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Ionizing Layers in the Plasma Propulsion Devices 

J. Rosciszewski* 

General Dynamics/Convair, San Diego (U.S.A ) 

Introduction 

For longer space missions chemical and even nuclear rockets seem to be inadequate 

rtC,T,0l r eCOnTÍC USage °r pr0pdlam (loW spec,ñc imPulse)- This is due to the 
act that the exhaust velocity is limited because of the limitation of temperature in the 

equino'0" 0r reaCtl0n chamber- Thc maximum exhaust velocity into the vacuum is 

I. v 2y 
s y-i 

kTr 
M (I) 

where k : Boltzman constant 
T, : chamber temperature 
M : molecular mass of exhaust gases 

Improvement of the thermal device can be obtained by increasing F, by heating the 

nLC| uCa y andumOV"!g “ °Ut from ,hc soiid walls hy '•eplacing the walls with a magnetic 
*■. rcfvcr- hcrc a|s°' Ihere is the limitation of temperature due to radiation. For 

c ,? ' he temperature of hydrogen cannot be much higher than 20 eV (2.32-10a K) 
Small impurities result in increased radiation and a significant d-crease in maximum 
temperature. Using Tc = 20 eV for hydrogen Eq. (I) gives maximum 

s 101 m/sec. 

and for nitrogen the maximum temperature would be lower, taking F,sl0 eV 

s 2* 10* m/sec. 

ever ^ °f °f nia«ni,“de of those obtained in experiment. How- 

?esuîi L m â î rrr S arC ,mg ,n ,he gaS ,hcy Wil1 intcract wi,h thc magnetic field resulting in a Lorentz force acceleration (jy B acceleration). 

Generally the predominant acceleration phenomena depends on the relative value of 

the gas pressure p = knT and the magneti. pressure £ . H» * thc accclerator 

works on the principle of thermal expansion. On the other hand if >/, the predomi¬ 

nant effect is the jx B acceleration. ^ 

laS' ““ ,h' «I»»« velocM« do no. 

is faS'^;n,riirun'd“c ficld of p,asma ^ 

peH^r1^ 0fNfSKA ,0 °btain an efficien, plasma mo,or in a ^‘atively short period of time forced many laboratories to optimize fhe plasma device by experimental 

• Consultant. Space Science Laboratory. General Dynamics/Convair. 
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tries rather than an approach from the point of view of basic physics. On the other hand, 
the physical phenomena are so complicated that most of theoreticians stay away from this 
subject. In the present paper, we shall discuss some physical phenomena in the current 

layer which apparently arc responsible for energy losses. 
5n the field of plasma propulsion, there are essentially the following types of devices: 
1) Steady state D. C. arc jet accelerators (without applied magnetic field); 
2) Hall current D. C. accelerators (with applied axial magnetic field) or quasi¬ 

steady pulsed Hall current accelerators 
3) Magnetic piston type of accelerators. 
The efficiencies of these devices range from 20 to 90% depending probably in some 

degree on the methods of measurement. It is essential that the efficiency be optimized, 
since the larger the losses the larger the size of the radiator that is required to reject the heat. 

The main advantage of pulsed devices is that they operate periodically and therefore 
the mean power level could be much lower than in D. C. devices, for which the minimum 

power for efficient operation is around 200 KW. 
A disadvantage of pulsed self triggered devices is the loss of ga» and the energy 

storage problems. However, a break-through by developing very efficient, light pulse line 
of long life time (Ref. 1) makes it attractive for space application. To get smaller mass 
losses, the gas has to be introduced to this device in as short a time as possible, and this 

in turn requires high pressures and small volumes. 
In the devices operating with non-steady cycle (pulsed devices) maximum velocity 

can bey/ Íl times higher. In spite of this, the average velocity is not higher. 

Radiation and Ionization Energy Losses ... . 
Main radiation losses are associated with electronic excitation and (bound-oound 

radiation) deexcitation of plasma. These are given by 

I joule I 
I sec m* I 

(2) Err, = nr(n—n,)L'W 

where 
n, is the electron number density 
n is the gas number density 
L rate of excitation 
W energy of excitation (excitation potential) 

The rate of excitation L is given by the expression (Ref. 2) 

(3) 

where P is tabulated in Ref. (2) and plotted in Fig. 1. Besides bound-bound radiation 
losses, the free-free radiation can be taken into account (bound-free radiation can be 
completely neglected), however in these applications they are generally much smaller. 

According to Spitzer (Ref. 3) the radiative power is given by 

I joule I 
' I ms sec I 

Ionization energy is 

£/.„ = n.{n n.) YV„ 

(4) 
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Viicre F is the rate of ionization equal to 

T = n, l(/»- /ire) S~ nrp] 

where S is the .on source term and ß is the rate of recombination 
According to Allan (Ref. 2, p. 42) "lo.nai.on. 

I ß=- 5.2 • 10 "z 1/5 J 0.429 -r ^ 

V„r 

In z 0.469 
z 

(5) 

(6) 

(7) 

where z - ^ except of temperatures lower than I eV. /}<$. 

™<l,a^'lrng8;“<>mb'"a"0n'lhC ™'i0 >» bound-bound „«¡unoa, 

f.rn 

E,„„ 
LW _ 13.3V,„P 
SY, T * r(#p 

( r " ) 

(8) 

losses due to^onizatbn and ÍS fUlly ,0ni/ed' cncrgy 

Ei,„. — /4, . /»,, F, I I (- ^ j 
(9) 

I^or'^r- **«“ and ,, is ,h, ionization en„gy p„ 

The efficiency of a thermal plasma dev.ee is equal to 

m. 

m" T+EKtU+ElaH (10) 

Assuming complete expansion into the vacuum using Eq. (I) y „ 5/3 we get 

n -= 
5k T, 

5 a r, 
2 

+ 1.4 10 wrr, Jn, ,+ )/, / I . T 
\ ) 

(ID 

Numerical values for hydrogen plasma at T, 20 eV in - in* . / 3 .«a 
the mean ionization temperature is 2 eV). ' ° m ' ' ^ l0' ^ and 

n = 47% 

/..¡onZÄ^iib,he r 01e,Ci,a,'°" ""*» '» •"« »n,- 
nccurs. It increases also with the incrL * ^'r' ^ tcmFW:r',,l'ri: whlth loni/ation 
roughly ptopotuona, ,0 “ f T“1'0" "»'""'.I ,, (r is 

'owe, enegy eonsuntption f„, ionization a„d escitatLT“,^ 
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at which most of the ionization takes place can be higher and this results in increased 
efficiency. 

Finally, we notice that the energy input must be accomplished in a relatively short 
period, so that the electrons are heated to much higher temperatures than the gas tempera¬ 
ture. Because of the slow energy exchange between electrons and heavy particles (especially 
for rarefied plasma) the electron temperature can remain much higher than that of the 
ions. The expansion of the electron gas produces a corresponding expansion of the heavier 
ions due to the strong field generated by charge separation. 

To expand the plasma to its maximum velocity a nozzle of large area ratio is needed. 
But this will lead to a long nozzle and large heat conduction losses. 

The best solution is to employ a magnetic nozzle like that in the so called Hall cur¬ 
rent accelerator, where the main role of the Hall currents is to confine the plasma. 

For non-steady cycles, no nozzle is necessary to expand the gas to its maximum 
' elocity. 

Energy Losses Due to Wall Bombardment by Ions 
loo Current 

In a collisionless gas, the mean position of the ions which are produced in an ioniza¬ 
tion process in an electromagnetic field is shifted by one gyroradius (Fig. 3). This is asso¬ 
ciated with a net ion current equal to 

Jt = rie (12) 

where / is the ion gyro radius ( ^ and F is the ion source term given by Eq. 5. 

This current was first noticed by R. Lovberg (Ref. 4) who using a Shlieren system 
observed a dense gas layer at the cathode. In fact Lovberg showed that the main accelera¬ 
tion in a parallel plate device occurred due to the ion current. 

In the collision dominated process (iu,t,<l) an expression for the electric current 
density has been derived by the author of this paper in an unpublished paper (Ref. 5) 
using multifluid quasi-hydrodynamic equations. But even in the collision-model the net 
effect should be similar to that of the collisionless due to the fact that ions will collide with 
other heavy particles and will be pushed in the direction of the cathode resulting in the 
wall energy losses. It is obvious that these losses depend on the ratio of the ion gyro-radius 
to the electrode spacing. To obtain a more efficient device it is necessary to keep this ratio 
as small as possible or to build a shorter cathode (Fig. 4) which will cause the ions to miss 
the cathode. Another way is to inject the gas at the anode and thereby localizing the 
ionization region far from the cathode. 

A different possible source of ion current is the ion drift due to the gradient of the 
magnetic field. 

This drift is perpendicular to £ and the drift velocity is equal to (Ref. 3) 

/y B 
‘rf * 2B 

(13) 

For a typical plasma device the order of magnitude of the drift velocity due to lon¬ 
gitudinal gradient of the magnetic field is the same as the sheet velocity (^104 m/sec). 
Alfven (Ref. 6. pp. 173-175) proved in his book that the ion drift doesn't produce any 
macroscopic current providing that the ion gyro-radius is small as compared to physical 
dimensions and if the velocity distribution is isotropic. Physically, ions which have a center 
of gyration outside the volume (Fig. 5) can result in a cancelling of the drift velocity, so 



215 

that the mean ion velocity can be /ero. However, in the typical plasma propulsion device 
the velocity distribution is not isotropic and the ion gyro-radius is comparable to the 
size of the apparatus. Moreover, ions which are outside the accelerator and which have 
very large gyro-radii are prevented from entering the electrode spacing by virtue of col- 
l.sion with the walls. Therefore, there should be a net current due to the ion drift. It is 
interesting to point out that in the plasma accelerator (Fig. 6) the drift current due to the 
longitud nal magnetic field gradient has the opposite sign to the ionization current. 

At the limit as 5—0 and yfl—0 the ion drift current is opposite and exactly equal 

to the electron plus ionization current. The drift current J„ must also be associated with 
the longitudinal current/ri, as indicated in the ion momentum equation. But the sign of 
j,„ is opposite to /,,. Inside the layer the ionizing current and /„ have opposite signs and 
therefore they tend to cancel. This will result in decreasing/, to zero. In such a case the 
one-dimensional model will be valid. Fig. 7 shows the deviation from the one-dimensional 
motion due to axial current/,, caused by the ionization distribution. 

It is interesting to point out that in a coaxial accelerator (Fig. 8) there is a drift current 
in axial direction due to the radial magnciic field gradient and this results in a force directed 
toward the center (pinching effret). 

Magnetic Piston Discharge Layer 

This type of discharge layer typical in a plasma i;un has been investigated by many 
authors. Integrating the equations of motion and energy across the current layer this 
author (Ref. 7, Eq. 5) obtained the relationship which for the case of the non-leaking mag¬ 
netic piston can be written in the form (Fig. 9) 

dW 
dt (14) 

dt (15) 

where M == ^ pdt. The quantity M is the mass accumulated in the current layer (<$ being 

the thickness of the layer) and 

is the internal + magnetic energy in the current layer + energy lost by radiation (usually, 
if the current layer is thin the magnetic energy stored is small as compared to internal 
energy), Vr being the velocity of the back of the current layer. 

If the gas velocity is constant across the discharge layer, u - VP, from Eq. (14) one 

- MVf dVr 
dt (16) 

If the magnetic piston velocity is constant the result is that one half of the directed energy 
goes into internal and radiative energy. I ( no internal energy can be reclaimed the efficiency 

of such a device will be limited to 50%. However, for an accelerating current layer.^'’ >0 

the velocity distribution is not constant and this should lead to a larger efficiency (Fig. 10). 
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If there is no gas ahead of the current layer p, =* 0 from Eq. (15), and it follows that 

M = Const, and from Eq.(l6), -= 0, so there is no increase of internal energy and 

the plasma gun should be efficient. These considerations have been supported experimental¬ 
ly at General Dynamics/Convair(Ref. 8). The results are I) the calorimetric efficiency 
(ratio of energy collected by calorimeter to the total input of electrical energy) of the plasma 
gun with a distributed mass never exceeded 45%. 2) In the slug model with an electrically 
triggered gun the measured efficiency reached 70%. However, the pure slug model leads 
to instability (formation of a spoke), and to prevent this it is necessary to have some 
gas ahead of the sheet. 

Rarefaction Type of Discharge Layer 
In principle there exists a possibility to obtain a stationary rarefaction discharge 

layer by feeding it with non-ionized gas (Ref. 7). Such a layer has been obtained experi¬ 
mentally at General Dynamics Astronautics (Ref. 9) using a long period pulse line (~ 150 
//sec) giving almost a square current pulse. However, it is questionable whether the pre¬ 
dominant acceleration effect is that of the jy B force. It seems to be that the predominant 
effect is the thermal one. Due to the expansion process the average temperature at which 
ionization occurs is not very high and therefore according to previous considerations 
radiation losses should be high. It was found that the efficiency was around 25%. 

Hall Current Accelerator 
Recently great effort in the U.S.A. was devoted to the development of an accelerator 

in which the main current is due to E/B drift (Hall effect) in which the electrons are 
essentially trapped (Fig. 11) in the magnetic field (w,t,> 1 where w, electron angular 
velocity, t, mean collision time) but the ions can exercise their drift (a>,T,< I). 

The laboratories involved are Electro-Optical Systems (L. Cann et al. Ref. 10), AVCO 
(R. Patrick, et al.. Ref. 11), and General Dynamics/Convair (A. Larson and Liebing, 
Ref. 12). All of these devices operate on D. C. power except the last one which is pulsed, 
using a long period pulse line. 

The efficiency reported for these devices is around 25% except Patrick (Ref. 11) 
who claims an efficiency up to 85%. However, his methods of measurement are suspect. 

There is tendence now to move the acceleration process from the inter-electrode space 
to the plume downstream of the electrodes. L. Liebing (Ref. 13) measured asimuthal 
currents in the plume which were around 10 times larger than radial currents using small 
Rogowski's belt. He evaluated experimentally the Lorentz force due to the Hall current 
and the radial component of the magnetic field. This was found to be about twice the 
Lorentz force that arised from the radial currents and their own magnetic field. 

However, both forces seem to be small as compared to pressure forces even at the 
temperature 2 eV. 

Nevertheless, even if it does not contribute significantly to the direct acceleration 
the Hall current plays an important role in confining the plasma and forming the magnetic 
nozzle. 

For <o,t,>I and cu.t^ 1 the main Hall current is due to azimuthal electron motion 
with drift velocity EjB and is equal to (Ref. 6, p. 181) 

E 
In — ?n>' g 

Electrons are trapped in the magnetic field shells as presented in Fig. 12. Far downstream 

io, = decreases and the electrons current loops can be closed. Due to Hall current 



217 

r8""1', "* r““"ins Lo,tl’U rür“ “ Perpendi^Lr 
°'h' ™“gn",C fi'“ llnes “d'° ''"d '» Pidtli 'he plasma. This foret is balanttd by Ihc 

radial pressure gradienl and the centrifugal acceleration of plasma 

Íf thí Cîarf SCfparatÍOn fidd'i0nS Wil1 als0 move essen,'ally between coaxial 
magnetic sheHs whtch therefore act like nozzle walls. This is true with the exception of 
the tmnal .omzat.on layer where there must be an ion current according to Lovberg’s 

Zl t fiT!"8 u í\CUrrent ,S 0nly due to ion mo,ion (electrons are trapped in the 
magnetic field), we shall show that some part of acceleration is due to this motion 

From the Maxwell law m a one dimensional motion and the conservation of mass 

for an electron gas =» r) it follows that (u = it,): 

1 dB, dn,u 

wh'" /-ejf is an ion 8yro radius assuming B, is the induced magnetic field 

due to the radial electric currents (ion currents). Therefore, integrating with = 0). 

where lm is the mean gyro-radius. 

At the back of the current layer B, - 0 and therefore 

it = 
B.B, 

fiMEn, 

Using the experimentally obtained values 

B, 0.°1 M*f m Br = G-1 m n, - lO’1 ‘ , £=5.l0'VO,t 
w m 

yields the result 

it s 103 
m 

sec 

,0 ''ec,r0n ""mb" «"»I' •' no> well known. 
On the other hand, the velocity increase calculated from the momentum equation (ne- 
glectmg pressure gradients and assuming pit=const and fully ionized gas) * 

dx 2/1 dx 

would be of the same order of magnitude 

M~Wo 
-*'/¿i » 1.58 • 10s 

Thls velocity change can lead to transition to supersonic velocity only in the case where 
he initial velocity is close to sonic velocity. Another possibility is that the initial accelera¬ 

tion is mainly due to heating the gas (it is known that in a subsonic flow gas can be acceler¬ 
ated to a sonic velocity by simple heat addition), and the final transition to supersonic 
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speed results from ioni¿atíon current. The rest of the acceleration from sonic conditions 
can occur due to thermal expansion in the magnetic nozzle formed by the divergent mag¬ 
netic field lines, and due to the ion current. However, plasma acceleration in a Hall current 
accelerator occurs not only because of transfer of thermal energy into the directed energy, 
but also because of transfer of the kinetic energy of rotational motion of plasma into the 
axial motion. This last fact results from the law of conservation of angular momentum. 
Because of expansion of plasma in the divergent magnetic nozzle to conserve the angular 
momentum, energy of rotational motion must drop down and is transformed into the 
directed motion of plasma. The main difference between this form of energy and the thermal 
energy transfer is that the latter is associated with radiation losses but the former is not. 
For this reason the efficiency of Hall current accelerator should be greater than the efficien¬ 
cy of the pure thermal accelerator. The heat addition in a supersonic flow will tend to 
slow down the gas. The velocity distribution should be that presented in Fig. 12. Due to 
the fact that electrons have trouble moving along the magnetic field lines the electric 
potential will remain almost constant along the magnetic field lines. Because these lines 
are divergent the electric field and the Hall current is decreasing downstream. 
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Fig. I. Value P as a function of the ratio of excitation energy to plasma temperature. 

Fig. 3. Ion motion in a collisionless gas in a 
constant electric and magnetic field. 

Fig. 5. Macroscopic motion due to magnetic 
field gradient. 

Fig. 4. Short electrode coaxial accelerator. 

9 9 

Fig. 6. Ion drift in a stationary current sheet. 
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Fig. 7. Longitudinal current associated with 
ionization current. 

Fig. 8. Ion drift current due to radial gradient 
of the magnetic Held. 

■3— 

W>tbr>r>rrr 

Fig. 9. Magnetic piston type of the current 
layer. 

. ® « 
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Fig. 10. Velocity distribution for accelerating 
current layer. 

Fig. II. Ion and electron motion in a Hall 
current accek.-rator. 

Fig. 12. Velocity distribution in a Hall current 
accelerator. 
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In the field of plasma propulsion, there »re essentially the following types of 
devices: 1) Steady state D. C. arc jet accelerators (without applied magnetic 
field); 2) Hall current D. C. accelerators (with applied axial magnetic field) 
or quasisteady pulsed Hall current accelerators; 3) Magnetic piston type of 
accelerators. 

The efficiencies of these devices range from 20 to 907. depending probably in some 
degree on the methods of measurement. It is essential that the efficiency be 
optimized, since the larger the losses the larger the size of the radiator that 
is required to reject the heat. 

In this paper the author examines the following topics: The radiation and 
ionization energy losses, the enexgy losses due to wall bombardment by ions 
and the ion current, magnetic piston discharge layer, rarefaction type of 
discharge layer and he finally analyses the equations of the Hall current 
accelerator. 
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