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MERCURY HallaH 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, lmportant cathode operating parameters such as emission 

length and insert temperature. The analytical formulation of the model is 

based on the concept of an idealized Ilion production region ll v/hich 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 determinlng 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 Appendlx 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 angle 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 limiting factor and 

this defined the useful range of beamlet deflection. Beamlet deflection 

was found to vary linearly with grid offset angle over this range. Values 

of deflection-to-offset angle ratio and the useful range of bea~let 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. 

CONTROLLING 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 
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during the past year. The resulting 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 long 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 mu1tipo1e 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 ion 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 paperS 

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 mm. 

Impingement-limited performance was found to be dependent on the grid 

separation distance, the discharge-to-tota1 accelerating voltage ratio, and 

the net-to-tota1 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 lmpingement 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/cm2 

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 (~ 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 flelds, a region as free of magnetic fields as possible should be 

selected for placement of the neutralizer. 
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Introduction 

ENHANCEMENT OF ION BEAM CURRENTS 

THROUGH SPACE CHARGE COMPENSATION 

Feng Yu-Cai 

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 el ectron extraction. In the foll owing vlOrk the 

neutralization of the positlve 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 

ion 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 

ter~s however and the injected particles 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 IIAII at potential VA and a 

parallel plane cathode (accelerator grid lIe ll at zero potential located at 

a distance a from IIAII 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 limit, the potential 

gradient at the screen grid will be zero, and the current density is giveh 

by the Child-Langmuir equation8 

48 1/2 V 3/2 
J" = --2. (2e) ...!l_ 

" 9 m" a2 
'0 , 

(1) 

where e ,s the ion charge, 8
0 

is the perm~ttivity of free space and mi 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 IIBII which is at a 

distance b from IIAII as suggested in Fig. 2. Between IIBII and "All 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 ions at any point p, which is a distance x from the screen 

grid IIAII. 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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where 

The electron charge density in this same region is given by 

where 

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 

J. 
1 

Using the definitions, 

_ jel(rii; 
a=r;V~' 

and combining Eqs. (1) and (6) one obtains 

d2
<1> 4 j i [( ) 1 _1 ] dIT = 9 ~ a ~-~B -~ - (l-~) ~ 

10 

where ~B = VB/VA as suggested by the definition Eq. (7). 

In the space charge limited case the boundary condition at the screen 

grid is (s!.P..) -d;\ - 0 • 
;\=0 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

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

of Eq. (8) glves 

d~ 4(ji)~[ ~ ~ ~]~ -- = - - -. a(~-~) + (l-~) - a(l-~B) • 
d;\ 3 Ji B 

. 0 

(10) 
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The normalized position of plane "B" (>'B) can be determined by integrating 

this expression to obtain: 
• !.: 1 

AB = f [;:0 ]'1 [a(<I>-<I>B)~ + (l-<I»~ - a(1-<I>B)~r~ d<l> 

<l>B 

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

density is given by 
j. 

P1'(X) - 1 - v:TXT 
1 

where 

Poisson's equation is given in this region by 

Integrating this equation one obtains 

ell ) 

(12 ) 

(l3) 

(14 ) 

(15 ) 

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

at <I> = <l>B and the equation becomes 

M- = - } [~~ 1" [ (1-</»" - a(1-</>B)"] ~ • 
10 

(16 ) 

Integrating this equation from A = AB to lone has 

[ 
j. ] ~ <l>B 

3 10 f [1 1 ] -~ 1 - AB = 4 ~ (l-<I»~ - a(l-<I>B)~ d<l> (1l) 

o 

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 

(18 ) 

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

(*) = 0 
B 

(19 ) 

and from Eq. (16) we see this means 

Ct = 1 ~
. . ,. 

or J = - J. 
e me 1 

(20) 

Eq. (18) can be integrated to give 

ji j[l 1 J-~ j. = l~ (<I>-<I>B)~ + (1-<I»~.- (l-<I>B)~ d<l> + t (1- ~B)3/2 
'0 <l>B (21) 

+ 4(l-·B)~ (1- {i":";B)~ I' 
For the case where <l>B = 1, Eq. (21) gives 

= (22) 

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 <l>B = 0, i.e. locating the electron 

emlssion plane at the accelerator grid, Eq. (21) can be integrated 

numerically to obtain 
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j. 
1 

j. 
10 

= 1.87 (23) 

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 ion current. This occurs when ~B = 0.4 

at which potential Eq. (21) gives 

(24) 

Numerical integration of Eqs. (10) and (16) has been accomp11shed for 

this optimal case where ~B = 0.4 and a = 1. This integration yields the 

profile of electrical potential which can be used in turn to obtain the 

potential gradient, and ion 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 

lon 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 electrlc 

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 lS 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 ~B=0.4 as suggested pre

viously. It also shows that a reduction in the injected electron current 

from the maximum value (a=l) is accompanied by a dramatic decrease in the 

extracted ion current. This points out the drawback of electron injection 

because a=l 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 

,/, = 0.4 'l'B opt 

and 

Hence the same 4.6 fold increase in the ion current density that was 

obtalned 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 

(a) 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 

(a = 1/2 vs. a = 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 10n 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 enable 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

jected 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 ex pres-

sions for the nondimensional ized locations of the planes "S" and lip and 

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

(25) 

1 

- [ 2a
1 

(1-IJ>F)!2 + a2(l-IJ>B)~ JI~ dlJ> 

IJ> -~ 

f Fj !,; !,; [ !,; !,; ] I + (l2(1J>-lJ>s) 2 + (l-IJ» 2 _ 2a
1
(l-IJ>F) 2 + a2(1-IJ>S) 2 dlJ> 

IJ>s 

(27) 

+ J! 2"1 (.-.F)~ + "2 (.-.B)+( 1-0>"- [2"1 (1-. F)~+ "2 (1-.B)~] (~ d. r 
IJ>F 
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The potential gradient expressions describing each of the regions of 

Fig. 6 are: 

(28) 

for region F-8 

for region 8-C 

• 1 I~ d~ 4 J i ~ ~ ~ ~ -=--[-. ] 1(1-~)2-[2a(1-~)2+a(1-~)2J dA 3 J. 1 F 2 8 
'0 

(30) 

Appl ication of the space charge 1 imited conditions at pl anes 118 11 and II FII 

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

je1_ = a \ fITii = 
J. IV nt , e 

(31) 

and 

(32) 

Numerical integration of Eqs. (28) to (30) yields the potential variations 

through the ion acceleration region as a function of aI' a
2

, ~B and ~F. 

The maximum ion current density is observed for 

<Xl = 0.42, 

a 2 = 0.30, 



• 

<PF = 0.4 

2 
<PB = 0.16 = <PF • 
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At the condit10n corresponding to these parameters the normalized ion current 

is 

= 11.7 

and the normalized total 1njected electron current (from both sources) is 

required to be 

j Vi' e 1 -. =072 -J. • m 
1 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 

maX1mum 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 electr1c 

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 

a 2 = 0.15 and hence 

Vi· Vi' (a +a) _1 = 0 57 _1 12m • m • 
e e 

Multiple Energy Level Electron Injection 

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 var10US 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 schematically 

in Fig. 8. The screen grid is represented by the plane "A" and is at a 

potentlal 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 ,ve ,ve ••• ve all 
10 20 3 0 no 

directed at the accelerator grid (plane "C"). Because of the retarding 

field seen by the electrons as they enter the region between the planes their 

velocities will drop to zero at planes PI' P2 •••• Pn which are at poten-

tials V ,V ••• V respectively. 
1 2 n 

The electrons will, after they come to 

rest, be accelerated back toward plane 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 injectlon at current densities jeI' je2 

je corresponding to injection velocities ve ,ve •••• ve the ion 
n 10 20 no 

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 "p ", for example the total charge density is the sum of charge densities 
1 

Pe , Pe •• Pe associated with each of the incident beams as well as 
1 2 n 

the reflected ones that pass back through this region • 
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jel 

Pel = v (x) e1 

where 

(x) 2 
2e(VA-V) 

f 
v = v e e1 

m 
0 e 

and I 2e(V A-V 1) 

ve = 
10 

me 

where 

and 

In the preceding expressions V is the potential at a location x between 

planes IIAII and IIPIl. Poission's Equation in this region becomes: 
1 

n 
2je~ j. 

d2V I 1 
CfX'L = 

EO VVeko-
~e(~A-~} - 2(VA-V)e k=l m EO 

e m. 
1 

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

enables one to rewrite Eq. (34) in the form 

(33) 

(34) 
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~ 2: (
. ) ( n 

Ji o k=l 
(35) 

In this equation j. is the ion current density without electron injection 
10 

and 

je~ CY. k = k e r in."" • 
1 1 

(36) 

Integrating Eq. (35) and applying the space 

S! = 0 at A = 0 one obtains 

charge limited boundary condition 

dA 

(37) 

Integration of this equation using the boundary condition ~ = 1 at A = 0 

gives the norma11zed location (A ) of the plane P in terms of the potent1a1 ~l 

\ = t(:~o)~ j1 [i 2ak(0-Ok)~ + (1-0)" - i :ak(1-o/' ]-~d~. (38) 
1 ~1 k=l k-=l 

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 sim1lar. In the general 

region between planes P. 1 and p. for example one obtains 
J- J 

(39) 

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

last region to the right in Fig. 8 (Region Pn -C) one obtains 

(40) 



,. 

which can be integrated to give 
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i 2a
k(Hk)"t 

k=l 

( 41) 

(42) 

Adding the equations of the form of Eqs. (38), (40) and (42) describing 

the locations of the planes lip ", lip II •••• "P II one obtains the normalized 
1 2 n 

ion current density ratio: 

. j <I> J. 9 n 1 

ji 1 = 16 J [(1-<1»'2 -

o 0 

n -~ 

2: 2ak(l-<I>k)~] d<l> 

k=l 

(43) 

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

lip ", lip " ••••• IIPn
ll to Eqs. (37), (39) and (41) one obtains the following 

1 2 

set of simultaneous equations 
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(44) 

k k 
+20. (1-'" ) 2 = (1-4> ) 2 • n ~n n 

Simultaneous solution of Eqs. (44) was accomplished using Cramer's Rule 

to obtain expressions for the constants 0.
1 

•• 0 • an in terms of the 

normalized potentials 4> • 
1 

• 4>n' The previous cases considered in this 

paper suggested that the maximum ion current density was realized when the 

normalized potentials of the planes lip II and lip II were 4> = 0.4 and 
121 

4> = ~~ = 0.16. Using the simplex method9 for cases of two and three 
2 

injected electron groups this result was verified for the two group 

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

4>1 = 0.4, 4>2 = 4>~ = 0.16 and 4>3 = 4>~ = 0.064. The logical extension of 

this is to establish injected electron energies such that the generalized 

potentlal is 
k 4>k = (0.4) • (45) 

Numerical integration of Eqo (43) carried out using values of ak 
determined using Eq. (45) together with the solutions of Eq. (40) suggested 

that this criterlon does indeed result in the maximum normalized ion current 

density for the general case. Normalized 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 ion 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 limit. This value of extracted ion current is realized when 



-29-

35 

30 

-0 

·~25 
..... 

-
I-
z 20 
lLJ 
a: 
a: 
=> u 
z 
0 15 

CI 
.. lLJ 

N 
:J 
<X: 
~ 10 a: 
0 
z 

5 

O~~---L--~~~~--~--~~--~~ 

o 5 10 

NUMBER OF INJECTED ELECTRON BEAMS 

Fig. 9 Effect of Number of Optimally Injected Electron Beams 

on Extracted Ion Current 



-30-

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 ion 

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 

a 1 = 0.42 I from Fig. 10 
a 2 = 0.15 

<1>1 = 0.4 

<l>f 

I from Eq. 45 
<1>2 = = 0.16 

At this condition the normalized ion current (j./j1· ) from Fig. 9 is 11.7 
1 0 

and the total injected electron current has the same value as previously determined. 

*
. 

= (a +a) _1 = 12m e 
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Comparison of these results with those obtained previously for upstream 

injection of the primary electron beam (i .e. at cj» and intra-grid injection 
1 

of the secondary one (i.e. at cj>2) shows that they are the same except for 

the fact that a is 0.15 rather than 0.30 in the present case. This is 
2 

slmply 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 ion current is plotted against 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 pointed out that whil e the analysis presented here has assumed 

the lnjected negative particle currents would be produced using electrons, 

the analysis is valid for negative ion injection. In this case the me 

appearing in the development would be the injected negative ions. 
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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. 

t1ultiple 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 stageso 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 substantiallyo 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 experimentslO suggest 

that these concepts are of interest however in ground based applications 

where power demand is a lesser concern. 



THE ELECTROTHERMAL RANJECT 

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 thelr reliabilityo 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 ramjeto ll It 

appears to be capable of operation at the high thrust levels needed to 

achieve the high launch velocities desired with a reasonably short launch 

tubeo 

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 efflcient ramjet operation coul d begin by driving it with ali ght gas 

d
. 11 gun rl vero At this point the projectile shown proceeding down the launch 

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 addition woul d be effected using either 

electromagnetic energy radiated from pulsed lasers or directly deposited 

energy from pulsed electrical discharges located along the tube wallo 
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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 
11 period and the results of this work were presented in the paper inc1ued in 

Appendix A. In thlS work ltwas assumed that the diffusion process illustrated 

in Flg. 12 could be modelled 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 

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 

condltions associated with the flow. Of the two options the attached conical 

shock is preferrab1e 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 less 

than that of a single conical shock terminated by a normal shock. However, 

a review of the literature 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 avold 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 flxed 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 jou1es/kgoK 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 position and control of its magnitude would have to be achieved in an 

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 outlet 

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 

lnto 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 throato 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 o 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 propellant is placed in the launch tube at a pressure 

of 30 atmospheres and a temperature of 300 o K. A 10 kg projectile having a 

16 cm diffuser throat diameter (Figo 12), an 8 cm center body diameter and 

a 16 em 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 launcho 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. l3a for times greater than 10 to 16 msec. Prior to these times, 

the conical shock would not attach, adequate thrust could not be produced 

regardless 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 (o) 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 launch 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 is 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. l3b one again observes 

that a diffuser cone half angle of 22.5° produces results that are closest 

to the isentropic ones. 

Figure l3c 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 l3d shows the temporal variation in propellant exhaust temperature 

that is induced by the heat addition profile shown in Fig. l3e. The tem

peratures and thermal input powers shown are high, but not excessive in 

light of the short launch times involved. The power going into the pro

jectile is also shown in Fig. l3e 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. l3f. 

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. l3f to be 

substantially greater than that for the best non-isentropic case (0 = 22.5°) 

over most of duration of the launch. The efficiency of the electrothermal 

ramjet equipped with this optimized real istic 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 light gas gun launchers 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 limiting 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 shoc~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 lie in the 

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



CONSTANT PRESSURE ACCELERATION OF THE ELECTROTHERMAL RAtlJET 

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 

dlscussed 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 syste~ 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 light gas gun system. Devices of this type 

have been both analysed and constructed and are discussed in the literature 

(see for example Ref. 13). In 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 

light 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 a starting at some arbitrary time, 

say t = O. The determination of the variation of the dynamic and thermo-
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dynamic variables for this flm-/ as a function of axial location x and 

time t is relatively straightforward. 

Consider first the pressure-distance condition which must exist at 

t = O. Since solid body acceleration is occurrings then for the gas in back 

of the ramjet it must be true that 

dP 
dx

o 
=-pa. (46) 

where P is local pressures p local density and Xo the axial distance along 

the tube at t = O. This is of courses recognized as the usual gravitational 

equation with g replaced by a. If a property relationship between P and p 

is given {say isentropic or isothermal for example)then P as a function of 

Xo along the tube axis could be found at t = O. 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) 

(47) 

where x is the instantaneous location of the particle and Xo is its location 

at t = O. Particle paths on an x, t diagram for the case where Xo of the 

ramjet is zero, are shown in Fig. 14. Alsos since the acceleration is 

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

DP = 0 
Dt ' 

Os _ 
Dt - 0, Q£. = 0 DT = 0 

Dt s Dt (48) 

where ~t 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 

at2 
Xo = X - -2- (49) 
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Then, also, 

(50) 

for any constant x location. 

Combining Eqso (50) and (46) gives 

dP - 2 t dt - a p (51) 

at any x station along the tube. Also at any x station 

u = at 0 (52) 

In order to integrate Eq. (51) a statement which relates P to p along 

the line t = 0, and permits the integration of Eq. (46) must be given, 

that is 

(53) 

Since the pressure and density of every fluid particle remain constant for 

t ~ 0, then Eq. (53) is valid for all times 

P = P(p) (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 = a 

at t = a and if P, u, p etc., take the values required by Eqso (51) - (54) 

along x = a then the flow field for x ~ 0, t ~ a 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. In practice this could be 
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achieved through the use of a large diameter driving chamber attached to 

the launch tube at x = O. 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 = O. Two specific designs 

for providing the required parameters at x = 0 have been consideredo The 

first of these, a dual chamber piston driven accelerator, will be discussed 

nexto 

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 a, this pressure 

would be 
m a 

P = P _ r 
C 00 - AT (55) 

where P
00 

is the pressure at x = 0 and t = 0, mr 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 = O. 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 speedo A complicating factor is the possibility of 

choking the flow at x = O. This will be discussed belowo 

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 

r 
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perfect (ideal gas with constant specific heats) then the conditions at 

x = a 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 o 

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

following dimensionless variables 

P= PIP 00 p = plpoo 
0 

- ax .. QH 
X =~ QH = 

PooaooAc aoo 

- = _u_ - = _a_ u a aoo aoo 

T = TIToo 
a.t t -aoo 

- _ aL - _ a.~ 
L-a:2,t;-ar 

00 00 

where the subscript 00 indicates a quantity evaluated at x = 0 and t = 0, 

aoo = 1YRToo is the reference state sound speed and y and R are the ratio 

of specific heats and gas constant, respectivelyo 

The isentropic condition then gives 

P = p y (56) 

which is a special case of Eq. (54)0 Using this relationship and non

dimensionalizing Eq. (51) becoMes 

1 
dP ()-dt = Y If Y t (x = 0) 

Integrating, and using the ideal gas law, P = pI, gives at x = 0 

(superscri pt 0) 

(57) 



(58a) 

(58b) 

(58c) 

-a 
'f 1 (Mach Number). 

[(y-1)t2/2 + 1]~ 
(58d) 

Equation (58d) can be solved for t*, the dimensionless time at which MO = 10 

The result is 

t* = { 
2 }~ 13-YT 0 

(59) 

Clearly, the solution as outlined above is only valid to this pointo 

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 a 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, 

- [2 J~ . t = 3-y ,wlth the ramjet path on the x, t p1ane~ Without giving the 

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

~ 
= (y+ 1) [ ~] -2 

(60) 
(y-l) 

This is the maximum time that the ramjet can experience uniform acceleration 

and constant base pressure, under the assumptions made hereo 

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, y = 104 and thus t* = 1.118 

and ~ax = 1.708. Since umax = t max ' and umax = umax aoo ' an estimate 
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of the Too necessary to reach a certain umax in time t max can be made. 

For hydrogen this relationship is Too =[~~~~3J2. If umax is the conser

vatively high value of 5000 m/sec then Too = 1472°K. This temperature does 

not seem unreasonably high. Moreover, the maximum temperature which would 

occur would be at t = t* when Tmax = l840oK. 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 = tmax • The nature 

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 = a (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 ~ tmax • 

The values of P, p and f as given by Eqs. (58a, b, c) lead through the 

quasi-steady assumption and the isentropic perfect gas relationships, to 

the following expressions for fc' Pc' Pc' the non-dimensional temperature, 

density and pressure in the compression chamber 

~ = 1 + (y-l) "f2 (61a) 
1 

Pc = [1 + (y-l) pJ y-l (61 b) 
~ 

Pc = [1 + (y-l) pJ y-1 (61 c) 

The ideal gas law written for the compression chamber is 

Pc E; Ac - m R T c c (62) 

where mc 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 = a implies that 
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dm _1_ 
dt c = - po UO = - [1 + 21 t2 ]y-l t . 

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

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

1 ength 

L = _1 _+_~_~..::....: ~::lLO_{_l_-_( 1_+_Y_2_1 _t2_) y_~_l } 

1 

[1 + (y - 1) f2Jy:T" 

(63) 

(64) 

SO is the compression chamber length at t = O. It is related to the final 

clearance length in the compression chamber which exists at t = t*o For 
. AT 1 

example, lf y = 1.4, ~ = 16' and S + 0 at t = t* , then ~o = 00 0528. This 
C -

corresponds to s = 1.540 m if uma is 5000 m/sec. The quantity I~I is the 
x dt 

non-dimensional piston speed. For the exa~ple just discussed 

Id~l takes a maximum value of 0.0622 which corresponds to a piston speed of 
dt 

about 183 m/sec for umax = 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)0 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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(65) 

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

dUH move the piston as required by Eq. (64), and dt is the rate of energy 

storage in the gas in the heating chambero 

If the piston is massless and frictionless (these effects can be 

shown to be relatively small) then 

(66) 

with ~f determlned from Eq. (64), while 

(67) 

where mH is the (constant) mass of gas in the heating chamber and Cv 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 
·11 

Q = QH = -L{AT [1 + x-2
1 "f2] y-l + 2'[ [l+(y-l) "f2] y-l } t (68) 

H PooaooAC y-l AC 

where '[ = L ~ and L is the combined length of the compression and heating 
00 

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. ThlS gives 

TH _ PH i1.3L _ Pc [L-~ ] 
THo - PHo ~ - PCo L-~o 

If ~ = 0 at t = t* = 10118 then 

(69) 
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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 Too a separate control on the maxi

mum temperature is possible beyond that implied by the choice of L. In 

(70) 

the numerical results to be presented shortly, L was taken quite arbitrarily 

to be 2~0' 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 QH' The 

rate of change of the kinetic energy of the ramjet is 

Thus, using Equation (68) 

d(mru
2
/2) 1 1 ]-1 

"= ~: = y~ 1 
[[ 1 +Yilt" r-1 

+2[ :~ [l+(y-l)"fl ]y-1 (71) 

AC 
The dependence of n on t for y = 1.4, ~ = 16, [= 2~0 = 0.1056 (L = 3.08 m) 

T 
is shown in Fig. 16. The maximum efficiency is seen to be about 0.065 at 

t = O. 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 ~ = 00 286, 
y 
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which could be realized if the ramjet were accelerating slowly (this is the 

value used in Reference 11). The factor multiplying Y~l 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 [on efficiency (n) can be seen in Eq. (71). Increasing 

values of [ decrease efficiency through the second term in brackets. There 

is a limit on how small [can be. If [= r (i.e. no heating chamber volume) 
o -

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 TH + 00 if L + r . The choice r = 2t gives TH = 4.13, 
o 0 Ho 

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

cIeases in efficiency can be obtained at the cost of large increases in 
TH 
y-. 

Ho 
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 

= (y-l) 
-2-

[ 

-2 

...:L t ...:L 
y-l A y-l 

(1+ Y21 
"£2) + [ A~ (1+(y-l)t2 ) 

(72) 
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Equation (72) is valid for any time, t. However it must be remembered 
- - ..... that for t ~ t* = 1.118, QH= O. 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 00). At t = t* = 1.118 the 

- -overall efficiency (no) is 0.0386. At t = t max 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. 

Piston1ess 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. In 

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 

constant. That is, it seems reasonable to assume that ~~ = 0, as before, 

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

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 = O. 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 

p = pr (Eq. (56)) and finally develop closed form expressions for pO , po 
and ro, the pressure, density and temperature at x = 0, as functions of time I. 
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 solutiono Though any choice of P(p) will lead under 

the uniform acceleration assumption to the pO, po and ro 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 = O. For the choice P = pY, 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 = p (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; 

dPO ~- = yp t 
df 

In the heating chamber: 

Across the connecting region: 

f =ro+cl t H 2 

d~ 
(ff = 

(uniform acceleration condition) (73a) 

(ideal gas equation of state) (73b) 

(ideal gas equation of state) (74a) 

(conservation of mass) (74b) 

1 

dt PH dt 

(first law of thermodynamics) (74c) 

(first law of thermodynamics) (75a) 

(75b) 

(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 pO, po, ro, PH' PH' TH, QH can be solved numerically 

in a straightforward way by the method of finite differences using a forward 

marching technique in I, recognizing that at I = 0 all of the variables are 

unity except QH' which is zero. 

The next question which arises concerns how far the integration in I 

should proceedo Certainly if the desired final speed for the ramjet is 
u 

umax ' then one answer is I = u a = ~ax. For this solution it is 
max m x 00 

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

ramjet can experience uniform acceleration t max • 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 = O. The Hach numer at x = 0 is 

o _ uo _ I 
M -----

aO iro 

Numerlcal integration of the governing system of equations (Eqs. (73) through 

(75)) indicates that ro increases rapidly enough so that MO = 1 is not 

approached in reasonable values of t and is never approached for some parameter 

selections (especially small [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 acceleratoro 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 

j 
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x, 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 = O. 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 acce1eration" 

period occurs. These numbers are arbitrary and will be corrected when the 

characteristic solution is completed. The parameter [, the non-dimensional 

length of the heat addition region, also appears in the equations. As in the 

piston driven case, small values of r 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 [ 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 variations 

of PH' TH and pO with t are shown in Fig. 18. At t = 1.2, the end of the 
- - ~ heating period, PH = 2.32. TH= 3.80, P = 1.78. Dimensionally these 

correspond to PH = 344 MPa (49,900 psia), TH = 5597°K. po = 264 MPa (38,300 psia) 

for the examp1 e where a 16 cm dia, 10 kg raflljet is acce1 erated to 5000 m/sec • 

The maximum pressures attained are about hal fof those attained in the piston 

driven case. A comparison between maximum system temperatures for the two di f-

ferent designs is not really possible, becauseofthe arbitrary nature of THo 

in the piston driven case. If THo were taken to be equal to Too' 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 (f). In contrast with the piston driven case (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 QHincreases nearly linearly 

with time (i.e. power input would have to increase linearly with time to 

provide the uniform acceleration desired). The maximum of QHoccurs at t = 102 

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 = 1.2 to f = 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 ORIFlCED HOLLOW CATHODES. 
THEORY AND EXPERlMEm-

Daniel E. Siegfried •• and Paul J. Wilburl 
Colorado State University 

Fort Collins, Colorado 

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, 
1mportant cathode operating parameters such as 
em1ssion length and insert temperature. The 
analyt1cal 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 port1onof the insert. The energy exchange 
mean free path for primary electrons 1S used as a 
criterion for determ1ning the length (Le)of this 
region. An 10n production region aspect ratio 
(D/Le ) of two 1S suggested as a design criterion 
for minim1zing keeper voltage. The model accounts 
for electrons produced in the ion product10n 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 1nternal pressure 
(a necessary 1nput to the model) from the discharge 
current and cathode orifice diameter. Calculations 
based on the model are compared w1th experimental 
results. 

Nomenclature 

a 0 - theoretical constant (l.2d06 A/m2 °(2) 

A - area of e~d boundary of ion production c 
region (m ) 

A - insert emission area (m2) e 

A - total sur!ace area of ion production s region (m ) 

D - 1nsert 1nner diameter (m) 

d o - orif1ce d1ameter (mm) 

e electronic charge (Coulombs) 

E - electric f1eld at 1nsert surface (VIm) 

ID - total discharge current (A) 

I - 1nsert electron emission current (A) e 

Ii - total 10n current to cathode surfaces (A) 

J i - Bohm current density (A/m2) 

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

•• Research Assistant, Department of Mechanical 
Engineering, Associate Member AlAA 

t Professor, Department of Mechanical 
Eng1neering, Member AlAA 

Released 10 AIAA 10 publish In all forms. 
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J th - field-enhanced, ther,ionic emission 
current density (AIm) 

J - normalized emission current ( Eq.l ) 

k - Boltzman's constant (1.38xlO-23 J/oI) 

Le - insert emission length (m) 

m - propellant mass flow rate (mA equivalent) 

mi - ionic mass (kg/ion) 

n e - electron ~§nsity 1n ion production 
region (m ) 

n
i 

- ion dens1ty in ion production region (m-3) 

n - total neu!~al atom density in ion production 
o region (m ) 

P - 1nternal cathode pressure 

T s 

energy flux associated with de-excitation 2 
of excited states on the emission surface (W/m ) 

energy flux due to plasma radiation (W/m2) 

insert thermal power loss (W) 

- electronotemperature in ion production 
region ( I) 

- insert emission temperature (oI) 

Vp - plasma potential in ion production 
region (V) 

8
i 

- ionizat10n potential (10.4V for Hg) 

8 o - permitt1!i5ity of free space 
(8.85xl0 F/m) 

8 pr - primary electron energy, equivalent to 
plasma potential Vp(eV) 

Aee - electron-electron elastic mean free path (m) 

AEI - effect1ve, energy exchange, elastic 
mean free path for primary electrons (m) 

Aln - effective inelastic mean free path 
for primary electrons (m) 

Apr - primary electron, energy exchange 
mean free path (m) 

'e - average effective work function (V) 

's - average surface work function (V) 

Introduction 

The results ot previous experimental investi
gat10ns of mercury orificed hollow cathodes [1,21 
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showed that -70% of the total cathode current is 
due to surface electron emlssion from a narrow band 
(-2mm long) on the downstream end of the low work 
functl0n insert and that the dominant surface emis
S10n process is probably that of fleld-enhanced, 
thermionlc emlssion. The results also indicated 
that the remalnlng 30% of the current is due to 
volume 10nizatlon WhlCh takes place in the very 
lntense plasma dlscharge WhlCh lS established adJa
cent to the emltting portion of the insert. A 
phenomenological model descrlbing the emission and 
plasma production processes wlthin the cathode was 
developed based on the results of those exper1Ments 
[2] • The lmportant cathode processes are shown 
schematlcally ln Fig. 1. Surface electron produc
tion is from a narrow band on the downstream end of 
the lnsert, pr1Marily from fleld-enhanced ther
mionlc emission. These electrons are accelerated 
across the plasma sheath and, thereby, plck up suf
ficlent energy to 10nlze mercury atoms (vla mul
tlstep excitations) ln the region adjacent to the 
insert. The total dlscharge current 1S made up of 
the sum of the currents due to both surface and 
volume electron productl0n. The 10ns produced 1n 
the process leave the productlon volume at the Bohm 
velocity and are neutrallzed at lnternal cathode 
potent1al surfaces. Ions striking the lnsert sur
face provide the energy lnput which is required to 
malntain the insert at the emiss10n temperature. 

By defining an ideallzed ion production volume 
as the regl0n adjacent to the emitting portion of 
the lnsert (lndicated by dashed llnes in Fig. 1) 
and assumlng that the plasma properties are uniform 
in that reg lon, the physlcal descriptlon above can 
be represented analytlcally ln a rather simple 
form. The analytlcal model, as lnltlally proposed, 
was presented ln Ref. [2] and further developed in 
Ref. [3]. The development of the model is dis
cussed ln detal1 ln those two references, so only 
the important assumptl0ns and a summary of the 
flnal results wlll be presented here. 

Table I glves a summary of the equatl0ns 
developed in the model along with the physical 
basis for each equation and a brlef comment indi
cating the lmportant assumptl0ns on which it is 
based. It should be noted that all of the equa
tlons ln Table I are ln MIS unlts EXCEPT for the 
emplrlcal expression for the pressure (Eq. 1.11) 
which has the unlts indicated in parentheses. Each 
of the equations in Tabla I will be discussed 
briefly below. 

The total cathode dlscharge current In is the 
sum of the surface electron emlSS10n current I 
plus the current of volume produced 10ns returnin; 
to the surface Ii. ThlS lS represented by Eq. 1.1 
of the table, where jth lS the fleld-enhanced 
thermionic current density coming from emitting 
area A of the lnsert (emlssl0n length L) and j 
is thg Bohm current denslty of ions c~ossing th~ 
boundary of the 10n production region WhlCh has a 
surface area As. This equation assumes that the 
current due to surface emission processes such as 
cold-field emlSS10n, photoemission, and secondary 
emlssion due to 10ns and exclted state atoms lS 
negligible. These emission processes are dlscussed 
ln Ref.[3] where lt is shown that the electric 
fields at the 1nsert surface are too low to cause 
appreciable fleld emlssion and that photoemission 
lS negliglble because photons produced within the 
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plasma by resonance de-excitations are effectively 
trapped due to the high neutral atom density, so 
cannot reach the surface ln appreciable numbers. 
Secondary emission currents due to ions and excited 
state atoms are estlmated to be less than 5% of the 
total current, so they are also neglected. Equation 
1.1 also neglects electron production withln the 
orlfice region and downstream of the orifice. 
Experimental results indlcate that this lS a rea
sonable assumption since these sources contrlbute 
only -7% of the total discharge current. 

Equation 1.2 of Table I gives the current den
sity J th for field-enhanced thermionic emissl0n 
from a surface at temperature Ts with an effectlve 
work function of 'e. The effective work functl0n 
~e is the surface work function ~s (a material pro
perty) minus the reduction in the work function due 
to the electric fleld E at the emission surface and 
can be calculated using Eq. 1.3. The electric 
field in Eq. 1.3 is the field at the emission sur
face associated with the potential drop across the 
plasma sheath. It lS 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 operatlng conditions tYPlcal of 
mercury hollow cathodes, Prewett and Allen's gen
eral analysis yields the approximatlon for the 
electric field glven ln Table I by Eq. 1.4. Thls 
approxunation holds for plasmas where the ratio of 
plasma potentlal (Vp ) to electron temperature (Te) 
lS -10 and the normallzed emission current 

1/2 

J 

3/2]-1 
(2~1!) 

e 

is less than _10-3 • These criterla 
for typical cathode condltl0ns. 

are satisfied 

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



Current balance 

Table I 

Summary of Equations Used in Model 

Comments 

Thermionic electron emission 
from insert only; 10n flux 
based on Bohm cr1terion. 

~--.------------ ---------------------- ----------------------------------
F1eld-enhanced 
thermion1c emission 

Model neglects all surface 
emission mechanisms, except 
this one. 

~---------------- ------------------------ ---------------------------------
Effect1Ve worlt 
function 

Double sheath analys1s 

Insert energy balance 

~-~~-----------

Energy balance on 
ion production region 

Based on electric field 
at emission surface 

Approx. based on theoret1cal 
analysis i~3Ref. [4]. Holds 
for J < 10 (J from Eq.1) 

"" 
Neglects energy input due 
to excited states and plasma 
rad1at10n. 

Neglects energy loss due 
to exc1ted states and 
plasma radiation. 

[

n itT ]1/2 [ eV 1/2 ]1/2 
E::: _e 8

0 

e 2 (1 + 2 k::r:) - 4 

J = [~th +I ]. [2A +A (1+_I!..)]-1 
i 'e D c e 'e 

where a = (Vp+8 i -'s) 

1-------------- -------------------- ------------------------------------
Bohm criterion 

Existence length for 
primary electron 

Assumes un1form or 
average plasma properties. 

Criterion for emission/ion 
production region length. 

n e 

L = 2). 
e pr 

~--------- ---------------------- ------------------------------
Semi-empuical 

Ideal gas law 

Empuical 

Energy exchange mean free 
path based on results 
of computer model. 

Assumes heavy particle 
temperature equal to 
insert temperature. 

Neglects orif1ce plate 
th1cltness effect. 
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trallzatlon and de-excltatlon of exclted states is 
equated to the power conducted and radiated from 
the surface plus the power removed by emitted elec
trons. The equatlon descrlblng thlS IS 

JIAe(Vp + el-~s)+qdxAe+qphAe = Qth+le~e (2) 

where 'e is the effectlve work functlon of the sur
face, 's IS the surface work functlon (a material 
property), ~th IS the thermal power transferred 
away from the surface, Vp is the potential drop 

across the plasma she~th, and 8 i i~ the ionizatlon 
potential. The terms qph Ae and qdx Ae are the 
energy input due, respectlvely, to photons leaving 
the plasma and to surface de-excltatlon of excited 
atomic states. The photon flux is negligible 
because the resonance radiation is effectively 
trapped wlthin the plasma. The term qdxAe due to 
excited states is belleved to be relatlvely 
small though not necessarily negliglble. Calcula
tion of thiS term and various factors affecting it 
will be discussed In more detal1 In the last sec
tion of thls paper. The term 0th In Eq. 2 IS the 
thermal power lost from the Insert. In general, it 
is a function of the insert temperature Ts and must 
be estimated for the speclfic cathode thermal con
figuration on the basis of conductlon and radiation 
from the Insert. Neglecting the terms 
qd A and q hA in Eq. 2 and solving for the ion x e p e 
current density J

i 
glves Eq. I.S of Table I. In 

expressing Eq. I.S In terms of the total discharge 
current In' Eq. 1.1 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 siml1ar 
energy balance on the ion production region. 
Energy is convected Into and out of this volume by 
the motlon of the varl0US partlcle speCles crossing 
the boundarles of the ion production region. This 
particle motl0n transports not only the random and 
directed kinetic energy of the partlcles but also 
their excitation potentlal energy. Again neglect
ing the energy flux d~e to excited state atoms qdx 
and due to radiation qph leaving the volume, the 

energy balance can be written slmply as 

V I 
p e 

(3) 

Here Vple is the rate at which energy is brought 

into the volume by the prlmary (surface emitted) 
electrons, 8 11

1 
IS the rate at which energy leaves 

the volume In the form of 10nized atoms, and 
(S/2 kTeln) IS the rate at WhlCh energy leaves the 
volume due to the convectl0n of Maxwellian elec
trons through the orifice ( S/2 kTe is the enthalpy 
of the Maxwelllan electron gas). Other energy 
terms such as the directed klnetic energy and 
enthalpy of the ions and neutrals can be shown to 
be small [3] and are neglected. USlng the current 
balance of Eq. 1.1 and solving Eq. 3 for Vp results 
in Eq. 1.6 of Table I. 

Calculation of the electric field E using 
Equation 1.4 requires values for the plasma denslty 
n and the electron temperature T. Assuming that 
tte plasma density (ne = nil IS iniform throughout 
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the ion production region and that the 10ns leave 
1/2 the region at the Bohm velocity (kTe/mi ) ,an 

equation for the ion current denSity from the pro
duction reglon can be wrltten. Rearrangement of 
this equation gives Eq. 1.7 where J i is the ion 
current density from Eq. I.S. The electron tem
perature is also needed here. However, nelther Eq. 
1.4 nor 1.7 is very sensitlve 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, It 
IS suggested that this measured value be used In 
the equations. 

To complete the model one requires a means of 
estimating the length of the 10n production reglon. 
ThlS length is determined by the collis10nal 
processes taklng place within the lon productlon 
region. Energy input to the ion production region 
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 colllsions with a mercury atom 
(typically 109 collisions per second) and elastic 
coillsions with Maxwellian electrons (typically lOS 
collisions per second). The elastic coillsion 
cross-section for an electron-electron colllslon IS 
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 inelastlc 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 excltation 
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 AEI and by inelastic colllslons over a mean 
free path of Aln• Therefore, the effective mean 
free path for the loss of a primary electron would 
be 

A pr (4) 

From where they are created, primary electrons will 
be scattered upstream to some extent by elastlc 
collisions. Therefore, a reasonable criterion for 
the length of the ion production region IS probably 
one to two primary electron energy exchange mean 
free paths. It wl11 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.S. 

The primary electron mean free path criterlon 
as well as the concept of an ion production region 
are clearly idealizations. The extent of the 10n 
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 In 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 falloff rapidly upstream of 
the boundary. If this were not the case, signifi
cant 10n heating of the insert and related electron 
emission would be expected to occur upstream of the 
boundary defined by the mean free path cr1terion. 
E%perimental plasma density prof11es show that, in 
fact, the axial plasma density drops off e%ponen
t1ally in the upstream direct10n. This ind1cates 
that Significant ion heating probably does not 
extend far upstream of the ion product10n region 
and is consistent with the observed rapid falloff 
in surface temperature upstream of the em1ssion 
region. This observed behavior is also in agree
ment with calculations based on amb1polar d1ffusion 
of the 10ns and electrons. Such calculat10ns show 
that, by itself, volume recomb1nation in the plasma 
can result in a dens1ty decrease upstream of the 
production region more rapid than that observed 
e%per1mentally. In the real situation, of course, 
both volume ionization and wall recombination are 
also tak1ng place in conjunction with volume recom
bination to determ1ne the actual plasma density 
profile in this upstream reg10n. 

In order to use Eq. 4 to estimate the emis
sion length it is necessary to be able to calculate 
the elastic (AEl ) and inelastic (AIn) energy 
exchange mean free paths. Elastic electron-ion and 
electron-atom collis10n frequenCies are relat1vely 
low. Therefore, the effective elast1c mean free 
path for energy exchange is appro%1mately equal to 
the electron-electron mean free path, or 

2 e __ -11! __ 
-17 • 

6.5%10 n e 

( 5) 

Here the expression for Aee is based on a Coulomb 
collision between a pr1mary electron with energy 
e and a low energy Ma%wel11an electron [5], and 
nPris the Maxwellian electron density. The inelas
t~c 
mean free path is g1ven by the follow1ng expression 

A = __ L_ 
In 

I:n a-l" j a a .. 

(6) 

where a!1I is the collision cross-sect1on for pro
duction of e%c1ted state II from a target particle 
of type a having a dens1ty n. The summation in 
Eq. 6 1S made over all of t~e important e%c1tation 
react10ns in the 10n production region. Evaluation 
of AIn using Eq. 6 requires the densities of the 
various excited states of mercury 1n the ion pro
duction region as well as the cross-sect10n for all 
of the important reactions. Peters [6] has com
piled the necessary collision cross-section data 
and developed a computer model which calculates 
excited state dens1ties for a mercury discharge. 
The application of Peters' computer model for this 
purpose 1S described in detail 1n Ref. [3], so only 
the important results will be presented here. 

The computer model was used to calculate 
excited state densities and inelastic mean free 
paths AIn over a wide range of 1nput parameters 
typical of hollow cathode cond1t10ns. The results 
of the compntat10ns are shown in Fig. 2 where AI~ 
1S plotted as a function of total neutral dens1ty 
n using primary energy as a parameter. Although 
aYI of the input parameters were var1ed over a con-
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siderable range, 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 ne was also found 
to have a sl1ght effect on AIn• However, this 
effect is rather small amounting to an increase 1n 
AIn of less than 20~ when electron density 1S 
increased by a factor of five. For our purposes 
here, this effect can be neglected. 

Recognizing that the mean free path varies as 
the inverse ot the neutral density no' the results 
of F1g. 2 are fitted with the following expression 

23 
(2.....llil!L -1 5) _1_ 

no • 103 e 
(7) 

pr 

This expression fits the results shown in Fig. 2 
within ± 5~ over the full range of the parameters 
except for values ot Bpr equal to 6.0V where AIn 1S 
overest1mated by -20~ in the intermediate density 
range. Using Eq.5 for the elast1c mean free path 
and Eq. 7 for the inelastic mean free path, the 
effect1ve 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 beenPissumed in this equation that the primary 
energy epr is equal to the plasma potential Vp' 
Equation 1.9 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. 1.9 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. ThisP enables 
one to make a reasonable estimate of Apr based only 
on typical plasma conditions and the neutral den
sity. It is worth pointing out that the curves in 
Fig. 2 are relatively nat at densities 
greater than -2 % 1016 cm-3 resulting in typical 
values ot Apr near one millimeter. This is in good 
agreement w1th the experiments, which show that for 

!:;~~:a!heP~:~::~:: i~v::nf:ne!e:oT:r:e~~gn- :;10:: 
long or less on the downstream end of the insert 
but that the region extends significantly upstream 

" 
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at pressures below a few Torr. Comparison with 
additional experimental results w111 be presented 
in the next section. 

F1nally, 1t is necessary to estimate the total 
neutral density no 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 w1t~in the cathode cavity upstream of the 
or1fice is essentially constsnt. The total pres
sure at any point 1n the cathode is the sum of the 
partial pressures of each species. Using the ideal 
gas law this can be expressed as 

p 

where k is Boltzmann's constant, n is the density, 
T is the temperature, and the subscripts e, i, a 
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-neutral1ty of the plasma (i.e., ne = n

i
) and 

equilibrium of the heavy particles (ions and neu
trals) with each other at the insert temperature, 
Eq. 8 takes the form given in Eq. 1.10. The local 
pressure P used in Eq. 1.10 is determined from a 
correlation of exper1mental results based on actual 
pressure measurements made over a wide range of 
mass flow rates, discharge currents, and orifice 
diameters [3]. This correlation is shown in Table 
I as Eq. 1.11 where the units are P (Torr), m (mA 
equivalent), do (mm) and IO{A). It is believed to 
be accurate to within ±3~. 

G1ven the mass flow rate m, the orifice diame
ter do, the insert dumeter D, the total discharge 
current ~, the surface work function ~ , the 
insert thermal power loss 0th' and theSphysical 
constants {e, k, mi , 8

0
, 8 i , ao" the equations in 

Table I can be solved for all of the o~her 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. 1.2 
can not be solved explicitly for the surface tem
perature Ts' 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. 

An earlier paper describes an experiment in 
which a special quartz tube test cathode was used 
to determine the magn1tude and origin of the vari
ous hollow cathode currents [2]. The predictions of 
the model will be compared here with the results of 
that exper1ment. 

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 1nterest 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 1nsert and the 
cathode tube were coated with the low work function 
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Fig. 3 Test Cathode for Current Accounting 

chemical R-SOO*. The cathode discharge was coupled 
to a cylindrical 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 
discharge current I ~O of 1.3, 2.3, 3.3 and 4.3A at 
a mercury flow rate m of -100mA. Data were also 
collected for an emission current of 3.3 A at 
internal cathode pressures P ranging from 1.3 to 
S.S Torr. The internal pressure was measured using 
a U-tube manometer and the insert temperature was 
measured using a micro-optical pyrometer. 

Emission Lensth 

A critical test of the model is its ability to 
predict the length of the insert emislion reg10n 
since this parameter strongly affects the predicted 
insert surface temperature for a given discharge 
current snd 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 Apr 
was calculated with Eg. 1.9 for the experimental 
conditions. In making these calculations, the neu
tral density was estimated from the measured 
cathode pressure using Eq. 1.10 and the primary 
electron energy was taken to be 8.7 eV. The pri
mary electron energy could have been estimated 
using Eq. 1.6, but it will be seen shortly that 
this underestimates 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 conditions for 
this size cathode, the plasma potential in the ion 
production region is nearly constant at 8.7 ±O.S V. 

The results of the mean free path calculation 
discussed above are plotted as the solid curve 
(2Apr) in F1g. 4. Insert emission lengths 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 Le/Apr 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 1n this experiment to discriminate emis
sion lengths shorter than the 2.2 mm long insert 
segment. Insert emission lengths, for condit10ns 

* A double carbonate mixture - (Ba/Sr) 003 -
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 I), were estimated by assuming that the 
current density for emIssion from the tube was the 
same as the measured average current density 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 (H2 , H , A, N2), they determined experimen
tally that t~e emission region locates itself where 
the local pressure-diameter product IS -1 Torr-cm. 
A pressure-diameter product of this magnItude 
corresponds to a primary eleotron mean free path 
which IS on the order of the cathode radius. In 
the open tube cathode, the local pressure varIes 
sIgnIficantly along the tube. It IS reasonable in 
this situatIon that the Ion 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 IS rather constant along the aXIs of the 
cathode and can be adjusted 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 or if iced cathode can be forced to 
operate under conditIons both WIth shorter and 
longer pr1mary electron mean free paths. That a 
primary electron mean free path on the order ot an 
Insert radius is a deslreable operatIng condItIon 
IS 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 .ame as the emission 
length and an Ion production region which has an 
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aspect ratio (D/L
e

) of approXImately two. Such an 
aspect ratio IS 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 1.11 could have been used to determine 
the pressure from the flow rate and orifice 
diameter, but in this case It 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 diameter when cold. A small error in 
the orifice diameter results In a large error 
in pressure because it appears in Eq. IV.l as 
an Inverse square. 

2) The surface work function 's 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 ID was 3.3 A and m 
was -100 mAo The comparison between calculated 
and measured temperatures WIll, therefore, be a 
relative one valid mainly for checking the 
functional dependence on discharge current 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 AppendIX 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 
Le/Apr was assumed to be two. 

The results of calculations using the model 
based on the assumptions discussed above are shown 
in Figs. S. 6. and 7. Figures Sa and Sb 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 's' 
The Significant feature of Fig. Sa, therefore, IS 
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. Sb 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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s1milar construction operating at a discharge 
current of 3.3~ the maximum insert temperature 
decreased by - 7 C per Torr when internal pressure 
was increased. However, it is believed that this 
estimate is reasonably rellable, so it would not 
account for the differences between the two curves 
ln Fig. Sb. The main reason for the differences 
between the two curves is that the temperatures 
indlcated by the clrcles are the maX1mum emisslon 
temperature whlle the calculated temperatures (cir
cles) are average values based on the assumptlon of 
uniform emlssion over the entire emitting length. 
While for short emission lengths, the uniform emiS
slon assumption lS probably valld, the assumption 
apparently breaks down as the length of the emis
sion region increases. This suggests that, for low 
pressures, emission temperature gradients become 
important and the simple, lumped parameter model 
does not provide an accurate description of the 
emission temperature. 

The ion productlon region plasma density 
predicted by the mOd9}ottf pl .. <:.tUd in Fig. 6a as a 
function of dlscharge ~urren\. For comparison, the 
plasma density n3 adjacent to the upstream side of 
the orifice plate is plotted as the circles. These 
data points (n3) were estimated from the measured 
current 13 based on the Bohm criterion (Eq. 1.7) and 
represent the average plasma density adjacent to 
the downstream boundary of the ion production 
region. Plasma densities are shown in Flg. 6b 
plotted as a functl0n of internal pressure for a 
discharge current of 3.3A. In both cases (FlgS. 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 assumptl0n in the model of a uniform ion 
productl0n 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 reachlng 
the centerline of the cathode, so that ion produc
tion is increasingly confined to an annular region 
bounded by the emissl0n 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 malnly on the plasma density. For the 
plasma densities predicted by the model, this frac
tion ranged from 0.30 to 0.34. This 15 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. 



Flnally, the plasma potential predlctlons of 
the model are shown in Figs. 7a and 7b where they 
are plotted, respectlvely, as a function of 
dlscharge current at a constant mass flow rate 
(-100 mAl, and as a function of lnternal pressure 
at a constant dlscharge current (3.3A). Although 
the plasma potential was not measured in this 
experlment, results from Langmuir probe measure
ments made during another experiment on a similar 
cathode showed that the plasma potential in the ion 
productlon reglon was -S.7V [3]. The average meas
ured value of S.7V from that experiment lS lndi
cated ln the Figs. 7a and 7b as the dashed line. 
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 reglon 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 lon production region 
and neglect the energy term due to the the flux of 
excited atoms. A rough estimate of the energy flux 
due to exclted states was made ln Ref.[3]. The 
estimate was based on excited state densities cal
culated uSlng Peters' computer model and assumed 
that the excited atoms leave the ion production 
reglon at their thermal velocity carrying with them 
thelr excitation potentIal energy. Furthermore, It 
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was assumed that all of the excltation energy lS 
deposited at surfaces outside of the boundary and 
that the de-excited atoms return with only thelr 
random thermal energy. The excited state energy 
flux based on those assumptions was found to be 
rather large [3] and gave predictlns for both 
plasma density and plasma potential which were not 
realistic. On the other hand, the results in Figs. 
6 and 7 lndlcate that the model predlcts plasma 
densitles and plasma potentials of the right magnl
tude when the exclted state power term lS 
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 exclted state energy flux 
may be due to a number of factors. For example, lt 
may be that the exclted state densities near the 
boundary and, therefore, the particle fluxes are 
actually over estimated. Another possibllity lS 
that the partlcle fluxes are estimated correctly 
but that there is some mechanlsm for returning 
energy to the volume, such as reflection of excited 
particles or of resonance radlation from cathode 
surfaces. However, even in light of these uncer
taintles assoclated with calculation of the exclted 
state energy flux, the model provides a useful and 
reasonable qualitative description of the basic 
physical processes taking place withln the cathode. 

Based on the above experimental results, lt lS 
suggested that for design purposes the average 
measured values ot the electron temperature (0.71 
eV) and plasma potential (S.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 (OIL) is on the order of two. 
This is also a condition :hich lS expected to pro
vide good cathode performance. 

Conclusions 

A phenomenological model has been presented 
which describes the physical processes underlYlng 
the operation of mercury orificed hollow cathodes 
of the type used in lon thrusters. ThlS descriptIve 
model is in good qualitative agreement wlth the 
experimental results indlcating that our baslc 
understanding of the important physical processes 
for these devlces is essentially correct. By assum
lng an ldealized ion production region withln which 
most ot the plasma processes are concentrated, this 
phenomenological model has been expressed analytl
cal as a simple set of equations WhlCh relate 
cathode dlmenS10ns and specifiable operatlng condl
tions, such as mass flow rate and discharge 
current, to such lmportant parameters as lnsert 
temperature and plasma properties. ComparIson WIth 
experimental results shows that, if the exclted 
state energy flux is neglected, the model provldes 
reasonably accurate predictions of emission length, 
emission surface temperature, plasma density and 
fractlon of discharge current due to volume lonlza
tlon. The plasma potential predlctlon of the model 
is rather low; and it is suggested that the average 
measured value of S.7V be used in place of Eq. 1.6 
when making calculations using the model. An lon 
production region aspect ratio (OIL) of two lS 
suggested as a design criterion fore minimizlng 
keeper voltage. 
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The rate of heat transfer (0 h) away from the 
emitting portion of the insert Sue to conduction, 
convection and radiation is required for the energy 
balance calculat10ns discussed above. An accurate 
value for the power loss 0th for the experimental 
cathode 1S not eas1ly determ1ned. although bounds 
can be placed on 1ts value 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 outer 
surface to ambient (T = 3000K). The quartz tube 
would then be analogousato a cyl1ndr1cal fin one 
end of which is at the 1nsert temperature. The 
results of th1S analysis are plotted in F1g. A.1 as 
a function of insert temperature and are indicated 
by the upper (maximum) curve. The minimum value of 
0th is calculated by assuming radiation from both 
outer and inner surfaces of the insert to surfaces 
at 7000C 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 (-7000C) used in making temperature meas
urements. The minimum value for 0th calculated in 
this way is plotted as the lower curve in Fig. A.1. 
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Finally. a more probable value for 0th 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 a 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 = 300oK. The results of this 
analysis are plofted in Fig. A.1 as the dashed 
(best estimate) curve. 



AIAA-82-1895 
Ion 8eamlet Vectoring by Grid Translation 
J.M. Homa and P.J. Wilbur, Colorado State 
Univ., Ft. Collins, CO 

AIAAI JSASS/DGLR 16th International 
Electric Propulsion Conference 

November 17-19, 1982/New Orleans, Louisiana 

For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics 
1290 Avenue of the Americas, New York, NY 10104 

" 

.. 



.. 

+ ION BEAMLET VECTORING BY GRID TRANSLATION 

* ** John M. Homa and Paul J. Wllbur 
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Abstract 

An experlmental study of lon beamlet vectoring 
is descrlbed. The results can be used to design 
accelerating systems ln WhlCh the dlrectlon and 
focus of emerglng beamlets are important. Deflec
tlon and divergence angle data were collected for 
two-grid systems as a function of the relatlve dis
placement of these grids. At large displacements, 
accelerator grld implngement becomes a llmlting 
factor and thlS deflnes the useful range of beamlet 
deflectlon. Beamlet deflectlon was found to vary 
llnearly wlth grld offset angle over this range. 
Values of deflection-to-offset angle ratio and use
ful range of defl ection are gwen as functions of 
grld-hole geometrles, perveance levels, and accel
erating voltages. The dlvergence of the beamlets 
was found to be unaffected by deflectlon over the 
useful range of beamlet deflectlon. The grids of a 
tYPlcal dished-grld ion thruster are examlned to 
determine where over the grld surface the grid off
sets exceed the useful range. ThlS deflnes the 
reglons on thlS surface where high accelerator grld 
lmplngement is probably occurrlng. 

Nomenclature 

da accelerator grld hole diameter 
ds screen grld hole dlameter 
E1 electrlc fleld, acceleratlon reglon 
E2 electrlc fleld, deceleration reglon 
f thl n 1 ens focal 1 ength 
h dlSh depth 
J current denslty 
J beam current per hole 
t~ effective acceleration length 
t acceleratlon length 
£g grld separatlon dlstance 
ml lon mass 
NP/H normalized perveance per hole 
q charge 
R net-to-total acceleration voltage ratlo 
Rc radlus of curvature 
ta accelerator grld thlckness 
ts screen grld thlckness 
VN net acceleratlng voltage 
VT total acceleratlng voltage 

beamlet dlvergence half-angle 
beaml et defl ectlon angl e 
useful beamlet deflectlon range 
grld offset angle 
useful grid offset angle range 
relatlve grld dlsplacement 
fractional change ln accelerator grid 

hol e spacl ng 
free space permlttivlty 

+ Work performed under NASA Grant NGR-06-002-ll2 
* Research Assistant, Department of Mechanical 

Englneering, Student Member AIAA. 
** Professor, Department of Mechanical Englneering, 

Member AIM. 
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Introductlon 

The study of grJd translatlon effects on lon 
bea~ OptlCS has two lmportant applications ln the 
design of electrostatlc thrusters. First, for a 
dlshed grld pair, hole mlsallgnments are used to 
redlrect the emerglng beamlets in order to minlmlze 
off-axis thrust. A study that would yield correla
tlons or a model of this phenomenon would faclll
tate design of these grlds. Second, for fome 
applicatlons a vectorable beam lS deslred and grld 
translation is one method of produclng a moderate 
thrust vectorlng capabllity. In addltlon, beam 
focuslng may be desirable to lncrease the current 
denslty ln 2uch ground-based applicatlons as 
sputterlng. Agaln a model or correlatlons descrl
blng the effects of hole misalignment on grld 
optics would be useful in designlng the hardware 
needed for these tasks. 

Work done by Aston3,4 has shown the effects of 
such parameters as grld separatlon, grid hole dla
meter and net-to-total acceleratlng voltage ratlo 
on the optlcal performance of a two-grld system with 
allgned apertures. Optical performance in this 
context was deflned as the beamlet dlvergence vari
atlon with beam current as well as the maximum 
perveance that could be obtained before accel erator 
grid implngement became exceSSlve. The present 
study of grid translation lS intended to examlne 
the effects of grid geometry and operating para
meters on grid performance for vectored beams. Of 
partlcular lmportance ln this study are the degra
dation of optical performance as a functlon of re
latlve grld displacement, the functional relation
ship between beamlet deflection angle and grid 
displacement, and the maXlmum usable beamlet de
flectlon. 

Deflnltlons and Linear OptlCS Theory 

Flgure la shows a two-grld configuratlon in 
WhlCh the accelerator grld hole is displaced a dlS
tance E relative to the screen grid hole. As a 
consequence the beamlet undergoes a deflectlon 
through an angle e (degrees) wlth respect to the 
screen grid centerline, while dlverglng with a 
half-angle a (degrees). Flgure la also illustrates 
pertlnent grld dimenslons lncludlng screen and ac
celerator 9rld aperture diameters (ds and da ), grld 
thickness (t and tij) and the grld separatlon dlS
tance (£g). sThe grld offset angle a also shown ln 
Fig. la 1s defined in terms of the relative grld 
dlsplacement E by the equation: 

o=tan-
1
(£g!t

S
) • (1) 

Flgure lb shows typical potential varlatlons 
wlth positlon for the two-grld aperture conflgura
tlon of Fig. lao As the flgure suggests the ions 
are first accelerated through a total potential, 
VT' and then decelerated to a final lon veloclty 
corresponding to VN. The ratio of net-to-total 
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voltage is des1gnated as the R-value. 

(2) 

The results of th1S study w111 be presented as 
a function of the normalized perveance per hole at 
Wh1Ch the grids are operating. Th1S quanity desig
nated here1n as "NP/H" 1S based on the theoret1cal 
Ch11d's law current dens1ty lim1t for ion extrac
t10n between parallel plates due to the accumulat10n 
of space charge in the 1nterven1ng gap. Th1S law 1S 
expressed as: 

( 3) 

where J is the maximum current dens1ty, 80 1S the 
perm1tt1v1ty of free space, q is the charge of the 
lon, mJ is the 10n mass, VT 1S the total accelerat-
1ng VOltage and t 1S the accelerat10n length. If 
one cons1ders the effect1ve acceleration length 
appropr1ate to Fig. la to be the one from the 
plasma sheath to the 1ntersect10n of the screen 
hole centerline and the upstream surface of the 
accelerator grid then the length in Eq. 3 is given 
by 

t' = [(t + t )2 + d2 /4]!~, (4) e g s s 

the theoret1cal 11m1t1ng value of normalized per
veance per hole 1S glven by 
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, 
JMAX te 2 w 2 ~ 

MAX. NP/H = ~ (,--) = .!!.. e: (f!l.m ) , 
VT Os g 0 i 

(5) 

where JMAX 1S the maximum current per hole, and ds 
is the screen hole diameter. For the argon propel
lant used in this study, the max1mum normal1zed 
perveance per hole is 6.8 x 10-9 A/V3/2. It is 
noted that beamlet deflection can only be achieved 
at values of NP/H significantly below this limit. 

Beamlet deflect1gn can be estimated uS1ng 
11near Opt1CS theory, ,6 and modeling the accelera
tor aperture of a t~0-gr1d system as a thin lens 
with a focal length f. The focal length 1S glven 
by 

(6) 

where VT 1S the potential of the accelerator grid 
with respect to the screen grid and El' E2 are the 
potent1al grad1ents on the acceleration and decel
eration sldes of the accelerator gr1d, respectively. 
The beamlet deflect10n angle, a is then given by: 

e: a = f (7) 

where e: 15 the relat1ve grid displacement. When E1 
is assumed to be equal to the total accelerating 
voltage div1ded by the grid separation distance, 
this becomes 

(8) 

In the case where E2«El th1S simpl1fies to: 

(9) 

or 
a = - 14.3 ~ (a in degrees). (10) 

g 

The m1nus slgn 1nd1cates that beamlet deflection 
occurs 1n the d1rect10n OPPos1te to that of accel
erator gr1d d1splacement. It should be noted that 
in Eq. 8, E2 and El are of opposite sign so when Ez 
is slgn1ficant, the rat10 (a/8) should be greater 
than the value given by Eq. 10. 

Apparatus 

The beamlet vector1ng study has been conducted 
on an 8 cm dia. d1vergent field ion source in Wh1Ch 
the grids have been masked down to a 1 cmz active 
area. This masking of the gr1ds results in very 
un, form plasma propert1es 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 gr1ds are fabr1cated from graphite sheets 
with a nineteen hole array arranged in a hexagonal 
pattern on them. A screen gr1d hole diameter of 
2.06 mm was selected for the study and mica sheets 
were used to ma1ntain the spacing between the gr1ds. 
While the accelerator 1S held f1xed, the screen 
gr1d can be translated along one axis dur1ng thrus-

., 
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ter operatlon by a mechanlcal system in the manner 
suggested by Fig. 2. The screen gr1d was selected 
as the translating gr1d, because such an arrange
ment facilitated grld spaclng and accelerator grid 
alterations. 

The beam emerging from the grlds lS probed by 
a collectlon of molybdenum, flat plate probes each 
1 cm2 ln area, arranged in the manner suggested in 
Fig. 2. Twenty of these probes are situated along 
a horlzontal llne 14 cm downstream from the grids. 
In add1tion, a llne of probes extends vertically 
downward from each end of the horizontal probe rake. 
By uSlng these three probe rakes it lS possible to 
lntercept the full beam prof11e over the complete 
range of grid translatlon. A 70% open area screen 
lS placed in front of the probes, and is b1ased 
24 v negative relatlve to ground in order to re
flect neutralizer electrons. The probes themselves 
are biased lB v posltive relat1ve to ground to re
flect low energy, charge-exchange lons produced 
downstream of the grids. The rake assembly is de
slgned so it can be rotated ln the manner suggested 
ln Fig. 2 to facllltate rake axis allgnment wlth 
the beam axis in the plane perpendlcular to the 
dlrection of grid translatlon. 
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Flg. 2. Deflecting Beamlet Test Apparatus. 

Procedure 

A complete set of beam prof11es 1S collected 
by flrst achlevlng stable ion source operatlon wlth 
the screen grid dlsplaced to produce a sUbstantial 
negative lon beam deflectlon. Once the lon beam 
has been probed, the screen grid lS dlsplaced ln 
0.05 mm lncrements and the beam lS probed after each 
displacement. This process contlnues untll the beam 
is dlsplaced sufficlently poslt1ve so the accelera
tor grld impingement current reaches ~ 25% of the 
beam current. Since a grid dlsplacement of 0.05 mm 
has been shown to produce measurable beam deflection, 
careful alignment of the grids in the direction 
perpendicular to the direct10n of grid translation 
and reduction of play ln the movable grid are cru
cial to the generatlon of accurate data • 

Beam current dens1ty proflles are analyzed 
uS1ng a computer routlne. This routlne first uses 
the current density data obtalned from the three 
segment probe rake to compute the current denslty 
on a circular arc located 17 cm from the grld 
center. From this proflle the point of maXlmum 
current denslty lS ldentlfled. An inltial estimate 
of the defl ectlon angl e 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 maXlmum 
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 estl
mated by integrating thlS average profile for an 
assumed axi-symmetric distribution about the line 
of maximum current density. The deflectlon angle 
value which best fits the data lS then obtalned by 
iterating assumed deflection angle values and 
solving for the minlmum 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 dl
vergence angle (a in F1g. 1) is computed as the 
half angle of the cone encloslng 95% of the inte
grated beam current determined in the aforementioned 
analysis. ThlS definition of half angle is the same 
as the one used by Aston3,4 in the study of di
vergence characteristics of aligned grlds. 

Initially, current density data were collected 
manually by reading a meter that could be switched 
to read each Faraday probe ln the rake. These re
sults showed the linear relationship between the 
grid offset angle (e) and the deflection angle (a) 
suggested by Eq. 10 but, inconsistencies were 
observed when data from various runs were compared. 
It was determlned that these inconsistencies were 
due ln part at least to variations in ion source 
operatlng conditions that occurred whlle the probe 
currents were belng read. In order to mlnimize 
thlS drlft the manual data collection was ellminated 
in favor of automated collectlon using a Hewlett 
Packard 3054 Data Logger. Results obtalned using 
the data logger have been very reproducible and 
self-conslstent. 

In order to isolate the effects of varlOUS 
parametrlc changes to be lntroducted 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 lS defined by the followlng geometri
cal and operating conditlons: 

Screen hole diameter (ds) 

Total accelerating voltage (VT) 

Net-to-total acceleratlng 

2.06 mm 

600 vol ts 

voltage ratio (R) 0.70 

Screen grid thlckness ratlo 
(ts/d s) O.lB 

Accelerator 9rld thlckness 
ratlo (ta/ds ) 0.37 

Accelerator 9rid hole diameter 
ratio (da/ds ) 0.64 

Grld separation rat10 (l'.g/ds) 0.49 

As sU9gested by the above list, the geometr1-
cal grid parameters of Flg. 1 are normalized using 
the screen hole diameter, WhlCh was held constant 
at 2.06 mm for all tests. The range of varlation 
of the parameters lnvestigated ln this study were: 

Total acceleratlng voltage (VT) 

Net-to-total accelerat1ng 
voltage ratlo (R) 

600 - 1100 
volts 

0.35 - 0.90 



Screen grld thlckness 
ratlo (ts/ds ) 

Accelerator grld thickness 
ratlo (ta/ds ) 

Accelerator ~rld hole dla. 
ratio (da/ds ) 

Grld separation ratio (tg/ds) 

0.18 - 0.37 

0.12 - 0.74 

0.64 - 1.00 

0.49 - 1.00 

In additlon, the dlscharge voltage was maln
talned at 40 v and ~he bell Jar pressures were held 
between 6 - 8 x 10- Torr. An argon flow rate of 
10 rnA equlvalent was used throughout the experlments 
because it was sufflciently high to produce stable 
dlscharge chamber operatlon while belng low enough 
to keep the charge exchange lon production less 
than one percent of the beam current. 

Results 

A tYPlcal beam lon current denslty proflle 
collected ln the manner outllned ln the prevlous 
section is shown ln Flg. 3a. As this figure sug
gests, the profiles are relatively symmetrlcal. 
ThlS symmetry lS retalned wlthln the useful range of 
beam deflectlons. Using the lnformatlon on thlS 
proflle one can determine the beamlet divergence and 
deflectlon assoclated wlth thlS partlcular grld geo
metry and relatlve grid offset. A tYPlcal plot of 
deflectlon angle vs. grid offset angle is presented 
in Fig. 3b; this one for the standard grid set 
operatlng at a normalized perveance per hole (NP/H) 
of 1.02 x 10-9 A/V 3/2 where 

NP/H = v./m G: r (11 ) 

Flgure 3b shows the expected llnear relatlonshlp 
between deflection angle (8) and gr1d offset (0) up 
to a grld offset angle of ~ 15° where the beamlets 
begln to lntercept the accelerator grld. The de
fiectlon angle at the onset of thlS non-llnear 
behavior lS deslgnated eu (for e useful), as sug
gested ln Flg. 3b. The data shown lS for the 
standard case accelerator grld hole dlameter ratlo 
of 0.64. At accelerator hole ratlos near 1.00 the 
beam defi ectlon beyond eu 1 evel s off rather than 
lncreaslng as shown in Flg. 3b. ThlS change ln the 
slopes above the pOlnt where lmplngement beglns to 
lncrease lS probably related to the observation that 
the beam proflles become increas1ngly asymmetrlcal 
at high grld offset angles. It should be noted, 
however, that the non-llnear beam deflectlon always 
occurs at relat1vely hlgh 1mp1ngement levels WhlCh 
are outs1de of the normal thruster operat1ng reg1me. 

The exper1mental deflectlon character1st1cs 
111ustrated in Flg. 3b can be compared w1th the 
theoret1cal relation expressed 1n Eq. 10. From 
F1g. 3b, a deflection angle (e) of 6° corresponds 
to a grld offset angle (a) of 15.5° wlthln the 
linear reg1on. Using Eq. 1 to determ1ne ~, one 
arr1ves at an experimental correlation of the same 
form as the theoretlcal value glven ln Eq. 10, 
namely 

15.81- (e 1n degrees) • 
g 
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The coeff1c1ent ln thlS equatlon lS reasonably 
close to the theoretical constant of 14.3° 
(1/4 rad) and lS also ln re~sonable agreement with 
prevlously measured values. It is also noteworthy 
that Eq. (8) predicts an increase in th1S constant 
1f the decelerat10n f1eld Ez is significant,as it 
'should be for the data of Fig. 3 where the net-to
total acceleratlng voltage ratlo (R) is less than 
un1ty. 

TYPlcal divergence and 1mpingement character
lstr1cs for the grid set of F1g. 3 are glven in 
Flg. 4. It can be seen in Flg. 4a that the dl
vergence angle (a) does not vary significantly over 
the useful range of grid offset angles where the 
1mp1ngement currents are acceptably low and opera
t10n would normally occur. Wlth a larger accelera
tor grid hole diameter rat10 (da/d s ) the divergence 
angle drops Sllghtly from the value at a slgnlficant 
offset to a mln1mum at zero offset. Even ln th1S 
case, however, the total var1atlon ln divergence 
angle over the useful range of grid offset angle 
was not observed to exceed two degrees. The rapid 
decrease in dlvergence angle apparent in Fig. 4a at 
large grld offset angles lS probably due to lnter-
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ception of the most divergent 10ns from the beam
lets by the accelerator gr1d. In Fig. 4b this 
rap1d 1ncrease 1n accelerator grid imp1ngement cur
rent 1S apparent and 1t def1nes the range of useful 
gr1d offset angles (au)' In order to quantify this 
range lt is defined here rather arbltrarily as the 
grid offset angle at which the impingement current 
reaches 10% of the beam current. This sets the 
11mit on the useful range of beam deflect10n (au) 
which 1S ind1cated on Fig. 3b. 

The useful range of the gr1d offset angle (au) 
1S a functlon of both the geometr1cal parameters of 
the gr1ds and the perveance at Wh1Ch they are opera
tlng. Flgure 5 lllustrates the effect of perveance 
on tYP1ca1 1mpingement current vs. gr1d offset angle 
plots. The two values of useful range of grld off
set angle (au) appropr1ate to the two levels of 
perveance are 1dentified and they show that the 
1im1ting offset angle drops as the perveance is in
creased. Th1S presumably occurs because the beam
let more nearly fills the accelerator gr1d aperture 
at the h1gher perveance level. Using a collection 
of data llke those shown in Figures 3 and 4, one 
can define a group of parameters that character1ze 
the opt1ca1 behavior of deflected ion beam1ets. The 
parameters that have been selected for use here are: 
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1. The useful ion beam1 et defl ection 
range (au) 

2. The deflection-to-offset angle ratio 
in the useful range (a/c) 

3. Divergence angle in the useful range (a) 

Effect of Grid Offset on Beam1et 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 Aston3 
using al1gned gr1ds. In comparing these results it 
should be noted that a slightly different definition 
of the effective ion acceleration length 1s used to 
compute the perveances. 9 In Aston's results the 
effective acceleration length is defined as: 
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\' 2rf'lS In the present work the screen grld thick
ness lS also lncorporated In the deflnltlon of ac
ce1eratlon length as' 

Flgure 7 shows the effects of net-to-tota1 voltage 
ratlo (R) on beam1et dlvergence (a). These tYPlca1 
curves agaln agr~e reasonably well wlth those ob
talned by Aston. Because of thlS agreement dl
vergence curves wl11 not be presented here for each 
parameter lnvestigated, rather the reader lS re
ferred for dlvergence angle data to Aston's work3 
WhlCh utl1ized flxed grids and is therefore con
sldered to glve more accurate dlvergence angles 
than the present study. 
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Flg.7. Effect of Net-to-Tota1 Acce1eratlng 
Voltage Ratlo on Divergence. 

Effect of Normallzed Perveance Per Hole 

that thlS results In a weaker electric fle1d be
tween the grlds. Linear OptlCS theory suggests 
thlS will result in less beam1et def1ectlon for a 
given grld dl sp1acement (the grid separa tion appears 
in the denomlnator of Eq. 8). Flgure 9 shows that 
the ratlo of the beam1et def1ectlon angle to the 
grld offset angle is independent of the grld sepa
ratlon ratio over the full range of perveance in
vestlgated. ThlS is not surprlslng because one can 
combine a flrst order expanslon of Eq. (1) and Eq. (9) 
together and obtaln the expresslon for this deflec
tion-to-grld offset ratlo. It shows this ratlo 
should indeed be lndependent of the grid separatlon 
ratlo to flrst order for this case of a thln screen 
grld. The lndependence of the def1ectlon angle-to
grid offset ratlo also conflrms ltS preference as 
a corre1atlng factor over other factors such as the 
ratlo of def1ectlon angle to the llnear offset dlS
placement (sIc). 
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The effect of increaslng the normallzed per
veance at WhlCh the grld set lS operatlng always has 
the effect of decreaslng the usable deflection angle 
range. As perveance lS lncreased an unacceptable 
implngement level lS eventually observed even at the 
zero grld offset condltion. If a moderate beam1et 
steerlng capabl1lty lS desired, this suggests the 
grld-ho1e pair must be operatlng well below the 
maximum obtalnab1e,a1lgned-grld perveance. Flgure 6 
shows the shape of a tYPlca1 dlvergence angle vs. 
perveance curve. One would generally want to 
operate at the mlnlmum of thlS curve, but this cor
responds to a rather high perveance condltlon where 
the beam1et cannot be deflected substantlally with
out lnduclng a hlgh lmplngement. Consequently, 
although the dlvergence angle shows little change 
wlth grid offset, the beam1ets would generally have 
to be operatlng at a perveance below the one for 
mlnlmum dlvergence In order to facl1ltate operatlon 
at a moderate offset wlthout high lmplngement. All 
of the experlments suggested that perveance had no 
slgniflcant effect on the def1ectlon-to-offset 

f'~ 

angle ratlo (S/a). 

Effect of Grld Separatlon Dlstance 

The def1ectlon angle range is observed In 
Flg. 8 to decrease as the separatlon dlstance be
tween the grlds lS lncreased. ThlS can be exp1aln
ed by notlng that the total voltage remalns con
stant as the separatlon dlstance is increased and 
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Flg. 9. 

NORMALIZED PERVEANCE PER HOLE (A I V'II) 

Effect of Grld Separatlon Dlstance on 
Def1ection-to-Offset Angle Ratlo. 

Effect of Accelerator Hole Dlameter 

Accelerator hole dlameters larger than the 
standard value enable grld sets to operate over 
much larger deflection angle ranges, as shown in 
Flg. 10. ThlS lS presumably due to the fact that 
the beam1 ets have more room to defl ect before bel ng 
lntercepted by the accelerator grld. Flgure 10 al
so shows that larger accelerator holes will permlt 
a given beam1et deflection at a much hlgher per
veance level; power supply llmltatlons prevented 
operatlon at lmplngement llmlted perveance levels 
with the larger accelerator grld hole diameters 



.. 

used in thlS study. As Flg. 11 shows, the accel
erator hole dlameter had no slgniflcant effect on 
the defl ection-to-offset angl e ra tio. 
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Effect of Net-to-Total Accelerat1ng Voltage Ratlo 

The net-to-total voltage rat10 (R) has a 
moderate effect on the defl ectlon-to-offset angle 
ratlo (S/o). As the R-value decreased from 0.90 
to 0.35, Slo lncreased from 0.4 to 0.6, as shown 
in Fig. 12. Th1s is explalned by consldering that 
at a constant total voltage, a decrease in the 
R-value 1S accompan1ed by a decrease ln the net 
acceleratlon voltage and hence 1n the ion velocity. 
The lon 1 s then subjected to the 1 ens effect of the 
accelerator aperture for a longer time and thlS re
sults in a larger deflection angle for a given grid 
d1sp1acement. The deflection angle ranges as de
picted ln Fig. 13, show only a Sllght 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 restrlcted at the 
h1gher perveances. This effect lS presumably due to 
the fact that beamlets wh1ch become more dlvergent 
at low R-values begln to 1ntercept the accelerator 
grld at a lesser grld offset angle. 
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Effect of Accel erator Grid Thickness 

As shown in Flg. 14, the accelerator grid 
thickness had no slgniflcant effect on the deflec
tion-to-offset angle ratio. However, in Fig. 15 the 
thick accelerator grid 1S seen to exhlbit a pro
nounced reduction ln def1ectlon 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 
d1splacement 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 Th1ckness 

The effect of doubl1ng the standard screen 
gr1d th1ckness on the deflect10n characterist1cs of 
beamlets 1S exam1ned in F1gS. 16 and 17. Th1S 
change had only a Sllght effect on the beamlet de
flect10n characterist1cs. A Sllght reduct10n 1n 
deflect10n range was observed for the thicker screen 
gr1d as 111ustrated in F1g. 16. This 1S supported 
by previous work by Aston 3 Wh1Ch shows that th1nner 
screen gr1d geometr1es are capable of ach1ev1ng 
sllghtly h1gher perveances. Th1S is consistent w1th 
the fact that the th1nner screen gr1d exh1b1ts a 
Sllghtly higher deflect10n angle range at a glven 
perveance level. There appears to be a Sllght dif
ference 1n the deflection-to-offset rat10 for d1f
ferent screen gr1d thicknesses as shown 1n F1g. 17. 
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Effect of Total Acce1erat1on Voltage 

An inspection of Eq. 8, Wh1Ch pertains to 
linear Opt1CS theory, reveals that the total ac
celeration voltage does not appear so th1S para
meter would not be expected to affect the beamlet 
deflection parameters to f1rst order. F1gures 18 
and 19 do show however that these parameters were 
affected somewhat by a change 1n total accelerat1ng 
voltage from 600 v to 1100 v. F1gure 18 reveals a 
larger deflection angle range over the complete 
perveance range at the h1gher voltage. Figure 19 
shows that wh11e the magn1tudes of the def1ect1on
to-offset angle rat10 are comparable at the two 
voltages, changes 1n perveance seem to 1nduce a 
greater change 1n th1S ratio at the h1gher voltage. 
It should be noted that some of the data on 
F1gS. 18 and 19 involved operat1on of the ion 
source at a S11ghtly h1gher d1scharge voltage and 
magnet current. Th1S d1d not appear to alter the 
data trends. It was done so the ion source dis
charge could be susta1ned at the h1gher beam cur
rents assoc1ated w1th operat1on at the 1100 v 
cond1t1on. 
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D1shed-Grid Example 

In th1S section the beamlet vector1ng data 
presented in the prev10us sect10n of th1S paper 
wl11 be used to exam1ne the beam1et deflections that 
would be expected in a sample d1shed-gr1d geometry. 
The obJective is to determ1ne the effects of such 
des1gn factors as d1Sh depth and beam1et steering on 
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the lmplngement characterlstlcs of a dlshed-grld 
set. In order to conduct thlS ana1ysls the current 
denslty profile and thermal dlstortlon characterls
tlcs of a tYPlca1 dlshed-grld system wl11 be 
examl ned. 

The parameters used to deflne the particular 
spherically dished grld set consldered here are 
shown In Fig. 20. The beam1et pattern shown sug
gests a11gned screen and acce1 grld holes that 
would cause the beam1ets to emerge in this dlvergent 
pattern. USlng current denslty profl1e data for a 
tYPlca1 lon source together wlth reasonable values 
for grld geometrlc parameters, the radial screen! 
acce1 grld hole dlsp1acement profl1e needed to cor
rect thlS condltlon wl11 be determlned. At thlS 
operatlng condltlon the beam1ets would be a11gned 
wlth the thruster aX1S. In additlon, the lmplnge
ment 11mlted perveance wl11 be calculated as a 
functlon of grld radius uSlng the def1ectlon angle 
range data present In thlS paper. ThlS wl11 enable 
one to determine where hlgh lmplngement mlght be 
expected over the surface of the grlds. 
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The thruster selected was the 30 cm dia. 800 
serles Engineering Model Thruster. The current per 
hole data requlred as lnput for ana1ysls of the 
grlds when thlS thruster lS operat1sg at a 2.0 A 
beam current are shown In Fig. 21. These data 
were obtalned uSlng mercury propellant, so the cur
rent per hole clted In Flg. 21 had to be mu1tip11ed 
by the square root of the mercury to argon atomlc 
mass ratio to obtaln the allowable perveance data 
needed for comparlson. In order to determlne the 
grld separation dlstance and re1atlve hole posltions 
at operatlng temperature, the linear expansion model 
of Rawhn, Banks, and Byers11 ,12 was applied to the 
molybdenum grlds and support rlngs. This model may 
not be app11cab1e to all grid assemb11es, but lt lS 
useful here to 111ustrate the app11catlon of beam
let vectorlng data to the ana1ysls of dished-grid 
accelerator systems. 

When grlds are dlshed and then provlded with 
the deslred separatlon dlstance, the screen-accel
erator hole palrs become mls-a11gned, and the 
beam1ets are dlrected severely off-axls. This re
qUlres ho1e-p~ttern compensatlon, WhlCh for grlds 
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dlshed convex downstream (Fig. 20), implies an ac
celerator grid hole pattern with center-to-center 
hole spaclngs lncreased or a screen grid with hole 
spacings reduced. By uSlng some compensatlon a 
grid-hole palr can be re-a11gned to the zero offset 
angle condltlon, however, an addltlona1 amount will 
be requlred In order to cause each beam1et to be 
dlrected parallel to the thruster aX1S. In order 
to accomplish thlS the accelerator 9rld hole 
spacings are deslgned to be (1 + £a) tlmes the 
screen hole spaclngs. Flgure 22 shows how the grid 
hole offset angles vary for a given grld dish depth 
as a functlon of radius under the lnfluence of the 
lndlcated compensatlons (£a's) and the thermal 
gradlents that the grld thermal mode1 10,ll predlcts. 
Also shown In Fig. 22 as a SOlld llne is the grld 
offset requlred as a function of radlus to produce 
para-axla1 beamlets. It lS determlned from a de
flectlon-to-offset plot (Fig. 12 for R = 0.70 In 
thlS case) uSlng as lnput the angular separatlon 
between the thruster center11ne and the normal to 
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the accel grid surface at each radius for the 30 cm 
thruster (a's 1n F1g. 20). Figure 23 presents the 
same type of data as F1g. 22 but in th1S case the 
d1Sh depth 1S less. The magn1tude of the dish 
depth affects the value of gr1d offset needed to 
re-align beamlets with the thruster centerl1ne. A 
compar1son of Figs. 22 and 23 shows that the 
smaller d1Sh depth requ1res much less gr1d offset 
for the outer rad1us holes, and therefore it would 
be expected that the outer holes could then be 
operated at h1gher perveance levels. The drawback 
to using a smaller dish depth 1S that th1S leads to 
greater var1ations 1n the screen hole to accelerator 
hole separation d1stance as a funct10n of operating 
temperature. It 1S apparent from F1gS. 22 and 23 
that a single value of accel gr1d compensat10n (e:a) 
does not produce the required grid offset over the 
ent1re gr1d surface for the thermal deformations 
assumed here. This sltuat10n worsens as the d1Sh 
depth 1S reduced. 
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Accelerator Gr1d Compensation, h = 1.12. 

Figure 24 shows perveance 11m1t des1gn plots 
for the sample case be1ng cons1dered. The allowed 
perveance profiles 1n th1S f1gure were determined 
by comput1ng the angular d1splacement between the 
thruster centerline and normal to the grid surface 
at each radial location (a's 1n Fig. 20). Th1S 1n
format10n 1S then used to enter the useful deflec
t10n range plots (F1g. 10 for da/d s = 1.00 in this 
case) 1n th1S paper to determ1ne the maX1mum per
veance allowed for a given deflect10n angle at 
each radial location before direct accelerator gr1d 
1mp1ngement becomes exceSS1ve. 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 d1Sh depths 
1nd1cated on F1g. 24 and the computed grid thermal 
distortions. It can be seen from Fig. 24 that the 
allowed prof1le for the shallowest d1Sh depth 
(h = 1.12 cm) is above the corresponding est1mated 
profile at all rad1i. This ind1cates the impinge
ment levels w111 be low over the entire accelerator 
grid surface in th1S case. For the greater d1Sh 
depth curves however the allowed prof11es fall be
low the estimated ones at the greater rad11. In 
th1S case 1mp1ngement would be expected to be more 
substant1al. For the case under cons1deration the 
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opt1mum dish depth seems to fall approx1mately m1d
way between h = 2.25 cm and h = 1.12 cm. At zero 
radius, the estimated perveance prof11e drops w1th 
decreasing dish depth. This is due to the decrease 
in separation gap which 1S a maX1mum 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 varY1ng 
the 1nit1al grid separation and accelerator gr1d 
hole size as a funct10n of thruster radius. 
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F1g. 24. TYP1cal Comparison of Allowed Perveance 
and Est1mated Perveance for 30 cm D1shed 
Grids of Varying Dish Depths 

A potent1al problem also eX1sts for large 
d1ameter mult1pole thrusters and is worthy of men
tion. As seen 1n Figs. 22 and 23 realt1vely large 
offset angles may be required for the apertures at 
the outer edges of the grids on large d1ameter 
thrusters. Because of the flatter plasma density 
profiles in multipole thrusters, these outer radius 
holes may be expected to operate at h1gher perveance 
values and this would be expected to create even 
more severe 1mp1ngement problems when the beamlets 
are re-directed parallel to the thruster axis than 
was observed 1n Fig. 24 for the 30 em divergent 
field thruster. 

Concl usion 

Ion beamlet deflect10ns of several degrees can 
be accomplished by d1splacing the screen and accel
erator gr1d holes relative to each other. Th1S 
deflect10n is 11m1ted to a useful range by the on
set of high accelerator grid 1mp1ngement currents. 
This range is pr1marily dependent on the perveance 
at which the grid 1S operating and the diameter of 
the accelerator gr1d aperture. The useful range is 
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also dependent to a lesser extent on the net-to
total voltage ratio, gr1d separation distance, grid 
th1cknesses, and the total accelerat1ng voltage. 
Over the useful range of beam deflect10ns the beam
let d1vergence angle 1S independent of deflection. 
In th1S range the deflect10n angle 1S also a l1near 
funct10n of the gr1d offset angle. The constant of 
proportlonal1ty between these angles exhiblts a 
dependence on the net-to-total accelerating ratlo 
but 1S relatlvely lndependent of the other para
meters studied. Good agreement between the theo
retical approxlmatlon and experlmental results for 
thlS constant has been demonstrated. The beamlet 
deflection data developed ln thlS study can be used 
to design large diameter dlshed-grid accelerator 
systems ln which the lon beamlets are to be directed 
along the thruster axis. An lmportant deslgn para
meter that is cruclal to the malntenance of low 
1mpingement currents 1n these des1gns 1S the gr1d 
d1 sh depth. 
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Abstract 

The flex1ble magnetic field thruster is a 
unlque research tool for studYlng the behavior of 
dlrect current electron-bombardment thrusters. It 
ut1lizes a long W1re anode sh1elded by a circum
ferentlal magnetlc field. The magnetic fleld 
around the anode, WhlCh 1S produced by passing a 
direct current of up to 150 amperes through the 
wire, restrlcts prlmary electron flow from the dis
charge plasma to the anode. D1fferent magnetic 
fleld configuratlons can be created by routing the 
anode wire ln various ways through the dlscharge 
chamber. Divergent, cusped and multlpole magnetlc 
f1eld conf1gurat1ons have been created 1n th1S man
ner. The thruster is al so designed so ion currents 
to varlOUS internal surfaces can be measured directly 
and these measurements facllltate calculatlon of 
the dlstribution of ion currents wlthin the dlS
charge chamber. Experlments lndlcate that the 
distrlbutlon of ion currents inslde the dlscharge 
chamber lS strongly dependent on the shape and 
strength of the magnetlc field but lndependent of 
the dlscharge current, dlscharge voltage, and neu
tral flow rate. Measurements of the energy cost 
per plasma lon indlcate that thlS cost decreases 
with 1ncreasing magnet1c fleld strength due to in
creased anode shleldlng from the primary electrons. 
Energy costs per argon plasma ion as low as 50 eV 
were measured. The energy cost per beam lon was 
found to be a functlon of the energy cost per 
plasma lon, extracted lon fraction and dlscharge 
voltage. Part of the energy cost per beam ion goes 
into creatlng many lons in the plasma and then ex
tractlng only a fraction of them lnto the beam. The 
rest of the energy goes lnto accelerat1ng the re
malning plasma lons lnto the walls of the discharge 
chamber. Measurement of lon fluxes across a virtual 
anode surface appear to lndicate that lons cross 
this surface with velocities approachlng thelr 
random thermal veloclty rather than the Bohm 
velocity. 

Introductlon 

A great deal of effort has been expended over 
the last two decades on research to lmprove the 
efflclency of electron-bombardment lon thrusters. 
Much of thlS effort has centered on the containment 
of the hlgh energy or prlmary electrons ln the main 
dlscharge region of the thrusters, and has resulted 
ln a rather 1nteresting evolution of the thruster 
magnetic field conflgurations .1,2 In spite of this 
effort the energy cost per beam ion (In electron 
volts) for most thrusters is still on the order of 
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Engineerlng. 
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15 to 30 tlmes the flrst ionlzation potential en
ergy of the propellent atoms.+ For example, the 
J-serles thruster3 uSlng mercury, operates wlth 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 lonization po
tentlal for mercury. For SERT 114 thlS factor is 
about 22. Ramsey's magnetoelectrostatic thrusters 5 
tYPlcally operate with factors of 16 for both argon 
and xenon as dld Sovey's argon l}ne-cusp thruster. 6 
Multipole thrusters of Isaacson, using xenon, and 
Longhurst,8 using mercury, operated with discharge 
power losses around 18 and 26 t1mes the respect1ve 
ionization potentlals. 

Dugan and Sovie9 have shown that the energy 
required to produce an argon ion in plasm~ simllar 
to that commonly found in ion thrusters should be 
on the order of 50 eVe That this energy is greater 
(by approxlmately a factor of 3) than the 10nlZatlOn 
potentlal 15 due primarily to the fact that the lon
lzation process lS accompanied by some excltatlon of 
the neutral atoms. Inherent ln thlS analysls is the 
assumptlon that electrons lose energy through In
elastic collis1ons w1th the neutral atoms exclus
lvely, l.e. that electron energy losses to the 
walls are negliglble. In the case of ion thrusters, 
thlS condltlon is approxlmately satisfled 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, lt should be expected that a properly deslgned 
ion thruster (l.e., one which prevents primary elec
trons from havlng direct access to the anode) would 
produce argon ions in the plasma at an approxlmate 
energy cost of 50 eVe 

ThlS lndicates that the high energy cost per 
beam ion of typical thrusters is not the result of 
lnefficient plasma ion production, but rather lt lS 
the result of the fact that the fractlon of these 
lons being extracted lnto the beam is substantlally 
less than unity. If every lon produced in the 
plasma was extracted lnto the beam, the thruster 
would be operating at a discharge power level of 
50 eV/beam ion (50 watts/beam ampere). Th1S lS 
probably the maXlmum energy efflciency that could 
be expected for an argon thruster. 

To approach thlS maximum efficlency 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 lon currents. The 
unlque features of this thruster are that it allows 
drastic changes in ltS magnetlc field conflguratlon 
to be accomplished quickly and easily, and that lt 
is designed so ion currents can be measured to ltS 
various lnterlor surfaces. Changes ln magnetlc 
field configuration are made possible through the 
use of a copper wire anode through which a direct 

:j: For operation at the "knee" of the dlscharge 
power-propellent utilizatlon curve. 



c'lrrent on the order of 100 amps is passed. Thi s 
current sets up a clrcumferentia1 magnetic fle1d 
around the anode. The anode wire may then be bent 
lnto any shape inslde the discharge chamber to pro
duce the magnetlc field conflguration of lnterest. 
AXla1, mlldly dlvergent, strongly dlvergent, cusped 
and mu1tlpo1e magnetlc fle1d configuratlons have 
all been created wlth thlS thruster. 

This paper provldes a detal1ed descriptlon of 
the f1exlb1e magnetlc fle1d thruster design and 
some of the results obtained wlth it. These results 
lnc1ude the measurement of ion currents to all 
thruster cathode potentla1 surfaces. From these 
data the total lon productlon rate, energy cost per 
plasma ion and extracted ion fraction were calcu
lated. In this study these performance parameters 
were monltored as magnetic fleld configuration and 
strength, discharge current, discharge voltage and 
neutral flow rate were varied. 

Apparatus and Procedure 

The prlmary feature of the flexible magnetlc 
field thruster is the anode. It is made from a 
3.2 mm dlameter copper tube through WhlCh a rela
tively large direct current lS passed. In de
slgning the thruster the magnltude of the currents 
needed to produce fle1ds that will prevent prlmary 
electrons from reaching the anode surface were 
first computed to lnsure they would be reasonable. 
This was done by recognizlng that the magnetlc flux 
denslty (B) at a radlus (r) from the centerline of 
a wire carrYlng a current (Jf) lS given by 

1I
0
Jf 

B = 2rrr ' (1) 

where 110 is the permeabl1lty of free space. It has 
been assumed ln writing thlS equatlon that the 
radius (r) where the field lS sought lS greater 
than the Wlre radius (ro). In order to prevent 
collection of electrons having an energy Ee (in eV) 
Isaacson found the following condltion on the in
tegral of the magnetic flux denslty had to be sat
lsfied ln a similar geometrlca1 situationlO 

(2) 

In thlS expresslon rl is elther the radlus at WhlCh 
the magnetlc flux density drops to a neg1lglble 
value or the radlus at WhlCh electrons are lnJected 
lnto the magnetlc fle1d, whichever is less. Com
blnlng Eqs. 1 and 2 and performing the lndicated 
lntegratlon one can solve for the current requlred 
through the wire. After Substltuting for the per
meability one obtains 

( 3) 

For 40 eV primary electrons, a 1.6 mm radlus wire 
and a radlus of electron lnJectlon ln the radius 
range of 1 to 2 cm the required magnetlc fleld cur
rent glven by Eq. 3 is about 100 A. ThlS lS large, 
but not unacceptably so. For a 1.6 mm radlus anode 
of the order of a meter ln length further analysis 
suggests that copper can carry the required current 
wlth a small voltage drop over the one meter tube 
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length (~ 0.1 V) as long as the wire 1s malntalned 
at a sufficiently low temperature (~Boac). Compu
tations suggest this temperature can be maintained 
by using commercla11y available 3.2 mm dia. copper 
tube and circu1atlng water through lt at a flow 
rate of a few tens of m1/mln. 

The basic stainless steel, sheet metal chamber 
used to house the anodes in this study lS shown 
schematically wlthout an anode in Flgure 1d. For 
all of the data presented here thlS chamber was 
17 em in diameter and 12 cm long. The other 
sketches in Fig. 1 show perspectlve cutaway views 
of anode configurations examined ln this study. 
The magnetlc fle1d shapes produced by these windings 
are also shown. The refractory wire cathode used 
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1n the tests was pOS1tioned 2.5 cm upstream of the 
gr1ds in the manner suggested 1n Fig. ld for all 
anode conf1gurat10ns. The cathode employed 0.25 mm 
d1a. tungsten W1re about 30 cm in length. Th1S W1re 
was heated using alternat1ng currents 1n the range 
12 to 15 A from a center-tapped power supply. 
Argon propellant was used because of the ease w1th 
Wh1Ch flow rates could be set and ma1ntained. Tests 
were conducted at flow rates of 740, 1270 and 
1580 rnA equ1valent. Thruster performance was mea
sured at d1scharge voltages through the range of 
30 V to 50 V above the cathode center tap potential. 
The d1scharge current was adJusted through the 
range 2 A to 6 A by controll1ng the alternat1ng 
current through the refractory cathode. 

The gr1ds used in the tests had a 67% open area 
screen and a 30% open area accelerator. They were 
operated at a total accelerat1ng voltage of 1500 V 
and a net-to-total accelerating voltage ratio of 
0.67 w1th a cold gr1d spac1ng 0.75 mm. Beam neu
tral1zation was accompl1shed uS1ng a refractory 
W1re cathode. All tests were conducted 1n the 1.2 m 
d1a x 4.6 m long vacuum test fac11ity at Colorado 
State Un1vers1ty. 

To fac1l1tate the measurement of 10n currents 
to var10US thruster surfaces the follow1ng features 
were 1ncorporated into the des1gn of the d1scharge 
chamber. The thruster back surface, cyl1ndr1cal 
side wall, screen grid and cathode were all elec
trically ls01ated from each other. The posltlve 
hlgh voltage was connected d1rectly to the cathode 
center tap. The back surface, slde wall and screen 
grld were connected to thlS pOlnt through one ohm 
reslstors and through a power supply that was used 
to blas these surfaces negatlVe of cathode potentlal. 
Ourlng thruster operatl0n, these surfaces could be 
blased to -70 V (relatlve to cathode potential). At 
this bias, electron collectl0n on these surfaces 
was ellmlnated and the 10n current to each surface 
could be determlned by measur1ng the voltage drop 
through each reslstor. It lS noted that ion cur
rents gOlng to the anode surface and recombln1ng 
there are not counted when measurements are made ln 
thlS way. Due to the dlfflculty of measurlng the 
10n current to the anode surface 1t was declded 
to treat the lon-electron recombination there as 
lf lt were a volume recomblnat1on process. That is 
the energy lost as a result of 10n neutrallzation 
at the anode surface was lncluded ln 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 potentlal surfaces and was held constant for 
each of the conflguratlons of Flg. 1. Thus the ion 
current to the anode could be safely neglected when 
measurements of the total 10n productl0n rate were 
made. 

ApplYlng a large negatlve blas to the varlOUS 
discharge chamber surfaces d1d not significantly 
alter the discharge chamber operatlon. When the 
blas was applled, the current from each surface 
rose from zero (at floatlng potential) to the value 
correspondlng to the 10n current belng collected. 
As the negatlve blas on a surface was increased the 
dlscharge and beam currents would al so lncrease. The 
discharge current lncrease was caused by the collec
t10n,at the anode,of add1t10nal electrons WhlCh had 
prevl0usly neutrallzed the 10ns at the walls by 
comlng directly from the plasma. When the negat1ve 
blas was applled these electrons could no longer 
neutral1ze the 10ns 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 lS a result of the 1ncrease ln dis
charge current brought on by the phenomenon just 
descrlbed. In conducting the tests it was found 
that when the dlscharge current was restored to 1tS 
original value the beam current would also return 
to ltS orlginal value. This indicates that the 
thruster dlscharge chamber efficiency was the same, 
regardless of whether the back, slde and screen 
surfaces were allowed to float, or were biased 
strongly negatlve of cathode potentlal -- provided 
the dlscharge current was held constant. At first 
glance, thlS is a rather remarkable result. In the 
floatlng case the ions reaching the walls are neu
trallzed there by hlgh energy electrons from the 
plasma. In the other case the 10ns are neutrallzed 
by electrons from the discharge supply which are 
prlmarl1y low energy electrons collected by the 
anode and then pumped up to the discharge chamber 
surface potentlal through the anode power supply. 
That these two condltions should result ln identi
cal dlscharge chamber efficlencies requires an 
explanatl0n. 

Wlth the walls floating the discharge current, 
JO' lS the sum of the cathode emissl0n current, JE, 
and the beam current, JB' so that, 

(4) 

In thlS 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 dlscharge current 
becomes, 

(5) 

where JU is the magnitude of the 10n current to the 
walls -- a current that remains unchanged as the 
walls are blased ne9atively. Now. lf the dlscharge 
currents of Eqs. (4) and (5) are to be made equal 
and if, at thlS condition the beam currents are 
equal, then the cathode emission current (JE) in 
Eq. (5) must be decreased by an amount equal to JW' 
That is the rate at which high energy electrons 
are inJected into the plasma for the case where the 
walls are hlghly negatlve must be reduced by an 
amount exactly equal to the rate at which hlgh en
ergy electrons were lost to the walls in the first 
case. This results in the density of high energy 
electrons belng the same in both cases, and since 
everythlng else was held constant, the efficlency 
must be unchanged. 

By measur1ng the ion current to the thruster 
body and screen grid ln the manner suggested above 
one lS provided w1th a powerful tool for evaluat1ng 
thruster performance. It 1S really an extension 
of the Langmu1r probe technique proposed by Sovey6 
and is essent1ally the same approach used by 
Siegfried 1n studY1ng hollow cathodes. ll In this 
case however the back surface, side wall and screen 
gr1d act as probes. The value of the measurement 
lles in the fact that the sum of the body and screen 
gr1d 10n 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 lS the total ion productlon rate (expressed 
as a current). Knowlng this total lon production 
rate one can compute the fraction of ions produced 
that are extracted (beam current-to-total production 
rate ratlo) and the energy cost of a plasma ion 
(dlscharge power-to-tota1 productlon rate ratlo). 
The first of these parameters indlcates the effic
lency of the discharge chamber in dlrecting ions 
through the grlds; the second the efficlency of dis
charge chamber electrons In producing lons. 

Results and Dlscussion 

EXlstlng Thruster Deslgns 

In the flrst part of this study three thruster 
magnetlc field configurations were examlned: the 
dlvergent field. the slngle cusped field and the 
mu1tipo1e conflguratlon. Each of these conflgura
tions was easily created with the f1exlble fle1d 
thruster. Flgure 1 shows these conflguratlons and 
how the anode Wlre must bend In order to create 
each particular magnetlc fle1d shape. In each of 
these three conflgurations the loop separatlon was 
approximately 2 cm and the total anode length ex
posed to the plasma was 280 cm. In addltlon, the 
volume and surface area of the reglon bounded by 
the anode was the same for each conflguratlOn. The 
effect of increasing the magnetlc fle1d strength 
for the dIvergent field thruster conflguratlon IS 
lllustrated In Fig. 2. In this flgure the fractlons 
of total Ion current produced (Jp) whIch go to; the 
back surface (Jback/Jp)' the sIde wall (Jside/Jp'), 
the screen grid (Jscreen/JQ)' and the beam (JB/~p) 
are plotted as functlons of norma1lzed magnetic 
field current through the anode wIre. These data 
were taken at a discharge current of 2.0 A, a dls
charge voltage of 50 V and a neutral flow rate of 
1580 mAeq. However, It was found that the lon cur
rent dlstrlbution In the dlscharge chamber was in
dependent of discharge current, dlscharge voltage, 
and neutral flow rate over the ranges lnvestlgated. 
Because of this Independence from dlscharge condl
tlons, the curves shown In FIg. 2 can be consldered 
generally applIcable to the dlvergent magnetic fle1d 
configuration. Examinatlon of Flg. 2 IndIcates that 
the fractlon of the total lon current extracted In 
the beam lncreases wlth IncreasIng field current. 
In addition, the fractlons of the total Ion current 
gOlng to the back surface and screen grld lncrease 
slIghtly while that to the slde wall decreases. 
This IS clear eVldence that the magnetlc fle1d 
strength can lnf1uence the dlstrlbutlon of Ion cur
rents inslde the discharge chamber. The decrease 
In the fractIon of Ion current to the sIde wall IS 
belIeved to be primarl1y the result of a radial 
plasma denslty dlstributlon In the dlscharge chamber 
that becomes lncreasing1y non-unlform as the fle1d 
current IS increased. Most of the Ion current gOlng 
to the back surface IS assumed to be gOIng there 
through the "hole" in the magnetic fIeld on the 
centerlIne of the thruster. 

The dlstrlbutlon of Ion currents for the cusped 
fIeld thruster (Fig. 1b) configuration IS shown In 
Fig. 3. Again the fractions of Ion currents to each 
surface are plotted against the norma1lzed magnetic 
fle1d current. Here the same baslc trends exhibited 
by the dIvergent field confIguration are seen. 
However, In thls case the redlstrlbutlon of Ion 
currents is less pronounced than In the prevIous 
case. ThIs appears to indIcate that the plasma 
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density remalns more unIform at high fIeld 
strengths In the cusped confIguratIon than In the 
dlvergent fle1d geometry. ThIS plasma unlformlty 
lS also reflected In the respective Ion beam pro
files whlch are more uniform In the cusped fle1d 
configuratlon than they are for the dlvergent one. 2 
It lS belIeved that an addltiona1 factor whIch 
causes the side wall current fractlon to be hIgher 
for the cusped conflguratlon than for the dlvergent 
one IS the plasma leakage that occurs at the cusp. 

Finally the distributIon of currents for the 
mu1tlpo1e conflguratlOn (FIg. 1c) are shown In 
Fig. 4. Here, Interestingly enough. the magnetIc 
field strength has no effect on the gross dlstribu
tion of lon 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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FIg. 4 Ion Current FractIons to VarIous Thruster 
Surfaces vs. FIeld Current for the Multl
pole ConfIguration. 

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 
wall s with nearly equal probably In all directIons in a 
multlpole 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 
pIeces of some multlpole deslgns.12 The improved 
performance of these designs suggests that some re
dIrectIon of ion currents IS Indeed occurring. In 
any case, the unIform Ion current distrIbutIon of 
low fIeld strength multlpole thrusters is clearly 
demonstrated here. The fact that Ions are lost 
uniformly In all dIrections from the plasma implies 
that the extracted Ion fractIon should always be 
less than 50% for multlpole thrusters of low field 
strength deSIgn. 

For comparison purposes, the fraction of Ions 
dIrected toward the grIds, (JB + Jscreen)/Jp, IS 
plotted agaInst the magnetic field current 1n FIg. 5 
for the three thruster confIguratIons. The advan
tage of the dIvergent field geometry in terms of the 
fractIon of Ions directed toward the grIds is clear. 

Plasma Ion ProductIon 

The energy reqUIred to create an Ion 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 In thIS paper. The 
energy cost per plasma ion (Pp-In electron volts) 
IS defIned by 

(6) 

where Vo IS the dIscharge voltage. The ion produc
tIon rate (Jp) can be wrItten as the sum of the 
beam current and ion current to the dIscharge 
chamber walls (Jw), I.e., 
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SubstItuting Eq. (7) into Eq. (6) yields, 

[JO-(JB + JW)] Vo 
P = --';...........:::--~-=. 
p J

B 
+ J

W 

ThIS can be rewrItten as, 

(8) 

P = (JO-JB)VO {2-} _ ~Vo {2-} 
P JB JB+JW JB JB+JW • (g) 

Recognizing that (JO-JB) VO/JB is the discharge 
power Po (In eV/beam ion), and letting f be the ex
tracted ion fractIon defined by, 

(10) 

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

(11 ) 

ThIS is the deSIred relation between the energy cost 
per plasma ion and the energy cost per beam ion. 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 Into these 
surfaces. 

The plasma Ion energy cost has been determined 
for each thruster configuration and at each opera
ting pOInt conSIdered In this study uSIng Eq. (6). 
A sample of the results obtained WIth the cusped 
fIeld 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, It indicates that the 
cost Increases WIth discharge current and decreases 
WIth neutral flow rate. However, It is relatively 
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FIg. 6 Plasma Ion Energy Cost 1n the Cusped FIeld 
Conf1guratlon. 

1ndependent of dIscharge voltage. Wh11e these data 
were obta1ned with the cusped fIeld configuratIon 
results obta1ned w1th the other thrusters showed 
slmllar trends. These and other data Ind1cate that 
the energy cost per plasma Ion can be made as low 
as 50 to 60 eV for the argon propellant used. 

In the course of measur1ng the total 10n pro
ductIon rate 1t was notIced that this rate was 
frequently much greater than the neutral flow rate 
In equIvalent mIllIamperes. An example of th1S IS 
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 f1gure IS the beam current. ThIS fIgure IndI
cates rather dramat1cally how the 10n product10n 
rate can be Slgn1flcantly greater than the neutral 
flow rate and yet the beam current lS still s1gn1fl
cantly less than the flow rate. ThIS does not mean, 
however, that If every Ion 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 caus1ng a correspond
Ing decrease 1n the 10n 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 descr1bed above, 
several other conf1gurat10ns of the fleXIble fIeld 
thruster Vlere tested 1n an effort to reduce Ion 
losses to the walls st111 further. The number and 
type of conf1gurations that can be tested IS 11mlted 
only by the Imaglnat10n of the researcher. To date, 
no confIguratIon of the fleXIble fIeld thruster has 
dIrected a greater fractIon of Ions toward the grIds 
than the d1vergent f1eld conf1gurat10n. However, 
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Cusped FIeld Conf1guratlon. 

In the course of this effort a very 1nterest1ng 
phenomenon was observed. Tests were bel ng run on the 
flexible f1eld thruster In an aX1al magnetIc fIeld 
conf1guratlon as shown in FIg. 8. In addlt10n to 
the solenOIdal anode the thruster was eqUIpped WIth 
an external soleno1d. ThlS allowed the magnetic 
fIeld In the d1scharge chamber to be created by 1 ) 
pass1ng a current through the anode wIre only, 2) 
passIng a current through the external soleno1d 
only, or 3) pasS1ng currents in opposIng or add1ng 
dIrectIons through both wires slmultaneously to 
produce a w1de range of magnet1c field cond1t10ns. 
W1th thIS thruster conf1gurat10n 1t was Dbserved 
that at any gIven flow rate, dIscharge current and 
dIscharge voltage, the Ion current to the side wall 
was smaller when the magnetIc fIeld was created 
WIth the external solenoid alone than It was when a 
magnetIc field of IdentIcal strength was created 
WIth the Internal solenOId alone. ThlS indicates 
that the plasma is be1ng conta1ned better when the 
magnet1c fIeld is created by the external solenOId 
than It 1S when the Internal anode wire is used. 
Why thIS should occur was not 1mmedlately apparent. 

The reason the external COIl glves better per
formance than the internal one can be understood, 
however, by considering FIg. 8 further. Figure 8a 
shows the magnet1c f1eld lInes for the case where 
the f1eld 1S produced entIrely by pass1ng a current 
through the anode wire. Figure 8b sho~ls the fIeld 
lines when the f1eld lS produced entIrely by the 
external soleno1d. The anode wIre In th1S second 
case serves only as the anode. In F1g. 8b we 
not1ce that certain fIeld lines 1ntercept the anode 
surface dIrectly. As we progress outward from the 
centerl1ne of th1S thruster along a rad1us, the sur
face of revolutIon of the fIrst fIeld lIne that we 
encounter Wh1Ch Intercepts the anode surface IS 
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called the v1rtual anode surface. It 1S so called 
because once an electron becomes attached to a field 
llne on this surface 1t has a h1gh probably of being 
collected by the anode. Consequently, few electrons 
would be expected to be found at radial 10cat10ns 
greater than that of the v1rtual anode surface. 
Th1S 1n turn 1mpl1es that the plasma denSlty should 
be reduced substant1ally 1n the region outs1de of 
th1S surface. It appears that the reduced ion flux 
to the slde wall 1S a result of the reduced plasma 
dens1ty in th1S reg10n. For the case of F1g. 8a 
(magnetic f1eld created by the 1nternal soleno1d), 
however, 1t 1S seen that no f1eld llnes 1ntercept 
the anode d1rectly. Instead they tend to form con
centr1c c1rcles around the anode W1re. Consequently 
there 1S no v1rtual anode surface. Further, the 
f1eld strength between adJacent turns of the anode 
W1re 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 10n current 
to the slde wall greater than that observed w1th the 
external soleno1d. 

When the v1rtual anode surface 1S present, as 
ment10ned earlier, 10n losses to the slde wa1l can 
be greatly reduced. It was postulated that th1S 
reduced ion loss to the wall was the result of a 
greatly reduced plasma dens1ty adjacent to 1t. 
Further. th1S reduct10n 1n plasma dens1ty was be-

lOS 

1 ieved to occur across the v1rtual anode surface 
because of the removal of electrons from the plasma 
by the anode. If th1S is 1ndeed the case, that is, 
lf the plasma denslty 1S reduced dramatically 
across the virtual anode surface, then the 10ns 
must cross this surface w1th an average veloc1ty 
substantlally less than the Bohm13 velocity. Th1S 
must be so for if the 10ns crossed th1S surface 
from a reg10n of h1gh dens1ty to a region of low 
density with the Bohm veloc1ty, then an excess of 
pos1tive charge would very qU1ckly be built up in 
the low dens1ty reg10n. This excess charge would 
serve to reduce the ion veloc1ty across the v1rtual 
anode surface to the point where the flux of POS1-
t1ve charges across the surface was consistant 
with the cond1t10n of quaS1-charge neutral1ty 1n 
both the h1gh and low density reg10ns. 

To see if th1S was 1ndeed the case the follow
ing exper1ment was performed. A thruster hav1ng 
the conf1gurat10n shown schemat1cally 1n Fig. 9 was 
constructed. The anode cons1sted of a washer-shaped 
p1ece of 0.025 cm thick sta1nless steel. An aX1al 
magnetic f1eld was created 1n the d1scharge chamber 
through the use of a SlX turn soleno1d wrapped 
around the cyl1ndr1cal thruster body. The cathode 
conS1sted of a tungsten W1re bent 1nto a c1rcle 
10.2 cm 1n d1ameter. W1th th1S conf1gurat10n the 
entlre side wall was protected by the v1rtual anode 
surface but the physical anode area exposed to the 
plasma was extremely small. Th1S allowed the 10n 
current to the slde wall to be measured very accu
rately Slnce the 10n current to the phys1cal anode 
was negl1g1ble. The actual 10n currents to each 
thruster surface are shown in F1g. 10 for an argon 
flow rate (m) of 1270 mA, a d1scharge current (JO) 
of 2.0 A and a d1scharge voltage (VO) of 50 V. It 
1S noteworthy that th1S discharge chamber gave a 
hlgher extracted 10n fract10n than the d1vergent 
f1eld design (F1g. la and F1g. 5). The remarkable 
aspect of the results of F1g. 10 1S however that as 
the ion current toward the gr1ds (JB + J~creen) 1n
creases by approx1mately a factor of 5, due to an 
increase 1n the magnet1c f1eld current from zero to 
100 A, the 10n current to the slde wall actually de
creases. This shows that the vlrtual anode surface 
does a remarkable Job of conta1n1ng the plasma. It 
1S bel1eved that th1S occurs because 10ns cross th1S 
surface w1th veloc1ties approach1ng the1r random 
thermal veloc1ty rather than the Bohm veloc1ty. The 
following rough calculat10n supports this hypothes1s. 

Assum1ng that the 10ns reach the accelerator 
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system wlth the Bohm ve10clty based on an estlmated 
electron temperature of 5 eV, the plasma denslty 
Just lnslde of the vlrtua1 anode surface was estl
mated from an lon beam current denslty profl1e to be 
2.4 x 10-16m- 3 • If the ions crossed the virtual 
anode surface wlth the Bohm ve10clty, then the cur
rent to the side wall would be glVen by the formula, 

( 12) 

where n is the plasma densltY(Just clted), e lS the 
charge for slng1y charged ions In coulombs, A~ lS 
the area of the vlrtua1 anode surface and vB lS the 
Bohm ve10clty correspondlng to an electron tempera
ture (Te) of 5 eV. If, on the other hand the ion 
current depends on the ion random thermal veloclty, 
then 

J = + neAs <v> slde '+ 
( 13) 

where 

<v> =V:Tl , 
1 

(14 ) 

and Ti is the lon temperature (assumed to be equal 
to 600 0 K), k lS Boltzmann's constant and mi lS the 
lOn mass. USlng the denslty clted prevlous1y, 
Eq. (12) glves a ion current to the side wall of 
1010 mA, whereas Eq. (13) glves a current of 40 mAo 
The measured current at the maXlmum magnetic field 
was 113 mAo If the one-fourth factor In Eq. (13) 
lS ellminated, then the equatlon would correspond 
to the current due to a directed thermal ve10clty 
and the result lS a current of 160 mAo Admlttedly 
these calculations are somewhat crude but they are 
believed to be accurate to better than a factor of 
two. On the basls of these results It is suggested 
that the ions cross the vlrtual anode surface wlth 
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ThlS phenomenon can also be used to exp1aln 
the low lon flux across the virtual anode surface 
observed In the SERT II thruster. 14 In this case 
the average current denslty across thls surface was 
measured and found to be approximately 15% of the 
average current denslty toward the grlds. Rough 
ca1cu1atlons suggest that If the ions have the Bohm 
ve10clty at thls surface, then the average current 
denslty would be on the order of 250% of the average 
current toward the grlds. If they are assumed to 
have the random thermal ve10clty however the calcu
lated current denslty is about 10% of the current 
toward the grlds. It appears that the lons do not 
cross the vlrtua1 anode surface wlth the Bohm vel
ocity. It should be pOinted out that these results 
are stl11 pre1lminary and flna1 Judgement must awalt 
detal1ed problng of the plasma around the vlrtua1 
anode surface. 

In llght of thls lon veloclty phenomenon It 
should be noted that the f1exlble magnetlc thruster 
does not produce any vlrtua1 anode surfaces regard-
1 ess of 1 ts confl gura tion (for the reasons di scussed 
wlth regard to Fig. 8a). Thls lmplles that the 
flexlb1e fle1d thruster does not lmitate exactly 
those thruster deslgns WhlCh do create vlrtua1 
anode surfaces. This lnc1udes vlrtua11y all cur
rent deslgns. However, based on results obtalned 
with the thruster conflguratlons shown in Flgs. 
8a and 8b, It lS belleved that the lon flux dis
trlbutlons obtalned wlth the f1exlb1e fle1d thrus
ter are stlll qua1ltatlVe1y correct, and meamngful 
comparlsons can be made between dlfferent magnetlc 
fle1d conflguratlons uSlng thls technlque. 

Conc1 usions 

The abi1lty to make drastlc changes In magnetlc 
field conflguratlons, together with the abl1ity to 
measure lon currents to dlfferent thruster surfaces 
makes the flexible magnetlc fleld thruster a power
ful tool for the study of magnetlc fle1d conflgura
tlon effects on thruster operatlon. With this 
thruster It was observed that the dlstrlbutlon of 
lon currents lnslde the discharge chamber was 
strongly dependent on the shape and strength of the 
magnetlc fle1d. Thls distrlbution of lon currents, 
however, was found to be lndependent of the dls
charge current, dlscharge voltage and the neutral 
flow rate. Wlth no magnetlc fle1d the lons move to 
the thruster walls with equal probablllty In all 
dlrectlons, and the fractlon of current to each sur
face boundlng the plasma is equal to the area of 
that surface dlvlded by the total surface area of 
the prlmary electron reglon. 

The fractlon of lon current to each thruster 
surface was found to vary as a function of magnetlc 
fle1d strength for both the dlvergent and cusped 
fleld conflguratlons. Generally the fractlon of 
ion current to the slde wall would decrease and the 
fraction of lon current toward the grlds would In
crease as the fle1d strength was lncreased for these 
conflguratlons. No such redlstrlbutlon of lon cur
rents was observed for the mu1tlpo1e configuratlon. 
In this case, the ion current dlstrlbution remained 
the same as It was for the zero magnetic fle1d 
condltlon. 

Measurements of the energy cost per plasma ion 
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lndlcated that thlS cost decreased wlth increasing 
magnetic fle1d strengths. ThlS effect was attrlb
uted to lncreased shie1dlng of the anode from the 
prlmary electrons. Energy costs per argon plasma 
lon as low as 50 eV were measured. 

The energy cost per beam ion was found to be 
a functlon of the energy cost per plasma lon, the 
extracted lon fractlon, and the dlscharge voltage. 
Part of the energy cost per beam lon goes into 
creatlng many lons ln the plasma when only a frac
tlon of them 1S extracted 1nto the beam. The rest 
of the energy goes lnto accelerating the remalnlng 
plasma lons into the walls of the dlschargechamber. 

The flexible fleld thruster does not exactly 
imltate the dlscharge chambers of eXlstlng thruster 
deslgns due to ltS lnability to produce vlrtual 
anode surfaces. However, the ion current dlstrlbu
tlons measured with it are stlll belleved to be 
qua11tatlve1y correct. The virtual anode surface 
provldes a boundary between high and low denslty 
plasma reglons. Ions from the hlgh density region 
cross thlS boundary wlth velocltles approaching 
their random thermal veloclty. This indlcates that 
lon losses from tYPlcal lon thruster dlscharge 
chambers can be reduced by boundlng the plasma wlth 
vlrtual anode surfaces. 
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ION EXTRACTION CAPABILITIES OF CLOSELY SPACED GRIDS+ 

D. C. Rovang* and P. J. Wi1bur** 
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Abstract 

An experlmenta1 lnvestlgatl0n lnto the 10n ex
tractl0n capabl11tles of accelerator systems wlth 
small screen hole dlameters « 2.0 mm) at net
acce1eratlng voltages of 100,-300, and 500 V lS 
descrlbed. The apparatus developed for thlS study 
lS shown to be well sUlted for measurlng the lm
plngement-11mlted perveance, electron backstreamln~ 
and e1ectrlca1 breakdown characterlstlcs of two-grld 
10n accelerator systems. Results suggest that the 
lmplngement-11mlted perveance lS not dramatlca11y 
affected by reductl0ns ln screen hole dlameter to 
1.0 mm, but lmplngement-llmlted performance was 
found to be dependent on the grld separation dlS
tance, the discharge-to-tota1 acce1eratlng voltage 
ratlo, and the net-to-tota1 acce1eratlng voltage 
ratlo. Results obtalned wlth small hole dlameters 
and closely spaced grlds suggest a new mode of grld 
operatlon where hlgh current denslty operation can 
be achleved wlth a speclfied net acce1eratlon volt
age. In thlS mode the grids are operated at a hlgh 
net-to-tota1 acce1eratl0n voltage ratlo rather than 
the low ones that have heretofore been conSldered to 
Yle1d hlgher current densltles. Under these con
dltl0ns lt appears to be the onset of electron 
backstreamlng that u1tlmate1y determines the ex
tractable 10n current denslty. Beam current dens
ltles as hlgh as 25 mA/cm2 were obtalned uSlng grlds 
wlth 1.0 mm dlameter holes operatlng at a net ac
ce1eratlng voltage of 500 V. 

Introductl0n 

In order to reduce the number of e1ectrostatlc 
10n thrusters requlred for a space propu1s10n mlS
Slon and hence the cost and mass of the thruster 
subsystem, lt lS generally deslrable to lncrease 
the thrust densltles of these devlces above those 
attalnab1e wlth currently aval1ab1e 10n thrusters. 
To keep the thrusters operatlng at their optlmum 
speclflc lmpu1se thlS should be accomplished by In
creaslng the 10n beam current denslty extracted 
from the 10n OptlCS system wlthout lncreaslng the 
eXltlng 10n ve10clty. ThlS can be done under the 
constralnt of the space-charge effect by reduclng 
the grld spaclngs and hole dlameters below the 
values used on present-day accelerator systems. The 
need for thlS type of accelerator system becomes 
even more apparent when one conslders the current 
trend away from heavy propellants such as mercury 
to 11ghter propellants such as argon and xenon. To 
achleve the optimum speciflc impulse for a typical 
mlSS10n, these lighter propellants requlre a lower
lng of the net accelerat1ng voltages below those 
+ Work supported under NASA Grant NGR-06-002-1l2 

* Research Asslstant, Department of Mechanlca1 
Englneerlng 

** Professor, Department of Mechanlca1 Englneerlng, 
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belng used for current accelerator system designs. 
In terms of the extracted current densitles this 
means that the trend to lighter propellants neces
sltates the use of accelerator systems wlth smaller 
grld holes and closer grld separatlons ln order to 
malntaln current densities at thelr present levels. 

Although eXlstlng experlmenta1 performance 
data for accelerator systems w1th relatlvely large 
screen hole dlameters (> 2 mm) is qUlte exten
slve,l,2,3 thlS same lnformation for smaller screen 
hole dlameters lS somewhat llmited. Prevlous ex
perlmenta1 results have suggested that there mlght 
be a reductl0n ln the 10n extractl0n capabi11tles 
of thrusters utl11z1ng grlds wlth small screen hole 
dlameters « 2.0 mm).l,2,3 Because of thlS posslb1e 
degradatlon due to hole Slze, 1t was felt that be
fore any future high thrust denslty deslgns could 
be attempted an lmproved understandlng of the 10n 
extraction capabl11ties of grlds utlllzing these 
small dlameter holes « 2.0 mm) was needed. It lS 
for th1S purpose that the present deta1led investl
gatl0n was undertaken. 

Background and Theory 

The essential components of a bas1c two gr1d 
10n accelerator system are shown in Flg. la. Al
though the side view of a slng1e aperture 1S de
plcted, lt should be noted that a multi-aperture 
system 1S lmp1ied. The accelerator system lS 
placed adJacent to a dlscharge chamber conta1nlng a 
low density ionized plasma at a potentla1 of a few 
tens of volts above that of the screen grld. Around 
each screen hole a plasma sheath is formed WhlCh de
fines the boundary between the d1scharge plasma and 
the acce1eratl0n region. Potentla1s applied to the 
grlds produce an electric fle1d that accelerates 
the 10ns and repels the electrons comlng lnto the 
sheath from the dlscharge plasma. Flgure 1b illus
trates the variatl0n of these e1ectr1ca1 potentla1s 
assoclated wlth the grld geometry of Flg. la. The 
solid llne of F1g. 1b shows how the potent1al drops 
Sllght1y from the plasma to the relatlVe1y hlgh 
posltlve potentlal ln the grld. It remalns con
stant through the screen grld area then drops almost 
11nearly ln the space between the grlds. It lS 
constant through the accel gr1d and then r1ses to 
the potentlal far downstream of the accelerator 
gr1d. In thlS downstream reglon electrons are 
available to maintain charge neutrality in the 
plasma assoclated with the ion beam. The dotted 
llne of Flg. lb shows how for a normally operating 
grid the potential varles with pos1tion through the 
center of the grld holes rather than through the 
gr1ds themselves. The dlfference between the S011d 
and dotted llnes lS lnduced by the space charge 
effects of the 10ns passlng through the grids. 
Table 1 deflnes and names the symbols shown ln 
FlgS. la and lb. 
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FIg. 1 Two-GrId AcceleratIon System 

Tabl e 1 
Accelerator System Nomenclature 

ta = Accelerator grid thickness 

ts = Screen grId thIckness 

da = Accelerator hole dIameter 

ds = Screen hole dIameter 

2g GrId separatIon dIstance 

2e EffectIve acceleratIon length 

Vu = 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 IS generally lImIted by space charge 
effects to the value gIven by Child's Law. 

4 
J = - £ 9 0 

~ V 3/2 
(l9.) T 
m

l 
mr (1) 

In thIs equatIon. representatIve of a one-dImenSIon
al model of the ion acceleratIon process, £0 IS the 
permIttIvIty of free space, q IS the Ion charge. mi 
IS its mass and 2 represents the length through 
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which the ions are accelerated by the applied total 
acceleratIng voltage (VT). 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, In 
the case of the extractIon aperture the emIssive 
surface IS not defIned by a plate whose POSItIon 
is fIxed. but rather by a plasma sheath whose po
sItIon IS dependent on the ion current being ex
tracted. The current denSIty of Ions arriving at 
the plasma sheath, from the upstream plasma IS de
termIned by the Bohm condition for a stable sheath. 
i.e., 

J = ni qV;Te • (2) 
I 

In thIs equatIon the discharge plasma Ion denSIty 
(ni) IS equal to the assocIated electron denslty 
(ne) and the electron temperature (Te) of the 
plasma IS In electron volts. The quantity "e" IS 
the electron charge. 

ExperImental results obtaIned by Aston showed 
that IncreasIng the Bohm current density, by In
creasing the plasma denSIty caused the sheath to 
move closer to the screen hole.4 These results 
lead one to the conclUSIon that the acceleratIon 
length 2 adJusts Itself so that Child's Law IS al
ways satIsfIed. In normal operatIon the shape of 
the plasma sheath IS 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 IS reached where the 
sheath can no longer focus the ions through the ac
celerator grid aperture and dIrect Ion 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 
Ion beam. ThIS phYSIcal acceleration length IS 
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 2e where 

d2 

2e = [2~ + r- ]~ (3) 

Replacing 2 In Eq. 1 wIth 2e, and settIng the beam 
current density lJ) equal to the beaml et current (JB) 
divided by the area of a screen grId hole, Eq. 1 can 
be written 

J 2 2 = '11£0 _B_ (~) 
V 3/2 ds 9 
T 

~ 
(~) . 

i 
(4) 

The left SIde of thIS expression is known as the 
normalIzed perveance per hole and it will be used 
In 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-lImIted normalIzed perveance per hole 
defIned as the perveance per hole at the onset of 
excessIve accelerator grId Ion ImpIngement. 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 limit. 

.. 
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In the case of argon, the propellant used In this 
study, thlS 11mltlng value is computed to be 
6.8 x 10-9 A/V3/2. Assumlng the grlds can be held 
parallel at any separatlon dIstance there are two 
addltlonal phenomena that 11mlt the operatIng range 
of an Ion acceleration system. These are electrlcal 
breakdown through the regIon between the grIds and 
electron backstreamlng lnto the dlscharge plasma 
from the plasma downstream of the grlds. In prac
tlce the occurrence of these phenomena constralns 
the absolute lower 11mits of grld separatl0n 
dIstances that can be reallzed and thus 11mlts the 
10n current WhlCh can be extracted from the ac
celerator system. ElectrIcal breakdown occurs when 
the electrlcal fleld strength between the grlds 
(total acceleratIng voltage mInus the dlscharge 
voltage all divlded by the grld separatl0n dlstance) 
exceeds the breakdown 11mlt. When thlS occurs ex
ceSSlve electron currents begln to flow between the 
grlds. ThlS 11mlt lS determlned by the geometry of 
the grids as well as such factors as the grId sur
face fln1sh and the denSl ty of charged and neutral 
particles between the grlds. 

Electron backstreamlng occurs when electrons 
ln the downstream 10n beam plasma flnd a path along 
WhlCh they can be accelerated through grld apertures 
dlrectly lnto the dlscharge chamber. ThIS condltl0n 
occurs when the potentlal varlatlon through the 
apertures lS slmilar to that shown by the centerllne 
ln Flg. lb. When thlS type of potentlal profIle 
eXlsts, the electrons ln the beam plasma are no 
longer repulsed by the negatlve potentlal on the 
accelerator grld and they are therefore able to 
backstream Into the dlscharge chamber. 

Many factors lnfluence the onset of backstream
lng, and tradltlonally those factors pertalnlng to 
the accelerator system have been lumped together to 
form a dlmenslonless parametes known as the elec
tron backstreamlng parameter. The parameter used 
hereIn lS 

ThlS parameter lS slIghtly dlfferent from the one 
used ln prevlous theoretlcal investlgatlons where 
lnstead of (tg/da ) the factor (tc/da) was used. 6 
ThlS change was made because the factor (tq/da) 
gave a better correlatl0n of the electron 5ack
streamlng data collected In thlS study. 

Apparatus 

All testlng has been conducted on a 8 cm dIa
meter by 10 cm long Ion source WIth a mIldly dI
vergent magnetic fleld. The magnetlc fleld was 
derlved from a long solenoldal wlndlng wrapped 
around the outslde of the thruster body. A cyllnd
rlcal copper anode was used and apart from this, 
nonmagnetIc stalnless steel constructl0n was 
employed throughout the source. Refractory tungs
ten fl1aments were used for both the neutrallzer 
and cathode emltters. The emlSS10n levels for both 
of these was controlled by adJustIng the current 
flowing through the fl1aments from thelr ac power 
supplles. ThlS source deslgn was selected because 
lt provided the hlgh current denslty capabl11ty 
needed to assure a proper test of the grlds. and lt 
provIded a stable dIscharge. To mlnlmlze the dIS
charge chamber nOlse further, the voltage drop 
across the refractory cathode was reduced by uSlng 
two short fIlaments In parallel. It IS belIeved 
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that thIS reduces the nOlse because it reduces the 
range of prlmary electron energles comIng off of the 
cathode. 

The Ion current extractIon capabl1lty of var-
10US nlneteen aperture grld sets lnvestlgated in 
thIS study were each characterIzed by a dIfferent 
screen aperture dlameter. The grld aperture pattern 
used was a hexagonal array wlth a center-to-center 
hole spaclng of 2.5 mm for all aperture dlameters. 
The grids were made from thin sheets of commerclally 
avaIlable graphIte, and to help ensure proper grld 
hole alignment, the screen and accelerator grlds 
were SImultaneously match drIlled. As a result of 
thlS the screen and accelerator grlds both had the 
same dIameter apertures. The thIcknesses of the 
screen and accelerator grids were both the same ln 
each test and as hole Slze was varied for the 
dIfferent tests the grId thIcknesses were also 
varled to hold the ratlo of hole diameter to grid 
thIckness constant at 0.25. 

Because the grid separatIon dIstance was a 
very lmportant parameter ln thlS study, the test 
apparatus was deSIgned so It could be varIed con
tInuously whl1e the ion source was beIng operated. 
This IS accompllshed,uslng the apparatus shown 
schematically in Fig. 2, by moving the fork-spaced 
wedge ln the manner suggested by the large arrow. 
As thlS wedge lS moved toward the grIds it forces 
the accelerator and screen grld support plates 
apart and hence the screen and accelerator grlds 
attached to these plates are also separated. All 
materIals used in the constructIon of thIS appa
ratus are capable of wlthstandlng hIgh temperatures. 
GraphIte was used for both the grlds and grId sup
port plates to mlnlmlze the differential thermal 
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expans10n between these components that could cause 
gr1d warpage. The d1stance over Wh1Ch the gr1ds 
were supported was also mlnim1zed to mlnlmlze the 
effects of grld warpage. Inltla1 a11gnment of the 
grlds was accomp11shed manually by posltlonlng and 
c1amplng each grld and then checklng the a11gnment 
visually beneath a large l11umlnated magnlfYlng 
glass. This alignment lS maintalned durlng opera
tion by the boron n1tride gUlde posts shown ln 
Flg. 2. Electrical ls01atlon lS assured by the 
sheet of isomlca between the screen grld support 
plate and the wedge. The wedge lS mechanlca11y 
connected to a micrometer used to measure and adJust 
its translation from the outslde of the vacuum 
system. 

Immediately after each period of data co11ec
tlon, whl1e the source was stl11 hot, the grld 
separatlon distance was reduced untl1 the measured 
electrical resistance between the grids went essen
tla11y to zero. Th1S reference pOlnt on the micro
meter (assumed to correspond to zero separation) 
along with the geometry of the wedge could then be 
used to calculate the grld spaclng from the mlcro
meter readlngs recorded durlng the testlng. ThlS 
procedure for deflnlng the reference p01nt was 
usually repeated two or three tlmes for each test 
setup to determ1ne if the reference pOlnt had 
changed for some unknown reason. Based on repeated 
observat10ns, it 1S be11eved that the gr1d separa
t10n d1stance was known to w1th1n ~ 0.01 mm. 

Test Procedure 

Because the obJectlve of th1S study was to de
fine the 11m1tat10ns of the accelerator system and 
not those 1imltat10ns that mlght be source related, 
every effort was made to operate the 10n source so 
the h1ghest posslb1e lmp1ngement-11mlted perveance 
would be rea11zed w1th each gr1d conf1gurat10n. 
Th1S was accomp11shed by opt1m1z1ng the propellant 
flow rate, discharge voltage (VD) and magentic 
f1e1d strength for each gr1d conf1gurat10n tested. 
In general, 1t was found that dlscharge voltage and 
magnetic field strength could be ma1nta1ned at a 
slng1e opt1mum value for a part1cu1ar net accelera
ting voltage. However, the propellant flow rate 
was more critical and had to be opt1mized for every 
grid separation 1nvest1gated. Th1S opt1mum flow 
rate was almost always equal to the m1n1mum flow 
rate at which the source operated stably over the 
full range of beam currents invest1gated. The con
duct of the tests 1nvo1ved the establishment of 
th1S opt1mum flow w1th a particular gr1d set, gr1d 
spac1ng and net acce1erat1ng voltage and then 1n
creasing the cathode em1SS10n current 1n steps to 
induce 1ncreases 1n the beam and 1mp1ngement cur
rents. These currents were recorded manually from 
h1gh accuracy d1g1ta1 gauges at each step. Th1S 
process cont1nued unt11 the 1mp1ngement current 
reached a high value (~10% of the beam current). At 
this t1me, the cathode em1SS10n was reduced and the 
procedure for co11ectlng electron backstream1ng 
data was executed. 

The co11ect10n of backstream1ng data was ac
comp11shed by reduc1ng the accelerator gr1d poten
t1a1 (VT-VN) wh11e watching for the rather sudden 
1ncrease in beam current that 1S 1ndicat1ve of elec
tron backstream1ng lnto the d1scharge chamber. Th1S 
procedure yielded a m1n1mum accelerator gr1d voltage 
Wh1Ch could be used along w1th the net acce1erat1ng 
voltage (VN) to calculate the upper 11m1t on the 
net-to-tota1 acce1erat1ng rat10 (Rmax) \'/h1Ch could 
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not be exceeded w1thout induc1ng electron back
stream1ng. Slnce the grid separation and grid 
geometry were known, the value of the electron back
stream1ng parameter could be calculated from these 
data. It will be shown later that the electron 
backstreamlng parameter is somewhat dependent on the 
beam current or norma11zed perveance per hole. The 
value of th1S parameter at the lmpingement-11m1ted 
perveance is probably of the most interest, however, 
so most of the backstreaming data was collected at 
this high perveance cond1tion. After the impinge
ment-11m1ted perveance and backstream1ng data had 
been collected, the gr1d separation dlstance was 
reduced and the preceed1ng procedures were repeated. 

Because of the potentially destruct1ve nature 
of the electrical breakdown phenomenon, the e1ec
trlca1 breakdown character1stlc of each of the 
graphlte grid pa1rs were measured after the per
veance/1mp1ngement character1st1cs and electron 
backstream1ng data had been obta1ned. The back
ground pressure was held constant for electrical 
breakdown testlng at a pressure of 2.0 x 10-5 Torr 
because th1S represented an average value of the 
bell Jar pressures encountered during all testing. 
The data was collected by establ1sh1ng a given gr1d 
spaclng w1th the 10n source operat1ng at a moderate 
beam current. The screen and accelerator voltages 
were then 1ncreased 1n magn1tude unt1l electrical 
breakdown occurred. These tests 1ndicated that 
e1ther the screen or accelerator voltage could be 
lncreased to lnduce breakdown, 1.e. the sum of the 
two voltages was the cr1t1ca1 var1ab1e 1n determ1n
lng when breakdown occurred. 

Results 

F1gure 3 d1splays a set of tYP1cal curves 
showlng how lmpingement current (normalized uS1ng 
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beam current) was observed to vary wlth beam cur
rent and grid separatlon dlstance. The figure shows 
that closer grld separatlons faci11tate operatlon at 
hlgher beam currents before dlrect lon lmplngement 
levels become exceSSlve. The data of Flg. 3 also 
show that the sharpness of the "knee" or rate of 
lncrease to hlgh lmplngement becomes less dramatic 
as the grld spaclng lS reduced. These curves per
taln speciflcally to the lmplngement data collected 
for the screen and accel grld hole dlameters of 
1.5 mm at a net acceleratlng voltage of 500 V and a 
net-to-tota1 acceleratlng voltage ratlo (R) of 0.7. 
Data slm11ar to those In Flg. 3 were collected at 
each of the screen hole dlameters, net acceleratlng 
voltages and net-to-total acceleratlng voltages In
vestlgated. Instead of presentlng all of the per
fonnance data In the form shown In Flg. 3, 1t lS 
more convenlent and more meanlngful for comparlson 
purposes to deflne a maXlmum beam current for each 
grld separatl0n, l.e., the beam current at WhlCh 
the dlrect accelerator grld lmplngement current be
comes exceSSlve. Slnce the total accelerating 
voltage, the grld separatlon dlstance, and the hole 
Slze are known, thlS lmplngement-llmlted beam cur
rent can be dlvlded by the number of apertures and 
then used to calculate the lmplngement-11mlted 
nonnallzed perveance per hole uSlng Eqs. 3 and 4. 
The normallzed perveance based on thlS deflnltlon 
facl11tates comparison of the 10n extraction cap
abl1ltles of varlOUS grld geometrles over a range 
of operatlng condltlons. The lmplngement condltlon 
selected somewhat arbltrarl1y to deflne the lmplnge
ment-llmlted beam current corresponds to an lmplnge
ment-to-beam current ratlo of one percent. It 
should be noted here that a normal1zed lmplngement 
current of 1% lS only shght1y above the base11ne 
(charge exchange lnduced) lmplngement level shown 
In Flg. 3. ThlS llmlt on the beam current was 
based on such a modest change In 1mplngement current 
because 1t Yle1ded conslstent results close to the 
operatlng condltlon where an lon thruster would be 
expected to operate. A careful examlnatlon of repre
sentative data showed that thlS Crlterlon Yle1ded 
lmplngement-11mlted beam currents that on the 
average were 10% ~ 3% hlgher than those beam cur
rents that mlght be assoclated wlth negliglble 
dlrect lon lmplngement. 

Effect of Hole Slze 

USlng the lmplngement-11mlted normallzed 
perveance per hole,obtalned from plots llke those 
of Flg. ~as the performance yardstlck, the results 
of FlgS. 4, 5, and 6 were obtalned. These figures 
compare the perfonnance of the varlOUS screen hole 
SlZes lnvestlgated as a funct10n of the normallZed 
grld separatlon dlstance, Each flgure presents data 
for a dl fferent net acce1 eratl ng voltage. For each 
v01tage, the curves correspondlng to the dlfferent 
hole Slzes all exhlblt slmllar behavlor. As the 
nonnallzed grid separatlon lS reduced the perveance 
remalns constant or lncreases Sllght1y and then it 
falls off as the grld separatlon drops below the 
value where focuslng becomes poor and accelerator 
lmplngement beglns to 11mlt perfonnance. The poor 
focuslng that causes thlS reductlon In perfonnance 
lS belleved to be a result of lntra-grld equipoten
tlal 11nes Wh1Ch become progresslve1y less planar 
as the grld separatlon lS reduced. 

Flgures 4, 5, and 6 do not appear to show any 
dramatlc trends that would lndlcate a decrease 1n 
performance wlth decreaslng hole Slze. ThlS obser
va tlon dl ffers from wha t was expected based on pre-
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V10US experlmental investigatlons that reported a 
decrease in Prr!ormance for screen hole dlameters 
belo~1 2.0 mm. ,,3 It lS belleved that results 
obtained in these tests differed from those measured 
ln prevlous ones because of the experlmental pro
cedures used. During the present study lt was 
found for example that it was important that the 
ion source be capable of producing Bohm current 
denslties toward the grlds significantly greater 
than the current densities belng demanded by the 
grlds when they were operatlng near the lmpingement 
limlt. This ensured that it was the grlds rather 
than the lon source that was llmitlng lon extrac
tlon. To accompllsh this the source must be opera
ted at the progressively hlgher plasma densltles 
and hence smaller Debye lengths that are demanded 
as hole Slze and grld separatlon are reduced. It 
lS noted ln additlon that some adJustment ln flow 
rates was required to achleve the dlscharge chamber 
operating conditlon that would Yleld the hlghest 
lmplngement-llmited current densitles. It was also 
determlned that the stability of the dlscharge 
chamber lnfluenced the ion extractlon capabllltles 
of the grids. Durlng a segment of the tests the 
dlscharge chamber was changed to a deslgn that 
operated less stably (arc dlscharge nOlse belng 
being apparent on an oscllloscope). The onset of 
high lmpingement currents occurred at lower beam 
current levels wlth this deslgn than it dld wlth 
the more stable one. 

To help visualize the dramatlc effect that 
decreasing hole size has on current denslty the 
data of Fig. 4 has been replotted ln Flg. 7 wlth 
current denslty rather than perveance as the de
pendent varlable. The current densltles shown here 
were calculated by divlding the implngement-llmlted 
beam current per hole by the area of a screen hole. 
It is noteworthy that the current densltles con
tlnue to rlse as grid separatlon lS reduced below 
the value where perveance began to drop off ln 
Fig. 4 (~ Ids = 0.6 to 0.7) and that current den
sities in~rease markedly as hole Slze lS reduced. 
The current density of ~ 25 mA/cm2 measured with 
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the 1.0 mm diameter holes is observed to be the 
maXlmum value realized at a net acceleratlon volt
age of 500 V for the case consldered here where the 
screen and accel grld hole diameters were equal and 
the lmplngement was limlted to 1% of the beam cur
rent. When lmpingement levels of several percent 
were allowed this maXlmum current denslty increased 
to about 35 mA/cm2 • ThlS substantlal lncrease ln 
current density can be reallzed when implngement is 
allowed to increase because lmpingement does not 
rise perclpitously wlth beam current when the grlds 
are spaced very close together (see Fig. 3 for 
example) • 

Effect of Net Accelerating Voltage 

Although there is no apparent reductlon ln the 
lmplngement-limited perveance capabilities of grlds 
as hole Slze is reduced, FlgS. 4, 5, and 6 do show 
that there is a definlte trend toward lower lmplnge
ment-llmited perveance per hole values as net accel
eratlng voltages are reduced. Aston3 has also 
reported that the net acceleratlon voltage level can 
affect the lmpingement-limlted perveance capablll
ties of grid systems. He suggests that the ratlo 
of dlscharge voltage-to-total acceleratlng voltage 
lS a sUltable correlatlng parameter for data of thlS 
sort. This parameter has been used in Flg. 8 to 
show how changes 1n total acceleratlng voltage as
sociated with the data 1n FlgS. 4, 5, and 6 lnduce 
changes in the 1mp1ngement-llmlted perveance per 
hole. The data symbols and error bars 1n Flq. 8 
perta1n to the data from the horizontal port10ns of 
the curves in these figures. Figure 8 shows an 
almost linear decrease 1n performance as the rat10 
of d1scharge-to-total accelerating voltage 
lncreases. 
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Fig. 8 Effect of Discharge_to-Total Accelerat10n 
Voltage Ratio on Ion Extractlon Performance 

Dlscharge and total accelerat1ng voltages are 
known to alter the screen hole sheath shapes and 
pos1tlons and this could be the cause of the effect 
shown in Fig. 8. One mlght also speculate that 
this reduction results from a plasma related block
age of the screen grid hole. Such a situatlon 
could occur at low net accelerat1ng voltages where 
low current densities w1th thelr attendant low 
plasma densities and larger Debye lengths are ob
served. It lS also cons1dered posslble that 
dlscharge voltage influences the off-ax1s velo
city component of lons enter1nq the sheath whlle 
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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 IS belIeved to be a real 
effect and to avoId SUbstantial decreases In per
formance at very low total acceleratIng voltages, 
It appears that It WIll be necessary to use thrus
ters whIch exhIbIt stable operatIon at hIgh current 
denSItIes WIth low dIscharge voltages. 

Effect of Net-to-Total Accelerat1ng Voltage RatIO 

FIgure 9 shows the effect of varIatIons In the 
ratIo of the net-to-total accelerat1ng voltage on 
the impIngement-lImIted perveance per hole charac
teristICS of grIds as a functIon of normal1zed gr1d 
separatIon for a tYPIcal case (ds = 1.5 mm, 
VN = 300 V). It shows that increases in the net-to
total acceleration voltage ratIo (R) cause the 
characteristIC impIngement-lImIted perveance vs. 
grId separatIon curves to shift to the left. This 
means that operatIon is pOSSIble at a given net 
accelerat10n voltage at closer gr1d separat10n and 
hence h1gher current densit1es at the hIgher net-to
total accelerat10n rat10s (R). Th1S appears to be 
a result of the 1mproved focus1ng assoc1ated w1th 
the h1gher values of R. Although Aston3 reported 
large var1at1ons in beam d1vergence w1th R, h1S 
data d1d not 1nd1cate such a dramat1c effect of R on 
the 1mp1ngement-l1m1ted perveance per hole as that 
suggested by the results of FIg. 9. The reason for 
th1S d1fference 1S uncerta1n at th1S time but 1t may 
be related to a d1fference 1n the screen-to-accel 
grid hole d1ameter rat10 Wh1Ch was d1fferent In the 
two tests. 
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The slgnlf1cance of the results shown 1n Fig. 9 
can be seen more read1ly 1f the 1mp1ngement-l1m1ted 
current density (current per hole/hole area) 1S used 
as the dependent var1able 1n place of the 1mp1nge
ment-l1m1ted normalized perveance per hole. This 
has been done 1n F1g. 10. Even though the poten
t1al d1fference between the gr1ds decreases as the 
net-to-total acceleration voltage ratio 1S 1ncreased, 
F1g. 10 1nd1cates the current dens1ty can be 1n
creased by d01ng this. Th1S can be accomplIshed 
because 1ncreas1ng the net-to-total accelerat10n 
voltage ratIo faCIlitates better fOCUSIng and the 
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opportunIty to reduce the grid separatIon to pro
gressively lower values before accelerator gr1d 
imp1ngement becomes excessive. Unfortunately. the 
process of increasing the net-to-total accelerating 
voltage cannot continue indefinItely, because the 
operatIon of the grids is eventually llm1ted by the 
onset of backstreaming. It should be noted that the 
results of F1g. 10 were obtained with an accelera
tor gr1d hole dIameter equal to the screen hole 
dIameter and the observatIons Just made could be 
altered somewhat if the accelerator gr1d hole d1a
meter were reduced. 
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Electron Backstream1ng 

F1gure 11 shows the effect of variation in the 
screen/accelerator hole size on the electron back
stream1ng parameter as a function of normalized 
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grld separatlon length. Qualltatively, all the 
curves are observed to be siml1ar. As the norma-
11zed grid separation is reduced, the electron back
streaming parameter remalns falrly constant, and 
then falls off slightly at the lower grld spaclngs. 
The reason for this drop off lS uncertain at thlS 
time, but lt should be noted that at the lower grld 
separatlons under some condltions lt was difflcult 
to distinguish between increases in beam current 
due to improved focuslng and increases due to back
streaming. There is also a trend in Fig. 11 toward 
lower electron backstrea~ing parameters wlth de
creaslng hole size. It is also posslble that this 
10werlng of the backstreamlng parameter might be 
related to an increase of screen webbing area be
tween the holes WhlCh accompanied reductlons ln 
screen hole diameter in the present experlments. 
This occurred because the hole-to-hole spacing was 
held flxed whlle the hole diameter was varied. 
Additlonal experiments are needed to determlne WhlCh 
of these parameters lnduce the observed effect. The 
less signlficant effect of net acceleratlng voltage 
on the electron backstreamlng parameter, for the 
tYPlcal case where the screen hole dlameter lS 
1.5 mm, is shown ln Fig. 12. 
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Figure 13 shows the tYPlcal results lndicative 
of the effect of the perveance at which a grid is 
operatlng on the electron backstreaming parameter. 
The rate at which the electron backstreaming para
meter decreases appears to lncrease with decreaslng 
perveance levels. Similar qualitative results were 
reported by Kaufman on the basis of numerical sg
lutlons for the electron backstreaming problem. 
In summary, FlgS. 11 to 13 indlcate that there are 
secondar¥ effects due to hole size (or open area 
fraction), net acceleratlng voltage, and perveance 
on the electron backstreaming parameter. Disregard
ing these minor effects the flgures suggest that 
there lS an upper llmit on the electron backstream
lng parameter of ~ 0.10. 

E1ectrlca1 Breakdown 

The apparatus used in the conduct of the ex-
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periments described herein were partlcularly well 
sUlted to the conduct of tests on the electrlcal 
breakdown characteristics of grid pairs for lon 
sources. The reasons for thlS were that 1) the 
grld separation could be varled to determlne when 
breakdown would occur and 2) the grlds were small 
so the effects of electrostatically and thermally 
induced deformatlons could be mlnlmlzed. Flgure 14 
shows that the electrlca1 breakdown characteristics 
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of each of the dlfferent graphite grld palrs re
malned fairly constant over the range of grld sepa
ratlons lnvestlgated ln the range of 3 to 5.5 kV/mm. 
All of the data lles above an electrlcal breakdown 
llmit of 3 kV/mm. This is slightly hlgher than 
generally accepted l~mit of 2 kV/mm for ion thruster 
accelerator systems. No speclal effort was made to 
ensure the quality of the flnlshes on the grld sur
faces and lt lS belleved that thlS caused the scat
ter in the electrlcal breakdown llmits shown ln 
Flg. 14. There lS no effect of grld aperture dla
meter or grld spaclng on the breakdown electrlc 
fleld apparent from the data of Fig. 14. Addltlonal 
tests also suggested that nelther the net accelera
tlon voltage nor the perveance at which the grlds 
were operatlng lnfluenced thlS breakdown electrlc 
fleld measurably. 

Concluslons 

Apparatus for testlng two-grld accelerator 
systems has been developed WhlCh lS well sUlted to 
evaluatlng the lmpingement-llmited current denslty 
capabllltles and the electron backstreamlng and 
electrlcal breakdown characterlstlcs of such 
systems. The baslc relatlonshlps deflnlng the cur
rent denslty capabllltles of lon OptlC systems 
appear to be valld for screen grld hole dlameters as 
small as 1 mm and it lS expected that these relation
ShlPS wlll be valid for even smaller screen grid 
hole dlameters. Tests show, however, that the 
lmplngement-llmlted perveance per hole at WhlCh the 
grids can be operated degrades as the ratio of dis
charge-to-net acceleratlng voltage lncreases. The 
results also show that operatlon at the highest 
current densltles are reallzed at close grid sepa
rations when the net-to-total acceleratlng voltage 
ratio lS high. In general, at close grld separa
tions there lS an optlmum range of net-to-total 
acceleratlng voltages. To operate ln thlS optlmum 
range, the ratlo of net-to-total acceleratlng volt
age must be high enough to avold poor focuslng yet 
low enough to prevent electron backstreaming. Elec
trlc flelds greater than 3 kV/mm were obtalned be
fore electrlcal breakdown occurred between the pairs 
of graphlte grld tested. 
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THE INFLUENCE OF STRAY MAGNETIC FIELDS ON ION BEMI NEUTRALIZATION+ 

Feng Yu-Cal* and P. J. Wilbur** 
Colorado State UnlVerslty 

Fort Collins, Colorado 

Abstract 

An experlmental 1nvestigat1on is described in 
WhlCh a comparison of the ion beam neutralization 
character1stlcs of a local neutrallzer (within 
~ 5 cm of the beam edge) with those assoclated with 
a dlstant one (~ 1 meter away from thruster) were 
compared. The influence of magnetic fields in the 
vlclnlty of the neutrallzer cathode or1fice which 
were e1ther parallel or normal to the neutrallzer 
aX1S were studied. Plasma property prof1les Wh1Ch 
reflected the influence of the magnetlc fields were 
measured. The results 1ndicate that magnetic fields 
at the region of a neutralizer cathode oriflce In
fl uence 1 ts abillty to coupl e to the ion beam. 
They show that there lS a potential Jump from the 
neutrallzer cathode orifice to the plasma WhlCh 
eXlsts close to the orlflce. This potent1al drop 
1ncreases as the aXlal component of magnetlc flux 
density lncreases. A magnetic field perpendicular 
to the neutral1zer axis 1nduces a potent1al rise a 
few centlmeters further downstream of the neutral-
1zer cathode. Test results ind1cate the path 
length from the neutralizer to the beam along mag
net1c fleld llnes also has an effect on the beam-to
neutrallzer plasma potential difference but this 
effect was typically smaller than the other two 
effects. The results suggest that 1n order to mln
lmlze the adverse effects of stray magnet1c fields, 
a reg10n as free of magnetic fields as possible 
should be selected for placement of the neutrallZer. 

Introductlon 

Recent tests conducted ln space on the SERT II 
Spacecraft lncluded an investigation of the process 
of ion beam neutralizat10n from an electron source 
located far from the ion beam. This was accom
pllshed by uSlng the neutrallzer or unaccelerated 
thruster plasma of a thruster located a meter or fO 
away from the thruster operating at hlgh vol tage • .2 
One of the results observed in this test was that 
the potential dlfference between the neutralizer 
and beam pl asma potentla 1 could be lower with the 
dlstant neutrallzer than it was when the local one 
was used. In order to determine if local magnetic 
flelds could be the cause of thlS and to develop 
an understandlng of neutralization phenomena that 
would aid 1n the deslgn of future neutralizers, 
the study described hereln was conducted. The ex
perlments undertaken lncluded a comparlson of the 
lon beam neutrallzatlon characterlstlcs of a local 
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publlC of China, Peking, Chlna. 
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neutralizer with those associated wlth a distant 
one. A study of the infl uence of magnetic fields 
in the vlcinity of a neutralizer cathode orifice 
on ion 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 
dlameter by 4.6 m long stainless steel tank shown 
schematlcally in Fig. 1. The operating pressure 

Fig. 1 Neutrallzation Test Apparatus 

STAiNLESS STEfl. 
VAO.AJM FACILITY 

in the vacuum system was in the range of 5 ~ 
7 X 10-6 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 
model1ng of the space plasma. The SIT-8 mercury 
lon thruster3 ldentified 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
izatlon of this beam is accomplished by either the 
standard SIT-8 hollow cathode mercury neutralizer3 
located adJacent to the thruster or by the distant 
neutralizer shown in Fig. 1. Both neutralizers 
utillze conventional 0.32 cm dia. mercury hollow 
cathodes. Each of the neutrallzers is equipped 
wlth a rolled tantalum foil insert, and a toroidal 
keeper electrode located ~ 0.08 cm downstream of 
the orlflce 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 ach1eve stable 
and reproducible operation of the neutralizers, the 
dlstant one was operated at a mercury flow rate of 
~ 60 mA while the local one operated at ~ 12 mAo 
The lower flow rate was presumably requ1red for the 
local neutralizer because it had a smaller orifice 
diameter and because lt utilized an enclosed keeper 
conf1guration. 

The distant neutralizer was attached to a rod 
passing through the top of the tank as shown in 
F1g. 1. When th1S rod was rotated the neutralizer 



moved through a 1800 arc from one side of the tank 
to the other. Because the vacuum tank is stalnless 
steel the influence of the earth's magnetic field 
is felt within it. ThlS field has a magnitude of 
~ 0.5 gauss and is inclined at an angle of 65 0 from 
the directlon of the ion beam in the plane of 
sectlon A-A in Fig. 1. Movement of the neutralizer 
support rod through its 1800 travel is sufflcient 
to place the neutralizer at positions where it lies 
on earth magnetlc field lines that elther intersect 
the lon beam centerllne or mlSS it by distances up 
to ~ 30 cm. Each neutrallzer cathode was equlpped 
wlth power supplies that controlled keeper poten
tlal,cathode tip heater current and neutralizer 
blas 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 sufflciently 
negatlve to effect the neutralizer emisSlon re
quired to match the lon beam current. Auxlllary 
magnetlc fields of variable magnltude were gen
erated in these experiments by uSlng the two elec
tromagnets shown in Fig. 1. These magnets were 
located immediately adJacent to the particular neu
trallzer they served. Magnetlc flelds of the order 
of 15 to 30 gauss could be induced at the neutra
lizer cathodes with these magnets. 

Evaluatlon of the effects of parametric varla
tions lntroduced in the experiments required the 
measurement of the neutralizer blas voltages, pro
flles of the plasma potential, and magnetic field 
shapes and magnitudes. The neutralizer bias volt
age could be measured directly but the beam plasma 
potentlal had to be measured by an emlSSlve probe 
as suggested by Fig. 1. 

In a second series of experiments the dlstant 
neutrallzer was moved to the vlcinlty of the vacuum 
feed through ln the configuratlon shown ln Flg. 2. 
In thlS configuration the neutrallzer cathode axis 
was pOlnted at the ion beam rather than away from 
it as lt had been in the conflguration shown ln 
Flg. 1. It was also lnstalled so emltting and non
emitting spherical Langmuir probes could be used to 
measure plasma properties along the neutralizer 
aX1S through that region ranging from immedlately 
adJacent to the distant neutralizer lnto the Ion 
beam. The emlSSlve probes were used to measure 
plasma potential proflles while the non-emltting 
one gave electron density and temperature lnforma
tlon as well. The details of the operatlon of 
these probes are descrlbed ln Refs. 4 and 5. In 
thIS second serles of tests two electromagnets were 
lnstalled to facilitate control of the magnetlc 
fleld ln the Vicinity of the dlstant neutrallzer in 
the manner suggested in Fig. 2. The Intensities 
and shapes of magnetic fields ln all of these tests 
were determIned from gaussmeter and iron filings 
map measurements. 

Experlmental Results 

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

The lnltlal investigatIons lnto the neutrali
zatIon of the Ion beam were conducted with the 
electromagnets shown in Fig. 1, turned off. The 
magnetlc fleld ln the regIon between the dIstant 
neutralizer and lon beam is in thlS case the weak 
one (~ 0.5 gauss) associated wlth earth only. In 
the region between the local neutrallzer and lon 
beam the net magnetic field as lnduced 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 dlstant neutralizer 
positIoned as shown in Flg. 1, so electrons emitted 
from it would pass about 30 em from the beam 
centerline, the plasma potential profiles repre
sented by the dotted and dashed curves of Figure 3 
were observed. These proflles were measured 
through the ion beam at the indicated distances 
downstream of the ion source screen grld and during 
data collectlon 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 the sol id and centerl ines were observed at 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 ,2 conducted In space. The 
plasma potential profile at the 6 em locatlon is 
also seen to be broader when the local neutralizer 
lS being used, a condltion that was also observed 
ln the space tests. Both of these effects are be
lieved to be manifestations of an Impedence between 
the beam and local neutrallzer plasmas that is 
higher than the one between the dlstant neutrallzer 
and beam plasma. This postulate is also supported 
by the observation that the neutralizer cathode 
bias voltage relative to ground (Vc) reqUIred to 
effect neutralization was also conSIderably lower 
In magnItude when the distant neutrallzer was used. 

In a second experIment the local neutralizer 
was secured. the dlstant neutralizer was moved with 
respect to the ion beam while the thruster was 
operating. The effect of thIS movement on the ion 
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beam plasma proflle was examlned. ThlS neutrallzer 
movement was accompllshed by rotatlng the arm sup
porting the distant neutralizer (Flg. 1) so the 
neutrallzer plasma was moved from the earth mag
netlc fleld line mlsslng the lon beam centerline 
by ~ 30 cm to one pasSlng through the lon beam 
centerllne and the beam potentlal proflles shown 
ln Flg. 4 were obtalned. As lndlcated on the flg
ure. proflles were measured at axial locatlons 
downstream from the grlds (x) of 6. 29 and 52 cm. 
The results shown ln thlS flgure are as expected 
ln that the beam plasma potentlals dropped when the 
neutralizer was moved to the fleld llne lntercept
lng the beam aX1S. 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 lt lS 
noted that 1) the beam plasma potentials suggest 
substantlal beam spreadlng wlth aXlal positlon and 
2) the electron gyro radlus ln the tank plasma and 
earth's magnetlc field is about 10 cm. The fact 
that the gyro radlus lS less than the 30 cm dlS
tance between the magnetic field llne passing 
through the neutralizer plasma and the beam center
line lS conslstent wlth the observed change ln the 
plasma potentlal proflles. It lS also noted that 
the neutrallzer blas voltage (Ve) requlred to 
effect neutrallzatlon of the 100 mA beam current 
tracked wlth the changes in plasma potentials. It 
has been suggested6 that fluctuations ln beam 
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plasma potentlals of the order of several volts 
observed durlng the SERT-II space tests could have 
been caused by spacecraft motlon in the earth's 
magnetlc fleld. These fluctuations were orlginally 
attributed to a spacecraft wake effect but the 
relatlve motion of the dlstant neutralizer and beam 
ln the earth's magnetlc fleld could have also 
caused thlS effect ln much the same way lt was In
duced in the test Just descrlbed. 

The Influence of Magnetlc Field at the Dlstant 
Neu tra 1 i zer 

For this series of tests the electromagnet at 
the dlstant neutrallzer in the Flg. 1 test config
uration was posltioned so its solenoidal magnet 
fleld was aligned wlth the neutralizer axis as sug
gested by the lnset sketch ln Flg. 5. As the elec
tromagnet current was varied the shapes of the 
field lines shown in Fig. 5 were not altered but 
the field strengths did change. The beam plasma 
potential profiles at axial locatlons of 6. 29 and 
52 cm downstream of the grlds were measured as this 
change was effected. The relatlve shapes and mag
nltudes of these proflles at these three axial 
positlons were however conslstent with the trends 
shown in Flgure 5. As a result the plasma poten
tlal at the beam centerline 6 cm downstream of the 
grids was selected as representatlve of the state 
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of the beam plasma potential. Flgure 5 shows that 
the magnitudes of both this representatlve beam 
plasma potential and the neutrallzer blas voltage 
lncrease as the magnltude of the solenoidal mag
netic fle1d at the neutra11zer tlP is lncreased. 
The same behavlor lS observed at beam currents of 
100 rnA and 200 rnA although the magnltudes of both 
voltages are hlgher at the hlgher beam current. 

Flgure 6 shows that the coupling voltages be
tween the neutra1lZer and beam plasmas (l.e., total 
voltage drop from beam plasma to neutra11zer tip) 
taken from the data of Flgure 5 are nearly directly 
proportlona1 to magnetlc flux denslty at both beam 
currents. Further, these voltage dlfference levels 
lncrease in dlrect proportlon to the beam current 
level. Vlsual observatlon of the neutralizer 
plasma when the solenoidal magnetlc field current 
was increased showed that an lncrease ln the fleld 
strength caused the 1umlnous reglon associated with 
the cathode discharge to contract. As the magnetlc 
fle1d strength was increased to ~ 15 gauss, the 
hollow cathode dlscharge appeared as a very tiny 
brlght spot at the orifice. 

In order to further clarify the lnf1uence of 
the magnetic field on the neutra11zer's abl11ty to 
couple to the ion beaM, another serles of tests 
were undertaken. In these tests the dlstant neu
tra11zer was posltloned so ltS aX1S was perpendic
ular to the thruster aX1S as shown ln Flg. 2. The 
magnetic flelds were arranged so one was aligned 
with the neutrallzer axis and another was normal to 
lt as suggested by the sketch of sectlon B-B ln 
Flg. 2. Each of the magnets could be controlled 
lndependent1y. Agaln as the current was varled to 
elther electromagnet the shapes of the fle1d 11nes 
were not altered but the fle1d strengths dld change. 

The plasma potential proflles along the neu
tra11zer aX1S from the cathode to the ion beam 
center observed when the axial magnetlc field was 
on and the normal magnetlc field was off are shown 
ln 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 thlS reglon. Further the magnitude of thlS 
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voltage rise lS observed to lncrease wlth aXlal 
magnetic flux denslty at the neutra11zer tip. It 
lS noteworthy that the data pOlnts at the cathode 
orlfice (on the vertical axis) in Flg. 7a corres
pond to the neutra11zer blas voltage whl1e those 
further downstream were measured using the emis
sive probes. After the inltia1 voltage Jump, ltS 
rlse lS observed to be approxlmate1y 11near with 
distance and of the order of a few to several volts. 
As the axial magnetlc fle1d (the component along 
the dlrection of the neutralizer axis) was in
creased by lncreasing the current to the aXla1 
electromagnet (Fig. 2), Fig. 7a shows the magni
tudes of the plasma potentials increased and the 
cathode potentla1 requlred to induce a 100 rnA emlS
Slon current decreased. Flg. 8 shows this same 
effect in the form of plots of the beam plasma 
(l.e., 60 em from the neutralizer), the neutrallzer 
plasma (l.e., ~ 0.3 em from the neutrallzer) and 
the neutralizer cathode potentials as a function of 
the magnetic flux density at the neutralizer ca
thode oriflce. It lS noted the plasma density pro
file measured along the neutra11zer aX1S and shown 
in Flg. 9 as function ofaxla1 magnetic field does 
not seem to be affected sigmficant1y by this field. 
These resu1 ts suggest that the axial magnetic field 
affects the capacity of a neutralizer to couple to 
the ion beam princlpa1ly because it lnduces a po-
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tent1al drop close to the cathode orifice. Finally 
it 1S noted that the coupling voltage between the 
neutralizer and beam plasma 1S nearly d1rectly pro
port10nal to the magnet1c flux dens1ty. 

Plasma potent1als were also measured for the 
case where the axial magnetic f1eld was turned off 
and the normal magnetic field was turned on. 
F1gure 10 shows how th1S magnet1c f1eld component 
affects the plasma potent1al profIle. In contrast 
to F1g. 8, where the axial f1eld was observed to 
cause an increase 1n the potential d1fference very 
close to the cathode (~ 0.3 cm), the normal magnetic 
f1eld 1nduces a potent1al d1fference over a much 
longer distance (a few cent1meters). The increase 
in potential difference through this region 1S pre
sumably caused by the plasma impedance induced by 
the magnet1c f1eld aligned perpendicular to the di
rect10n of current flow. Figure 11 shows that the 
var1at1on 1n plasma dens1ty along the neutralIzer 
axis when the normal magnet1c f1eld is applied. 
Comparison of this F1gure w1th F1g. 9 reveals a 
much more dramatic drop in plasma dens1ty along 
the neutral1zer aX1S when the normal f1eld 1S 
appl1ed 1n place of the aX1al one. In F1gure 12 
the potent1als of the beam plasma, neutralizer 
plasma and neutralizer cathode are plotted as a 
funct10n of the normal magnetIc field flux dens1ty. 
Th1S F1gure aga1n shows that the potent1al r1se at 
the cathode does not increase in the 1mmed1ate 
v1c1n1ty of the cathode as 1t d1d in the case of 
the aX1al magnet1c f1eld. As suggested by Fig. 10 
most of the potential rise occurr1ng between the 
beam and neutralizer plasmas is observed w1thin a 
few cent1meters of the neutralizer cathode • 

The Influence of the Magnetic Field at the Local 
Neu tra' i zer 

The test results obtained with the local SIT-8 
neutral1zer showing the influence of stray magnetic 
f1elds 1n 1tS v1cin1ty on neutralization perfor
mance 1nd1cators are shown in Fig. 13. In th1S 
case the neutral1zer is located 1n the magnetic 
field assoc1ated w1th the thruster itself; this 
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f1e1d 1S ob11que to the local neutra11zer axis. The 
test 1nvolved altering th1s f1eld with an external 
magnet and measur1ng the resulting changes in beam 
and neutra11zer b1as potent1a1s. The central 1ron 
filings map 1n Figure 13 shows the unaltered mag
netic field assoc1ated w1th the thruster as well as 
the locat10n of the neutralizer 1n th1s f1e1d. In 
the filings maps to the left of center the external 
magnet acts to cancel the thruster f1e1d thereby 
reduc1ng the magn1tude of magnetic flux density at 
the neutra11zer and bend1ng the field l1nes passing 
through the neutralizer toward the ion beam. In 
the f111ngs maps on the r1ght, the external magnet 
1S used to 1ncrease the magnet1c field magnitude 
and draw the f1e1d 11nes pass1ng through the neu
tralizer still further away from the beam. The 
arrows associated w1th each filings map 1nd1cate 
the magnitude of magnet1c flux density at the neu
tra11zer correspond1ng to that f11ings map. 
F1gure 13 shows that when the magnet1c flux density 
magn1tude is increased and the f1e1d 11nes pass1ng 
through the neutra11zer are drawn further away from 
the beam, the neutralizer bias and beam plasma po
tentials are increased. Conversely, reducing the 
magnetic flux densities and direct1ng the field 
11nes toward the beam reduces the magnitudes of 
these potentials somewhat. As w1th the d1stant 
neutralizer (Fig. 5), operat1on at h1gh beam cur
rents requ1res h1gher potent1a1 differences between 
the beam and neutra11zer in order to effect neu
tra1izat10n. The results of Fig. 13 are observed 
to be qualitatively consistent w1th results obtain
ed with the electromagnets used 1n tests associated 
with the d1stant neutra11zer. 
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Potent1als 

A Phenomenolog1cal 
D1scuss10n of Test Results 

The Influence of Axial Magnet1c F1eld on 
Neutrahzat10n 

The exper1ments have suggested that the plasma 
between the neutra11zer cathode and the 10n beam 
can be descr1bed as three separable reg10ns. The 
f1rst will be defined as the thin layer (sheath) 
1mmed1ately adJacent to the cathode orif1ce. The 
next (1ntermed1ate) region 1S assumed to extend 
from th1s cathode reg10n through the first few cen
t1meters 1mmed1ately downstream of 1t. The f1nal 
(d1stant) region is assumed to extend from the edge 
of the second region to the 10n beam. Based on the 
exper1mental results obta1ned the following model 
describ1ng the influence of low 1ntensity stray 
magnetic fields in these three reg10ns is proposed: 

1) The sheath reg10n 1S affected by the aXIal 
magnetic fi el d, 

2) The 1ntermediate reg10n 1S affected by the 
normal magnet1c f1eld, and 

3) The distant reg10n 1S not affected s1gnif
icantly by e1ther component of magnetic 
f1el d. 

At the hollow cathode or1f1ce emitted electrons 
and 10ns are both present so a double sheath 1S 
formed. When no magnet1c f1eld was app11ed 1n the 
exper1ments the bulk of the neutralizer-to-beam po
tentlal rlse occured across thls sheath. As the 
aX1al magnetlc field strength was increased th1s 
sheath potent1al rise 1ncreased 1n magn1tude. It 
lS postulated that w1th no magnetic f1eld present 
the sheath 1S curved because the electrons eXlt1ng 
the oriflce can move both radially and aX1ally 
toward the keeper and/or the beam. As the aX1al 
magnet1c f1eld strength 1S 1ncreased 1t 1S argued 
that the electrons are conf1ned to move along f1eld 
llnes and the sheath moves from a curved to a flat 
conf1gurat10n. In order to model the effect of the 
axial magnetlc fleld 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 relat1ve 
to the downstream sheath plasma boundary where the 
potent1al is taken to be zero. Posit10n will be 
measured from the neutralizer cathode orif1ce exit 
surface where r = ro as shown 1n Fig. 14. Assumin9 
the th1ckness of sheath to be one Debye length (Ad) 
analys1s shows 1n the test under cons1derat10n that 
Ad < Am is sat1sfied where Am is the electron mean 
frep path for elast1c collisions. Therefore the 
part1cles are assumed to move without col11s10n or 
10n productlon within the sheath. The sheath 
plasma 1S assumed to be composed of three particle 
groups, namely electron drawn from the cathode in
ter10r, 10ns from the downstream plasma, and elec
trons from th1s same plasma. The electrons from 
the cathode 1nterior are assumed to enter the 
sheath w1th a neg11gible veloc1ty and to have a cur
rent density Je and a mass me' Ions enterlng from 
the other s1de have a current density Ji. a mass mi 
and a veloc1ty determined by the Bohm cr1terlon. 
The potent1al equ1valent of the1r velocity 1S given 
by kT 

Vo = -.£.. (1) 2e 

where Te is the electron temperature 1n the down
stream plasma. 

F1g. 14 Schematic D1agram of Cathode Sheath 

The plasma electrons entering the sheath from 
the downstream plasma will have a Boltzmann dis
tribut10n so that the1r density ne WIll decay ex
ponentially 1nto the sheath. Their charge density 
can be expressed as 

p = en el e (2) 



where neo is the densIty of electrons at sheath 
edge where V = O. 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 IS 
small compared to the orifice radIus so the effect 
of curvature can be neglected. 7 For this case 
POIsson's equation can be used to descrIbe the 
phYSIcal situatIon In one dimenSIon. 

where Co is the permittivIty of free space. USIng 
the deflnltlOn 

and applYIng the space charge 11m tlng boundary 
conditIons 

~I = 0 
r = ro 

dV I = 0 dr 
r = r + Xs 0 

where Xs IS the sheath thIckness Eq. (3) integrates 
to 

dV = \4Je te)~ [(V-V )~ + a[(V -V)~ - (VO-VC)~]] 
dr e:o 2e c 0 

2ne kTe \ ~ 
+ 0 exp(~) 

e:o e 

(4) 

The sheath thickness can be expressed as 

x,·t dV 

o 

(V-V )~ + a[(V -V)~ 
c 0 

In thIS expressIon J IS the sum of the keeper cur
rent and the Ion beam neutralization current and A 
IS 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 IntersectIng 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 In the 
absence of a magnetic field IS 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 (I.e., R Increases). In the limit of 
a high magnetIc fIeld R ~ ~ and the sheath surface 
IS equal to the area of the cathode orIfice. If we 
assume the sheath thickness is Independent of the 
aXIal magnetic field strength then the dIfference 
In the potential rIse from the cathode to the neu
tralizer plasma for these two extremes (R = ro and 
R = ~) can be computed. This change in potentIal 
for the condItions pertaInIng to the present prob
lem IS found to be ~ 12v, (assumIng Te = 0.8 eV8, 
and usin9 measured values for the other quantities 
in Eqs. (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 IS believed that magnetIc flux 
denSItIes near 50 gauss would be suffIcIent to In
duce the computed change In potentIal difference 
of 12 volts. At any rate the relatIve agreement 
between the measured and computed values lS con
sldered slgnlflcant. 

For thls case of an aXlal magnetic fleld the 
experiments suggest that the potentlal drop through 
the lntermedlate and dlstant regions lS only a few 
volts and that it varles llnearly wlth dlstance. 
Axlal magnetlc fleld strength seemed to have a 
mlnlmal effect on the voltage rlse through these 
regions. It lS postulated that thIS conditlon 
exists because the magnetlc and electric flelds are 
approximately parallel. Under thls conditIon the 
conduction current domInates so the plasma conduc
tlVlty IS not influenced sUbstantially by magnetlc 
fleld strength. In addltion the colllslon frequency 
IS relatlvely small and thls lS also essentlal to 
the small rlse observed through these regions. The 
small lncrease in potentlal rlse that lS observed 
through these regions wlth changes in aXlal mag
netic fleld lS consldered to be due prlmarlly to 
small changes in the path length from the neutra
llzer to the lon beam. 

The Influence of a Normal Magnetic Fleld on 
Neutra llZa tlOn 

The experlments lndlcate that a normal mag
netlc fleld effects a voltage rlse In the inter
medlate region rather than the sheath reglon. It 
lS argued In thls case that electrons In the inter
mediate reglon are affected by both the electric 
and magnetIc fleld that eXIst there and that these 
fields tend to be mutually perpendlcular. It lS 
also argued that in thls intermedIate region the 
neutral density IS sufficiently low 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 IS lncreased 
under these circumstances there should be a sub
stantial lncrease In the path length of electrons 
passing between the sheath and distant regions. It 
is believed that this increase In path length 
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through a region of moderate to low collision 
frequency causes the observed increase in potential 
dlfference. 

For this case where a normal magnetlc field lS 
app11ed the voltage rlse through the sheath is not 
affected by the field strength. ThlS lS expected 
because the sheath thickness lS small compared to 
the gyro radlus. In the dlstant regl0n the magnet 
lnduces a small change in the magnetlc fleld. The 
magnetlc fleld there is quite weak and generally 
parallel wlth the electric field. Hence the effect 
of field strength on the potential rise through the 
distant reglon lS relatlvely small as lt was in the 
case where an axial magnetlc field was app11ed. 

Comblned Axlal and Normal Magnetic Fle1d Effects 

When the local neutralizer lS used both normal 
and aXla1 magnetlc fle1d components are present. 
Under thlS condltlon the aXla1 magnetlc fleld com
ponent should cause the potentlal rlse at the 
sheath to lncrease whl1e the normal magnetlc fleld 
component should cause a potentlal rlse through 
the lntermedlate reglon. Comparlson of the results 
of FlgS. 8 and 12 wlth those of Fig. 13 suggest 
that the potentials observed in thlS configuration 
are however hlgher than one would predict consider
lng both of the separate voltage rlse components 
due to separate aXlal and normal magnetlc flelds. 
It lS considered 11kely ln thlS case that the con
duction path length in the distant is increaslng 
substantlally as magnetic fleld is varied so that 
the potentla1 rise in the dlstant region also be
comes s1gnificant. 

Conclusions 

The magnetlc fleld at a neutrallzer cathode 
orlfice lnfluences the neutrallzer's abl1lty to 
couple to the 10n beam. A magnetlc field which lS 
allgned w1th the neutrallzer aX1S lnfluences the 
potentlal rlse at the neutral1zer cathode sheath 
WhlCh eXlsts between the neutral1zer cathode and 
the plasma immedlately adJacent to It. This po
tential dlfference between the neutrallzer and 
adJacent plasma lncreases 11nearly with aXlal mag
net1c flux denslty. When a magnetlc fleld that is 
perpendlcular to the neutra11zer axis is app11ed 
the region over WhlCh the potentlal rlse occurs is 
extended over several cent1meters. 

Stray magnet1c f1e1ds associated with ion 
thruster themselves are suffic1ently large to cause 
substantla1 lncreases 1n the potential dlfference 
between the neutralizer and the beam plasma. In 
order to minlmlze this effect a region as free of 
magnetlc flelds as possible should be selected for 
placement of the neutrallzer. The neutralizer does 
not seem to have any dlff1culty coupling to the 10n 
beam over distance of the order of 1 meter as long 
as the magnetlc field levels are low (of order 0.5 
gauss or less). If a neutralizer must be located 
ln the region of a stray thruster magnetic field, 
an external magnet Wh1Ch lS properly arranged to 
alter the magnetic fle1d so lt lS directed toward 
the 10n beam can lmprove coupl1ng. Appllcation of 
such a fleld does not seem to alter thruster per
formance measurably. Magnetlc fields of the order 
of those assoclated with the earth (~ 0.5 gauss) can 
effect small beam plasma potentlal changes (of order 
1v) when they are lnterposed between an ion beam 

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 spec1fic mission (earth escape) the idealized 
performance of the electrothermal ramjet, the elec
trothermal rocket and the electromagnetic accelera
tion system are compared. Th1S 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 tYP1cai 
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 theoret1cal performance of the ram
jet is also shown to be substant1ally better than 
that of the light gas gun at high velocities. 

INTRODUCTION 

The relatively massive expenditure of chem1cal 
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 addit10nal 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 del1vered payload. 
It is also desirable to simplify these launch sys
tems and 1mprove their rel1ability. For some mis
sions where high acceleration levels can be 
toleratei such alte~native launch sche!es 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 apace 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. 
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•• Professor, Dept. of Mech. Eng'g. 
+ Research Asst., Dept. of Mech. Eng'g. 
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Because of the h1gh 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 level missions is the 
electrothermal rocket concept. In these devices 
on-board propellant is heated electrically and then 
discharged through a nozzle to produce thrust. 
Because the heat1ng is accomplished electrically, 
hydrogen propellant with its attendant high 
spec1fic 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 current-carrying, resis
tive elements and exhaust vel~cities as high as 
8500 m/sec have been achieved. Higher exhaust 
velocities can be realized if the material limita
tions imposed by the heating elements are elim
inated and joule heating is accomplished by passing 
current d1rectly through the propellant in an 
arcjet thruster. Exhaust velocities as high as 
150004m/sec have been demonstrated in these dev
ices. 

A basic electrothermal rocket vehicle which 
might be used in this application is shown concep
tually 1n Figure lao Th1S 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 Ib by simply drawing propellant 
in from the tube through an intake diffuser, heat-
1ng it electrically and then expelling it through a 
nozzle. Energy could alain 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 veh1cle. This might be accomplished by a 
booster rocket, a light gas gun or a low terminal 
veloc1ty electromagnetic driver. 

INTAKE 
DIFFUSER 

-"<--PAYLOAD 

PROPELLANT 

PROPELLANT 

ELECTROTHERMAL 
HEATING 
REGION 

a ROCKET 

NOZZLE 

LAUNCH 
TUBE 

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 confignration 
that appears to be promiSing and 3) to examine the 
fluid mechanics and thermodynamics of operation of 
this configurat10n. The execution of this work 
should point out any basic physical lim1tations 
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 th1s mission suffic1ent 
velocity would be imparted to the payload at the 
earth's surface so it would be at earth escape 
veloc1ty when it reached an alt1tude 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: 

Thruster 

Chemical Rocket 
Resistojet Rocket 
Arcjet Rocket 
Resisto-ramjet 
Arc-ramjet 

Exhaust 
Velocity (U) 

4,500 m/nc 
8,500 m/sec 

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

15,000 ml sec 

Each of these thrusters will, for this prelim
inary analysis, be assumed to operate at a 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 veloc1ty device. Work contained in the 
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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 electromagnot1c 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 neoessary as inputs to the problem 
under cons1deration. These quantities 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 is specified and ini
tially the veh1cle is assumed to be at rest and to 
have a mass mi' When the thruster is started it 
generates a constant thrust F which produces an 
1nitial acceleration a. The launch phase is 
assumed to continue until time t

f 
when a terminal 

launch veloc1ty v
f 

is reached. At this point the 
veh1cle mass is mf' the acceleration is a£ and the 
axial location measured from the initia locat10n 
is xf' 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 

/~ Mass mf 
: : VELOCITY vf 
.. _J ACCELERTION CTf 

INITIAL CONDITIONS 
MASS m. 'il VELOCITY v =0 

Iii ii/ii/I'ON CT, 

Fig. 2. Launch Phase Nomenclature 
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The maximum acceleration a f occurs at the end 
of the launch 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 strength of the vehi
cle. If one assumes the bas1c vehicle is cylindri
cal and has a d1ameter d, the compressive stress S 
at the base of the vehicle is equal to the thrust 
force F divided by its cross sectional area. 

S = ~ = 4mf a f g 

Ild2 Ild
2 

(1) 

In this equation a f , the final (maximum) 
acceleration, is in G's and g is the acceleration 
due to gravity. The ballistic coefficient of the 
vehicle B wh1ch characterizes vehicle drag during 
its movement through the atmosphere after launch. 
is given by 

B= 

In this equation CD is the vehicle drag coeffic1ent 
and it should have a value nea~ 0.1 for the veloci
ties under considerat10n here. Comb1ning Eqs. 1 
and 2 and solving for the maximum accelerat10n one 
obtains 

(3) 

Figure 3, which was obtained f~om 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 coeffic1ent of the veh1cle. For 
the case under consideration here the velocity 
after atmospheric passage is the earth escape velo
city as the vertical axis t1tle suggests. From 
this figure it appears that a low bu!S !ealistic 
ballistic coefficient might be 2x10 m Ikg. At 
this value the rat10 of atmospheric entrance 
veloc1ty to the earth escape velocity (vese = 
11,200 m/sec) is just under 1.2 and the term1na1 
launch velocity (vf ) would therefore have to be 
about 13,000 m/sec. If one spec~fies !n allowable 
stress in the vehicle of 1.4 x 10 nt/m (200,000 
psi) then the maximum allowable acceleration (Eq. 
3) becomes 30,000 G's. This acceleration, while 
h1gh

1 
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 1G comp!essive stresses are to be 
held below 1.4 X 10 nt/m during launch to a velo
C1ty of 13 km/sec. Th1S 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 correspond to a vehicle 
several centimeters in diameter. 
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Fig. 3. Velocity Loss Through Atmospheric Drag 

A simple mathematical model based on a dynami
cal force balance and an energy conservation 
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 
part1cular 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 showl the velOCity profiles for the 
six thruster options being compared. The effect of 
increasing rocket exhaust velocity from 4.S00 to 
IS,OOO 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 uS1ng 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 launch times and track lengths are real
ized at a given exhaust veloc1ty. Th1S occurs 
because there is no on-board propellant being 
accelerated in the case of the ramjet. At an 
exhaust veloc1ty of 15,000 m/sec the ramjet per
forms essentially the same as the electromagnet1c 
accelerator in that it requires the same track 
length (285 m) and launch time (44 msec). The 
8,500 m/scc ramjet is seen to exh1b1t 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 th1s 
implies considerably lower in1tial accelerations 
for the convent1onal rockets in which the veh1cle 
mass must decrease with time as on-board propellant 
is discharged. The shorter launch t1mes and track 
lengths given in Figure S occur of course for the 
cases where the accelerat10n remains closer to the 
limiting value throughout the launch. 
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Fig. 5. Acceleration rrofile Comparison 

A discussion of the variation in acceleration 
for the 8.S 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. S 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.S 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 operat10n. Th1S decrease in mass 
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causes the acceleration level to increase w1th 
time. During the interval from 10 to SO mil
liseconds, ramjet operation occurs and the vehicle 
acceleration is constant. Near the SO 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 used and 
acceleration again increases with time. This use 
of on-board propellsnt cont1nues unt11 the des1red 
final velocity (13 km/sec) is realized. 

For the IS km/sec ramjet the final phase 
wherein on-board propellant is used is not required 
because the desired final velocity is s1gnificantly 
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 is interesting to note at this point 
that constant exhaust velocity, constant thrust 
operation of a ramjet implies constant mass flow 
rate operat10n. Th1S would seem at first to be 
d1fficult to ach1eve in this case where the projec
tile veloc1ty is continuing to increase. A con
stant mass flow rate can be realized however by 
either varying the ramjet intake area or the d1s
tribution of mass in the launch tube. 

Figure 6 shows the variation in veh1cle mass 
with time for each of the thrusters. These curves 
simply reflect the variat10ns in acceleration 
observed in Figure S. It is noteworthy however 
that the 4,500 m/sec convent10nal rocket requires 
an init1al mass of 180 kg to deliver a final mass 
of 10 kg at 13 km/sec wh11e the 15,000 m/sec ramjet 
can do it with 11.S kg and the ideal electromag
netic thruster 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 • 
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Fig. 6. Mass Profile Comparison 

• 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). 
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The power profiles for each operating condi
tion are compared in Figure 7. The total energy 
(E) required to accelerate the payload to the 
spec1f1ed 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 requ1red for the launch 1S seen to be 
relatively modest between the various modes, but 
the ramjet and electromagnet1c designs are seen to 
require substant1ally greater peak power levels. 
F1gure 7 shows that the peak power levels of the 
high exhaust velocity ramjet and the electromag
netic gun are comparable. The electromagnet1c gun 
is observed to require the least 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. The1r inclusion could well make the 
energy requ1red for the electromagnetic gun more 
comparable to values obtained with the rockets and 
ramjets. 
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Fig. 7. Power Profile Comparison 

The modeling that has been used in this study 
is highly ldealized. For example losses due to 
aerodynamic and frictional drag and residual ther
mal energy in the propellants have been neglected 
for the launch phase, as have propellant pumping 
powers and losses associated with energy transport 
through conductors or windows. These could change 
absolute numbers Significantly although the com
parative results are considered correct, and the 
suggest the hydrogen ramjet thruster could exhibit 
performance that is comparable to that associated 
wlth idealized electromagnetic thruster. It is 
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therefore appropriate to examine specific ramjet 
configurations and to determine the mechanical com
plexity that might be required and the extent of 
the thermodynamic losses associated witf their 
operation. 

RAMJET DESIGN FEATURES 

The conventional ramjet design shown in Fig. 
Ib could be used in the present application. In 
th1s 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: 

• Transmission of electrical 
or electromagnetic energy 
through the ramjet sidewall 
into the heat addition core. 

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

• 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 gUlde 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 utillzes 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 
dlscharge heatlng schemes. 

• 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. 

• Direct mechanical or fluid 
mechanical forces induced 
between the tube wall and 
prOjectile should tend to 
stabilize and center it. 



• 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 railguns. 

FLUID MECHANICS MODEL 

Since fluid mechanical forces propel the vehi
cle it is approprIate 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 are 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 substsntial 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 have no effect on the behavior of the 
flow. The basic equations of compreSSIble fluid 
mechanics (conservation of mass and energy coupled 
with a 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 Joules/kgOK were used. 

Extensive analysis of the early phase of ram
jet operation when a 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 appl1ed force needed to produce the 
desired acceleration, the prOJectile trajectory 
will be known. With the prOjectile velocity 
profile known the propellant flow veloc1ty relative 
to the ramJet is known at each position along the 
launch track. One can now prescr1be the diffuser 
throat area requ1red at each posit10n 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-
1mum allowable value of unity. After heat has been 
added, the flow is accelerated isentropically 1n 
the nozzle to the maX1mum 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 proJect11e would have 
to be achieved in an actual device by proper design 
of the launch 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 flu1d mechanics describing the 
process has not yet been attempted. 

Figure 11 shows the results of such an 
anallsis 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 3000K 
(T1) and 30 atmospheres(P

1
). The projectile 

selected 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 F1gure 11a 
shows the prOjectile velocity (in the launoh 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 VelOClty (in the 
prOjectile frame of reference) is observed to be 
equal to the inlet velocity during the first -8 
msec of operat10n so during this time interval 
essentially no net thrust is produced through the 
mechan1sm of momentum change of the propellant. 
After about 16 msec of operation, however, the 
exhaust veloc1ty has risen to about IS 1m/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 un1ty mach number at 
the end of the heat addition region) is being 
added. 

As Fig. lib shows the net r~Jet thrust 1S 
inadequate to meet the 3 x 10 neuton thrust 
requ1rement 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 F1g. l1a. After -16 msec both 
the exhaust velocity and the mass flow rate h~ve 
risen to the point where the desired thrust level 
can be produced and the mach number after heat 
addition begins to drop below unity. 

F1gure 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 1S,000 m/sec in -SO 



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 d1ameter 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 required to Y1eld unity mach number 
at the d1ffuser throat as the proJectile velocity 
increases is shown by the solid lino. Data from 
this line takon together with the position profile 
of Fig. 11c spoc1fy how the tube diameter would 
have to vary along its length. F1gure lId also 
shows that the projectile diameter at the nozzle 
throat would have to increase as the projectile 
velocity increases and the 1nput power is varied to 
induce the desired thrust level. The fact that 
this d1ameter must change during the launch cycle 
represents a 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 -S 
km/sec. It is antiCipated that a pressure or tem
perature sensitive scheme might be designed to 
fac11itate this change in projectile diameter at 
the nozzle throat. Alternatively one could hold 
the prOjectile diameter in the nozzle region fixed, 
reduce the tube diameter slightly more rap1dly 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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Launch Cycle 

Figures 11e and Ilf indicate how the stat1c 
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 1S a maximum (Fig. 
11g). This in turn occurs at the t1me 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 cond1tion 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 tho ramjot unt11 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 It is the pressure profile of Fig. lie 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 t1me. 

The temperatures of FIgure 11f are observed to 
be relatIvely low. So low In fact that It would 
probably not be pOSSIble to add energy to the 
hydrogen using electromagnetic radiation to couple 
to the plasmA 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 IO,OOOoK 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 It is 
observed that the ratio of projectile power to 
thermal Input power rises above -SO~. (An approxi
mate mathematIcal relationshIp for this ratio is 
gIven in the next section.) The ramjet IS 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 
off. The difference between the projectile and 
thermal Input powers represents the power being 
deposIted as kInetic and thermal energy 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 losses have been neglected in this prelim
inary analysis. 

Analyses SImilar to the one leading 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 used 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 when 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 oaslly for the con
stant pressure (gun) phase of acceleration from the 
principle of energy conservation if frictional 
effects are ignored. This relationship is. 

(4) 

Since the rate of kinetic energy increase of the 
projectile is m

f 
a

f 
g v the efficiency of the pro

cess (ratio of rate of kInetIC energy increase to 
rate of energy supplIed to drIven gas) must be 
(y -l)/y. If hydrogen IS taken to be the driver 
gas, y = 1.4, the efficiency is about 28.6~. ThIs 
is constant throughout tho 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 drivor gas 
used. 

Once tho velocity necessary for effective ram
jet operation is reached, operation of the projec
tile as a ramjet in the mode described in the 
preceeding 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 energy to the ramjet results in the 
following expression: 

Q (5) 

where the subscripts e and i denote exit and inlet 
condItions for the device, and hand m represent 
respectively enthalpy and mass flow rate. Combina
tion of this relationship with the thrust equation 
F = m (U - v) + (P -Pi)A, where A is tho tube cross 
sectional area, Ind P is the pressure gives after 
rearrangement: 

F (U+V) 
( 

(P -Pi) A rn 
Q = -2- 1- e

F 
+ 

Cp (Te-T i ) 

F(U+v) 
-2-

) . (6) 



Slnce F=m
f 

a
f 

g v. the expression above can be 
written 

,;,C (T -T i ) ) 
A P e 

+ F(U+v) 
-2-

(7) 

Comparing this to the rate of kinetic energy gain 
of the proJectile. F = mfafgv allows the definltion 
of the ramjet efficiency. 

where V = (v + v
2
)/2 15 the average projectile 

velooity belween tl and t 2 • Since mfafg(x2-xl) is 
equal to the change of kin!tlc energy of tfie pro
jectile. the overall efficiency for the ramjet 
acceleratlon process becomes 

1 (13) 

For the example of Flgure 11. ~R = 77.3~. For the 
combined constant pressure acceleratl0n-ramjet 
acceleration process the efficiency is approxi-

(8) mately 6~. 

The efficiency clearly varies with the projectile 
velocity v. At the beginning of ramjet operatlon. 
for the case glven in Figure 11. at t 20 mil
liseconds. 

1 
0.497 

(1.25 + 0.5) (1-.062 + .212) 
(9) 

and at t = SO milliseconds (end of acceleration) 

1 0.876 • 
(.624 + .5) (1-.007 + .023) 

(10) 

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

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

(P -Pi)A m C (T -Ti ) 
1- e + p e 

F F(U+v) 
-2--

is taken to be unity and if U 18 taken to be con
stant. The first assumption introduces a fairly 
small error of about IS~ at the start of ramjet 
operation and a very small error of about 1.~ at 
the conclusion of the acceleratl0n. The constancy 
of U depends on the ramjet parameters chosen. For 
the example of Flgure lilt is not a bad approxima
tion. With these two assumptions the expression 
for the rate of energy consumption becomes 

Q = ( 2
U
v + ~) mf a f gv (11) 

Integrating the above expression over any period of 
time. say between tl and t2 

(12) 
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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 gal 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 Flgure 11 suggest however that the 
electrothermal ramjet designed to produce thrust 
after belng given an initial velocity cannot be 
rejected on the basis that it violates a basic 
princlple of fluid mechanlcs or thermodynamics. 
Moreover. on the basis of the same results it 
appears that the efficlency of the ramjet energy 
conversion process has the potentlal of being 
fairly high. 
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