Proceedings of the 1964 Linear Accelerator Conference, Madison, Wisconsin, USA

PROGRESS IN HIGH INTENSITY ION SOURCE AND
ACCELERATOR COLUMN DEVELOPMENT

A. van Steenbergen
Brookhaven Nafioral Laboratory

Recent work on ion sources has shown a gradual increase of proton
beam intensities obtainable from preinjector systems. In general, to-
gether with an increase in beam intensity an increase of the beam emit-
tance was observed. Up to the space-charge limit in the BNL AGS, this
will become most likely the determining factor in AGS beam intensity.
This will be especially so when multiple turn injection will be used at
the AGS, which is scheduled to be completed during the next month.

Further, preinjector intensities for the proposed BNL 500 MeV
linae injector will be of the order of 500 mA in order to obtain linac beam
intensities of af least 100 mA.

Only recently have ion sources been developed capable of total
beam outputs of this order of magnriiude and being suitable at the same
time for use in conjunction with particle accelerators because of emit-
tance characteristics., For completeness sake a short enumeration of
these sources follows:

1} PIG Ion Source. Here a plasma is obtained by means of a gas
discharge in a simple two elecirode structure. Secondary electron emis-
sion to sustain the discharge is obtained by means of ion impact on the
cold cathodes. Electron oscillation between the two cathodes is main-
taired for high ionization efficiency by means of the arnode-cathode elec-
rical field and an axial magnetic field.

2) Rf Ion Source. An electrodeless (''magnetically' excited) dis-
charge, by means of a radio~frequency field is obtained in a ceramic or
pyrex source 'pot.' An exira electrode in the plasma chamber is used
to establish a field in a ceramic channel for ion extraction from the plasma
boundary located within the source pot.

3) Duoplasmatron Source. A hot cathode (emission layer coated
cathode or a tungsten cathode} is used for the production of electrons for
gas lonization in & three-elecirode structure. With a conical geometry
of the extra electrode between cathode and arode some plasma compres-
sion is obtained. Furiher compaciion, between the extra electrode and
the arode is accomplished by means of magnetic mirror fields around the
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interspace of these electrodes. For higher output currents, a specially
shaped aperture button makes it possible to obtain ion emission from a
larger area than the source aperture opening {small plasma cup).

4) Lamb-Lofgren Source.  This source is a version of the "magnetic"
ion source, i.e., a hot cathode discharge type source with plasma concen-
tration by means of an axial magnetic field. Here, instead of a single
aperture hole, a multiple of aperiures is used to let the plasma expand
in a large cylindrical plasma expansion cup. With the extraction field a
concave plasma sheath is formed within the relatively large plasma expan-
sion cup.

5) '""Modified'' Duoplasmatron Ion Source (Solnyshkov, et al). A
large plasma expansion cup is attached to the basic duoplasmatron source
and ion extraction takes place from a shaped plasma boundary sheath.

6) "'Modified"" PIG Source (Gabovich, et al). This is the basic PIG
source with hot cathode and large plasma expansion cup.

In order to establish some criiteria by which to compare these
various ion sources, it is useful to define source brightness and related
beam emittance again. The momentum normalized beam emittance, as
related to the two-dimensional phase space projection is given by,

[J[F {x, o(X) dx dee,,
=By —

vV

BX E

where v is the emittance invariant and F (x, e ) represents the two-
dimensional transverse phase space boundary for a proton beam, deter-
mined at a particular energy.

The source ''brightness' may now be defined as:

Ion extraction from a large plagsma boundary and plasma boundary
shaping (''plasma boundary focusing'') by means of grids or extraction
fields, as applied in the '"'modified" duoplasmatron source and "'modified"
PIG source were first incorporated in this particular ien source design.
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which specifies the particles per unit time density in four-dimensional
phase space, assuming a simplified E, t distribution. ’ "~ This defini-
tion is identical to the statement that the source brightnegs is the particle
flux {current density) per unit solid angle.

Referring now to the conventional duoplasmatron source, the rf
source and the PIG source, these sources showed generally the behavior
that the emittance increased lirearly with the output beam current. This
was observed at BNL for the PIG source and conventional duoplasmairon
source and similarly at CERN for the rf source. This behavior is
expressed as:

v o= i
3
and congequently,
2
B = - ,
I

Sl
°

with & a constant

It was rather disturbing to observe that the four-dimensional phase
space density decreased with extiraction of higher beam intensities from
the ion source. Regarding this, it is useful to consider the optimum ex-
pected ion source emittance versus output beam intensity.

The minimum emittance is determined by the transverse velocily
components existing at the plagma boundary from which beam eviraction
takes place. The magnitude of the transverse components is determ.n=d
by the plasma temperature,

Taking the simplest case of a plane plasma boundary and homogene~-
ous particle density filling of the %].asma of N ions per unit volume, then
for ion extraction from an area a“ one finds for the emiftance

2 2Byam, v 24 v
v = w8 yapx/p, = ¥2Mo¥x = 2aVy |
W}BX fl’lOC T C

Using a simple cut-off of the Maxwell~-Boltzmann momentum distribution

arid assuming plasma equilibriuvm, i.e., T, = Te’ one findg’

“The brightness as defined here refers to four-dimensional phase space
only, the time structure of the beam may change the & and B values.
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1/2
k T.
7 < L

Here ;x is the x component of the mean velocity of the ions near the
plasma boundary.

Further, the total beam extracted from the plasma boundary for a
space-charge limited beam may be obtained from the diffusion equation:

or similarly

7.\ 1/4] -1
L - qll2 [Nl/z e1/2< m1> ]

O

Actually, because of limitations in beam extraction due to space-charge
effects, a more practical expression for a would be given by Langmuir's
equation:

4 v T
11/2[ €0 26 extr.3/2]

9 o g

a =

Comparison of the two expressions indicates that a practical upper limit
exists for N. For higher values of N and a given extraction field and
geometry the plasma boundary takes on such a shape that unacceptable
optical conditions result. Therefore, for any practical system, the maxi-
mum value of N may not be determined by the ion source capabilities only,
but, especially with recent ion source developments, by limitations in
(‘Vextr‘. 3/2/g%).

For the present argument the first expression for a will be used.
Substitution of a and ¥, yields:

v o= —_—r 11/2
1
T B, /2

with B, a constant,

1/2

T.

_ 2a .]‘f..;lu

or v = T 9
mgc
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I

and by definition B = —%5—5 , therefore
v
Nec
B = By =
° NEERYE
o2
Ma

Contrary to experimentally observed behavior, theoretically the source
brightness would be independent of output current, as it should be.

The foregoing approach may be enforced by substituting some
practical values for T and N in the expression for B,. An expanded
plasma from a pulsed high-intensity PIG source with hot cathode was
studied by Gabovich et al. © Here, a plasma expansion system, similar
to that used by A. I. Solnyshkov" for the duoplasmatron ion source, was
used. ypical values for N and T in the expanded plasma are 10 “/cm?’
and 10° °K, respectively. This substituted yiel ds for Bg:

By = 1.2 x 1079 —ma
2 2
cm” -rad

This value is indicated in Fig. 1. Also given here are values for B and

v derived from Solnyshkov's results obtained with a modified duoplasmatron
source. Through these points lines have beern drawn in the log-log emit-
tance current plot of "'suggested' output current dependence of the modified
duoplasmatron source. At the present time this is only supported by the
assumption that with exiraction from a relatively large plasma boundary
area the theoretical expected current dependence of v and B may be
approached.

The B, value as calculated is of the same order of magnitude as

the approximate B value obtained from Solnyshkov's experimental results.

The experimental observed behavior of v and B as a funciion of I
for the conventional duoplasmatron source, rf source and PIG source is
also given in this figure. Further the range of some recent results for
v and B with the modified duoplasmatron source as obtained by B. Vosicki
at CERN and I.. Oleksiuk at BNL are also indicated. These resulis will
be discussed in detail by L. Oleksiuk.

The foregoing approach suggests immediately that it is desirable to
keep the plasma temperature low in order to obtain high B, values and
low v values. It also explains the reason for the encouraging resulis
obtained with the sources with large plasma expansion.
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It is evident that the ion sources using plasma expansion and plasma
boundary focusing may substantially improve present ion source (PIG, rf
and duoplasmatron) brighiness figures. With these sources, beam intensi-
ties of the order of 500 mA are readily obtained. It is in a sense secondary
how the expanded plasma is established, as long as the appropriate plasma
temperature and density may be obtained. Therefore, in a first approach
several of the above mentioned ion sources will be suitable. Some perti-
nent parameters of these sources have been collected from the literature
and from BNL experience. These are given in Table I. The figures given
are meant for comparison only and all values given should be considered
to be approximate only. There should be no clear cut choice between the
modified PIG souce, the Lamb-Lofgren "magnetic" source and the modified
duoplasmatron source. However, with the duoplasmatron a high density
primary plasma is obtained in a rather efficient way. This source is there-
fore more suitable to produce an expanded plasma without actually enlarg-
ing the ion source aperture to any appreciable extent, which should be
avoided to the extent possible because of neutral gas flow into the accel-
eration column.

Some thought has been given to the most desirable shape of the
plasma boundary in the modified duoplasmatron source. This is illustrated
in an oversimplified way in Fig. 2. The possibility of positive aberration
and algo space-charge blow-up with a consequent equivalent negative aber-
ration in the proton beam should be avoided to reduce effective phase space
dilution. Presently, the first case illustrated, i.e., that of an essentially
flat boundary is being considered as a desirable configuration together
with a high gradient column approach as will be further detailed below.

In Fig. 2 is also indicated the possible reason for the experimental-
ly observed emittance-current 'beha.viqu in the cornventional duoplasmatron
source (v = Cy I instead of v = Cy I7'" as expected). As illusirated the
measured emittance would be

v 2 Byaw.

2 g . i
From elementary e].ectlf(?gzl optics & = CS I , lurther, Langmuir's
equation gives a = C4 I/ ¥, consequently v = I/w8 .

Even though the source brightness values obtained with the Sclnyshkov
source are promising one might say that developments are not so far ad-
vanced yet that one could speak of an operational source at present., Some
problems are mentioned:

420



Proceedings of the 1964 Linear Accelerator Conference, Madison, Wisconsin, USA

3

i

"ATU0 juazand 23IBYTSIP S0INOS 0} POIBISY,
e 3%

*OTIRISISICE M~ J23IE IUSIIND POIIT SY) O SI58IaJ
uaAId onyeA ay; ‘{souspuadap jusxand a7gissod J0) souspusdsp iU 3

e

1D PaJdnsEstd ay;j o @mﬂwnwm%

001-07¢ 1574 00T 0%-01 - G-1 v jusIInT SFIBYSSIP
G°0-1°0 §°0-1°0 T G'0-1°0 - = M guilesy spoyles
*018
. . 4 ® =] -l Ol I
G0 ! 0t g0 G0 ! M3 Sprousios Joj xamod e
) . Jo10®e] Ainp | -dinbs Lxeijixne
G-1 G 01-9 ¢-G°0 O01-1 ¢-G6°0 M3 v@mwsmgﬂ hm;\er 10 %uﬂNQMmEOO
00¢-001 00071 0002 06G 001I-0T OGOT-0T s\mﬁoz voridwns 01 poajelsd
-u0d €vg | 821}81I31UBIRY D
jusoasd
- - G6 06-09 06-09 08-0§ % uojouad wnwrxewr 19144}
- - - 1> 01 01> A8 pesads £3asus weaq
1801381321088 O [BOISAYJ
1/78 =€ jopeeysur °g = g
*sod *sod *sod ‘3ou *8au *8ou dutyoeoadde jo uoijeidodxy
0018 - L0162 01°¢ 0TS o01°¢ g{p=I "W (18] 89S UOTITUIISP 103)
1 8 v L8 ssaujydraq 90anos uojg
00% - - 061 06¢ 06 v Uc1}EeI9[200® M-D JA83J®E
UOI}BJIJT3TTR DPOCIIO3TD
008 000T 00071 0001 0G6¢g 061 v S[3uls J9}yB S3USLIND UOT
siiun wnwixew pajiodsy
apoyle)d 32Jn0¢ 95Jnog
95.Jnog 10H Y3IM ,,213oudeIp,, U0J} 20JN0E  3TINOY fa90anog uoj L31Susjus
uo.ajewserdongg 30JNno0g usadjory -ewiserd AY 'H1°d US1H JO uollBenjeasy
 PRUITPOIN o1 d =quieTy, -ong

Sutsnoo] Lrepunoq vwserd puse
uorsuedxs vwserd adJel Yim

I HIdV.L

421



Proceedings of the 1964 Linear Accelerator Conference, Madison, Wisconsin, USA

a. With the large plasma boundary extraction use is made of
plasma boundary focusing, i.e., the beam optics will depend on the
boundary shape. This in turn depends sensitively on extraction field,
its distribution and plasma density. Slight variations in source param-
eters are expected to affect beam optics substantially. In this connection
also the nonuniform plasma density is a problem resulting in complex
emittance patterns. For plasma boundary shaping a shaped grid might
be used. This is shown in Fig. 3 together with a version of the modified
duoplasmatron source. If a grid is used on the extraction electrode
scattering of protons due to the fine structure of the local fields might
prove to be causing effective dilution of phase space. This is presently
being studied at BNL.

b. Plasma oscillations and boundary instabilities. With the con-
ventional duoplasmatron source, beam intensity modulations with fre-
quencies up to 30 Mc/s and even higher have been observed with the wide
band frequency system of the AGS. At times, beam intensity modulations
of nearly 75% have been observed, while under optimum conditions this
was still of the order of 5% to 10%.

c. Further measurements are needed on proton percentage from
an expanded, lower temperature, plasma with the Solnyshkov source.

With conventional Cockcroft-Walton acceleration columns the
voltage gradients are such that a relatively large diameter column
aperture is needed in order to be able to transfer of the order of 400 mA
total beam. Also, with a larger diameter beam, problems connected
with aberrations would be more seriocus.

An alternative is to try to improve the accelerator column gradient.
Further, with the possibility of extracting beams from large plasma
boundary diameters and actually also the desirability of doing so in con-
nection with beam emittance and source brightness, it becomes atiractive
to consider again the ''Pierce'' approach of beam formation. In the small
beam diameter case, an unpractical high voltage gradient is required to
support the ''rectilinear: beams; this because of the higher current den-
sities involved, i.e., £ 1 A/sz. With current densities of the order
of 0.1 A/cm” the required fields approach practical values again,
Various text books on electron optics detail the "'Pierce'’ approach. Here
only the resulting formulas will be given.
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For a ''rectilinear'” flow with cylindrical boundaries the axial
potential distribution is given by

. B 4/3
L’z,o = AiZ
with
1/3 3 . 2/3
my, Ae and A, = 5.7 107 j .
Ai - Me

For a plasma boundary of 1 inch diameter and 500 mA total currert one
obtains j, = 0.1 A/ecm® and

The potential distribuiion ouiside the beam boundary has to match this
distribution at the beam boundary. This has been obtained analytically
and can be approached for practical electrode shapes with an electrolytic
tank. The axial distribution together with the required fields as a func-
tion of axial location are given in Fig. 4. In this case the extraction
electrode held at 50 kV is maiched at the proper location ard given the
proper shape. Consequently 700 kV will be held across a gap of approxi-
mately 16.5 cm. The maximum axial field indicated is = 50 kV/cm.
Similarly some parameters for the spherical case, i.e., a beam cone
cut out of the inner space between two spheres has been explored. Again
a plasma boundary diameter of 1 irch and total beam of 500 mA have been
assumed. The axial potential distribution is given by

20
-6 sin ~2 3/2

IOp = 2.4 10 @LZ Uz,o

2
with & = f (R/Rp1 asma boun darlf a known function. The resulis,
matched again to the extraction elecfrode, are also shown in Fig. 4.
The field has been limited to 10 MV /m, resulting in a slight deviation
from the required potential distribution above 650 kV. This is not

thought to be serious.

As a first approach the ''rectilinear' beam with cylindrical beam
boundaries have been considered. An elecirode system enforcing the
required potential distribution has been designed and at present, first

“This would constitute a beam emittance of zero value, which does not
occur in practice. Nevertheless the approach is useful.
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approach equipotential measurements have been done with a semi-
automatic equipotential plotter. An electrolytic tank of 30" x 24" and
the plotier have been built by Mr. A. Soukas, who also did some of the
measurements, an example of which is given in Fig. 5.

The finally synthesized electrode structure will be mounted in a

high gradient large diameter column siructure, as shown in Fig. 6.

This is a double walled structure with the possibility of conditioned and
cooled gas mixture flow in the interspace for cooling of the voltage divid-
ing resistors and improved voltage rating. The total length of the column
is about 40 inches for 750 kV. A fest section is presently being built up
to evaluate some of the design approaches in more detail. The over-all
preinjector arrangement as envisaged at present is shown in Fig. 7.

LAPOSTOLLE: I would like to ask you two questions. First, what type
of aberration do you consider due to space charge? Is that due to non-
uniform density or to the potential drop inside the beam?

VAN STEENBERGEN: I have talked in terms of equivalent negative
aberration, because the space-charge effects, even in a homogeneocus
beam with potential drop inside the beam, tend to distort the two-
dimensional phase-space boundary in a sense opposite to that due to
spherical aberration. I assume that boundary distortion due to space-
charge in a nonhomogeneous beam would tend to be more serious and
lead to more equivalent negative aberration.

LAPOSTOLLE: Now, I have the second question, which was about your
high gradient column design where you try to have a field distribution
which fits the space-charge law in some way. That of course only applies
for a given current density.

VAN STEENBERGEN: The equipotential distribution at the boundary is
correct for one value of current density only. Therefore, at present
the preliminary design is for a particular total current, i.e., 500 mA
only; it is not expected to suit typically a 50 mA total beam.

MORGAN: In your high gradient column design, did you worry about
regions of electron oscillation in the stray field of the solenoid lens
which is right beneath the column? We found this to be real critical in
the design of our column. ‘

VAN STEENBERGEN: We did not consider this yet.
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TAYLOR: Have you plotted trajectories through on a computer? And
if so, I want to ask you what sort of program you use and how you
included the space charge?

VAN STEENBERGEN: We hope to start using the Kirstein program but
have not done so yet. I recognize completely that the equipotential tank
leads to a first approximation only.

WROE: Would you say a bit more a'gout those i 1% temperature§ you
quoted? I notice you wrote down 10 °K and 10 ions per cm®. Is this

a measured value?
VAN STEENBERGEN: This was a measured value by Gabovich with an
expansion cup attached to a hot cathode P.I1.G. source,.
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