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Limits on the efficiency of several thruster configurations are discussed. The efficiency of the Pulsed
Plasma Thruster is reduced when part of the magnetic field energy that is converted into particle
energy does not become directed kinetic energy but rather thermal energy. The partitioning of the
power when the propellant exhibits slug, snowplow or specular-reflection acceleration is analyzed.
It is suggested how to distribute the propellant mass along the accelerating channel so as to
efficiently use this thermal energy. Steady acceleration to supersonic velocities is examined in two
configurations: the Magneto-Plasma Dynaniigk’D) thruster and the Hall thruster. Limits on the
efficiency of the MPD thruster in a nondiverging geometry are derived. The efficiency in the
self-field acceleration is higher than in the azimuthal applied-field acceleration. These limits can be
overcome in a converging—diverging geometry, analogous to the Laval nozzle, in which the
efficiency can approach unity. The acceleration efficiency in the Hall thruster becomes unity for an
infinite magnetic Reynolds number even in a nondiverging geometry. The efficiency can be
enhanced by the pressure that results from electron heating or by employing segmented emitting
electrodes. ©2003 American Institute of Physic§DOI: 10.1063/1.1560922

I. INTRODUCTION unity. The acceleration in the Hall thruster, however, is in the
direction of the applied voltage. At the limit of an infinite
Electric propulsion has the advantage of reduction of theReynolds number the efficiency is unity, even in a constant
propellant mass needed for a given space mission due to thgoss-section thruster. Electron heating and segmented elec-
higher exhaust velocities relative to those achieved byrodes are shown to increase the efficiency in the Hall
chemical propulsion. Since its introduction in flight in the thruster.
1960s, electric propulsion has been advanced and matured, |n Sec. Il the conversion in the PPT of electromagnetic
as reviewed in Refs. 1-4. Electric thrusters vary in terms oknergy into magnetic field energy that is stored inductively
power (1 W to several MW, exhaust velocitie$3 km/s—60  and into particle energy is analyzed. The partitioning of the
km/s) and type of propellant, according to the mechanism ofower in the slug, specular-reflection, and snowplow accel-
operation. From among the critical issues for satisfactory operations is calculated. | then suggest how to specifically dis-
eration, efficient ionization, long lifetime, stability, limited tribute the propellant mass along the thruster so as to efffi-
plume divergence, proper integration into the spacecraft, angiently use the thermal energy for ionization. In Sec. Il the
more, | chose to re-examine here one important aspect @&fonic transition in the MPD and in the Hall thrusters is dis-
electric propulsion, the efficiency of the propellant acceleracussed. In Sec. IV the MPD and the Hall thrusters are com-
tion. In order to clearly identify the basic limits on the effi- pared at the applied field limit. The Hall thruster is shown to
ciency, | examine the mechanism of acceleration in simplibe inherently more efficient. In Sec. V the efficiency limit on
fied geometry and adhere to approximated one-dimensionghe self-field MPD of a constant cross section is derived and
analysis. Electric propulsion thrusters are usually classifieghe enhanced efficiency in an ideal converging-diverging ge-
as electrothermal, electrostatic and electromagnetic. | discugfinetry is shown. In Sec. VI it is shown how electron heating

here electromagnetic thrusters and analyze three configurand segmented electrodes may enhance the efficiency in the
tions: the Pulsed Plasma Thrusté?PT),> the Magneto- Hall thruster.

Plasma-Dynamic$MPD) thrustef® and the Hall thrustef.

In the PPT and in the MPD a voltage is applied perpen-
dicular to the direction of acceleration. The work is done by“' THE PULSED PLASMA THRUSTER (PPT)
the applied electric field on the electrons that move perpen-  Various complex processes dominate the interaction in
dicular to the direction of acceleration. The energy gained byhe PPTE~1°We focus here on intentionally coupling the ac-
the electrons is transferred to the accelerated ions. This indeeleration and the ionization in order to increase the effi-
rect energy deposition is a possible cause of efficiency redugiency. Figure 1 is a schematic of the PPT. A voltage that is
tion. | calculate this efficiency reduction and present an ideahpplied at the generator drives a current that ionizes the pro-
converging—diverging geometry, in which, at the limit of an pellant and pushes the generated plasma axially by the asso-
infinite magnetic Reynolds number, the efficiency becomegiated magnetic field pressure. This pushing of the conduct-
ing fluid, by which a part of the electromagnetic field energy

apaper CI2 5, Bull. Am. Phys. S0d7, 58 (2002. is c_:onverte_zd into the kinetic energy of the fluid and durir!g
nvited speaker. which the inductance changes, occurs also in plasma devices
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PUlsed P|asma Th rUSter Herem andV denote the mass.an'd the velocity of the.pro-
o o pellant pushed by the magnetic field pressure, and, in the
Distributed Gas Injection rectangular geometnh is the distance between the elec-

Cathode %\ trodes,d is the width of each electrode in tlyedirection and

p is the mass density. Part of the dissipated power becomes
directed kinetic energy of the propellant while the rest be-
comes heat at ratd%xe and P, per unit area, respectively,

Pp=Paket Pheat

4

5 1d m\?
dKE_ma 2

There are two cases in which all the dissipated power be-
comes directed kinetic energyqke=Pp . One case is when

m=0 andV=z, which is slug acceleration. A second case is
specular reflection in which the individual ions are elastically
scattered by the magnetic piston at a velocity that is twice the
momentaryz. In contrast, in the case of snowplow accelera-
tion, ions are inelastically scattered avie-z and Py, 0.

FIG. 1. Schematic of the Pulsed Plasma Thruster: The applied electric ﬁe'@)bviously it also occurs that the propellant is neither specu-
and the current lie in the direction, perpendicular to thedirection, the ’ i

direction of acceleration. A narrow current layer separates the unmagnetize!&zlrly reflected by the magnetlc field pres_sure, nor pUShed E?IS a
plasma from the vacuum permeated by the magnetic field. The ion anNOWplow, but rather it is pushed at an intermediate velocity,
electron velocities in the direction are the same. possibly by a shock wave that is caused by the magnetic
piston. When botiB and p are constant in time, the power
partitioning is

such as pinchésand plasma opening switch&sThe power
partitioning during the process can be exhibited throughem- Pg 1 Pye 1

ploying momentum and energy balance considerations. Pey 2 Poy 2 Phea=0;  V=22=Vg= Jrap.
, Mop
Faraday’s law and energy balance, (5)
d E ) .
E= &(Bz), PEM:M_: Pg+Pp, in the case of specular reflection, and
0
. 1
e % WP 1 Pae 1
Pe=gt 2000” =>PD=2—M0 Pem 2' Pey 4
. . . 6
govern the dynamics of the system. Hdtes the electric P 1 B ©
field applied between the electrodes in thdirection, B is _heat_Z. yoy—y.———
the magnetic field in thg direction generated by the current, Pem 4 * 2uop

Pewm is the Poynting electromagnetic energy flidg andPp

are the rates at which magnetic field energy is stored indudn the case of a snowplow.

tively in the channel and at which electromagnetic energy is  The power that ends up as heat is typically a third of the
dissipated per unit area, respectively, aiglis the perme- power that flows into the channePart of the generated heat
ability of free space. It is assumed that a narrow current layeis an essential energy loss that is needed for ion production
that is located at a plane along the acceleration channel through evaporatiorfof a solid propellant and ionization.
separates the unmagnetized propellant from the vacuum ré&he other part of the heat, that results in temperature increase
gion that is permeated by the magnetic field. The dissipatednd radiation, is a source of inefficiency. However, if the
power Py equals the rate of mechanical work done by thewhole generated heat turns out to be exactly the energy re-

magnetic field pressure. If we writey as quired for complete ionization of the propellant, then, in fact,
2 all dissipated energy is efficiently used, either for ionization
d( B Bz dB . . .
Po=—|z—2z|—— — 2) or for acceleration. Here | show how to adjust the coupling
dt 2/.L0 Mo dt,

of the propellant and the electrical circuit so that such a

we see that the dissipated power is larger than the rate gesirable situation occurs.

which magnetic field energy is being stored inductively only  In the following analysis let us assume that the propel-

during the decrease of the current. The dissipated power i@nt is pushed as a snowplow. As seen in ), if the

related to the change in the mechanical momentum of th&nowplow velocity is constant, half the dissipated energy

plasma, only is used for plasma acceleration. In order to use the other

. : half of the dissipated energy for ionization, the kinetic en-
PD:E: Z E(mV) m=pz, p= i d_m 3) ergy ggme_d by each ion should egual the energy needed for
2uo hddt ' ' hd dz the ionization that generates that ion,
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m; V2 2¢; in which we assume th& andC are constant, and for which
5 =aie =V=\e\Vey, Ven= " (7)  the initial current is zero, is
a
Here aj¢; is the average energy required for ionizatien, Q= EpQO( V1+7) I ()Y, (pyl+ 1)
being the ionization energy itself while; is a numerical
factor that relateg; to the average energy actually required =Y, 41(p)J (pV1i+ 7], (12)

for ionization in a specified plasmtal* The propellant ve-
locity should, therefore, be approximatels,,, the critical
ionization velocity*>*®In order to cause a propagation of the L'Vt R 2 L,

current channel with the desired constant velocity, a judi- 7= L, YEW, DEW ok (13
cious design of the mass distribution of the propellant along

the channel is required. This technical challenge can be met As an example, we take the limit at which the resistance
by the use of a gas-fed pulsed plasma thruggFPPT, a and the initial inductance are zerp=0 andr=0. The
concept that is currently being intensively explotédh this  charge in the capacitd® and the current become

type of thruster the propellant distribution can be modified
by injecting the gas along the channel through valves of a Q=QoJo< » / 4t — Qo ‘Jl( N 4t _
L'VC L'VCt L'VC

written in terms of Bessel functions. Here,

different cross section.
We continue by analyzing the electrical circuit, adding to (14

the previous analysis a discharged capacitor that supplies thehe fraction of electromagnetic energy that is converted into

applied voltage, and a finite resistance of the propellant. Thgarticle energy at time is

circuit equation is

U sds’
o u_D:f — B3(\§) = 1-[33(\5)+ 32(5)]
L+ L2)0]+RO=0, (8 ° 0
¢t 9
4t
wherelL is the initial inductancel.’ = uh/d is the induc- = ve

tance per unit length, and=0 denotes the initial location of
the plasma boundary at the generator side. The voltage ishere Uy is the energy converted to particle energy and
applied by discharging a capacitor of a capacitarite UOEQﬁ/ZC is the energy initially stored in the capacitor.
charged with an electrical charg@. At the plasma edge, Although the waveform we treat here is oscillatory and not
where the plasma is not being pushed yet, the voltage betamped, as is desired for an optimal operation of the BPT,
tween the electrodes RQ=(h/da)(Q/c), whereR is the  when the voltage reverses and the current is zero most of the
plasma resistance; is the plasma conductivity amalis the =~ magnetic field energy is already drained. Indeed, we can
depth of resistive magnetic field penetration into the plasmagchoose the length of the channel, so that the current layer
In fact, the resistance can also be writterRasL’V4, where  reaches the exit at the time that the current is zero. This value
V4= 1/(ugoa) is the velocity of magnetic field diffusion into is determined by the first zero df. The acceleration time,

the plasma. By multiplying Eq(8) by Q we obtain the con- the channel length, and the fraction of electromagnetic en-

servation of energy, ergy converted into particle enerdgalculated using Eq.
(15)] are
Q* (LotL'2)Q* [L'z |, 3.8317
Gilact— 5 |t 5 *R Q?=0. 9 te=— L'VC; l4=Viy;
The second term in the equation, the rate of dissipation of UD U ke (16
electromagnetic field energy, can be writtenRag= Pphd Uy =1-J5(3.83179=0.83778, Us - =0.41889.

=L'(z/2+V4)Q? and expresses the contributions of the dy-

namic and resistive impedances of the plasma to the dissipa
tion. It is desirable that the dynamic impedance be larger. In

terms of the circuit quantities, the momentum equation, tha]
is equivalent to Eq(3), is

Here U 4g is the electromagnetic energy converted into di-
rected kinetic energy of the propellant. The same amount of
nergy is used for ionization. The appropriate distribution of

LQ2

dt(mv)_

2
1

17

he propellant mass is derived from the momentum equation,
Eqg. (10). The density is adjusted according to the current, so
that the snowplow velocity is constant. The density distribu-

(10 tion turns out to be

. . _ dm L'1Z2 Q3 4t

Since we take the velocity of propagation to be constant ——= Pt 3 — .

- : : , dz  2vZ 2CV% L'VC

z=V, the inductance becomes simply=Lq,+L'Vt. The

solution of the equation Figure 2 presents the normalized applied voltaQe
=Q/Q,, currently=IL'VC/Q,, and mass distributiomy

o ., Q =(dm/dz)(C?V*L'/Q?) as a function of the normalized lo-

+L’ +(L'V+ + == ) 0

(Lot LVOQ+(L'VHRIQ C 0. (D cation of the current layer along the chanzéVty. More
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FIG. 2. The Pulsed Plasma Thruster: The normalized applied volfage
=Q/Qq (solid), currently=IL'VC/Q, (dasheg, and mass distribution
my,=(dm/dz)(C2VL'/Q?) (dotted—dashedvs the normalized location of
the current layer along the chanreVt, .

realistic distributions could be designed for finite value®Rof FIG. 4. Schematic of the Hall thruster: The electric field is applied inzthe
and Lo. A finite Lo results inl N= 0= m,r\l atz=0 direction, the direction of acceleration. The ion and electron velocities in the

. . . . z direction are different.
It is desirable to have exhaust velocities higher than

Ve - The idea sketched above should then be implemented
in the ionization section only. An acceleration of the ionized

plasma to a higher velocity as a slug that follows the snowthe momentum equation,
plow pushing results in a higher efficiency.

V.
mi\/zd_;Z =e( Ex,zivz,xB) - Vme(vx,z_ Ux,z)
I1l. THE SONIC TRANSITION IN STEADY
ACCELERATORS mS\, ,
. - =, 19
Let us turn now to steady electromagnetic accelerators. n (19

The two configurations we will address are the MPD and th
Hall thruster, shown schematically in Figs. 3 and 4.

The governing equations for the two thrusters are the
standard fluid equations, which we write for a one-
dimensional geometry. These are the continuity equation

&he electron momentum equation,
B 1.
0=—¢( Ex,z"' UZ,XB) - Vme(vx,z_vx,z) - ﬁez' VP (20

(the minus and plus signs refer to thend to thez compo-

d(nVy) _ (18) nents, respectively and the energy equation,
0z ' 475
d_z(inveT = —enE-v—Sq;e; . (21
MPD Thruster As usual,V,, andv,, are the components of the ion and
Cathode electron velocitiesp, T, andP are the electron density, tem-

perature, and pressure, the enthalpy is (b/&is the source
term, and E-v=—(vmc/e)[vi+v,(v,—V,)]— (v /en)
X(dP/dz). The ion temperature is neglected. Assumixig
>v,(v,—V,), we find that

dv, en,BV, 2wvmVug

2 \,2 <
(VZ VS) dz m 3 myv,
S|V, [(5/2)T+ aje;
42 A (5/2) ;€] —(V§+V§) .
n miv,
(22)

Here the sonic velocity iy§5(5/3)(T/mi). A similar ver-
sion of this equation that allows also a varying cross section
is included in a comprehensive analysis of the MPD

. . o interaction® The equation herg22), in which the ion and
FIG. 3. Schematic of the MPD thruster: The applied electric field and theg|aciron velocities in the direction (the direction of accel-
current lie in thex direction, perpendicular to thedirection, the direction of . .
acceleration. The ion and electron velocities in #rdirection are the same. €ration are not necessarily the same, holds for both constant
The current is distributed along the channel. cross section MPD and Hall thrusters.
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Let us examine the transition to supersonic velocities in  Let us first discuss the MPD, as is schematically shown
both thrusters. In order for a smooth transition to supersoniin Fig. 3. In the MPD of a uniform cross section the electric
velocities to occur the right-hand sigeHS) of Eq. (22) has  field is uniform and points in th& direction. Therefore,
to vanish at the sonic velocity. The first term on the right- | s
hand side(RHS) of Eq. (22) expresses the magnetic field MPD=(1/2)VZIff_°JXBng (1/2)V1flf_°]XBdZ,
force and is always positive. The second term represents the ExJoixdz VB Jfojxdz
effect of heating on the acceleration. It turns out that heat'n%inceEXBVZB. In the case of a strong uniform applied mag-

contributes to the acceleration in the Hall thruster, while it etic field(in they direction, the same direction as that of the
serves as a drag in the MPD. Formally this is a result of theself-fielo) B=B,, the maximal efficiency becomes half
fact that this second term in the equation is positive in the

Hall thruster(in which ions and electrons move in opposite 7mpp=0.5. (25

directions,V,>0 andv,<0) and negative in the MPDIN  ysing the linearized component of the momentum equation

whichV,=v,). The reason for these opposite roles is that ing,q thex component of the electron momentum equation,
the Hall thruster electrons heat up while they move into theyit, the relationg,= E,h, we obtain explicitly that
thruster away from the exit, in contrast to the MPD thruster

in which electrons heat up while they move towards the exit.

(24)

1 db B z
. : ) D=1-b— = —%; b=—=, &=+, 2
The temperature increase contributes to the accelerating role b Ry dé b Bo ¢ | (26)
of the pressure gradient in the Hall thruster while it weaken§N.
. ; . .with the parameters
this role in the MPD thruster. Because the heating results in P
a drag force in the MPD, the RHS of E®2) may vanish at D= b 1 vy
the sonic velocity. Smooth sonic transition can occur in the T 2hVY, meBo’ Ru 2V, max
MPD thruster even iB=0, as it is in the acceleration chan- (27)

nel beyond the ionization region. In the Hall thruster how- oYM v _ hBé
ever, in which the heating term is positive, a smooth sonic woe?nl’ 2maxX 2 omil’

UVg=
transition can occur only where ionizati¢the third term in ) _ )
Eq. (22)] is not zerg®1? HereV, naxis not the actual maximal velocity, but rather the

maximal velocity obtained in the nonlinear regime by mag-
netic field pressureyq is the diffusion velocity of the mag-
netic field into a plasma of lengthwhich is the length of the
acceleration channel. | assume that the collision frequency is
proportional to the plasma density, as it is in binary colli-
sions. Solving Eq(26) and the ion momentum equation, we

I'=nV,h.

IV. APPLIED-FIELD STEADY THRUSTERS

The efficiency of the thruster is defined as

F2 (1/2)V,¢[4ixBdz find that the magnetic field and the ion velocity along the
= - = R , 23
] 2/ Edz [T-Edz (23)  channel are
: hBy(Bo—B)
where the thrust i¥=mV,=m;hdnV,. Quantities that B=Bo{1-D[1—exp(—Rwé)1}, Vfwa
are denoted by the subscriptinean their value at the exit of "o (28)

the thruster. Employing the notations in Figs. 3 and 4, we . )
note that in the MPD thruster the energy is first deposited irft"d therefore the efficiency is
the_elegtron:{throughjXE)_<), energy that the electrons lose in_ Thpo= A 1—exp(—Ry)]. (29)
their axial motion to the ions that are accelerated by the axial o ) o
electric field. In the Hall thruster however, the energy is de- " the Hall thruster an electric field is applied in the
posited directly in the accelerated iofteroughj,E,). We direction of acceler_at_lon. In a uniform magnetic field and a
will first discuss this efficiency in the cold plasma limit, as- €0ld plasma the efficiency becomes
suming thafT is small. Later, we will address the finite tem- mingV3/2 1 1
perature Hall thruster, recognizing the possible contribution — 7y =— = = .
of the electron heating to the acceleration in the Hall thruster, [oi"Edz  1t[ved/Vz  1+1Ry
discussed in the previous section. In contrast to the MPD, for the Hall thruster | assume that the
In this section we will examine the efficiency of thrust- collisionality of the electrons is anomaldfsnd therefore its
ers in which the self-magnetic field due to the current isfrequency is independent of the plasma density.
much smaller than the applied magnetic field. This is the  The Hall thruster does not have the 0.5 barrier for the
usual situation in the Hall thruster in which self-fields areefficiency and is therefore inherently more efficient than the
much smaller than the radiéh thex direction applied mag- MPD thruster. In reality, however, the efficiency of Hall
netic field. In the MPD thruster, in addition to the self- thrusters has never exceeded 55%. Some efficiency reduction
magnetic field that is azimuthdin they direction, a radial is unavoidable since energy must also be used for
magnetic field is sometimes appliédn our analysis of the ionization®® Moreover, interaction with the walfg,
MPD thruster however, we assume that both applied and setfscillations2? and plume divergené& 2 further reduce the
magnetic fields are azimuthal. Also, for simplicity, we as-efficiency. The unavoidable efficiency reduction due to the
sume that this applied magnetic field is uniform. use of part of the power for ionization equals the ratio of the

(30
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ionization energy to the maximal ion kinetic energy, and, for
both the MPD and the Hall thruster, it turns out to be only a
few percent.

V. MPD ENHANCED EFFICIENCY

Here we show how the efficiency in the MPD is in-
creased to above 0.5 by operating with self-fields and by
geometry. Let us first analyze the self-field MPD. Employing
Egs.(19) and(20) at the limit of cold electronsK=0), we o 02 04 06 08 1
derive the relation between the flow velocity and the inten- (1- By
sity of the magnetic field along the channel,

FIG. 5. The normalized velocity, y=V,/V, . (dotted—dasheggd density

r BS— B? nn=n¢a/(I'By) (dashedy and distance between the electrodbg
m; FVZZZ—MO (3D =h/hpe (solid) vs 1- By, (By=B/By) in a converging—diverging MPD.
Performing the integrals in Eq24) we obtain
h2 B3 1 2,2
=— =_—. 32 B n
77 8mT ¢apo 8D 32 %=EX=VZB:H=%:PB=Z—¢FZ
The maximal efficiency is reached whe#y and D obtain fo
their minimal values. From the nonlinear version of E2f), Pg B2
= — = =
_(1-b»b 1 4b a3 ap MS™ pomin’
=T @ (9—5, (33 (37)

the minimal values ofp, and of D are reached for=0  and Eq.(36) becomes

when (1-b?)b is maximal, which, in turn occurs fob
=1/{/3. The minimal value oD, substituted in Eq(32),
yields a maximal value for the efficiency,

(V2 Vi e =VaVis g (39
dz
The velocityV\ s is a characteristic velocity of a magnetized
flow, as described in Ref. 29.

Integrating the equations directly we obtain, h, andn
as a function ofB,

343
= TJ— =0.64952. (34)

This value is higher than in the applied field cd2&) but
still smaller than unity. This efficiency limit and also explicit
profiles of the magnetic field are given in Refs. 27 and 6. ,  2¢a ) dal” pom; e

The limit on the efficiency can be relaxed if the cross VZ:m»F,u (Bp—B), h :—282 o = d>_

. . . ! . il Mo (Bg—B) A
section of the channel is not uniform. Indeed, an incease in (39)
efficiency by geometry has been shéWhand analyzed in a
two-dimensional modéf Here, within a quasi-one- In the converging part of the channé}<V,s while in the
dimensional model, an acceleration of a plasma in the MPQIiverging partV,>Vys. The flow velocity increases from
configuration is presented, that relies on a convergingzero to a finite value and the density decreases from a finite
diverging geometry, similar to the acceleration of a gasvalue to zero, while the distance between the electrodes is
through a Laval nozzle. The theoretical limit on the effi- infinite at both ends and reaches a minimal value at the chan-
ciency in this case is unity. nel neck, wherelh?/dB=0. At the neck

The combination of the continuity equation and momen- )

2(I’ABO _ Vz,max_

tum equation under a pressure gradient, _2np . 2 _\p2 _
Bheci= 5Bos Vz,neck_ VMS_3 ml 3
dv, dP Mol
nmiVZd— =—- d—, (35 (40)
z z 2 _27¢A,u0mir i _ZFBO
yields, when the pressurieé depends on the plasma mass neck™ 8B3 ek 3,
densityp only,
Figure 5 shows/, \=V,/V , Nn=na¢a/(I'By), andh
, 9P\ dV, _ aPdinh Fig 2N=V2/ Vo ma My=néa/(I'Bo), andhy
\V =V, — ) (36) =h/hyeck@s a function of +B/By. The efficiency is unity,
Z 9p) dz Zop dz
2
In a magnetized cold plasma the pressure in the momentum F2 I'm;V34/2 _

9 T =— = =1 41
equation is the magnetic field pressuPg=B?/2u,. In a 7 2menl  PaBolro (42)

collisionless plasmaan infinite Ry;) the magnetic field in-

tensity is linearly proportional to the plasma densithe
magnetic field is frozen into the electron flyid

By specifying rhzmil“d, da, and h,eq, the currentl
=dBy/ug is specified
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27¢xmad? For specified magnetic fielb2(z) and collision»(z) pro-
d=—— . (42 files, so thatZ(z) and are specified, we look for the opti-
845N heck mal ¢({) and the associated optimial(¢). Interestingly, for
For completeness we also write the thrust in theF of the form in Eq.(46), ¢(¢) that satisfies Euler's equa-
converging-diverging MPD, tion, (9/90)(dFIdy')—dFIdy=0, also satisfiesdF/d¢
=0. Therefore, the work done on the electrons is minimal
F:mvzf:ﬂ hne°k|2_ 43) when it is uniform along the acceleration chanpE(¢) is
33 d constant.

The casé () =1 was examined in Ref. 34 and the op-
al distribution of the electric potential resulted in only a
small efficiency enhancement with respect to the regular one-
cathode configuration. Here a case is examined in which the
VI. HALL THRUSTER ENHANCED EFFICIENCY collision frequency(due, possibly, to an instability-related

As we saw in Sec. IV, the efficiency in the Hall thruster @10malous collisionalityvaries linearly with the plasma fre-
approaches unity, theoretically, &, is increased. It has GUeNcy.f(#)=(1—y) . For the regular flow, in whicii'e
been shown that if there are no losses, the electron tempert- constant,

ture should reach a value of @3, at the sonic transition o\t 4 1
plane'* It has been demonstrat@dy use of momentum and Pr=1- (f_) ;o Ler=— o T irang
energy balance, that for a giveRy,, the efficiency of the T T T
Hall thruster is significantly enhanced by this electron heatThe optimal flow, for whichdF/d{=0, turns out to be

In the next section we discuss ways by which to enhance thﬁ\m
efficiency in the Hall thruster.

(47)

ing. The dependence of the efficiency By, is no longer £\ 8 ({735
described by Eq(30) but rather by woptzl_(a) ; Teop=— 5_5(?> ;
! (49

(44 _ 1 < lim Mopt
TP 146412500 4o e

MHal =1 L 1/(5Ry)

However, theoretical calculations of the Hall thruster that
include wall losses, such as those described in Refs. 30—32, As a more practical example than the continuous distri-
showed much lower temperatures than those expected witpution of current emission, let us assume that we apply a
no wall losseg? Thus, one major source of inefficiency in potentialys= i, at a single electrode that we insert at a po-
the Hall thruster that results from the cooling of the electronssition {= {; between the cathode and the anode. As in Ref.
by collisions with the wall is the loss of particle pressure that34, the constant electron flow in the regig> >0 is de-
could otherwise contribute to the acceleration. noted byl'; and the constant electron flow in the region
Minimizing the energy deposited in the electrons>{¢>{; by I'; (the flow from the cathode Integrating Eq.
through the introduction of segmented electrodes into thé45) in the two regions, we obtain the relationsI'y{;
Hall thruster has been explored recently both=4(1— )Y and —Ty({r— 1) =4—4(1— ¢y) Y The ef-
experimentall§® and theoretically®**Here, we examine this ficiency is expressed ag;=[1—T1(i—¢1) — o] L
idea by the variational method that was introduced in RefWe find the maximal efficiency by solvingn,/d{,=0 and
34. In the acceleration region the density of the ions that falpn,/d;,=0 to find {,/{r=0.19121 and;=0.94419.
down the electrostatic potential equals the density of thdhen,
electrons that move across the magnetic field due to their 1

=1.56.

771,0pt

collisionality, = C i —1.35.
g .00 11 4% 0.74186(, g'T'TO g L5 (49
l_‘i I‘Ie ¢ . . . . . .
= D= For low magnetic field intensity the efficiecy enhancement is
(1—y)¥2 f(hdyldl P significant.
— 45
d [ e \"u(2)¢a d “9
dZ | 2mea w2 dz VII. CONCLUSIONS
The collision frequencyr is assumed of the formw Limits on the efficiency of three electromagnetic thruster

=;(z)f(z,//) andf(0)=1. In the presence of segmented elec-configurations have been derived and compared. Ways to in-

trodes the electron fluK, is not constant along the channel. €réase the efficiency of these devices have been discussed.
The efficiency is For the PPT it is proposed how to distribute the propellant

mass along the accelerating channel so as to efficiently use

1 _ L f(zﬁ)(zp’)zl the thermal energy that results from the dissipation of the
n= ir i Fyyh)= 12 electromagnetic energy. The important role of geometry and
1+ [T dlF(y,y") (1-4) . S :
the advantage of a converging—diverging geometry in the
(46) MPD configuration have been demonstrated. The Hall
= d_‘/’ fr=2(z=L) thruster has been shown to be inherently more efficient than
= =(z=L).

the MPD. The analysis here, however, has been performed
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