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ABSTRACT

A proposzl for an lonizer using a hollow cathode discharge
plasma is described. 1Ionization is via the very high curreat
density electron beaz component in the plasma, as well as fron
charge exchange with plasma fons. Extraction of a Het curtent
eorresponding to approximately 507 of the incomingz atonlc beam Flux

should be possible.
INTRODGCTION “tl :

A hollow cathode discharge (HCD) is a sicple, efficient device
for producing a highly ifonized, dc plasma. *“ It has often haen
used as a plasma source for laboratory expasriments. At BNL, ig
recent years it has been used to generate a plasma for an intensa,
steady stats H— source (IH- = 25:) n.\).3 »" and 4n a plasna
ncutralizer for negative ions.5 1In addition, the possible use of
the YCD as z very efficizaat ionizer has haen considered with regard
to the ponlarized ¥~ soucce devalopnment at BN .% In this casz, one
would not fonize the polarized bzam within the hollow cathode, but
rather uses the external plasma and high electron current density
for ionizatlion. The extension of tuls fonizar concest to palarized

iie will be discussed hare. The evaluation of 1ts use for foaizing
other gasss is straightforward.

PROPERTLES OF A HOLLOW CATHODE DFYSCHAHGE

The HCD oparatas by feeding gas through the hollow cathode,
which is at 2000-3000°C. This gas Is essentially 1002 fonized by
electron bombardment within the cathode, and flows fnto the rain
vacuun region, forming a high density, external plasama. One typi-
cally operates with an axial magnetic field to confine the external
plasaa, although the Eield is not essential for the cathode opera-
tion. The location of the anode for the system is not criticai,
a.d is eitier the chamber walls or magnet colls. Initial ion bon-
bardment heating of the cathode can be via an rf discharge, or by
electron ionization froa an appropriately placed and biased fila-
meat.’ After this initial heating (£ 30 seconds), the cathode
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CONCLUSIONS

A plasma generated by a hollow cathode discharge cza be a very
high efficiency ionizer. While the exact parameters for an cptimum
design will depend on the properties «f the polarized beaz
(flux and optics), in principle an ionization efficiency of up to
50% can be obtained. For comparison, electron bombardzent ionizers
for polarized hydrogen sources at ETH, Zurich, 3 and Bonn Uni-
veraityl have efficiencies of 5% and 6.2%, respectively {although
cross sections favor the fonization of hydrcgen over helium). Loss
of polarization in the HCD-based fonizer due to wall recycling of
gas and fonization in fringing fields should not be too severe.
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Figure 1, Schematic for an HCD plasma ionizer,
e

L2t us firat consider ifonization by electron impacc only. The
cross section for ioniration of He by electrons (Oi) is approxi~
nately 2.5 x 107 7 cm? at 50 V. For an electron current density
Je' an fonizer len"th 2, and heliun atonic b2anm veloefty v, the
fraciion of the incoming flux which is ifonized 1is 1-exp(-J oi!/qv)
(q is the charge of the electron). If one opzrates two cathodes,
each at 50 A, 2nd the glasma in the tonizing region has a cross
sectional area of 2 cm“, then one could get J_ =~ 25 Alca?. For a
rocm temperature atomic beaa (v = 1.45 x 10° ca/s), aad a length of
30 «u, 54% of the incoming flux is fonized. With a lower
tenperature atomic beam, the fonization fncreasss accordingly (es—
sentially full ionization in less than 10 cu for a 4°K bean).

IE the HCD is operated in “He, one gsﬂs add{; ional fonization
from the charge transfer reaction aﬂé + ot & “He « The
fraction of the incoming flux which is ionized from both charge
transfer and electron impact is then

J g 1 n,. €%.v_ D2




“ignites”, and heating from plasma ifion bombardment 1is enough to
maintain the discharge (the filament is turned off). The HCD will
then operate with a wide range of parameters. While the lifetime
of a cathode depends ou the cathods material, operaticg gas, gas
fElow, arc vsltage and current, dc operation for more than a week is
possible. The cathode is often Ta, although other materials also
work. It can have s diameter from a few millimeters to tens of mm.
It can run with many gases (noble gases, hydrogen, nitrogen). One
can get a high plasma dens'ty with magnetic ficlds from a few
hundred Gauss to a few kilogauss. The shape of this external mag-
netic fleld 4s not critical. Depeading on the gas being used, the
geonetry of the cathode, the magnetic field, and the gas flow, the
cathode voltage wiil be 30-100 V. The arc current can bs varied
over & wide range for a given cathode. As an example, a 3 mm di~
ameter cathode was operated in Ar from a few anperes to several
nundred anps.1 Plasma densities in the 1613 to 101 o ° range cai
be obtained, and the background pressure 13 typically 1n the 10—
Torr range, or 10~ % Torr with sufficient differential pumping. The
length of tie plasma can be anywhere froam a few centimeters to a
few meters with almost no change in the discharge current and vol:z~
age.  The gas flow fron a 3 mm diameter cathode would be < 0.1 T-
/s when operating in Ar,? and 0.7 T-%/s in helium.! There is an
electron current which follows the magnetic field lines external to
the cathode having an energy equal to almost the full cathode volt-
age. Approximately half of the total arc curreant Is carrvied by
these fast electronb, ge’ulting in elecctron current deasities of >
10 A/cm? (ng> 10! cm"}. From this very genaral description, one
see3 the attrac:tve features of the HCD.

IONTZER CONFIGURATION

This paper will consider the use of the HCD plasma as an
ionizer in one of two ways. One possibility is to run the catindc
with a gas such as Ar, aad rely on the high electron current to
jonize the 3ffe. The second is to run the cathode in “He, where one
gets an additional contributioan to the ilonizstion from charge ex-~
change between e and *He*. 1In both cages, mass scparacion would
be required after extraction. Figure 1 shows the fonizer schem-
atically. The cathodes are ian individual solenolids at one end.
Differential pumping would be incorporated near the cathodes to
keep the pressure in the wmain solenoid as low as necessary. The
plasma from the cathodes follous the magnetic field lines into the
central field reglon. Polarized e e injected axially into this
central field and ionized by the fast electrons (and by charge
exchange if the cathodes are operating with helium). At the op-
posite end one has an extraction system similar to electron beam
ionizers. The electric field at the extraction end will entance
the oscillating electron cucrent (reflex mode).



With the ahove ‘He plasma density, one can nov evaluate the
ionization efficiency including charge exchange, froam Equation 1.
Taking, again, J = ZSA/cmz, v = 1.45 x 10% ca/s, 2 = 30 cm, and
taking vpey = 7.8 x 10° cafs (T; = 1 eV), ocg X 2.7 x 10715 ca?,
one calculates an efficiency of 64X (compared to 54X from electron
ionization alone). If one were to run with a higzher extraction
voltage, the plasma density (and, therefore, the fonization ef-
ficiency) could be fncreased, at the cost of an even larger ex-
tracted “He* current. It appesrs more practical, however, to coa-
centrate on designing for ionization by the fast electrons, with
the plasma ions primarily serving to preserve neutrality, thereby
allowing the high electron current density. If one chooszs to
operate the catbode with argon, the extracted Ar' current will be
lower than the “He* curzent for the same plasma density (reducing
power supply loading), and mass separation after extraction would
be easier.

iu order to maintain the fast electron coaponent whiie keeping
the plasma density in the ionizing region relatively low, a biased
plasma collimator could be used near the cathode. In addition,
increasing the strength of the axial magnetic field at the entrance
to the jonizer will reduce the entrance of cathode plasma into tha
ionizing region, while at the same time acting as a mirror for
plasma iaside the ionizer, causing most of the 3le ions which are
formed there to leave at the extraction end. In the same way, this

field shape minimizes the extraction of %4e fons formad in the
fringing mgoietic f.elds-at the entrance (which could reduce th:
beam polarization).

The normalized emittance for a tqaa produced by extraction
from a plasma can be calculated froa

g = 2r (kT;/2)Y2 % unaraa (evyl/? (6)

whera r is the aperture radius, in msm, and kT, is tne ion tempera-
ture, }2 eV. For r = 5 mm and kT; = leV, one gets € = 77 an-arad
(Mev)l « The growth in the effective emittance due to the extrac-
tion of the beam from the axifa) magnetic field is given byl2

AEN = 0.245 Br2/YH « sm-arad (Hev)llz 6]

where B 1is the magnetic field, in kG, r is the apertura radius, in
mm, and M is the -ass1 nanue For B=1%kG, r=5cm, and M = 3,
A€ = 5% mm-mrad (MeV) / » The expected emittance, meglecting any
emittiyie growth from the extraction optics, is then 12 ¥ mn-arad
(MeV) « The energy spread of the extracted beam will be only a
few eV,

The approximately 50% lonization efficlency has been calcu-
lated for “He in its grouad state. If the is in the metastable
state, this efficiency will be much better due to the larger ‘
electron ionization cross section. The fracton of 3fe*™ with this
ionizer will be very low, since the electron energy is low.



where Ve is the plasma fon velocity, 0y, 1s the plasma density,
and G, is the chargs exchange cross section. Before calculating

this eEficiency, there Is another aspect of the ionizer operation
which muat be cOﬂsidered. Tﬁe plasma 1n the ionizer region has
four components, with nf + “th = n?k 3 + y whre the densities are
for fast electrons, thermal electrons, “He ions, and Lons from the
cathode opirating gas, respectively. When n+ is large, a large
“He* or Ar current is extracted, which, due %o space charge
forces, may spoil the extracted beam optics. One can estimate an
upper limlt this places on the backzround plasma density by

naglecting n; and n?h . In this case, the extracted curreat
density can Ee given By

Joye = 0.4 ne ¢ I (2)

L]
where n is the plasna deﬁsity, M 1is the ion mass, and Te is the
electron teamperature. To estimate the maxinum current density that
one can focus pr.perly in an extraction systea, we use the Child-
Langaulir expression For space charge limited current

4e 372
JoL = v "zﬁ—“z'z*‘ 3

where V Is the extraction voltage, d is the extraction gap, and €,

is the permittivity of frce space. For the extracted beam to ba
properly focused, one should have Jext - JCL‘ Then, fronm Equations

2 and 3, and solving for n, one gets

€ 3/2
=10 o _1_ ¥ '° 4
5 e “
Transforaing to more convenient unitg, one has
s 3/2
n=56.15 x 10 '—-1——,_1 = ij—, (5)

vhere kT, is in eV, V in volts, d in cm, and 0 in ca3. Note that
this density is independent of the mass of the plasma fons. For
satisfactory beam opiics, d > 2r, where r is the radius of the
extraction aperture. Fron this, one sees that {f d =1 cm, V= 20
kV and kT, = 10 eV, then n = 5.5 x 10 11 .u=3. If one were operat-
ing with gHe, the extracted * He' current in this case would be

60 m.
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