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SENSITIVITY OF HOLLOW CATHODE PERFORMANCE TO DESIGN 
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An improved orifice ionization model of hollow cathode plasma generation (Katz, Gardner, Mandell, 
Jongeward, Patterson, Myers, Model of Plasma Contactor Performance, JSR, 34,1997, p 824) has~been applied to a 
new series of small hollow cathodes being developed at NASAIGRC. A study was made of the sensitivity of the spot 
mode emission current and voltage as a function of (1) Orifice diameter (2) Orifice length (3) Gas flow rate (4) Keeper 
current. The results show that the spot mode emission current is maximized at small orifice diameter and high keeper 
current. Laboratory measurements confirm the predicted trends, and lead to operating points on existing cathodes 
where the cathode emits 30 % more electron current while using 30 % less power at a 15 % lower xenon flow rate. 

In the study the hollow cathode orifice length, the orifice area, the xenon gas flow, and the keeper current were 
! each changed by a factor of two. The emission current increased faster than linearly with the change in anode current. 

This results from the power dissipated in the orifice increasing with the square of the current, and thus the ionization 
also increasing faster than linearly with current. The smaller the orifice diameter, the more effective the ionization, 
and thus the larger the current that the plasma can support. The increased ionization results from the increase in 
electrical resistance in a.smaller orifice, and thus increased power dissipation. 

Nomenclature 

F = gas flow rate, standard cubic centimeter per 
minute, seem 

ID = total orifice electron current, A 
Iemission = orifice current emitted, A 
Z keeper = keeper electrode current, A 
Z loss = ion loss rate, A 
Z max = maximum possible electron current, A 
Z pmd = total ion production rate, A 
Je 7 electron current density, A mm2 
Ji = ion current density, A m-T 
L = orificelength, m 
m = neutral atom mass, kg 
me = electron mass, kg 

* 8888 Balboa Ave., San Diego, CA 92123-1506. 
’ 21000 Brookpark Rd., Cleveland, OH 44135. 
’ Ann Arbor, MI 48109. 
Copyright 0 1999 by the American Institute of 
Aeronautics and Astronautics, Inc. AI1 rightsreserved. 

mi = ion mass, kg 
mn = neutral atom mass, kg 
n = neutral atom density mass, mm3 

= electron densit rnF3 
= ion density, yt rn- 
= neutral density; mm3 
= Power dissipated, in the orifice, W  
= electrical resistance‘of the orifice, ohms 
- orifice radius, m - 
= power loss by electron convection, W  
= power loss by ionization, W  
= power loss by radiation, W  
= permeability constant, Fm’ 
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e, = orifice electron temperature, eV 
er = ion temperature, eV 
4, = insert region electron temperature, eV 
e, = neutral gas temperature, eV 
0 = electrical conductivity, ohm m’ 
0, = electron neutral scattering cross section, m2 
oion = ionization cross section, m2 
orad = inelastic cross section, rii’ 

.A. = Coulomb logarithm 
or = electron plasma frequency, rad s-l 
V = effective scattering rate, s-r 

-Vei = electron ion scattering rate;i’ 

Introdtiction j 

The push to smaller spacecraft has led to a 
corresponding effort to develop small, low power 
electric propulsion systems which retain the overall high 
efficiency of larger systems. Hollow cathodes (HC) are 
a major component in both electrostatic ion thrusters 
and Hall effect thrusters. The work presented below is 
part of an effort by the On-Board Propulsion Branch of 
the NASA Glenn Research Center to develop a new 
class of hollow cathode that is half the diameter of the 
conventional design. One of the new, smaller, cathodes 
.is &own in Figure 1 along with a conventional hollow 
cathode.. 

Fig. 1. A new, smaller, hollow. cathode (bottom) 
compared with the ISS Plasma Contactor. 

Hollow cathodes (HC’s). are devices that emit 
copious electron currents through a self generated 
plasma. The expellant is typically an inert gas (xenon or 
argon), but liquid metals have also been used, These 
devices typically operate at low voltages (lo-3OV), and 
emit an ampere. or more of electron current for an 
expellant flow rate substantially below an ampere- 
equivalent;When enough plasma is generated so that no 

anode sheath develops, the cathode is said to be 
operating in spot mode, named for the small bright spot 
at-the cathode orifice. When the current drawn exceeds 
the limit that the cathode plasma can supply, the 
cathode transitions to plume mode, named after the 
large glowing plume exterior to the cathode. Plume 
mode also involves higher voltages; and is a less 
efficient mode of operation. 

To aid in the development of these new hollow 
cathodes, an improved orifice ionization model of 
hollow cathode plasma generation’ has been used to 
study the sensitivity of the spot mode emission current 
and voltage as a function ,of HC design and operating 
parameters, including 

1; Orifice. diameter 
2. Orifice length 
3. Gas flow rate 
4. Keeper current. 
The goal was to reduce the design space, and to 

see’ if the model was accurate enough to be a useful 
design tool. The model and the results are presented 
below. 

Review of HC Orifice Ionization Model 

Figure 1 shows the- typical dimensions of a 
hollow cathode for space applications. Though the 
entire device is fairly small, the orifice through .which 
the insert region communicates with the external space 
is an order of magnitude smaller still. As this region has 
an extremely high current ,density, processes. taking 
place in the orifice region govern the amount of plasma 
flowing fromthe device. Typically, the orifice length is 
much.greaterthan the orifice diameter. This means that 
only a’tiny fraction of the ions entering the or$ice can 
exit the ‘orifice without hitting the orifice wall and 
recombining. As we show below, almost all the ions 
that exit were generated in the orifice. 

Electron 
-0.07 cm Orifice, 

.Keeper 

Fig. 2. Typical dimensions of a conventional hollow 
cathode for space applications. 
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Fig. 3. Magnified view of the cylindrical orifice 
region. 

Operation of hollow cathodes has been 
investigated in the laboratory by Siegfried and Wilbur*. 
Previous studies (e.g., References 3 and 4) have 
analyzed the physical processes inside the hollow 
cathode which lead to electron’emission from the insert. 
In this paper we present an improved model of the 
ionization and energy balance in the orifice of a hollow 
cathode. The model is consistent with previous models 
of the physics interior to the hollow cathode, but 
investigates in more detail what occurs within the tiny 
orifice region. 

Model of Orifice Processes 

The orifice is so small that, although-it is many 
times larger than a plasma debye length, it extends for 
only a few mean free paths for electrons, ions, or 
neutrals. It is therefore reasonable to treat-the orifice as 
containing a’homogeneous neutral plasma with a thin 
wall sheath. Known are the gas flows through the device 
and the discharge current. We calculate the electron 
temperature and plasma density in the orifice, the 
plasma output of the device, the voltage required to 
sustain the discharge current through the orifice, and the 
energy budget of the orifice region. The model now 
includes energy dependent electron- neutral scattering 
cross section based on literature values. 

Electron TemDerature 

In order to have a steady state plasma in the 
orifice, the electrons must be sufficiently hot to create 
ions at a ,rate equal to the loss of ions to the orifice wall 
or by flow out the ends. We assume that: 

(1) 

(2) 

The neutral gas density, Nn, is known. 

The electron energy distribution is maxwellian with 
temperature 8, 

(3) 

(4) 

the 

The ions are accelerated toward the orifice 
boundaries by quasi-neutral electric fields. We 
assume ei= O.leV.. 

The plasma is quasi-neutral, so that ni = ne = n. 

For a cylindrical orifice of radius r and length L, 
ion production rate (amperes) is given by 

Iprod = m2L X 40 (0,) X Je I’&. 

G (0,) is the thermally averaged cross-section for 
electron impact ionization of Tenon’, which, for 
temperaturesup to several eV is-well fit by 

CT (0,) = [3.97 + 0.6438, - 0.0368 8e2] X 

e-12.127/8,x 10-20~2 
(2) 

Je,i is the electron or ion thermal current 

Je,i = ne (e0e,i/27m+$“‘. (3) 

The neutral density is calculated by assuming the 
flow rate equals the, thermal efflux through the orifice 
cross-sectional area: 

7tr2 X eNn (e6n/2mnn)1~2 = (0.07 18F ; Ii) (4) 

where,F is the gas flow rate (seem), and Ii is the ion 
output of the device (amperes), and the neutral 
temperature, 0,.= O.leV. The ion loss rate is giverrby 

Iloss = ~TIX (r+L) Ji. (5) : 

The steady state condition is that the ion 
production equals the ion losses. 

I prod = 4oss 

If we neglect ion production compared with gas flow, 
the electron temperature is independent of plasma 
density and depends weakly on the gas flow rate and the 
ion and neutral temperatures. The electron temperature 
in the orifice is about 2 eV for all low-utilization hollow 
cathodes. 

Electrical Resistance 

Plasma conductivity, 0, is given by 
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0 = &o cop21v (6) 

op2 = n e2kome 

where o+ is the electron plasma frequency, and v is the 
effective scattering rate ‘for conduction. The scattering 
rate, v,“ls the sum of 

,_. 
(1) Electron-ion scattering: 

Vei = 2.9 X lo-l2 ne A Oea3” (7) 

and -. 

(2) Electron-neutral scattering: 

o,, =6.6 x 10-‘g(e/4-o.1)/(1+(e/4)1~~) 
V en = o,, Nn (e0/m)li2. (8) 

where the neutral cross section was found by integrating 
the energy dependent total electron .cross section from 
Wagenaar and Hee? over a Maxwellian distribution. 
This formula is good for electron temperatures between 
1 and 10 eV. ‘- 

The quantity A, the coulomb logarithm, given by 

A = 30 - l/2 ZFljIle 0em3), (9) 

is about 7 for ‘the orifice conditions. We -neglect any 
non-classical~ scattering. -The ~electrical resistance,.R,..of 
the orifice is then 

R=L/KI.~<T. b) 

and the voltage across the orifice (V = IoR> and the 

power dissipated in the orifice P = Ii]? are related to 
the discharge current by Ohm’s Law. 

for the electron gas in the orifice region. Excited or 
ionized Xenon atoms either .radiate to the external 
world, leave the orifice, or are quenched at the walls, so 
that these processes are major loss mechanisms. 
Another significant loss is by electron convection, 
which is simply. a statement that the insert electron 
temperature is cooler than the orifice. electron 
temperature. The expressions for these losses are: 

(1) Ionization loss: 

w’ ion = <Eion> X Iprod (11) 

where &ien> is the mean energy loss due to an 
ionization event (taken to be 12.2 eV for Xenon). 

(2) Radiation loss: 

wrad = ru2.L X <Erad> X 4orad (0,) X Je Nn (12) 

where <Era& is the mean energy loss due to an 
excitation event (taken to be 10 eV for Xenon), and Orad 
(Oe), the thermally averaged cross-section for radiative 
kxcitatioi?, is approximated for Xenon for temperatures 
of a few eV by 

orad (Cl,) - 1.93 X 10~1~ Be -1’2 e-l 1.6’ee: (13) 

(3) Convective loss: 

Wconv = In (0,.- gin) .. (14) 

where ID is the discharge current (i.e., the electron 
current through the orifice), and 0in is the electron 

Enerw LOSS Mechanim 

There are three major energy loss mechanisms 

Table 1. HC orifce dimensions operation parameters and calculated results varying the model parameters. 

temperature at the input to the orifice. 

The orifice plasma density is found by balancing 
the ohmic heating ‘with the sum of the three energy 
IosSes: 

I?I = Wion + Wrad +,Wconv (15) 

Diameter Length Janode (A) Xe (seem) Ie max (A) IR (V) I 2 R (W) Utilization eVlion 
-1.0 6.0 “1.00 2.00 1.11 22.31 22.31 4% 3,952 
1.0 12.0 1.00 2.00 1.18 44.26 44.26 4% 7,315 
0.7 6.0 1.00 2.00 1.49 40.44 40.44 5% 5,312 
1.0 6.0 1.00 4.00 1.15 25.10 ‘25.10 2% 4,270 
1.0 6.0 2.00 2.00 4.77 35.06 70.11 - 17% 2,879 
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Results  

The above equations are used in a spreadsheet to 
ca lcu late se lf-consistently the plasma density, electron 
temperature, power dissipation, and ion output (;n2 J i) 
of .the orifice ,as a function of orifice dimensions, gas 
flow rate, and discharge current. The ca lcu lation 
cons ists of iterating the orifice plasma temperature and 
density until the ion production equals the ion loss and 
the I’ R power dissipation in the orifice equals the total 
energy loss. The maximum electron current Imax which 
can flow through the orifice is  the one s ided* electron 
thermal current times ion current7 

I 
max 1, = fes c  mi 

1’ 
-  I.. 
2nm, ion 

where f,,, is  the fraction of ions that leave the orifice 
and escape through the hole in the keeper anode, 
typically about 40% of the ions. 

Sensitivity Studies 

W e applied the model descr ibed to a hollow 
cathode design being tested in the laboratory to 
determine how cathode design and operating parameters 
control cathode performance. The results are shown in 
Table 1. The nominal model cathode parameters (first 
row of the table) were chosen to be s imilar to those of 
an early small cathode design. The model was then run 
changing relevant parameters by a factor of two. 

In the second row the orifice. length was doubled. 
The ion output was increased a little; but the power into:, 
the orifice increased by a factor of two: This follows. 
naturally from Equation 10, where the. res istance is  
linearly dependent onthe- orifice length; The. additional 
power is  dissipated by radiation ionization losses to the 
increased wall area. A shorter orifice reduces these 
losses. However, the orifice length can be reduced only 
so far to improve performance. The s imple. zero 
dimensional model breaks down if the orifice length is  
less than the orifice diameter.. 

In the third row, the orifice diameter was reduced 
so that the electron current density in the orifice was 
doubled. Again from Equation 10, the res istance 
doubled, and thus the vo ltage drop in the orifice also 
doubled. But the ion generation increased, because the, 
power is  deposited in a smaller vo lume. The. ion 
generation increased more s lowly than the power 
dissipation, consequently it cost more energy for each 
ion generated. Notice that the energy to generate an ion 
which escapes-from the cathode is  quite high. 

A few cathodes .with differing orifice geometry 
were being evaluated. On the basis of the model 
predictions, the cathode with the smallest orifice 
diameter and length was se lected as being potentially 
more efficient. In .Table 3 are shown the ca lcu lated 
parameters for the baseline cathode and the smaller one 
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The gas flow rate was doubled in the fourth case. 
This increased the res istance somewhat, but made little 
difference on most of the other parameters. Gas  flow is  
an important parameter only when the gas flow is  
reduced so much that the ionization inside the orifice is  
high. 

In the final row, ‘the current is  doubled. 
Increasing the current increases the vo ltage drop in the 
orifice, and increases the power dissipated in the orifice 
by a factor of four. This leads to a substantial increase 
in ionization. 

Below we identify the relative sens itiv ity  of the 
ca lcu lated results to var iation of input parameters. Since 
the model is  not exact, it is  of most. use a guide to 
reducing the trade space in the laboratory necessary to 
develop an optimum design. 

Table 2. Relative var iation of HC, model 
performance to the different parameters. Sensitive 
parameters are shown in bold. 

‘I, max IR Pi, ’ Utilization eV/ion 
baseline 1.00 1.00 1.00 1.00 1.00 
2 X length 1.07 1.98 1.98 1.07 1.85 
2 X Je 1.35 1.81 1.81 1.35 1.34 
2Xgas 1.04 1.13 1.13 0.52 1.08 
2 X current 4.31 1.57 3.14 4.31 0.73 

Table 2 shows the sens itiv ity, w ithin the range 
of parameters w ith low expellant utilization. Additional 
orifice lengmwastes power because a-larger fraction. of 
the ions generated are lost to the orifice wall: An ideal 
cathode would have.a very  short orifice..Increasing the 
current density-by decreasing the orifice. radius. results 
in higher power and neutral densities w ithin the orifice. 
The- limiting factor is  probably increased orifice 
temperature as the current density keeps increasing. The 
increased cost per ion is  result of the orifice aspect ratio 
changing when the diameter decreased and the length 
was held constant. Increasing the gas flow only wastes 
gas, as long as the ionization fraction is  low. Increasing 
the electron current through the orifice increases the 
power density by a factor of four, and results in 
increased ionization, expellant utilization, and a reduced 
cost energy cost per ion. 

AmGcation to Cathode Operation 
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Tab l e  3. Mode l  pe r f o rmance  for 0 . 2 5A  emiss ion -o f  the  base l i ne .and  sma l l e r  or i f ice ca thodes.  

D i ame te r  L eng t h  J a n o d e  (A )  X e  ( seem)  Ie m a x  (A )  lR (V )  1 2 R  (W)  Ut i l izat ion eV l i o n  
1 .0  6 .0  1 . 25  1 .72  1 .69  25 . 31  31 . 64  7 %  3 , 667  
0 .6  2 .0  0 . 73  1 .46  0 .77  12 . 60  9 .20  4 %  2 , 344  
0 .6  2 .0  0 . 98  1 .46  1 .33  15 . 29  14 . 99  6 %  2 , 205  
0 .6  2 .0  1 . 23  2 .24  2 .05  18 . 92  23 . 27  7 %  2 , 228  

wi th total cu r ren t  c o m p o s e d  .of 0 . 2 5A  em iss i on  cu r ren t  Fundamen t a l  c h anges  in  or i f ice g e o m e try, wh i ch  a l l ow 
as  we l l  as  the  a n o d e  cur rent ,  wh i ch  va r i ed  f rom case  to m o r e  of the  i ons  to escape ,  h o l d  g rea t  p r om ise  in  
case.  d ramat ica l ly  imp rov i ng  ho l l ow  ca t hode  pe r f o rmance .  

Expe r imen ta l  da ta  is s h own  in  F i gu re  4. T h e  da ta  ’ R e fe r e nces  
shows  c lear ly  that sma l l e r  ca t hode  pe r fo rms bet te r than  
the  base l i ne  ca thode ,  e v en  m o r e  so  t han  the  mode l ,  1. K a tz, I., B . M . Ga r dne r ,  M . J. Mande l l ,  G . A . 
pred icts.  T h e  mode l  p red ic ts  that the  base l i ne  ca t hode  
pe r f o rmance  shou l d  l ie b e tween  the  two u p p e r  ca thodes.  
Howeve r ,  the  sma l l e r  or i f ice ca t hode  actua l ly  ou t  
pe r fo rms the  base l i ne  at for l owe r  g as  f low a n d  l owe r  
a n o d e  cur rent .  

J ongewa rd ,  M . P a tterson, R. M . Myers,  J. Spacec ra f r  -  
a n d  Rockets,  34 ,  1997 ,  p. 824 .  j 

2.  S ieg f r ied ,  D.E. a n d  P .J:’ W i lbur,  ‘A n  Invest igat ion of 
Me rcu ry  Ho l l ow  Ca t h ode  P h e n o m e n a ,” A IA A  78 - 705 ,  
A IA A /DGLR  13 th  In te rnat iona l  E lectr ic P r opu l s i on  
Con fe rence ,  S a n  D iego ,  1978 .  

I IRII I +  Janode  0 .98A ,  X e  224sccm ! 
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0.0  
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Fig. 4. Labo ra to ry  da ta  c ompa r i n g  base l i ne  a n d  
sma l l  or i f ice ca t hode  pe r f o rmance  

Conc l u s i o n  

T h e  mode l  p r esen ted  shows  that the  d imens i ons  

3. Sa lh i ,  A . a n d  P .J. Turch i ,  “‘A  Fi rst -Pr inc ip les Mode l  
for Or i t i ced Ho l l ow  Ca t h ode  Ope ra t i on ,” A IA A  
92 - 3742 ,  1992 .  

4. Sa lh i ,  A . a n d  P .J. Turch i ,  “Theore t i ca l  Mode l i n g  of 
Or i f iced,  Ho l l ow  Ca t h ode  D ischarges,” IEPC - 93 - 0 24 ,  
1993 .  

5. Hayash i ,  Makoto ,  “De te rm ina t i on  of E l ec t r on -Xenon  
Tota l  Exc i ta t ion Cross-Sect ions,  f rom Th resho l d  to 
1 0 0  e V , F r om  Expe r imen ta l  Va l u es  of T o w n s e n d ’s a: ” 
J. Phys.  D:App l .  Phys.,  16 ,  1983 ,  p. 581 .  

6 .Wagenaa r ;  R. W . a n d  Fi J. d e  Hee r ,  Tota l  C ross  
sect ions for e lec t ron  scat ter ing f rom Ar ,  Kr ,  a n d  X e , J. 

,Phys.  B : A t. Mo l .  Phys.  18 ,  1985 ,  p. 2021 .  

7. Parks,  D. E ., K a tz, I., Buchho l tz ,  B ., a n d  
W i lbur,  P ., “Expans i o n  a n d  E lec t ron  Em iss i on  

of the  or i f ice a n d  the  total e lec t ron  cu r ren t  a r e  the  most  
impor tan t  pa r ame te r s  in  de te rm in i ng  ho l l ow  ca t hode  
p l a sma  p roduct ion .  T h e  mode l  p r ov i ded  usefu l  d i rect ion  
for l abo ra to ry  stud ies. It was  ab l e  to correct ly r ank  the  
pe r f o rmance  for a  sma l l  or i f ice g e o m e try va ry ing  f low 
ra te’a n d  a n o d e  cur rent ,  a n d  it d i d  successfu l ly  p red ic t  
that the  sma l l  or i f ice ca t hode  wou l d  pe r f o rm bet ter  t han  
the  base l i ne  ca thode .  Howeve r ,  it was  no t  suff ic ient ly 
accu ra te  to p red ic t  the  re la t ive pe r f o rmance  b e tween  
sever -a l  ope ra t i ng  cond i t i ons  o n  d i f ferent ca thodes.  

Character is t ics of a  Ho l l ow -Ca thode  P l a sma  
Contactor ,” J. App l .  Phys.  7 4  ( 12 )  1993 ,  p. 7094 .  

A c k n o w l e d g m e n t 

Th is  wo rk  was  sponso r ed  by  N A S A  cont ract  C -  
75634 -J .  

T h e  f undamen ta l  i n fo rmat ion  . f rom the  ‘mode l  is 
that the  ho l l ow  ca t hode  p l a sma  p roduc t i on  is con t ro l l ed  
by  the  i on  cu r ren t  that is g ene r a t e d  in  the  or i f ice a n d  
escapes  wi thout  r ecomb i n i ng  o n  ca t hode  sur faces.  
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