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Plasmadynamics and Electric Propulsion Laboratory .
The University of Michigan

~ 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 NASA/GRC. 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 currént 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 »thé 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
electrlcal resnstance in a smaller orifice, and thus 1ncreased power dissipation:

N omenclature - m; - =ionmass, kg
o . R ’ . . ~m, .. =neutral atom mass, kg

F = gas flow rate, standard cubic centimeter per 7 = neutral atom density mass, m

‘ minute, sccm ‘ ' -
Ip  =total orifice electron current, A » :
Ielmssmn = orifice current emitted, A n, - —'electron density,

T eeper = keeper electrode current, A n; ‘= ion density, m

I =ionlossrate, A . N, - =neutral density; m
I.x = maximum possible electron current A P = Power d1351pated in the orlﬁce,
Lis = = total ion production rate, A 7 R = electrical res1stance of the onﬁce ohms
I, = electron current densuy, A m? ' T = orifice radius, m
T, = jon current density, A m : Weony = power loss by electron convectlon, W
L =orifice length, m .~ - c - Wi =power loss by ionization, W
m = neutral atom mass, kg - o Waa = power loss by radiation, W
m, = =electron mass, kg - €, - = permeability constant, Fm'!

* 8888 Balboa Ave., San Diego, CA 92123-1506.
21000 Brookpark Rd., Cleveland, OH 44135.
~ * Ann Arbor, MI 48109.
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8, = or1ﬁce electron temperature, eV

6, . =ion temperature, €V

6, = insert region electron temperature, eV

o, =neutral gas temperature, eV

o . =electrical conductivity, ohm m?

Con = electron neutxal scatterlng cross sectlon, m?

Oion = iOnization cross sectlon,

Ond. = inelastic cross section, m?

‘A = Coulomb logarithm

W, = electron plasma frequency, rad gt

v - =effective scattering rate, st

v, =electron ion scattermg rate,
Introductlon ' o

The push to smaller spacecraft has led toa

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_jon 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 shown in Figure 1 along with a conventronal hollow

. cathode.

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

Hollow catho'des (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

deyvices typically operate at low voltages (10-30V), 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 thatno =

.,"{ that exit were generated in the orlﬁce

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 currént 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
eff101ent mode of operatlon '

“To aid in the development of these new hollow
cathodes, an 1mproved orifice 1on1zat10n 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 de51gn and operatmg
parameters, including . :

1. Orifice diameter -

2. Or1f1ce length

- 3. Gas flow rate

4. Keeper current. ' :

The goal was to reduce. the desrgn space,. and to
see if the model was accurate enough to be a useful

- design tool. The model and the results are presented

below.

Rev1ew of HC Orlfice Ionlzatlon Model

Flgure 1 shows the" typical dlrnens1ons of a
hollow cathode for space applications. Though the
entire device is fairly small, the orifice through which

 the insert region communicates: w1th 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 from the device. Typically, the orifice length is
- much ‘greater than the orifice diameter. This means that

only a'tiny fraction of the- ions entering the- orifice can
exit the orifice. without hitting the  orifice ‘wall and -
recomblnlng As we show below, almost all the ions

Electron
. Paths

. Flegion
T ~06om

IIIIIIIIIIIIIIIIIII/II/I/II/IIIIIIIIII/

\Keeper

Flg 2. Typlcal dimensions of a conventlonal hollow
cathode for space apphcatlons.
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‘e, Xe?
Xe+ ‘ e, Xel Xet ~
_Outside the Cathode .-
Insert"Région

Flg 3 Magmfied vrew of the cylmdrlcal orlfice'

region.

Operation. of hollow cathodes ' has

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 Prdces'ses

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 flow through the device -
and the discharge current. We calculate the electron
temperature and plasma density in the orifice, the 7

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 scatterlng,

cross:section based on 11terature values

Electron Temperature

" 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) The neutral gas density, N, isknown.

" (2) The electron energy drstnbutron is maxwellian w1th
' temperature Ge

(4) ,The plasma 1s qu'ési—neuiral, so that n;

been
investigated in the laboratory by Siegfried and Wilbur”. .
" Previous studies (e.g., Refererrces ‘3 and 4) have .
analyzed the physical processes inside the hollow

(3) The ions are accelerated toward the orifice

boundanes by quas1—neutral electrrc fields.- We
* dssume 6= 0.1eV.. :

=g =1.

 Fora cylindrical orifice of radius r and length L,
the ion productlon rate (amperes) is g1ven by

6 (Be) is the . thermally 'averaged cross-section for

_electron - impact. ionization of Xenon®, -which, for
- temperatures-up to several eV is well fit by
G (8e) = [3.97 + 0.6436, - 0.0368 0.2] x %))
121270805 1020 2,
Jejis the eleetrorr or ion thermal current
Je,i = e (eBg,i/2mme )12 o 3)

The neutral density'is calculated by assuming the

" flow rate equals the thermal efflux through the orifice

cross-sectional area: °

2 X oNy (e0y/2nmy)2 = (0.0718F-T) (&)

~ where F is the gas flow rate (sccm), and I, is the ion
-output of -the device -(amperes), and the  neutral

temperature; 6= 0.1eV. The ion loss rate is given by
 hess=2m (D)l ®)

The steady state - condition. is that the ion

- production equals the ion losses.

‘Ipred = jges

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, o, is given by

3 .
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L o=¢gp mpzlv

V 0)p2 =n ezlaome

where wp is the electron plasma frequency, and v is the -
effective scaftering rate for conductron The scattermg
rate, v, is the sum of

¢)) EleCtrOn—ion scattering:
: - vei_% 29 ;<.10‘12‘ne‘A; 032
md o
KV Electron-neutral scatterrng

Cen —6 6x10° 19(6/4 0. 1)/(1+(e/4)1 6)
Ven = Oen Np (0/m)!/2, .

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

. The quantrty A, the coulomb logarrthm given by

A=30- 1/2In: (neee) )

is- about 7 for the or1f1ce cond1t1ons We. neglect any
non-classical scattermg The: electrlcal resrstance ‘R,.of
the orifice is then ‘

- R=L/m2o (10) .

and the voltage across the ’orifice (V = IpR) and the
power dissipated in the»or_ifice P=1 g R are related to
the discharge current by Ohm’s Law.

Energyr LoSs Mechanisms

‘ There are three major energy loss mechamsms

_ temperature

(D

®)

(6) for the electron gas in the orifice region. Excrted 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
is cooler - than the orifice electron
temperature. The expressions for these losses are:

) Tonization loss: :

(11

~ Wion = <Ejon> X Iprod

“where - <Ejgn> is- the ‘mean - energy: loss. due to an

ionization event (taken to be 12.2 eV for Xenon).-
(2) Radlatron loss
Wiad = w2 L X <Prad> X 4Grad O x TNy (12)

where <Erad> is the mean energy loss- due to an
excitation event (taken to be 10 eV fot Xenon), and Grad
(Ge) the thermally averaged cross -section for radiative -

* excitation’, is approximated for Xenon for temperatures

of a few eV by
Grad (Be) ~ 193 ‘><',10719 Oe 112 611600, (13)
3) Conyective loss:
 Weony=Ip (8- Oin). (14)
where Ip Vis the Adischarge’ current (. eb “the electron

current through the orifice),” and :8jp 1s the electron
temperature at the 1nput to the orrf1ce

" The orifice plasma densrty is found by balancing
the ohmic heating with the sum of the three energy

Tosses:

12D = Wion *+Wrag + chnv (15)

Table 1. HC orifce dlmensrons operatlon parameters and calculated results varying the model parameters

Drameter Length -+~ Janode (A) Xe (sccm) Iemax (A) IR (V) I2R (W) - Utilization  eV/ion
1.0 6.0 1.00 - 200 1.11 22.31 2231 4% 3,952
1.0 12.0 - 1.00 2.00. 1.18 4426 . 4426 4% 7,315
07~ .60 1.00 '2.00 1.49 40.44 4044 5% 5,312
‘1.0 7 6.0 1.00 4.00 1.15 25.10 25.10 .- 2% 4,270
1.0 6.0 2.00 . 2.00 477 35.06 70:11 17% =~ 2,879

4.
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Results B

The above equatrons are used in a spreadsheet to
calculate self-consistently the plasma density, electron

ol
temperature, power dissipation, and ion output (nr’ J;) -
of the orifice as a function of orifice dimensions, gas’

flow rate, and: discharge current. The calculation
consists of iterating the orifice plasma temperature and
dens1ty until the ion production equals the ion loss and

the I'R power d1ss1pat10n in the orifice equals the total

energy loss. The maximum electron current Iyax which -
can-flow through the orifice is the one s1ded electron

thermal CI]ITCl'lt times ion current
m .
esc ion
27m, '

where fesc is the fraction of ions that leave the orifice .
and escape through the hole in ‘the keéper anode, .

typically about 40% of the ions.

, Sensrtrvﬂ_:z Studies
We apphed the model described 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 similar to those of

an early small cathode design. The model was then Tun
- 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 intos
the orifice .increased by ‘a factor of two. This follows: -
naturally from Equation 10, where the. resistance is -
linearly dependent on-the- orifice length: The- additional -

power is dissipated by radiation ionization losses to the
inicreased wall area. A shorter orifice reduces these
- losses. However, the orifice length can be reduced only

. so far -to improve performance. The - simple. zero -

dimensional model breaks down if the orlflce Iength is
less than the orlﬁce dlameter '

' In the third row, the orrﬁce diameter was reduced‘

so that the electron current density in the orifice was
doubled. Again from. Equation 10, the resistance

doubled, and thus. the voltage ‘drop in the orifice also -
doubled. But the jon generation increased, because the-

power is deposited in a smaller volume. The. ion

- generation increased more slowly than the power

dissipation, consequently it cost more energy for each
ion generated. Notice that the energy to generate an ion
Wh1ch escapes from’ the cathode i is qu1te h1gh

-The gas flow rate was doubled in the fourth case.
This increased the resistance somewhat, but made little

. difference on most of the other parameters. Gas flow is

an important parameter only when the gas flow is

-rediiced so much that the” 1omzat10n inside the orifice is
hrgh

In the final ‘tow, ‘the curfent is doubled.
" Increasing the current increases the voltage drop in the

orifice, and increases the power dissipated in the orifice
by a factor of four. ThlS leads to a substant1a1 increase

- in ionization. .

Below we 1dent1fy the relative sensitivity of the

" calculated results to variation of- 1input 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 variation of HC model
performance to the different parameters. Sensrtlve
parametersare shown in bold.

» Lmax IR P, . Utilization eVion
baseline - 1.00 .. 1.00. 1.00 1.00 1.00

2Xlength 107 - 198 198 1.07 1.85
2XJe . 135 181 181 135 1.34
2Xgas - - 1.04 .13 1.13 . 0.52 1.08

2Xcurrent 431 157 - 3.14 431 0.73

~ Table 2 shows the sensitivity, within the range
of parameters with low expellant utilization. Additional
orifice length: wastes 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 within 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.

App_hcatron to Cathode Operahon

A few cathodes wrth dlffermg orifice geometry
were being evaluated. On the basis of ‘the model

- predictions, the cathode with the smallest orifice

diameter and length was selected as being potentially
more efficient. In Table 3 are shown the calculated

- parameters for the baseline cathode and the smaller one

5
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. Table 3. Model performance forO.ZSA emission -of—the b‘aselinef and‘s‘maller orifice cathodes.

Diameter  Length Janode (A) Xe (sccm) Iemax (A) - IR (V) 2R (W) Utilization. eV/ion
1.0 6.0 125. 172 1.69 25.31 31.64 7% 3,667
06 . 20 0.73 146 0.77 12.60 9.20 4% 2,344
0.6 20 098 1.46 1.33 15.29 14.99 6% 2,205

18.92 2327 . 7%- 2,228

06 20 123 224 205

with total current composed of 0.25A emission current
as well as the anode current, which Varled from case to -
case. ,

, Experimentalbdata is shown in Figure 4. The data
shows clearly that smaller cathode performs. better than® -
the baseline cathode, even more' so than the model-

predicts. The model predicts that the baseline cathode
performance should lie between the two upper cathodes.
However, ‘the smaller orifice cathode actually- out

performs -the baseline at for lower gas flow and lower

anode current.

07 — T r

 30% more emission current at 20V

0.6 4~ - - /f using 30% less power & 15% lower gas flow
05 - . / ‘ / K/ *
z 04 j -
3 0s v / ——
02 4— L —1
N N —e—Janode 0.88A, Xe 2.24 sccm
4 - ~=— Janode 0.73A, Xe 1.46 sccm
-0 - f —a—Janode 0.48A, Xe 146 scom | |
1 =+=Baseline Ja 1.0A Xe 1.72 scom
=

0.0 ——
©0 10 20° 30 40 50

Vblas (V)

for' Orificed . Hollow Cathode Operauon ?
- 92- 3742 1992 g

'Flg 4. Laboratory data comparing baselme and
small orifice cathode performance

C0nc1usi0n

- The model pr'esented shows that the dimensions

of the orifice and the total electron current are the most -

important parameters in determining hollow cathode
~ plasma production. The model provided useful direction

for laboratory studies. It was able to correctly rank the -

performance for a small orifice geometry varying flow

rate and anode current, and it did successfully predict
that the small orifice cathode would perform better than -
the baseline cathode. However, it was not sufficiently . .

accurate to predict the relative performance between
several operating conditions on different cathodes.

The fundamental-information from the model is
that the hollow cathode plasma production is controlled

by the ion current that is generated in the orifice and-
escapes without recombining on cathode - surfaces. .-

7.. Parks,

anda.mental changes in orifiice' geometry, which allow
more -of the ions to escape, hold great promise in
dramatically improving hollow cathode performance
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