
PROGRESS IN HIGH INTENSITY ION SOURCE AND 
ACCELERATOR COLUMN DEVELOPMENT 

A, van Steenbergen 
Brookhaven N atior:al Laboratory 

Recent work on ion sources has shown a gradual incre~se 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 
linac i::::.jector will be of the order of 500 mA in. order to obtain linac beam 
intensities of at least 100 mA, 

Only recently have ion sources been developed capable of total 
beam outputs of this order of magn:it·I.:tde and bein.g suitable at the same 
time for use in conjunction with particle accelerators because of emit~ 
~arce characteristics. For completeness sake a short en'.J,meration of 
l:hese sources follows: 

1) TI..Q Ion Source. Here a plasma is obtained by me:s.ns of a gas 
discharge in a simple two electrode 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'~ 
+air:.ed for high ionization efficiency by means of the aY'ode~cathode elec-
t,-,"- " al field. and an. axia2 magnetic field. 

2) Rf lorl S(~)Urce. An electrodeless ("magr:etically" excited) dis
charge, by means of a radio-frequef1.cy field is obtai12ed in a ceramic or 
py.v.'ex source "pot." An extra electrode in the plasma chamber is used 
to establish a field in a ceramic channel £or ion extraction from the plasma 
boundary located within the SQ1.,rce pot. 

3) Duo12lasmatron Source. A hot cathode (emission layer coated 
cathode or a tungsten cathode) is used for the production of electrons for 
gas ionization in a three-electrode structure. With a conical geometry 
of the extra electrode between cathode arid anode some plasma compres
sion is obtained, Further compac~:i.on> between the extra electrode and 
the ar:.ode 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
t!'ation by means of an axial magnetic field. Here, instead of a single 
aperture hole, a multiple of apertures 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 
laxoge 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 criteria by which to compare these 
various ion sources, it is useful to define source brightness and related 
beam emittance again. The mom~entum normalized beam emittance, as 
related to the two-dimensional phase space projection is given by, 

where v is the emittance invariant and F (x, 0{ ) represents the two
dimensional transverse phase space boundary f6r a proton beam, deter-
mined at a particular energy. 

'''h II' . h.l.." b 1 f' d J, ~ e source brIg Lness may now e (e me as: 

I B = -"2"2 
." v 

,'-
"'Ion extraction from a large plasma boundary and plasrna 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 ion source design. 
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which specifies the particles per unit time density in fopr-dimensional 
phase space, assuming a simplified E, t distribution. ,2 This defini
hon is identical to the statement that the source brightness 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 bEOha7ior 
that the emittance increased linearly with the output beam current. This 
was observed at BNL for the PIG source and conventional duoplasmatron 
source and similarly at CERN for the rf source. This behav-ior is 
expressed as: 

V :..: 
I 

w8 
and consequently, 

2 
B '" ~ 

I 
-,-

with 8 a constar.;.t. -,-

It was rather disturbing to observe that the fm.::r-dim2Psional phase 
space density decreased with extraction of higher beam intensities from 
the ion source. Regarding this, it is useful to consider the optimum E:!(

pected ion source emittance veT'SuS output beam intensity. 

The minimum emittance }.s determined by the transverse velocity 
components existing at the plasma boundary from which beam eyiTac-i;ion 
takes place. The magnitude of the transverse components is rl.et:erm_L;c~d 
by the plasma temperature. 

'raking the simplest case of a plane pla,sma boundary aEd homogene
ous ?artj c,le d:,nsity filling of the ~lasm~, of N ions pel:"' ~nit volume, then 
for Ion eXtractIon from an area a one fm,ds for the emittance 

v 2 a Y x 
~~~-~-~ 

1fC 

Using a simple cut-off of the Maxwell-Boltzmann momentum d}s~rjbul,~on 
--l '1 'l'b ' , T ""'" 1~ f' --l 3 anL assuming p asma equl 1 rlum, 1. e. 'i =- e' one dEUS 

---------_._-------

>:'The brightness as defined here refers to four-·dimensional phase space 
only, the time structure of th'e beam may chaege t.he 8 and Bvalueso 
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x ( )

1/2 
k T· 

< 1 
m o 

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

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

I = a 2 Ne III z 

or similarly 

[ NI/2 e l/2 ( km:i) 1/4] -I 
a = 11/2 

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: 

Vextr . 3/2 

g2 ] 
-1/2 

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 capabi.lities only, 
but, esp ecial1\ with recent ion source developments., by limitations in 
(V extr. 3/21 g ). 

For the present argument the first expression for a will be used. 
Substitution of a and j/x yields: 

'1 = ( 
with Bo a constant, 

[or v = 

~ 1/2) 
1r 0 

2 a 
11" (

k T. )1/2 
--~2 ] 
moc 
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and by definition B 

B = Bo =-

I 
2 2 J 

.". V 

N e c 

therefore 

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 Bo' An expanded 
plasma from a pulsed highiintensity PIG source with hot cathode was 
studied by Gabovich et al. Here, a plasma expansion system, similar 
to that used by A. 1. Solnyshkov 5 for the duoplasmatron ion source, was 
used. SI'ypical values for Nand T in the expanded plasma are 10 12 / cm3 

and 10 oK, respectively. This substituted yiel ds for Bo: 

1.2x10
10 rna 

2 2 cm -rad 

This value is indicat ed in Fig. 1. Also given here are valu.es for Band 
v derived from Solnyshkov's results obtained with a modified duopJ.asmatron 
source. Through these points lines have been 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 extraction from a relatively large plasma boundary 
area the theoretical expected current dependence of v and B may be 
approached. 

The Bo value as calculated is of the same order of magnitude as 
the approximate B value obtained from Solnyshkovls experimentaJ results. 

The experimental observed behavior of v and B as a function 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 fo:>: 
v and B with the modified duoplasmatron source as obtained by B. 'vrosicki 
at CE.RN and L. Oleksiuk at BNL are also indicated. These results 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 Bo values ar~d 
low v values. It also explains the reason for the encouraging results 
obtained with the sources with large plasma expansion. 
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f3 yE; B 
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Fig. 1. ION SOURCE CHARACTERISTICS 
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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) brightness figures. With these sources, beam intensi
ties of the order of 500 rnA 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 
se'leral of the above mentioned ion sources will be suitable. Some perti
nent parameters of these sources have been coEected from the literature 
and from BNL experience. These are given in Table L 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 Eeutral 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 8180 space-charge blow-up with a consequent equivalent negative aber
Tation in the proton beam should be avoided to reduce effective phase space 
dilution. Presently, the first case il1usL~ated, i. e., that of an essentially 
flat boundary is being cor~sidered as a '.:Iesirable ccmfiguration together 
with a high gradient column approach as will be further detail ed below. 

In Fig. 2 is also indicated tt1e possil;)le reason for the expe:('~mental
ly observed enlittance-curre:;nt beha:vl1"qr in the convf:Etional duoplasmat~>on 

( C I " t d ~ C' 11 ,.' " J"J A "11 t ' "h source v =: 1 Ins ea or V=:2 . as e:{peCTCcl.. 's 1 us J'ateG T, e 
measured emittance would be 

v ..... {3ya ex , 

From elementary electrqn optics rJ. =: C 3 r1/2, further, Langmuiris 
t "" C ~ 1 / 2 tJ I I ~ equa Ion gIves a::: 4 1 ,coYlsequen .y v;= Tr 0 . 

Even though the source brightness values obtained with the Solnyshkov 
source are promising one might say that developments are not so far acl
vanced yet that one could speak of an operational source at prese'lt. Some 
problems are mentioned: 

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

420



E
 v

a
lu

a
ti

o
n

 o
f 

H
ig

h
 

In
te

n
si

ty
 I

o
n

 S
o

u
rc

e.
3

 

R
e
p

o
rt

e
d

 m
a
x

im
u

m
 

Io
n

 c
u

rr
e
n

ts
: 

a
ft

e
r 

si
n

g
le

 
e
le

c
tr

o
d

e
 a
c
~
e
l
e
r
a
t
i
o
n
 

a
ft

e
r 

C
-W

 a
c
c
e
le

ra
ti

o
n

 

Io
n

 s
o

u
rc

e
 b

ri
g

h
tn

e
ss

: 
B

'i'
 

{f
o

r 
d

e
fi

n
it

io
n

 s
e
e
 t

ex
t}

 

E
x

p
e
c
ta

ti
o

n
 o

f 
a
p

p
ro

a
c
h

in
g

 
B

 
=

 B
o

 i
n

st
e
a
d

 o
f 

B
 :

:: 
8

2
/1

 

P
h

y
si

c
a
l 

c
h

a
ra

c
te

ri
st

ic
s:

 
b

e
a
m

 e
n

e
rg

y
 s

p
re

a
d

 

ty
p

ic
a
l 

m
a
x

im
u

m
 p

ro
to

n
 

p
e
rc

e
n

t 

C
h
a
r
a
~
t
e
r
i
8
t
i
c
s
 

re
la

te
d

 
to

 
::

o
m

p
le

x
it

y
 o

f 
a
u

x
il

ia
ry

 e
q

u
ip


m

e
n

t 

g
a
s 

c
o

n


su
m

p
ti

o
n

 
. 

~\:
>i;

:: 
p

o
w

e
r 

m
p

u
t 

d
u

ty
 f

a
c
to

r 

p
o

w
e
r 

fo
r 

so
le

n
o

id
s 

e
tc

. 
~
;
a
t
h
o
d
e
 
h

e
a
ti

n
g

 

d
is

c
h

a
rg

e
:u

rr
e
n

t 

u
n

it
s 

rn
A

 

rn
A

 A
 

(m
. 

ra
d

)2
 

e
V

 

0/0
 

N
cm

3
/h

 

k
W

 

k
W

 

k
W

 

A
 

T
A

B
L

E
 I

 

D
u

o
-

P
. 
L 

G
. 

R
F

 
p

la
sm

a
-

S
o

u
rc

e
 

S
o

u
r2

e
 

tr
o

n
 

S
o

u
rc

e
 

1
5

0
 

9
0

 

5
.1

0
8 

n
e
g

. 

<
 1

0
 

5
0
~
8
0
 

1
0

-1
0

0
 

0
.5

-5
 

1 

1
~
5
 

3
5

0
 

2
5

0
 

5
.1

0
8 

n
e
g

. 

1
0

 

6
0

-9
0

 

1
0

-1
0

0
 

1
-1

0
 

0
.5

 

1
0

0
0

 

1
5

0
 

5
.1

0
8 

n
e
g

. 

<
 1

 

6
0

-9
0

 

5
0

 

0
,5

-2
 

0
.5

 

0
.1

-0
.5

 

1 
0
~
4
0
 

W
it

h
 l

a
rg

e
 p

la
sm

a
 e

x
p

a
n

si
o

n
 

an
d

 p
la

sm
a
 b

o
-q

n
d

ar
y

 f
o

c
u

si
n

g
 

'L
a
m

 b
~
-
-
-
1
?
-
-
:
-
L
-
G
 

M
o

d
if

ie
d

 
L

o
fg

re
n

 
S

o
u

rs
e
 

"M
a
g

n
e
ti

c
" 

W
it

h
 H

o
t 

S
o

u
rc

e
 

C
at

h
o

d
e 

1
0

0
0

 
1

0
0

0
 

~5
.1
07
 

p
o

s.
 

p
o

s.
 

9
5

 

2
0

0
0

 
1

0
0

0
 

5
~
1
 a

 
5 

1
0

 
1 

1 
0
.
1
~
0
.
5
 

1
0

0
 

4
0

 

D
u

o
p

la
sm

a
tr

o
n

 
S

o
u

rs
e
 

8
0

0
 

4
0

0
 

5
.1

0
1

0
 

p
o

s.
 

1 
0
0
~
2
 0

0
 

1
-5

 

0
.5

 

0
.1

-0
.5

 

2 
0
~
1
 0

0
 

~
 

( 
'''

B
e 

:a
u

se
 o

f 
th

e 
P

1
e
a
su

re
d

 c
m

cr
en

t 
d

e
p

e
n

d
e
n

c
e
 

o
r 

p
o

ss
ib

le
 c

u
rr

e
n

t 
d

e
p

e
n

d
e
n

c
e
),

 
th

e 
v

a
lu

e
 g

iv
e
n

 
re

fe
rs

 t
o

 t
h

e 
.
~
U
e
d
 
c
u

rr
e
n

t 
a
ft

e
r 

C
-W

 a
x

e
le

ra
ti

o
E

. 
"'
~(
 .

. I
;
 

'1
 
"'

R
el

at
ed

 t
o

 s
o

u
rc

e
 d

is
::

:h
ar

g
e 

c
u

rr
e
n

t 
o

n
ly

. 

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

421



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 connect~on 
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 presep.tly 
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 Mcl 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 protor~ percentage frorn 
an expanded, lower temperature, p] asma with the Solnyshkov source. 

With conventional Cockcroft-Walton aCCf=~leration 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 serious. 

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 attractive 
to consider again the "Pierce" approach of beam formation. In the small 
beam diameter case, an unpractical high voltage gradient is requiI'ed to 
support the "rectilinear: beams.: this because of the higher current den
sities involv2d, i. e., ~ 1 AI cm 2. With current densities of the order 
of o. 1 AI em the required fields approach practical values again. 
\Tarious 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 distr;bution is given by 

U -
'z 0 -

.' 

with 1/3 

( ,~) Ae 
A. = m 

I e 

ar'd 5. 7 103 j 2/3 

For a plasma boundary of 1 inch diameter and 500 rnA total currerJ one 
obtains Jo =: 0.1 A/cm 2 and 

4 4 /" 10 Z i ,j 

The potential distribution outside the beam boundary has to match this 
distribution at the beam boundary. This has been obtained anaJyt.lcalJy 
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 matched at the proper location acd given the 
proper shape. Consequently 700 kV wil1 be held across a gap of approxi·
mately 16. 5 cm. The maximum axj a1 field indicated is ~ 50 k V / em. 
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 icch and total beam of 500 rnA have be<'''f' 
assumed. The axial potential distribution is given by 

2.4 
sin2 .~ 3 i 2 

10-- 6 2 1..1 
' --~2-.- Z.,o 

2 
with 0( =: f (RiRpl asma b . d .), a known function. The res1JlLs, 

~ ~ OUE ary 
matched again to the extraction electrode, are also shown. in Fig. 4. 
The field has been limited to 10 MV 1m, resuHi':1g in a sEght deviatior, 
from the required potential distribution above 650 kV. ThIS 1S r,ot 
thought to be serious. 

As a first approach the "recti1:inear" beam with cylindrical beam 
boundaries have been considered. An electrode system enforcirg tlw 
required potential distribution has been designed and at preSEnt, fir's!' 

':This would constitute a beam emittance of zero\;alue, which does DOt. 

occur in practice. Nevertheless the approach is useful. 
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appr oach equipotential measurem ents h ave -b een done with a semi 
automatic e quipotential plotter. An electrolytic tank of 30" x 24" and 
the plotter have been built by Mr . A. Soukas, who also di d some of t he 
m e asurements, an example of which is given in Fig. 5. 

The finally synthes ized electrode struc ture will b e m ounted iL a 
high gradient lar ge di ameter colu m n structure, as shown in Fig. 6. 
This i s a double walled structure with the poss ibility of conditioned and 
coole d gas m ixture flow in t he inte rspace for c ooling of t h e v oltage divid 
ing resistors and improved v oltage r a ting. T he t ot al l engt h of t he column 
is about 40 inche s for 750 kV . A test section i s presently bein g built up 
t o evaluate some of t he design appro aches in more detail. The over -all 
p reinjec tor arrangement as envisage d at p resent i s s h own in Fig. 7 . 

LAPOSTOLLE: I would like t o ask you two question s. First, what typ e 
of aberrat ion do you consider due to space charge? Is that due t o non 
uniform den sity o r to the pot ential dr op inside the b e am ? 

VAN STEENBERGEN: I have t alked in term s of equivalent negative 
aberration , bec aus e the space-cha r ge effect s, even in a homogeneous 
b e am with potential drop inside the b e am, tend t o distort the two
dimensional phase-s pac e boundary in a sense opposite t o t hat due to 
spherical aberration . I assum e that boun dary distortion due to space 
charge in a nonhom ogeneous beam would tend to be m ore serio lls and 
lead t o more equivalent negative aberration. 

LAPOST OLLE: Now, I have the second qu estion , which was about your 
h igh gradient colum n design where you try t o have a f ield d is tribution 
which fits t h e space-charge l aw in s ome way. T hat of course only applies 
for a g iven current density . 

VAN STEENBERGEN: T he equipotenial distribution at the boundary i s 
correct for one value of current dens ity only. Therefore, at p resent 
the p reliminar y design i s for a par ti cula r total currert, i. e . J 500 rnA 
only; it i,s not expected to suit typ i c ally a 50 rnA t otal b e am. 

MORGAN: In your high gradient colu m n design , did you worry about 
regions of electron oscillation in the stray fiel d of t he solenoid lens 
whic h i s right b en e ath the c olum n? We found t his t o be real critical in 
t h e design of our column . 

VAN STEENBERGEN: We did n oi consider this yet. 
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T AYLOR: 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 agout those i~~ temperature:r you 
quoted? I notice you wrote down 10 oK and 10 ions per cm. Is this 
a rneasured value? 

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