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Summary

el Sunmar 1zes the progress during the
y+ar: 1in the technology of sources of
staute prauitive heavy ions and negative
St e covered 1pclude recent results
3 FHIS soatce development and compar ison of

satanas cewgpre tgpnes for hagh charge state heavy ions.

Iniroduction

The 1deal 10n source for a modern heavy iton
te-leraton should previde beams of al' atomic
10 Lo high antenssty, good emittance and long
. timee. Tlo source should be eas:ly accessible for
moaittenars, Fot cyclotrons and linear acrelerators,
wi 1ch require ponitive aons {zom the gource, high
charge state: are desirable because the cyclotron
eter gy it propartional to charge squared, and linac
lengtt can e reduced by using jons with higher
charge states. For tandem electrostatic accelera-
t the charge state s -1, Only a few low in-
tensity 100 specics have beer produced with -2
rruarge) |

Positive Heavy Ion Souices

High charge state ion beams {or positive ion
accelerators can be produced by electron bombardment
of atom:. and 10ns 1n a plasma or by stripping of fast
1ons in a toi)l or gas. Electron bambardment soyzces
were previously reviewed by Vorobev and Pasyukg
Bernnett ¢ Eninger,’ Septaer,® Winter and Wolf,’ and
At raner .

For electeon bombardment sources the product of
tiee flox denuity J, and ion confinement time T, must
tae suffiriert to produce the desired charge state q.
hlso the slectron energy distribution should include
the reqiom of peak 10mi1zation cross-section, which
oTcure at several tames the ionization potential.

5. electron ensrgies should be 10's of eV up to
hundreds or severil thousand eV. FPigure 1, updated
trom a 11:qure of Winter ad Wolf” and Clark,’ shows
thee Operating rang2s of several types of heavy ion
sourcesn. The pourzes with higher nT; produce higher
charge states. The principal types of heavy ion
source: wi'l be described below. Many examples

are descyibed 1n the two Gatlinburg Conferences on
beavy 1on scutces, References 8 and 7.

FIG Sourcer

Tie- traditional heavy ioh source for cyclotrons
and Jinacs i1s the PIG (Penning or Philips Ion Gaugel.
The principles and designs used by vs:ious labora-
tories were resiewed in the last seversl yeais by
Bennett ,® Green,® Makov!® and schulte et a1.ll
The Larst PIG source_used in & cyclotron was built
ty Jouss and Zucker at Oak Ridge in 1954 for 3‘.
lates sources were built by Anderson and Bhlers
101 thw Ber neh‘]/‘nnd Yzie HILACS and by Morosov,
Makev and Joffe for cyclotrons. Many o'‘.her groups
have built PIG soutces, mostly for cyclotions, but
mcst of tne designs are similar to those mentioned
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Pig. 1. Plasma varameters of high charge state ion
sources. E_ is electron temperature, n 1§
electron density, T, 15 ion confinement
time.

TABLE I. 1ONS AND INTENSITIES

*a PEAK
OUTRPUT
ALL g's
NEON XENON PART/SEC

PIG 2 4 a0twl? e2-10 ok
DUOPLASMATRON 1 3 10l%-10!7 Lp3ar 20,
21

BCR—~1 STAGE 2 4 1016 L3-1.0 24
3 STAGES 5 8 1014 .3-1.0 0 24
EBIS 8-9 24 a.10103031 o4 25,
26

b.1013-1024

'E weighted by part/sec.
a. Average output over long times, assuming
10 pulses/sec.
b, Output durirg 100 wsec, 16%-1010 part/pulse.
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One of the most highly developed PIG sources
15 that _of Pasyux and Tretyakov at Dubna, shown 1n
Fig. 2_1" Here we sec the arc chamber where the arc
1§ struck between the two cathodes. The filament
electron bombardmen: heating of the upper cathode pro-
videun contzol of the cathode temperature, and thus
emission current, giving good control of arc impedance.
Tne els~trone are reflected by the cathodes for abou:
130 traversals. 1In other PIG source desiqns, both
cathodes may be hot, or both may be coid. If both
ar: cold, the electrons are emitted by secondary
emission from 10on boroardment of the cathodes. The
arc paramefers in various sources are 1-20 amps peak
and 30{-200C vulte, &.c. or pulsed. An extraction
¢lectrwds 15 mounted close to tne beam slit, with
a voltae of 10-100 kv,

%.-1:d materi1als can be fed into .ne source by
pilacing them 1n a cathode, in a block tangent to the
bore 1n the anode (Fig. 21, or by use of an oven,
Pasyuk and Trefyakov use an electrode tangent to
the arc bore near the extraction slit, biased nega-
tive tr. sputter out the solid feed material with arc
ions.  Gavin at Lawrence Berkeley Laboratory uses
a swum:lar system for the SuperHILAC 2.5 MV source.
In addition Gavin found that the output of a very
high charge state, Aug'. can be :ncreased by a factor
ot 3 py using two sputtering electrodes above and
below the slit, rather than 1 electrode at the slitc.

Yig. 2.

Internal cyclotr~n P1G _source of Pasyuk
and Tretyavov, Litna,

Hudson et al.!” fouud thur solid matecialn can b
efficiently fed 1nte the ar¢ of an intetnas vy ot
source by using spullering With low Chatygr ntate
heavy 1ons which reverse in the 1t field, A tilieh
of the desired material 1c placed opposite the sl

The PIG soutce gives usabile beams of char.qe-
states up ta MY, ne'’ and AcHY,
briefly summarized in Teble 1. Tt 3n s5t1l) tha
standard source for heavy
heavy 10n linacs, exsept that the d:
used for the lighter 1°5ns at the UNG
The litetime between soutce change: 15 a tew hosrs
up tc a day, at high daty factor operation.  Purare
developments of the PIG
use of mirrcr madnetic
and 1nvestigating po»
formance in the 43-
conducting cyclotron magnety.

Petformance 1

and faor

1on cycloriong,

tnclude operational

deve D sped by Hae
H Alote pe:
af future B

0 K3

18

Dusplasmatron Sources

The duoplasmation has tecen used tor heasvy 1on
production by the groups of ¥on Ar lenne and the
UNILAC group at Darmstadt. The UNILAC work has,
descrabed ty Iilgen®

and oy Keller and Mulier.®

The duoplasmatior developed by Keller and Molinor
for Xee' 1s shown 1n Fig. 3.° The cathexte- anesde
voltage 15 250 volt:, and arc current 1s 7 amp...
Duty factor is 2%%. The magnet corl and Some stee!
source components pravide an axial mainetic guidse
field. Keller and Muller tound that the cutpat ot
xn:""“' was greatty incredsed by placios the pos
of the maximum magnetic tield at the anode aperture
1nstead of betweer aniwie and intermedigte electiod
Aiso the anode shield 1s directly water cooied,
Reducing the diameter of the intermediate electrode
aperture incteases the voeltage, which grves highes
charge starer. Extraction 1s at 20-%0 kv. Recentl,
Richter and Zajec have developed a duoplatmatior
with 20 mh of neon /2& N ‘Jz‘ and 17 mA 0! Xenw:,
The xenon beam look: like a promising randidate
for imjectior 1nto an rf linac tor heavy ton fusier
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Fig. 3. Duoplasmation source developed at GS1,
Darmetads for ArZ* and Xe®* by Reller and

Muller.
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A+ “lvwm 1n Table 1, the duviasmatron has as
b anten .ty as the PI5, but lowes average Chatge
rate True emittanie and lifetime 2o tetter tharn
P ot the BI1G, atr! the egual bLean shape In the two
toate vettve poasaer fror Yhe duapiasmation 1S an advan-
to iac.ny the Sodrce directly of &h oaccelera-
. The VNIIAT heavy 1.0 linac has found
tre drepoamstion 4y preferred over the PIG for
vttt than xenor, with their reguirement nf
RO Y TON

Sare M

of kesunance {BCR) Sources

type 1 source which 15 under development
I et 3e ctates 1S the electron Cyclntint reso-
e, Hete the Bigl energy electrons are
teed)ng N RICIOWaVE ene:qy at the oyclio-
te s ane fregaency Of the elertrons in the
fines the plasma. The ECR
Leewr, doveinped at Oak Ridge, Marbury, and
Tt qQt-up at Grenable undet B. Geller has

a e

imper o at:? in the BOR socice 1o the

Loyrate. The work ol the Oothel QIOUpS 1S
“rateed ar ather parts o Ref. 7. The latest
c, Calied TRIPILEMAFIOS, 1¢ shown in
fagret 1¢ guide tield 15 provides
wyeten s meters long.  Piasma 1s created
rt stage. The plasma drifr:
©rade Lowhtre ai.zation

e taot o Lat 3¢ ta takes plare at a second 14
Koo se o 16 T torn o1 staae | ogr
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e lmwj stage source "TRIPLFMAFIOS. *
Geiler .

Table | show two BUR sources. The first 1s
e stage onily, reterred to as "MAPIOS® by Gelier.
Tt qives output certents and charge states similar
1 those of the PIG. The lifetime 15 weeks o1 months.
Tte- 3 staae pource 1n Table I, TRIPLEMAFIOS, shows an
Average charge ftate about twice that of the PIG for
rneon and xenon, but at 100 times lower intensity.

Hecent progress at Grenobleu 1ncludes produc-

tian of beams of Ar *at 2 x 10 part./sec. and
xe18% a¢ 1012 pare./sec. with TRIPLEMAFIOS, and good
emittance. A superconducting coil 1s proposed to
seduce the powet {from 1ts present meqawatt level,
and to ancrease the 1f frequency and thus the plasma
dentity.  Also exper lments have been dohe on uranium
twams.  One stage hag been used to produce 100 uA
10tal ujanium beam, including %0 LA of U ‘. Charge
staten 1-6 wese ohsetved, A run with uranium bean
lasts, at least one day without saintenance.

The B E sstoe (nLl e 1160t dnoert oy L.
troms wall al external ax:a. or radial 3nye t.os

system, to obta.n hijher energuen.
Electior Beam lon Sources (EBIS

The elertror Leak jof SuurCe Nas faer . ceeie
by Donets at Dubna®” and alsn developsd at Urra,.
FPrankfart, Texar hbM, and G:essen. Wore a.. v
latrrator 1R 16 6 MMLAY1Zel N papere At tre 197°
Gat linb.ry Cotference Ret 27 Tue
o of the ERIx 2! Doarers pre

LS

opera
h sap DALt Haencit of L ometer | L
an elec'ror beant 1o A a.t placed Lol the noLet 3
at one end. The @magne” - Pie. ! Keept the teeam &

Bated 16 2 13,45 Of Beveral ElllauBetern AL i *
dowr the SGlenc1d axis to the COIlector At the Gt
end. Gag 15 jon.zed and coniined €.eCTlusta’ifa.
by the electrurn beam. A patent:al we
drafr tares confines the 3ont longitudinal :
typscally 10-100 milisiseronds, untal the de iren
char 3« £rate 1s reached. Ther the potentia, fa
1s icnered at the spolennid ¢xit, prov.2ing leos
extractior. Beems obhservez? ' include xear wite
averagze chaige state of xe?4*, and neor witr :
N0t 26 e pertormance 1 samuarized in Tar.

Recently the EBIS st.r=g ! Lar showr a0
average chatae nt A720% Wit arogr 20w Aed
L A2d s { £

—— rp L
o _—— =
& 03 22000030 T 300360 10!

£i1g. 5. EBIS source KRION-! of Donets, pupna.

In uppet view, electron beam passes from

gun {1,2) through drift tudes {6 <o ovliect.:
{4). Charge States are analvzed by 1P -

of -flight syster {9,10,11,12). Ir lows
view, potentia. distribution along ax:s
15 that of (B) during injection, (C' during
ionization and (A for extraction.

At Orsay<’ SILFEC 11 EBIS 15 designed with a-
external electron gun of :00-800 A-ce*, 1njectior anz
extraction soieno:ds, and a liguid heliux cryopane..
Its goal 1s to produce fully stripped ions up to
ano in the CW modc for a synchiocyliotron. Electror
beam tests are about to begin. The CRYEBIS with
superconducting solenoid 15 expected tc begin bear
tests later in 1977,

The group of Becker and Klein at ?ranlturlza
are developing TOFES!S with continuous extractaor.,
and a containment EBIS with cold bore supercon-
ducting solenoid for the UNILAC j.narc at Darmstad: .
The EBIS source at the Texas AWM Cyclotrion lnstrW
tute has recently come ntco péehmnu)‘ operatine®
with extracted 10n beam ol 10" charaes pulse and
and a vacuum of 1077 tort. Charge distribution
measurements are planned ‘or the near future,
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Tt EBIS soatce requitres high techralogy in
constr o TN, wath a supm‘\mducllnq acienoid pre-
terred, and vacyams vt 10 7 torr required tor hagn
char ge stat Tatle ! shuws that the EBIS has the
Lt gteen? averdqs chatge States of the sources listed.
™ wtgr.t current aveiaded over long times 13 orderr
ot t .t 3de less thar tor the other soutces, but the
G4ragr T L3h cha state. would make ponsitile s813na-
traE cy~lotions than with
the pulsed natare of
Y tipped Jons Jp v ter
mat P te thuse s
estaned for 1ons of chy

Mt oy g

v mass @ 10

o! liw charge state 1 Ate
SApertule Sealcen Jeveloped oz
awoand tor iryection of mults-ampe
sjer Nt thermonuclear fusior te
ot e SoUrces for aon pIc i 0f spac
toogaven py Stuhlinger” . Tie jonr used
wd particlen. The [ypes of
Tt .
sources for Ju and Hg, rt jon
Ha and & noliow ndedle spray
1cies.  AcCel-derrl ex-
The Deam 35 nedgtralized
sourve: have beern de-
5 to 150 cm, beam d.
G.3 te 2% amperes, and team energiexn

HENS

~roevl

clade contatt jonizatior souat

diameters o

aperture source designed for hiah

latss* :y with xenon gas by Mobiey * in a short
1 fetermine 3ts sSuaitability for the heavy
i ta. . a program.  He used o 7 x 35 cmt oarea xource
w.tr TG sinaty, an?t obtained 9 am of peak current
t 30 eV extraction in 10 msev po 5 The lLeam
et slized just afte: the source. The conterence
Hef, 31, Aescribes otaer possible heavy
tor neavy ton fusion, to produce 160 mh
20C, charae 1, ftar anjection into
an1 s.arce to: 26 amps T omas:
fr ansescior into an lndoction 1ina -,

Varuam Spars and Exploding Wire Sources

Sevesal typern of sources produce kaigh charqe
dunmping larqge pulsern nf energy 1nto a
oty periman.  They are the lase:s, the
cpath o and the expinding wite These sources
Lt § ogsed ter stuties such as Spectroscopy of
ate don., usdaily without extraction
ioft to fore a team.

Rtate 1 odc

Lt ot Boutces wete reviewed by Peacock.’’  Powe:

up to 5x10 4 weem? for atout a nanosecond
chatge ntates of mgll®, 1,200 g2 oo
I+ a summa:y papet Nag«! estimates that
elec o tepperatures 10 placmas produced by present
ate at:our 1 keV, and that increases to the
tanyge are expected with development of higher
prawer Lasers an the lsser fusion prograz. In tact,
5 Fucaom, Inc. has rEP(nled]’ power densities of
430" wecm® on DT-fillea glass microshells. Silicon
and oxyen 1ons coging of{ have an exponential energy
di1stributior, with 8 calculated average energy of
1 keV,nucleon, assuming they are fully strapped.

Other recent laser work is reuorted in other abstracts

in ket 35,

The extraction of beamy ur.n lapes~produced
plankas was reviewed by Tonon. The= 10n energles

jen heams, was 1un at Lawrence Berkeley
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Linear Electroyr Beam:

The W g--vmvv-d by Grayt:
Qlson et ar, 4704 In the s exper e
beams of 10 kA to ) MA ! enet dien f
pulue ier3the of 10 J00 -
experiments the hear pa
fi.ied with ga: at C.) ot
Teported the torma

1ons puls N‘

ant ey
and At

1G-20 M HItH b
unde: stady or tesr Aaclate mlectTon beams 3t vy L e
1o plasma, ant an diode Expe! iments ate de Crate!
at this Contetenre ty Olson et al. at the Saatie
Laboratories on the Jonization Fron' Accelerato:, a1
which 1007 are accelerated by 8 controlled, @oving
potential well of ar intense election beam. The 1o
are predaced bty la protogonization of cesiar ya
The development of electron beams for i1onization an’
acceleration of jons 1 staill in 1ts early Gtage-..

mrof

Stripping of Fast_lons

High charge state jons are produced by electron
bombardsent. In the sources of lons discussed in the
Previous sections the jons were moving Glowly at
around thermal velncities, and the electrons were
moving at much higher velocjtien. Since 1t 1E thr
relative velocity of the electrons and i10ns which
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Medst sve Heavy Jon Sources
Nessatave ta 100 sSources are used post
.o S tan Treststic accelerat
. .0 w1 tevired by Dawton. Purser 20
L R hejative jont not@ally have 8 charqge
soeae trc Chatyge, but a bew 1ons BUCh as oayaen,
L] Aml CLlLtine have been observed witti o
ot e N LWLt oanten: itien of atout A nanoam) .

P gt 1 heasy 1on: have been prodaced by several
met tewy hat e exchangs using ancident or recurl
S, At tation, and by spectal sourcer
vrfo A the tripiasmatton and the duodehcatron.

The st amportant pecent advance in nejative heavy
i GHoatees has been the development of sputter

awil e uning ceasust for bombardment or as surface
coating. in the earliest source of this type builr
try thee Group of Ho'tig, '* the negative 10ns were
spattered by Krypton from a wheel coated with cesium
vajr A later sputter source is the rada
1 SP1GS and described by Seath.?? Bere the
negative tons e sputiesed out of the cathodes 1nto
the planm. A source with gimilar geometry 15 the
Rarhus AN ROUT e an which the sputtering material
1 a concdve fphetical electiode placed opposite
rxtiaction hole, (os5iu® 35 80310 NECESEATY
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