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ABSTRACT

The investigations described in this report were conducted at the
Quehanna Laboratories, Research Division, Curtiss-Wright Corporation,
under ARPA sponsorship. Project officers included Cmdr. F. Hemler,

Cmdr. W, L. Miller, and Mr. J. Patton of the Power Branch, Office of
Naval Research, which is under the direction of Mr., F. Wiesner.. The
program at the Quehanna Laboratories was supervised by Dr. E. N. Petrick.
The other principal investigators included Dr. O. K, Husmann, applied
physicist, and Mr. H. W. Szymanowski, electro-mechanical engineer.

Other contributors to the program are cited in the main text corresponding
to the area of their principal effort.

The objective of the program was primarily to investigate charze exchange
(surface) ionization., Diffusion flow rate tests with inert gases and
lonization tests with cesium were conducted using emitters of sintered
porous tungsten, electro-formed molybdenum screen, and micro-perforated
platinum plate. Excellent correlation was demonstrated between measured
ion current and the predicted value based on diffusion data. The effect
of surface diffusion flow was shown to be negligible.

Cesium corrosion tests demonstratecd the high-temperature long-term
sultability of various materials, including tungsten, molybdenum,
and aluminum oxide. 1In regard to fabrication of the ion source, a

promising technique of brazing the gintered porous tungsten emitters
into a molybdenum holder was developed.

The generation of cesium within the fuel supply system was investigated.
in order to reduce fuel storage and handling problems. A cesium
recovery of 897 of theovetical was measured.

Data are inzluded on the various phases of the investigation described
above, and specifis recommendations are presented.
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I. INTRODUCTION

The objective of the contract work described herein was to iidvestigate ex-
perimentally and optimize a compact ion emitter in order to provide maximum
~beam current per unit area. The principal investigation involved the use

of cesium ionized by the charge exchange (contact) method, with additional

limited analytical studies (for comparison purposes) of the RF and
plasma-arc methods.

During the course of the experimental work, there were some changes in
emphagsis as compared to the statement of work presented in the original
proposal of Ref. 1. The changes were necessary in order to solve several
additional problems to satisfy the contract objective. The additional
problems included, for example, cesium corrosion studies, bonding techniques,
and cesium generation techniques, none of which were originally proposed.

It should be noted that a useful ion emitter must provide (a) an accept-
able efficiency and (b) reliability and long life. Based on those
requirements, the program encompassed the following analytical and
experimental studies:

(a) For Maximum Efficiency:

1) Analytical studies of fuel flow rates, neutral and ion
lifetime, ionization efficiency, and overall emitter
per formance.

2) Diffusion experiments to establish the flow regime through
the emitter.

3) Development of a bonding technique (emitter attachment to
vapor source) to eliminate by-pass flow, i.e., fuel leakage.
Techniques investigated included powder seal, metallized
ceramic joint, arc weld, braze, and sintering in place.

4) Tests of various emitters for ionization efficiency,
including sintered tungsten plates (40% to 80% density),
molybdenum screen (0.003 in. holes), and platinum screen
(0.0004 in. holes). Ionization tests were conducted
with an ion gun; a mass spectrometer wsas designed and
constructed for precise tests but could not be put into
operaticn before completion of the contract period.




5) Comparison with other ionization techniques, including
studies of a plasma-seeding method, and of an RF method.

{b) For Reliability and Long Life:

1) Corrosion tests to establish the materials least subject
to attack by cesium, including emitter materials (tungsten,
molybdenum, platinum), structural materials (nickel,
stainlese steel), electrical conductors (copper), and
electrical insulators (aluminum oxide).

P
N

Elimination of fuel handling problems. Test of cesium
generation in situ by reduction of a storable cesium salt,

thereby eliminating liquid cesium storage in sealed vacuum
ampules.

A description of and the results of each of the above phases of the
investigation are givem im the inkroduction to each section of the
present report. Im additiom, an overall summary is presented in
Section XI, page 167. Specific recommendations for continued

P T

exXperimentation are presented therein.



II. THEORETICAL CONSIDERATIONS

This section is devoted to analytical studies pertaining to techniques
of ionization, including the charge exchange, RF, and plasma arc
methods. Such factors as fuel flow rates, neutral and ion lifetime,
ionization efficiency, and overall emitter performance are discussed.

Dr. 0. K. Husmann supervised the studies concerned with charge exchange
and RF ionization, assisted by Mr. J. Ross. Dr. C. Burnett prepared
the portion dealing with the plasma arc.
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II. THEORETICAL CONSIDERATIONS

The principal emphasis in this investigation is on the charge exchange
(contact) method of producing ions, by passing an alkali metal vapor
through a porous or screen emitter. Other techriques considered
include the RF source and the plasma arc source. Each of the methods
is described in more detail below.

A. The Charge Exchange Method

In this technique an emitter material with high work function @
removes an electron from the alkali atom, which has an ionization
potential lower than @. The charge exchange method, under certain
conditions which will be discussed later, offers the advantages of
a high ionization efficiency when compared with other ionizing
methods, and of a relatively low ion velocity distribution.

Ionization efficiency has been discussed recently by Eucken

(Ref. 2), Zemel (Ref. 3), and Datz and Taylor (Ref. 4). Previous
papers include those of Killian (Ref. 5), Taylor and Langmuir

(Ref. 6), Copley and Phipps (Ref. 7), Keuk and Loeb (Ref. 8), and
Taylor and Langmuir (Ref. 9). Development of the alkali-ion source
from the Kunsman type to the porous plate has been reported by
Nordmeyer (Ref. 10) and, in particular, by Koch {Ref. 11). A high
ionization efficiency as a principal criterion for ion sources in
space travel is discussed by Stuhlinger (Ref. 12), Willinsky and
Orr (Ref. 13), Langmuir (Ref. 14), Boden (Ref. 15), and Forrceter and
Speiser (Ref. 16).

The charge exchange method of ionization is efficient with alkali
metals because of their iow ionization potentials, as given in
TABLE II-A.

TABLE II-A. IONIZATION POTENTIAL OF ALKALI METALS

Li 5.390 volts
Na 5.138
K 4,339
Rb 4.176
Cs 3.893
-




The ionization efficiency is given by the Saha equation:

ni/(ng #ng) = {1 frexp @ -1 end}

(Eq. II-1)
where
n; = number cf ions
ng number of neutrals

(1.602) 10719 coul

work function, electron volts
ionization potential, volts
(1.38) 10716 erg/grad

deg. Kelvin

[ R I~
[ T TR I

Figure II-1 presents the ionization efficiency for all the alkali
metals as a function cf temperature, with work function as the
parameter. The curves indicate that the ionization efficiency
depends both on the work function and on the icnization potential,
and increases as the difference between the two values increases.

A woerk function improvement of 0.1 volt increases the ionization
efficiency considerably, as can be noted. Increasing the tempera-
ture reduces the ionization efficiency, and the efficiency remains
between 99% and 100% efficieacy over a wide temperature range only
when the difference between werk function and the ionization
potential is large. The ionization process starts at apprcximately
1206°K, whern the exchange surface starts to clean up by evaporation
of low work function alkali filme on the emitter surface. Even
potassium exhibits high ionization efficiency at reasonable work
functions at a temperature of 2000°K. The higher ionization
efficiencies at high temperatures for sodium and lithium can be
maintained orly with high work function materials. Figures II-2
through II-6 illustrate that the work function must be high to
maintain a given ionization efficiency as the temperature is
raised.

The charge-exchange material is evaluated on the basis of two
factors: work functior and melting point. Materials which suit
this requirement for alkali metal ionization are tungsten, moly-

bdenum, tantalum, niobium, rhenium, and platinum, as illustrated
in TABLE II-B.

TARLE I7-B. WORK FUNCTION AND MELTING POINT OF EMITTER MATERIALS

Materizl Electron Work PFunction Melting Point
W 4.54 electron volts 3380°C

Mo 4,24 2622

Ta 4.13 2996

Nb 3.99 2410

Pe 5.36 and 6.37 1773

Re 4.97 3172

W Oxide 6.25 3380

Pr Oxide €.55 1773

-5-
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The work functions in TABLE II-B are the electron work functions and

do not necessarily domimate in the charge exchange process. For
example, two different work functions are reported for gplatinum. As
recent investigations show, the work function is very dependent on

the crystallographic index of the emitting surface (Ref. 17).
Dependence of the work function on the temperature; as assumed in
earlier investigations, may be explained on the basis of this index
(Ref. 3). Two commonly used independent methods of measuring the
electron work function are the Richardson equation, predominantly,

and also the photo-effect. If there are patches of lower work function
on the surface, these will strongly influence the electron emission.
Thus, the work function given im TABLE II-B may be considered as a
lower limit (Ref. 17). The upper limit of work fumctior can be
measured with an alkali of sufficiently high iomizatiom potential.

In the case of an oxide layer, the work function is increased con-
siderably, as has been measured for W-oxide and Pt-oxide. Unfortunately,
the oxide layers have a short lifetime at elevated temperatures; there-
fore, they are not of interest unless a sufficient amount cf oxide canm
be supplied continucusly (Ref. 18). Desorption of oxygen from tungste=n
takes place in three stages. Bursts of gas are descrbed at about
500°K, 1150°K, and 17509K. The work function is of the order of 6
volts or more until the second desorption stage is completed, at which
time the work function drops to approximately 5.5 volts. A similar
desorption occurs for a Pt-oxide layer.

In regard tsc the crystallographic index, Hughes, et al.; investigated
W single crystals (Ref. 17). Their results are in good agreement with
the data discovered earlier by E. Mueller (Ref. 18). The lowest work
function is exhibited by the W-~116 plane; for the Oll plane Mueller
found values of 5.70 to 5.99 volts. The Hughes group concluded that
the thermionic emission is identical for the three crystallographic
directions 112, 112, and 110 with a work function of 5.25 £ 0.05

volt. By etching methods they achieved the surfaces on a single
crystal wire. If the emitter is not a single crystal, it is impossible
to get the same crystallographic plane cver the total surface. Because
the ipnization efficiency on such higher work furction patches is con-
siderably higher than on the other areas, they contribute more to the
ionization and, therefore, the overall work function must be weighed.
The present experimental investigation is limited to tungsten, moly-
bdenum, and platinum, but in the next phase of the investigation

porous Re-platea, sintered cr welded in Re-tubes, should be tried.

The work functicn and melting point of rhenium are promising and this
material seems to be more workable than tungsten or molybdenum.

To obtain an icn source as compact as possible, it is necessary to
achieve high current dengities. Under optimal conditions, which are
described later, the total amount of fuel (alkali metal) evapcrated
per unit time is dependent on the emitter surface temperature and

follows an exponential law.
t =z 2 (-Q/kT)
1/ (const) exp (-Q/kT; (Eq. II-2)

-12-




where

a&sorption energy
(1.38) 10-16 erg deg~l
deg. Kelvin

lifetime on the surface

Ao
won o

The lifetime (t) om a cleen hested tungsten surface, therefore;
decreases exponentially with increasing temperature. As Equatiom II-2
shows, it increases with the sorption energy. Platinum {s less de

sirable than tungsten and molyhdenum; the melting point limits the
current demnsity.

The lifetimes for ions are sho-ter than for the atoms of the same
substance. Hughes, et al., report values of both lifetimes for
rubidium (Ref. 17). 1In earlier reports, Knauer{(Ref. 19}, Bull and
Marshall (Ref. 20), and Evans (Ref. 21) reported one lifetime for
both. At temperatures of 2000°K the lifetimes are estimsgted to be
between 10~? and 10~7 seconds for alkali metals on tungsten. The
lifetime Is of Iinterest because the emitter saturatiom current demsity
is inversely proportional to the ion lifetime. Lifetimes for cesium,
rubidium, and potassium are shown in Figure II-7 using available data.
The effect of surface contamination is illustrated in Figure II-8
(Ref. 17).

To prevent the work function changing from that of the emitter

material to that of the fuel, the surface coverage with fuel should

be legs than 1% of a monatomic layer of the fuel (Ref. 19). The life-
time of the fuel on the emitter surface must be short enough to prevent
the build-up of a monatomic layer in excess of approximately 1%; there-~
fore, the diffusion flow rate must be adjusted. 1In considering a
porcus emitter, the plate can be thought of as a parallel bundle cf
many fine capillary tubes. If the surface migration time of the fuel
on the emitter surface is not high encugh, the fuel concentration will
exceed 1% sround the ends cf the capillaries and, in consegquence, the
work function will be sharply reduced from that of the plate material
to that of the fuel. Migration of the fuel on theemitter surface
depends on the surface temperature and increases with the temperature.
Recent data on the migration time of alkali on tungsten surface are

nct availeble, althcugh some information bas been published by Becker
(Ref. 22}, Benjamin and Jenkins (Ref. 23), and Frank {(Ref. 24). It
appears that the earlier investigations were made with insufficieatly
clean surfaces; rtherefore, the measured values may not he applicable.

Further experimental investigations ia this field appear to be
warranted.

The question of migration time would appear to be negligible if a
solid emitter surface is used and the fuel is equally distributed
over the exchange plate by means of an atomic beam. Tc achieve this
a small angle between incident atom-beam and the plate is useful.

-13-
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The fuel beam gun can be built into the focusing electrode (which
is at the same potential as the ion emitter) of a Fierce type accel-
erator. Evaporation of the fuel from the accelerating electrode,

however, may have disadvantages because of the breakdown voltage in
the alkali-vapor.

In addition ot the factors cf ionization efficiency, fuel lifetime on
the surface, and migration velocity, the ion beam current demsity is
also governed by the fuel flow rate through the emitter material
(""through' because this experimental investigation is confined to
porous plates and fine screens).

Depending on the fuel vapor pressure and on the design {(and the
operating conditions) of the porous plate, a certain amcunt of the
fuel will penetrate the porous plate and be evaporated from the
surface. The saturation vapor pressures of the alkali fuels are
relatively well known, and are given as a function of temperature
in Figure I1-9. The pertinent equations are:

L1 ¢ logep

8.00 -8143/T

Na = log p 9.235 -6.5 T ~5567/T

K ™ logp = 8.793 -0.5 log T -4552/T

Rb : logp 10.55 -4132/T

Cs : logp = 11.176 -1.4 log T -4042/T
where p is mm Bg and T 1is degrees Kelvin.

The above equations are taken from Ditchburn ané Gilmour (Ref. 25).
Earlier references include those of Eucken (Ref. 26), and Taylor and
Langmuir (Ref. 9).

The flow rate through the emitter is a function of the inlet fuel
vapor pressure (Pl), the mean pore diameter, and the exit pressure

(Pz). At higher fuel pressures, the flow rate follows the equation
for viscous flow:

xj
1)

(1.33 0 £*/80L) (B (Py # By)
- (Eq. II-3)

Fy, = viscous flow rate, cm3 sec~l
N = viscosity coefficlent

r = mean pore diameter, cm
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L

effective pore length, cm
P = pressure, microns

With smaller pore sizes and lower vapor pressures, the flow changes
from viscous flow to slip flow and subsequently to molecular flow.
Molecular flow denotes the condition wherein the mean free path is
equal to or greater than the mean pore diameter. The mean free path
for the alkali metals as a function of pressure is given in Fig. II-10
for temperatures of 1200°K and 2000°K. For comparative purposes, the

mean free path of helium, argon, and xenon is shown, computed using
the following equation:

A = (.6) 10°Y7/ry2 (2.68)d2 (P)
(Eq. II-4)
where A is the mean free path in cm, and
d = atomic diameter, cm, where 42 = dg (1 - C/T) (1 #C/273)
dy = atomic diatemer at zero deg. C

C = Sutherland constant

P = pressure, am Hg

The equations for slip flow and molecular flow, respectively, are
given below.

Fep = [(1.33701%) (&) (21 # Bp)/8nL] ¢ [87re3 va/124]
(Eq” 1I-5)
Fu = (87 r3 v,/12L) (q. 11-6)

When the mean free path of an atom absorbed on the capillary surface
is equal to or greater than the mesn pore diameter, then surface flow
also contributes to the total flow-rate, as given in Equation II-7
for constant plate temperature.

Fg = Fp (14 a)

(Eq. II-7)
where
Fsp = slip flow rate, cm3 sec-l
Fn = molecular flow rate, cm3 sec-l
Fg = surface flow rate, cm3 sec-l
a = (3/4) Dg(T) 0~ 04/ (r2) (v,)
vVa = mean velocity, (1.455) (104) (T/M)%, cm sec~l
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Dg(T) = surface diffusion coefficient

g = surface concentration of adsorbed atoms
6, = local surface coverage
T = temperature, deg. Kelvin

In the case of a porous emitter, the ratioof capillary length to
diameter is greater than 100, so there are no corrections for short
capillaries. The ratio of viscous flow to molecular flow would give
the effective pore radius and, with the equation for the molecular
flow, also the effective pore length, if it were assumed that the
capillaries are circular and that the total flow rate is not affected
by surface flow. Tortuosity of the capillary and deviation from a
circular shap reduce the flow rate through the capillary. It is not
possible in the case of a porous emitter to distinguish between the
length and the shape of the capillary.

As will be discussed later in the section on "Diffusion Experiments”,
the emitter (porous or screen) can be calibrated for flow at various
differential preesure conditions. Briefly, the emitter is connected
on the inlet side to a container of constant volume filled with an
inert gas (such as helium); the exit side is evacuated. Using a flow
measuring apparatus, the dependence of flow rate on plate temperature,
pressure differential, and fuel atomic weight can be determined and
utilized in the design of the ion source.

As shown in Figure II-11, the total computed flow rate per unit area
(Fm) is proportional to 1/T% and to r; whereas the contribution of the
surface flow rate is proportional to 1/r.

A factor which mitigates in favor of a high beam current density is
thesmaller emitter area which results, and the reduced power loss due
to spatial heat radiation It has already been shown that high emitter
temperatures are required for efficient ionization, batween 1100°K and
2000°K. The heat loss by radiation increases rapidly with temperature.
For example, Figure II-12 shows power loss as a function of emissivity
and temperature. Values of total emissivity between 0.l 3 aad 0.¢L are
reported for tungsten in the temperature range of 1100°K to 2000°K.

It is also advantagecus to limit the radiating area to the emitter
surface itself; i.e., with a minimum "seeing'" angle. Sideways
emission can be reduced in part by radiation shielding.. For example,
if there are n thin metal shields of the same emissivity between
parallel walls, then the energy loss reduces to:

E oz 4 @A) € (M* - 1.5/ 40
(Eq. II-8)
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where

E

I

A = surface area, cm?

watts per sq cm

5.67 (10°12)

By proper shielding, the thermal radiation loss from the emitter
therefore can be reduced. The overall loss, as indicated previously,
can be further reduced by utilizing a minimum emit ter surface, or
correspondingly a high current density.

The production of an ion beam is governed not only by the fuel flow
rate through the emitter and the emitter temperature, but also by the
capacity of the ion extraction and acceleration systems. The ion cur-
rent is space-charge-limited in accordance with the Child-Langmuir Law:

3 = (5.45) (10°8) U ¥/2/(a?) ;*%)
(Eq. II-9)

j = ion current density, amps cm~2

(=
]

accelerating potential, volts

d = spacing between emitter and accelerating electrode, cm

M; = atomic weight

Figure II-13 illustrates for cesium the dependence of the current
density on the electrode spacing at various accelerating voltages.
The space-charge-limited current denrsity attainable for various fuels
and accelerating potentials is given in Figure II-14, assuming an
electrode spacing of 10mm. A reduction in the spacing between the
emitter and the accelerator electrode sharply reduces the required
voltage, but, on the other hand, the limit may be governed by field
emission of electrons from the accelerating electrode which caan be
reduced by increasing the electrode work function. A portion of the
emitted ions will impinge upon the acceleration electrode and reduce
the work function. Because of the elevated temperature of the accelera-
tion electrode, an equilibrium condition of fuel coverage on the
electrode will be attained and (especially with an alkali fuel) the
work function will be lowered so that the electrode may be converted
to an electron emitter.

An approximation for the minimum electrode distance for discharge in
centimeters is given by the equation:

dpin = U/(103) (a)
(Eq. II-10)
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where 'a' is 1.70 for rounded polished nickel electrodes at room
temperature, U is expressed in volts, and equation II-10 pertains to
pressure levels less than 1074 mm Hg. The minimum radius for edges
on the electrodes in areas of high field gradients is as follows:

Tmin = Ukv/20
(Eq. II-11)

where rp is the radius in mm and Uy, is the accelerating potential in
kilovolts. The use of values of rp less than 0.2 is not recommended.

As indicated previously, cesium deposition on the acceleration electrode
(by neutrals or ions) reduces the electrode work function and increases
the possibility of field electron emission, as indicated in Figure II-15.
Voltage breakdown in cesium vapor appears not to be a problem if a
sufficiently high vacuum (low pressure) is available. However, if a
grid type ionizer is used instead of a porous plate with its high
ionization efficiency, then breakdown in the cesium vapor may be a
significant problem. '

At higher current densities, the beam tends to spread due principally
to the space-charge effect. If (or when) the ions impinge on the
electrode, material is sputtered with a loss both in fuel and in
electrode material, Sputtering has been discussed by Wehner (Ref. 28),
Goldman, et al (Ref. 29), among others. Following Wehner, the sput-
tering rate of molybdenum appears to be relatively low. Furthermore,
molybdenum has a high melting point and theirefore appears to be a good
choice for electrode material. Extrapolation of the sputtering ratios
for mercury given by Wehner indicate that the sputtering effect must
be minim’zed in order to provide long life for the acceleration system.

In addition, of course, the electron emission must be kept to a mini-
mum.

A "conventional' method of focusing and accelerating the ion beam is
the Pierce meth (Ref. 32). Such a system is limited to a perveance of
approximately 10'7, where the pervesance is given by the equation:

P = (Mj/mg)% (1)/U3/2
(Eq. 1I-12)
where
P = perveance

Mi = ion mass
m, = electron mass
I = beam current, amps

U = acceleratinrg potential, volts
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Perveances greater than 10-7 can be obtained by using electrostatic and
magnetic fields, in accordance with Von Ardenne (Ref. 47), Hines (Ref. 33),
Van Duzer and Brewer (Ref. 34), and Fox (Ref. 35). These types of
acceleration systems merit further analysis.

The preceding discussion on sputtering and beam focusing-acceleraticn
is pertinent to the present ion source investigation because the various
sources can be evaluated and compared only if the beam is collected and
measured. A consideration less germane to the scurce itself but un-
questionably pertinent to the ultimate application is the problem of
beam neutralization. The term 'problem" is apropos; a comsiderable
effort on beam nentralization has been and is being expended by various
agencies (Ref. 36)., Briefly, if a continuous stream of posirive jomns
is being ejected, the same amount of the negative charge will remain

in the system. Coulomb forces are built up and eventually will com-
pensate the acceleration force. Therefore, it is necessary to eject
the same number of negative charges with the positive ioms. The
question is how and where the ejection should occur, depending in

some measure on the beam diameter and the acceleration gap. It would
appear that electron injection directly into the beam is to be pre-
ferred, but the mechanism of mixing high-mass low-velocity ions with
low-mass electrons is difficult and has yet to be fully developed.

This problem is also under consideration at the Quehanna Laberatories,
although not as an integral part of the present prcgram om ion sources.
Figures II-16 and LI-17 illustrate the potential drecp in the radial

and logitudinal direction of an unneutralized beam. The potential drop
indicates that injected electrons will be accelerated toward the

center of the beam and toward the emitter plate, unless special pro-
visions are taken. ‘

It has been shown in the preceding discussion on the charge exchange
method of ionization, that alkali metal fuels in contact with high
temperature metals such as tungsten, molybdenum, rhenium, and platinum
can provide a high ionization efficiency. The discussion alsc has
included detailed consideration of such factors as diffusion flow
through the emitter, atom and icn lifetimes, and emitter temperature
effects. From the application viewpoint, brief mention has been made
of sputtering, acceleration, thermal radiation losses, and beam
neutralization, which are not principal areas of investigatiorn in the
present program. Other ion sources, principally the RF and plasma zrc
methods, are described in the follcwing sections.
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The RF_Ion Source

Briefly stated, ionization can be obtained by subjecting the fuel
vapor (e.g. cesium vapor) tc a radio-frequency field. Feor a typical
installation as discussed later in Section IX of this report, the
vapor is enclosed within a glass container which is surrounded by
external RF coils. The ions are extracted from the plasma boundary
in the end of the container.

The mechanism of the RF icnization can be described briefly as follows.

For ignition a certain amount of rest-ionization (as given in part
by environmental cosmic radiation) is essential, The RF field (prim-
arily the magnetic field component to prevent dielectric logses in

the walls of the container) causes the free electrons to be accelerated

and to ionize the low density gas or vapor. Before the ions reach
the wall of the container, both the field directicn and also the
electron direction change. The breakdown potential follcws the
Paschen law (shown in Figure II-18) and decreases with increasing
frequency. The operating frequency is in the range of 1.0 to 100
Mcps as shown in Figure II-18,

In the discharge area a luminous plasma is formed and serves as the
source of ions. To extract the ions an electrostatic field is super-
imposed over the discharge area. In front of the negative extraction
electrode a dark area is formed with a depth depending upon the
applied potential and the plasma density. At some distance from the
extraction electrode, the extraction field is screened by the
positive space charge. The luminous plasma boundary is thus the
ion-emitting surface. The dark area before the extraction channel

is free of electrons and, therefore, also free of recombinations.

Inasmuch as the vapcr pressure in the plasma is less than that used
in other types of discharges, the extraction channel (aperture) can
be larger, resulting in higher currents. Typical pressures in the
RF discharge are in the range of 0.1 to 5.0 micrens. Application
cf a longitudinal or transverce magnetic field to the RF discharge
increases the plasma dengity, permitting lower gas or vapor pressures.
Neuert, et. al., investigated the effect of a magnetic field on the
discharge (Ref. 37). Fundamental studies on the RF ion source were
performed by Thoneman (Ref. 38), Hall (Ref. 39), Neuert (Ref. 40),
Chenot (Ref. 41), and Swann and Swingle (Ref. 42). Imprevement
over the firsgt extraction systems was accomplished by Mcak, et.al.,
{Ref. 43) and in particular by Reifenschweier (Ref. 44) and
Scommeria (Ref. 45 and 46). Reifenschweier investigated the
extraction channel with the result that the channel diameter can

be increased and the channel length decreased due te the beam
crogsover in the channel. At the crossover point only a small
aperture is necessary. Sommeria investigated the plasma-channel
extraction conditions and showed good results by the arrangement

of an electrostatic lens with its focal point in the aperture.
Other investigatcrs including Moak used a magnetic field for
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confinement of the ione coming from the plasma boundary, thereby
increasing the ion current and focusing it in the channel. Beam
spreading behind the extraction channel is prevented by use

of an ion condenser (Figure II1-19), with the effect shown in
Figure 1I1-20. The increase of ion current by use of a transverse
magnetic field is shown in Figure 11-21 (Ref. 76).

The experimental technique proposed for use in the further ex-
tension of the present program is described further in Section IX
of this report.

The Plasma Arc Source

The problem as previously cited is the ultimate production of a
copious supply of heavy ions amenable tc electrostatic acceleration.

The development of such an ion source and the evaluation of its
performance requires that a number of basic problems in plasma
physics be considered. The ionization, diffusion, and recombination
processes in a plasma must be studied to obtain a suitable ion
source. Additional problems involving plasma sheaths and ion
optics are inherent in methods to extract ions from the source
and to accelerate them. Fortunately considerable literature
exiats on ioc source development for high energy accelerators,
miss spectrographs, and, recently, the magnetic mirror fusion
devices. It is readily apparent from this literature that the
detailed processes in electric discharges are not completely
understood. However, many useful experimental techniques have
evolved and several types of ion sources have been produced which
have been successful fcr their purpose.

The ion source should be designed for the utmost in efficiency and
devendabilicy. An obvicus parameter to be considered in determining
the ion source efficiency is the ion current/source weight ratio.
The total weight relating to source operation, however, is a
complex consideration depending as it does on the power supply as
well as source design. For the present, the emphasis will be
placed on developing a2 larger ion current. It appears that the
problem of power efficiercy rests primarily with the prime power
supply for the acceleration mechanism and for the overall device.
The pcwer used feor ionization is negligible, even if the process
is inefficient. Existing sources have a power efficiency on thc
crder cf 1%. Cesium ions requiring 3.87 ev for iomization and
subsegquently accelerated to at least 10 kev energy could thus

be used at about 967 efficiency (for the overall system) if

no other losses were encountered.

Likewise tha fuel waste involved in neutral atom loss must be
analyzed in terms of the overall device weight. For each ampere
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of ion current about 1 milligram/second of cesium would be ionized
and ejected. Carrying a comparable amount of fuel to be wasted
would probably not be a burden except for long-period operationm.
However, if these neutrals became ionized in the accelerating
system, they would constitute a source of electrons which would
parasitically load the power supply. A plasma sheath might also
be established which weuld shield the ions from the accelerating
field.

It appears that reliability should become a prime consideration
in the ion source. Ease in starting the ion source, stability,
and structural durability will be of crucial igportance. Im
particular, those sources utilizing compoanents subject to
sputtering are not desirable. The choice of fuel should also
be considered in this connection. The advantage of a low
ionization potential for an elament in a high temperature ion
scurce may be cvershadowed by the high chemical activity and the
vapor condensation problems with an alkali metal. Experiments
on the ionization of cesiwn will in any case be of interest.

A large number of ion sources in existence have been described
recently by Von Ardenne (Ref. 47). The Duoplasmatron developed
by Von Ardenne has excited considerable interest and this type
of source is being tested at Oak Ridge National Laboratory and
at Livermore for use in Project Sherwood fusion devices (Ref. 48
and 49). Von Ardenne's dzta for this source are as fallows:

maximum icon current, one ampere of protons with 7 ampere arc current

at 120 volts and extraction aperture of 1 mm diametecr. The power
efficiency in the ionization process was thus about 1.5%. As

far as can be determined investigators in this country have
experienced difficulty in improving on the results. Filament
life continues to be a problem and backstreaming electrons and
negative ions in the extractor region require special care if
power icss and sputrtering problems are to be avoided. An
important feature of this arc is the magnetic and electrostatic
compression which makes the ionization process especially
efficient near the extractor.

The Oak Ridge and Livermore laboratories are working also on

a hot cathode arc which is somewhat similar #c¢ the Duoplasma-~
tron but requires several hundred amperes arc current. This
source ig also operated in a magnetic field, but cdces not

utiiize the compression features cf£ the Duoplasmatron. Operation
is on a pulsed basgis with several amps beam current extracted

at the ancde for use with the magnetic mirror fusion device
(Ref. 50).

A similar grid ion sogrcé/has been developed at Qak Ridge for con-
tinuous operation,-
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A DCX type arc developed at Oak Ridge has been suggested as a
powerful ion source (Ref. 51). Observation of 20 amperes of
backstreaming ions which strike the cathode has been intcrpreted
to mean that electric fields exist within the arc and accelerate
the ions to fthe cathode sheath. This observation is in agreement
with the theory of positive ion collection by probes which shows
that the ions should arrive at the prcbe sheath with an energy
of about 1/2 kT_ (Ref. 52). The ion temperature of the arc
measurec from 18 ev to 50 ev and the drift energy of the ions
toward the cathode is about 2 ev (Ref. 53). The arc current

was 300 amperes.

It had originally been proposed in the present program to conduct
experiments on the gas~stabilized plasma arc seeded with cesium
to ascertain its capabilities as an ion source. The preceding
discussion has indicated the considerable effort currently being
expended by the AEC on arc devices and the high ion current
densities which can be obtained. In Section X of the present
report several proposed experimental arc devices are described.

In addition, the methods of ion extraction and diagnostics
are discussed.
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I1I. TYPES OF CONTACT EMITTERS

The various types of emitter procurred for use in the investigation
of surface ionization are described. Mr. H. Szymanowski was
responsible for the mechanical design and procurement of the emitters,
aagigted in the specification by Dr. O. Husmann and Dr. E. Petrick.
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III. TYPES OF CONTACT EMITTERS

Three types of contact emitters were procured for evaluation. In
each case, the cesium vapor is passed through the emitter. In order
to provide maximum ionization efficiency, the use of (relatively)
large mesh screens and grids had been ruled out, by the same
reagoning as applied to the effort in this program in eliminating
by-pazs flow around the edges of the emitter.

Emitters with the smallest possible flow passages were obtained,
including porous tungsten plates, platinum screens, and molybdenum
screens. The specifications are given below.

A. Porous Sintered Tungsten

Items Plate Powder Apparent Forous Sintering
Thickness(in.,) Size(Microns) Density(Z) Volume(%) Temp.(°K)

F-1 .050 4.0-5.0 58 42 1700
F-2 .030 4.0-5.0 58 42 1700
c-1 om 10U 6.0-7.0 52 48 1725
P-1 .060 0.5-10.0 83 17 2675
P~2 .040 0.5-10.0 83 17 2675
P-3 .020 0.5-10.0 83 17 2675

In the series of tests reported herein, the evaluation included
Items F-1, F-2, C~1, P~1 and P-2. These were considered sufficient
to provide an initial evaluation of plate types and the effect on

performance. Time did not permit tests of all of the porous tungsten
plates listed above.

As described later in Section VI of this report, another type of
emitter made by sintering a porous tungsten plate directly into

a tungsten holder has been investigated, as a means of eliminating
the bonding problem. Photographs and further information on the
latter emitter are pre3ented in that section.

B. Mechanically Perforated Platinum Screen

The platinum screen was obtained in the form of a complete "spinerette,”
the general shape and form being similar to that used as a commercial
spinerette for forming viscous rayon and artificial fibers. A sketch

of the configuration is shown in Figure III-1l. As can be seen from
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this sketch, 1000 holes are punched into the center of the emitter
plate. In order to keep the diameter of each hole as small as
possible it was decided not to polish the outer surface of the
emitter, thus leaving a rough ring around each of the punched
holes and reducing the apparent diameter of the holes from a nominal
0.001 in. to approximately 0.0004 in. As may be seen on the inset
in Figure III-1l, the actual holes through the platinum are not
direct but rather bell-shaped, with the small punched hole leading
from the apex of the bell to the emitter surface. The prime
advantage of this fabrication is that the complete assembly is
made from platinum with platinum-fused joints. Leakage is not a
problem. Gaseous diffusion experiments were conducted on the
emitter; cesium ionization tests were not made during this first
contract period.

Electro-Formed Molybdenum Screen

Severai types of screens were considered for application tc the ion
source. The conventicnal woven screen appeared to provide too large
a variation in the size of openings, even though the size of open-
ings can be reduced by mechanical rolling.

An electro-etched tungsten screen with uniform hole sizes could
have been cbtained, but the minimum hole size is 0.005 in., which

is considered somewhat large. Therefore, an electro-formed screen
made of molybdenum was procured; a photograph of the screen i3 given
in Figure I11-2. The screen is 0.001 in. thick, with a solid rim
for bonding into a holder. The holes, which are 0.003 in. in
diameter located on 0.010-inch centers, are remarkably uniform in
size. Additional screens of the same type can be obtained, with
hole sizes of 0.0015-inch diameter.
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IV. DIFFUSION EXPERIMENTS

The apparatus and the results of diffusion experiments are described

in this section. Excellent agreement is shown for flow rate as a
function of 1"“2, where T is plate temperature. Correlation between
diffusion data and measured ion current (as described later in Section V)
is demonstrated. 7The experiments indicate that the effect of surface
flow for the tested specimens and operating conditions can be considered
to be minor.

The experiments were conducted by Dr. O. Husmann, with the assistance
of Mr. B. Houck, laboratory technician.
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IV. DIFFUSION EXPERIMENTS

The diffusion flow mechanism was described earlier in Section II of
the present report. Comparison of the porous emitter with a bundle
of capillaries, as indicated therein, cannot be ccompletely correct
because the shape of the pores is variable; furthermore, the pores
are interconnected. Recently E. E. Petersen (Ref. 66) and A, S.
Michaels (Ref. 67) utilized a model to ccmpute the diffusion through
a porous body. The mean capillary diameter and the effective
capillary length depend upon the powder size, the powder shape,

the plate density, and the plate dimensions. In addition, con-
solidation of the powder may affect the flow rate, particularly
when large powder areas are welded together. It should be noted
that the consclidaticn effect may be negligible for spherical

grains because the contact areas, in case of no deformaticn, are
a minimum.

The experimental apparatus being uced to measure the diffusion flow
rate through a porous plate is shown in Figures IV-1l. From right
to left can be seen the pressure deflection meter, a gas container
with fixed volume, and a needle valve connected to the porcus plate
for flow control. On the other side of the porous plate, the
container is attached to a vacuum pumping system. McLeod pressure
gauges are located on both sides of the porcus plate.

As indicated earlier in Section II, flow rates in the molecular flow
range and surface flow range appear tc be of most interest. An
estimate of the fuel evaporation rate (for 0.37 surface coverage of
the exchange surface) for cesium, rubidium, and potassium can be

made using the extrapolated lifetimes given by Knauer {(l.c.), and

also for rubidium by Hughes {l.c.). Extrapclation of Knauer's

data for cesium gives an evapocration rate of approximately 10 amps/c.m2
for singly charged particles at 2000°K. The data of Knauer were

taken at temperatures in the range cf 14009K, therefere this ex-
trapolaticn may be optimistic. If we assume a maximum current density
of 1 amp/cm®, we are still far above the current densities published
to date for charge exchange systems. The fuel flow through the porous
plate at this high flow rate is in the molecular flow range, if the
effective pore length and if the degree cf consclidation are moderate.
As indicated in Section II, in the molecular flcw range the flow

rate per unit area decreases with r, but cn the cther hand the fuel
vapor pressure upper limit increases with 1/r.

For a given vapor pressure, the flow rate decreases as the plate
thickness L is increased, therefore for increased L, larger pressures
have to be applied and the flow range may change from molecular to
slip flow. Thc flow rate measurements, described below, were made
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over a wide range of pressure to verify the flow regime. In the apparatus,
the flow rate is measured by the change of gas pressure dp in the gas
container (tank) as given by the oil level difference in the U-mano-
meter.

Because of its low mass, helium was used initially in the experiments,

followed in some cases by argon. In the molecular flow range the flow

rate is a function of IIM%, where M is the atomic or molecular weight,

and of 1/T¥, when the gas temperature is independent of the temperature
T of the diffusion plate.

The porous plates teciced were described previously in Section III.
Before starting the flow rate measurements, however, statistical
information was developed on the F-2 porous plate including the mean
pore diameter and the isotropy of the pore distribution in three
directions. Figures 1V-2 and IV-3 show cross-sections of the F-2

plate perpendicular and parallel to the surface; Figure IV-4 is a
cross-section of the more dense P-1 porous plate. For the F-2 plate,
the number of holes of equal length (£ 0.25 micron) were counted out

in the range from 0.5 to 20 microns in 0.5 micron steps (TABLE IV-A).
In each photograph, right-angle directions were counted independently.
The result is shown in Figure IV-5. Of interest is the small deviation
in the single counts, so that isotropic distribution of the holes can
be assumed in the F material. Only the deviations of the 0.5 micron
holes are greater, which may be due to the tolerance in the diameter.
The number of counts per diameter is a maximum for the 0.5 micron holes
and decreases at greater diameters.

The measured mean pore diameter resulting from this statistical study
when weighted with the statistical errors gives a value of about 5
microns as shown in TABLE IV-B. The total length of the holes to the
total length of the traverses gives the percentage of porous volume.
It is of considerable interest to note that the statistical value of
volume, within the statistical error, agrees with the plate density
value determined by weight tests.

Computations also have been made on a model of spherical grains of
equal size, for three different kinds of package, to determine the
pore diameters and the effective pore lengths. The least dense
package has a porous (void) volume of 48%, the middle density 38%,

and the most dense 26%. The effective length of path or the

effective length of capillary also depends on the kind of package

and is equal to the plate thickness in the case of the 48% porous
volume plate, is increased to 1.23 L (with L as plate thickness)

for the medium density, and is increased to 1.3 L for the most dense
package. The mean capillary cross sections are 2.95 r2 for 48% porous
volume, 2.1 r? for 38%, and 1.2 r?2 for 26%. Figure IV-6 gives for
this model the number of capillaries per cmz, as a function of the
mean pore radius. Figure IV-7 shows the relationship between the
mean pore radius and the grain diameter for the three packages. Figure
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Cross-Section of F-2 Porous Emitter, (1000X)
Perpendicular to Plate Surface
(Surface of Plate is Shown at Top cf Photograph)

FICURE IV-2
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Cross-Section of F-2 Porous Emitter (1000X)
" pParallel to Plate Surface

FIGURE IV-3
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TABLE IM-A. PORE SIZE COUNT

FLAT SECTION FLAT SECTION
Microns]| | #2 # #2 £ n [Microng *I | %2 #| *2 z
X + [ (] A _ * 3 -+ < (] A *
0.5 JO 24 V- BRI Y] €17 o5 3 e P-4 / &
' Lol ex | &/ 63 | s (269 |0 2 2 2 P4 8
L5 o 65 | 59 | 60 | 238 ||//. 5 / /
20| L& 2 a4 2/ /96 /2.0 / 7 <
2S5 /& T /9 46 /8 2.5 2 -
J.0| 28 B z28 -4 72 || /3. 0
J.5 /79 /9 /78 /2 €8 3.5
40\ £/ < ‘7 7/ 6& /9,0 2 2
4.5 3 g -4 -4 38 ra.s / /
S50 /9 g g ’73 25 /50 / /
5.5 7 7 g 7 23 175
| soll / iz 8 z | £ |60 / /
&8 é J <% < 9 /6.5 / Z 4
7.0 7 -4 K 4 = /7 /72.a / 7
7S 4 Ca e '~ /6 7.5
A0 s / / & s /8. O / /
8.5 7 G = z2 9 8.5
sof| 7 6 Y - 0w || 9.0 / /
g5 / / / 3 6 79. 5
10,0 & 32 / / /7 20.0 / / p=4
POROUS TUNGSTEN PLATE,F2 || €7
.030in.THICK 2/:.0 / /
Oriqino! dato 27/.5]
::(:’no‘:;c;r;;qr:\::::remenfs on 1000« , 220 y P
Numbers in body of toble (n) are counts 22.57
of holes “x* microns long 23.0
gOoF | 5/3 | 388 | 462 |/767
QRIGINAL READINGS 110 | 25| 95 | ,30 ~
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TABLE I¥-B. MEAN PORE DIAMETER

FLAT SECTION FLAT | SECTION l
Microns *| *2 *| *2 X [[Microng *I .2 * *2 r
x + < o a + ° a »*
#=ﬂ s ]
0.5l 2595} 5.788| 4.5955) 6.,28 |10.2/0 || /.07 19.847| 186900 | 29 B4
L0 &OEZ| 9.000)| 8.307| 7. 538\/6. 0/ || 1./0 | /.55 /5 558| /5. 55| /5. S5k | 8/. /08
7.5 ||/ 0221/2.098)| //.5&/|//.6/9 | 23./80 |\ /./F 1/. 500 1/. 500
GO0 /9. 966 |/9.852|/3. 266 | /2. 806 128.000 |\ 1.20 || /2. 000 20.78¢ 29 . 000
2.5\ 0. 607119.790)| 10.898 /6. 93 27 127\ 1.25 % 17.6 75 17.675
.0\ 15875 12. 738 /5. 875 /3. 779 |3/. 789\ /.0
25| 1n2s7| 15256, 19.857 | 12.122|28.86/ || /.35
@90 || 18.232)| 15492\ /6.492|/3. 2648 | 32. 000 /.40 /9. 796 19,796
9.5 \|/5.5001/2.500 | /2.726 | /%588 \27. 728\| /.¢5 /4. 00 /4. 500
5.0 || 27. 795 19. /90| 18. 180 | 18,030 3¢.541 1.70 || 1= 000 /5. 000
L3N 19.853|19.83| 72.777|14.992|26.378\| /.55
6.0\ s9.902\22.¢52| /16.968| 5. 484|35.9496| /.60 /6. 000 /6,000
6.5 |15 9/8 |18.X32| /3. 000/3.000|28. 233 1. 6 5 /16.500\25.33/,28.578
7.0 | /8.522 | 9.89872. /24 (/5. 652\28.86/ | /.70 || /7.000 /7. 000
7Z.5°\/2.920116.770 /0. a5\ 18,268 |30.000 || /.75
B.0\27.168 | £.000| 8.000|/9.59Z30. R8¢\ /.80 || /8.000 /8. 000
2.5\ 8 500 |Zos6] -~ 2,019 (25 s00| /.85
9.0l /x.58822.04/| 9. 000 -  |28.e28| /.90 /9, 020 /9, 000
95| a.q0| 9.500| 9. 500 | /6. 45422266 || 1. 95
10:.0 20, 290 17. 320 10, 000 |10. 000 |23. /70 || 20. 0O 20.000 20,000 |28.280
POROUS TUNGSTEN PLATE,F2 [|Z9-%°
.030in. THICK 1000 x PHOTQ |#/.09})2/. 000 2/.000
SUMMATION OF xVn z/.50
22. 00 || 22.000 22.000
Body of toble gives xvVa with n and 22,50
x both taken from table T A
[g=.00
(2 xVn) |0 49526 2 929\|237. 534 | 32571/ 7 |885.4 73|
ZVn 87976 |AB.678|77. 765 | 20128 y78. 628
oEfm) /e 5027 [ 4.177 | 4.2/2| 2. 607| 4945
STATISTICAL MEAN DIA.
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Medium Density Package, 38% Porous Volume
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Mean Pore Radius, Microns

Figure 1IV-7

MEAN PORE RADIUS VERSUS GRAIN DIAMETER FOR
THEORETICAL MODEL WITH UNIYORM SPHERICAL GRAIN
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1V-8 shows the flow rate in amps/cm2 for the thiee models dependent
on the mean capillary radius "r", with C; as fuel. Figure IV-9
gives the flow rate again in amps/cm2 as a function of the porous
volume with the mean pore radius as a parameter.

The aforesaid model was used for comparison purposes with the measured

flow rates of the three tested porous plates.

A less complicated assumption is the use of a bundle of capillaries
instead of a porous plate. Figure IV-10 presents the flow rate in
amps/cm“ for such a bundle as a function of the vaper mass, and
Figure 1V-11 gives the flow rate through a bundle of capillaries

as function of the pore radius. Depending on the two possible
kinds of package the porous volumes are 90.7% and 75.87%.

TABLE IV-C. SOME GAS PROPERTIES

Gas M (gr) Molecular Viscosity Sutherland Const.
diameter (cm) 20 to 100°C

Helium 4.003 2.18(10-8) 1.8(107%4) 73

Argon 39.94  3.66(10°8) 2.11(10-4) 148
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