

B 1
"R = (.624 + .5) (1-.007 * .023)

= 0,876 . (10)

!

1

These calculations indicate that the efficiency of
the ramjet is always substantially higher than that
of the constant pressure acceleration (0.286) and
increases with increasing projectile velocity.

The overall efficiency of the ramjet accelera-—
tion process can be estimated easily if the term

(Pe_Pi)A N m Cp(Te_Ti)
F F(U+v)
2

1 -

is taken to be unnity and if U 1s taken to be con—
stant. The first assumption introduces a fairly
small error of about 15% at the start of ramjet
operation and a very small error of about 1.6% at
the conclusion of the acceleration. The constancy
of U depends on the ramjet parameters chosen. For
the example of Figure 11 1t is not a bad approxima—
tion, With these two assumptions the expression
for the rate of energy consumption becomes

Q =( %% + %) mg Op gV . (11)

Integrating the above expression over any period of

time, say between t1 and t2

Q= mf Uf g(xz - xl)[l + lj] » 12)
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where v = (v, + v,)/2 1s the average projectile
velocity between't, and t,. Since meo g(x —xl) is
equal to the change of kin%txc energy of tfie "pro-
jectile, the overall efficiency for the ramjet
acceleration process becomes

Tt . 13)

R U
[ ]
2v

For the example of Figure 11, ;R = 77.3%. For the

combined constant pressure acceleration—ramjet
acceleration process the efficiency is approxi-
mately 68%.
CONCLUSIONS
Much analysis remains to be done to investi-

gate completely the effects of all of the parame-
ters of concern, In particular the effects of high
acceleration and unsteady gas dynamic effects need
to be considered and solutions that yield higher
system efficiencies and/or more readily accommo-
dated geometry changes need to be sought, Results
presented in Figure 11 suggest however that the
electrothermal ramjet designed to produce thrust
after being given an initial velocity cannot be
rejected on the basis that it violates a Dbasic
principle of fluid mechanics or thermodynamics,
Moreover, on the basis of the same results it
appears that the efficaency of the ramjet energy
conversion process has the potential of being
fairly high,
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