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Physical problems in high-intensity ion sources

by C. J. Bakker and J. Kistemaker

Stichting voor Fundamenteel Onderzoek der Materie, Afd. Massaspectrografie,
Zeeraan-laboratoriiun, Amsterdam.

Tliree eriteria are of great. importance for high intensity ion
sources:
1. the production of the ions in thc, discharge;
2. the transportation of the positive ions to the edge of the plasina.

or out of the discharge in the direction of the exit opening;
8. the extraction of the ions front the souree without disturbing the

discharge.
We give a short discussion of these tliree points.
I. The gas in ion sources is usually ionized by elcctron iinpact.

Call P, the number of ions created per elcctron per unit path
lcngth and per unit of pressure at. 0° C. Then the total number
Nf of ions created per second is

N.j i, P, p xje

where i, is the elcctron current, p the pressure and x the mean path
lcngth of an elcctron in the souree. P, shows a tnaximum at about
100 eV1). It is favourable to increase •/, and (px) as mucli as pos-
sible. The factor (px) is rnost interesting as. in order to avoid the
ose of big pumps, the pressure in the souree nmst be reduced as
tnuch as possible to enable the cxtract.ion and aceelerat.ion of the
ions. A theoretical expression for (px) results front the following
considerations.

Let us dcnote by P the probabilitv for the disappearance of an
elcctron front the discharge per unit path lcngth. P will depend
strongly ort the type of ion souree. In a. first approximation it may
be supposed however that in capillary arc sources (Lamau) and in
magnetie sources (Finkelstein, Heil).

P Pa : - I', P

where P„ represents the loss of electrops to the anode and the walls
independent of the pressure; Pc p represents the loss of electrons
at pressure p, duo to collisions with gasrnolecules. Both Pa and P,.
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are very sensitive tci the veloeity of the eleetrons and an ap])lied
magnetie field H. Ii H is parallel to the electrie fielet, both Pa and Pr
tend to decrease with increasing H. The samt« expression forPmay
hold approximately in high tension ion sources if x is taken along
the eleetron path. Aeeording to onr definit-ion of P we have:

h tc.„e
and

(px p I Per1'" x rix

(p r) l' l>

i' ra + PcV

As the recomhination cooffieient is eortainly smaller than 10 10

it can he easily sliown that in onr ease the nuniher of eleetrons
lost by reenmhination is niuch smaller than the mimher of
eleetrons present.

\\*e distinguish between:
a) Cnpillary-arc ion sources and tu some extent also high tension

ion sources. Usually p < 10 1 nun IIg. As the loss of almost tili
eleetrons is due to the electrode eonfiguration P„ Pep and
(pr) — p/P„. Tins means that N( is linearly proportional with p.

b) Magnetie sources, with oseillating eleetrons. The pressure
ränge p is 10 5—10 2 mm Hg. If anode dimensions and p are ehosen
well Pa < P, p and oonsequentlv (p-n — 1 ,'P,.. This means that
Nf is pressure independent.

e) lligh frecjuency ion sources differ front the preceding types
in several respects. The value of x is always several times the size
of the sonree it diffnsion losses are redueed. The eleetron enrrent
depends ou the pressure, as all eleetrons originale front the gas by
ionisation; is maximum if the eleetron eollision frequency in the
gas equals about the frequency v of the fielel. Oonsequentlv the
i iptimmn in p increases with v. A freijneney of 100M.O. eorresponds
with about p 3-10 2 mm Hg.

The sources of type b seem to he very eonvenient to ohf.ain high
values of N, at low pressures. The eleetron enrrent i,. can he made
high and (px) can he raised considerably by inereasing H.

2. The maximum eurrent- which can be drawn front a, sonree
depends on the potential distribution and degree of ionisation in the
plasma or discharge as well as on the extraetion conditions. The ion
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currents obtain their maximum value if thoy are so called "space
charge limited". The minimum ion density «*,„ at the emitting
aequipotential surface, which we will call the Virtual cathode" of
the ion source, giving rise to space charge limited currents, follows
aecording to Langmuir2) from

i*eO ö,4-10 « (J3 'j
where v* is the mean velocity of the ions at the virtual cathode;
this is the aequipotential surface at which the electrons are reflected
back into the discharge. This surface is situated approximately at
B in Fig. 1. The factor a is about 0.25 for thermal ions and 1 for

Fig. 1.

Scheine of the potential distribution in a magnetic ion source with coaxial magnetic
field. Direction of ion extraction and magnetic field coincide.

a) The source with electrodes;
b) axial potential distribution for space charge limited ion currents;
c) radial potential distributions.

perfect unidirectional ions. 0 is the area of the virtual cathode, d
its distance from the extraction electrode, I* the extraction voltage
in Volts and M the mass number of the ions.

In order to obtain space charge limited ion currents with an ion
density «*in as small as possible, one must realize;

a) v* as largo as possible; increase from thermal velocity (0.1 eV)
to 100 eV increases v* already with a factor thirty.

b) « 1, which means unidirectional ions.

c) the depth of the source, from which the unidirectional ions are
transported to the virtual cathode as largo as possible. To a certain
extent the number of ions is proportional with this depth.
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The ion density wmin in the ion production region (CD in Fig. 1)

of the plasma is related with «*in by

71 • V n*- V *
'"nun L "nun

it v is the mean velocity of the ions in the plasma.
We touch here one of the most fundamental problems. riz. how

to transport the ions from the production zone in the source tu
the emitting aequipotential surface, without loosing them to all
directions. A good source is seif focussing. The potential distribution
forees the positive ions to the emitting surface. In this rase there

Comparison between the extraction mechanism for space Charge limited ion currents
in a magnetic ion source with a filament at the extraction side (grid functioning)
and the usual Einkklstein type. The drawn lines indieate the electrie aequipotential

snrfaces; the block lines indieate the electron oscillation paths. The arrows
give the paths of the positive ions. Black regions are regions with a potential which

is relatively high, approx. anode potential.

will be a potential trough, as there is r. ij. in the magnetic ion
source of the Finkelstein type, Fig. 1, and also in the hightension
sources. A bad source has a potential mountain in the production
zone, which gives a diverging ion beant in the plasma itself. This

can happen in a capillary arc source.
8. The space charge limited current indicated in d. holds für a

plane emitter. However the "penetrating" fiele! of the strongly
negative extraction potential displaces and curves the ion emitting
surface, which induces a resemblance with Langmuir's external

r



50 C. J. Bakker and J. Kistemaker.

emitter. It also results in an increase of d. In tliis way an increasing
high tension t'iold partially eliminates its favourable action (F:i/2) hv
tlie increase of d, hnt especially by a deformation of the ion emitting
surface. The latter el'feet ean ea.sily reduee the maximnni ion
currents with a factor 4.

These facta are of great influence in high tension type ion sources,
and also in some high frequeney types, if the (lischarge is not intense.
No douht also in the Lamar-t-ype capillary-are ion source and in
the Ileil-type magnetic source some influence remains, hut there

Fig. 3.

The ion current on the target (it) as a function of the Omission current of the fila-
ment ie, for helium gas. The accelerating tensions vary front (i to 15 kV.

it nmst he kcpt small in ordev to prevent extinguishing the dis-
charge. From these points of view it follows that for the latter two
types the presence of a grid over the extraetion opening might Ire

favourable. The influence one ean observe in Fig. 2.

As a consequence of the facts mentioned snb 1, 2 and 8 we eon-
structed a magnetic ion source in Amsterdam3) producing typically
sp. «dt. lim. ion currents of the order of ö mA, at a gas pressure in
the source of 4 -10 4 nun IIg. The number of accelerated ions leaving
the source, was ahout 8(1% of the total number of gasmoleeules con-
sumed. We used 1I2, I Ie and X2 gas. The beam was not yet analyzerl.
The typical spa.ce charge limited ion currents are shown in Fig. 8.
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