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Summary 

This paper reviews briefly the main r ults 
presented at this conference. The s e c t i r .s are as 
follows: Highlights, General Observati us, Funda
mental Processes in Sources, Positive jn Sources, 
Negative Ion Sources, Beam Formation .nd Emir.tance 
Measurements, Stripping, Accelera' . s and Experi
ments, and Future Prospects. 

In t r od u c t ion 

I wish to thank the Conference Chairman, Bob 
Livingston, and the Program Committee for the priv
ilege of summarizing this conference. The papers 
presented us with the latest progress in heavy ion 
source research and technology. Of equal importance 
were reports on studies of the fundamental processes 
which occur in jon formation, beam extraction and 
cmittance measurements, and stripping piocesses in 
gases and foils. There were also several excellent 
pape.s on heavy ion acceleration projects and the 
experiments to be done there. The performance of 
these accelerators and the quality of experiments are 
heavily dependent upon the intensity, quality, and 
mass range of beams available from the heavy ion 
sources. In this short summary paper I can mention 
only a fraction of the large variety of work de
scribed here in over 50 papers. For the whoJe 
story the reader should certainly consult the com
plete proceedings. 

As usual the local organizing committee from Oak 
Ridge arranged an excellent conference schedule, in
cluding social activities. The outdoor dinner and 
folk dancing were enjoyed by everyone, especially the 
large friendly bear. There were two free afternoons 
when the delegates could travel to the old settlement 
at Cades Cove or up to the ridge of the Smoky Moun
tains. The fall colors were at their peak near the 
altitude of Catlinburg. The delegates who went to Oak 
Ridge National Lab after the conference had a congenial 
dinner there Thursday evening before the tour on Friday. 
Many spent a comfortable night at the Royal Scottish 
Inn (formerly the Holiday I n n ) . The tour was organized 
to include the ORIC cyclotron, a description of tk* 
plans for the new 25 MV tandem accelerator facility, 
and the Van de Graaff Laboratory. After lunch the group 
went to the Thermonuclear Division to see the ORMAK 
and ELMO Bumpy Torus experiments, and the associated 
neutral hydrogen sources used for injection. The 
delegates were impressed by the wide variety jf ion 
source work being done at Oak Ridge. 

The opening address by 7,ucker of Oak Ridge gave an 
interesting historical perspective on the early develop
ment of N * sources at Oak Ridge. The motivation was 
weapons effects, but this source formed the basis of 
future PIG sou-ce development at Berkeley, Dubna and 
elsewhere. The work at Oak Ridge wap in turn based 
on the Calutron sources developed at Berkeley for 
uranium separation In the early 1960*s. Those sour
ces ramp from the cyclotron sources of the 1930's 
where thf magnetic field was free. So we see i step-
by-Ktep prn'-cHs of PIG source development with con

tributor from many groups from the 1930's to the 
1950*5. new sources are now in a period of rapid 
growth, wi . development underway in many laboratories. 
There were informative evening sessions on the EBIS, 
and emittanc - measurements. This was an excellent 
opportunity r all of the KBIS groups to meet with 
Donets, its ime developer, and discuss technical 
questions. 

Fig. 1. Conference highlights. 

Highlights 

This Conference follows the tradition of the 
previous one, also at Gatlinburg, four years ago at 
this same colorful time of year in the Smokies. 
There was much progress in the heavy Ion source field 
during these four years. To me the highlights of the 
Conference were the presentation of results obtained 
in the past year by the Dubna group under Dcnets, who 
developed the EBIS (Electron Beam Ion Source)* and 
by Geller's group at Grenoble building ECR (Electron 
Cyclotron Resonance) sources. These highlights are 
illustrated in Fig. 1. Thene sources show significant 
improvement in charge state distribution over the 
present standard PIC (Penning Ion Gauge) source. 
This Is illustrated in Fig. 2 by plotting some if the 
nitrogen data presented here, interpolating between 
carbon and oxygen for ECR, along with some older PIG 
B O H r c e d a t a 1 . The E B T S haB produced the spectacular 
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Fig. 2. Charge state distributions of three types of 
positive ion sources. 

result of 252 fullv stripped nitrogen beams, with 
I0 !' particles/pulse intensity. The KCR has an 
intermediate distribution between the PIG and F.BIS, 
but has the advantage over F.BIS of a long duty cycle. 
The plasma regimes of these sources are shown in Fig. 
3, an updated version of a similar plot by Winter and 
Wolf in 1974.' Their electron temperature and n. 
values are indicated. The electron temperature must 
be several times the ionization potential of the last 
electron removed, for efficient Ion production, n:. 
Rust be large enough to make the high charge states. 
The new EBIS and ECR sources have higher n: and 
electron temperatures than conventional PIG and 
duoplasmation sources and so make the higher charge 
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General ilhservatj^ons 

There are a number of observations I made while 
dutifullv attending each session. One is the phenom
enon of disrovery oi an Important result by accident. 
Of course the discovery requires experience and alert
ness by the experimenter to evaluate and use the result. 
An example of this is the discovery of back bombard
ment production of solid material beams by Hudson, 
Mai lory and Lord, when a large copper beam appeared 
during a xenon acceleration run. This effect has 
proven to be a simple and effective method of produc
ing beams from solid materials in cyclotrons. Another 
example, described by Middleton, is the discovery that 
the addition of oxygen improves the lithium beam from 
a sputter source. Oxygen is easy to add bv accident. 
This is now a standard mode of source operation. A 
third example, reported by Fasolo. was the observation 
of a large current of heavy negative ions found as a 
contaminant in an H* beam. These ions were from wall 
cutgnssing, but could also be used in the future in a 
,untrolled way. 

Another interesting type tf Information presented 
was the description of ideas that didn't work. Bethge 
described some attempts to use high magnetic field and 
electron injection to improve the charge state distribu
tion in an axial extraction PIG source. There was no 
significant improvement, but it is well worth report
ing this experiment to save the time of other groups, 
and indicate more promising directions to proceed. 

We all learned some new vocabulary during the 
Conference. Some of the words which I now understand 
better are electron affinities and ab initio calcula
tions, discussed in negative Ion sessions. In the 
F.BIS work we heard about electron gun perveance and 
Siillouir flow of electron beams. In the field of 
PIG sources, I am familiar with hot and cold cathode 
PIG sources, and know that cold cathodes sometimes 
run hot, but this can be confusing to the listeners 
.-.iitslde the PIG groups. "Arc-heated cathodes" would 
better describe cold cathodes that run hot. 

There are some mysteries to be unravelled in the 
future. An example is the origi.i of the high energy 
electrons in the PIG source observed by Schulto, Wolf 
and Winter. Another question for the future raised by 
Stelson is what the average charge of a uranium beam 
will be from the Berkeley SuperHILAC at 8.5 MeVV 
mi:-1 eon, after passing through a stripping foil. 
There is a disagreement between different theories. 
Including Stetson's. 

A special commendation for heroic performance in 
the face of severe technical difficulties must go to 
Joyce Kaufman, who continued her talk on electron af
finities without slides, when the projector failed. 
To the listener there was practically no discontinuity 
in the talk. 

In the following sections 1 will review briefly 
the topics covered in the sessions, with emphasis on 
the excellent review papers which bring us up-to-date 
and give us some predictions of the future. 

Fundamental Processes In Sources 

In the session on fundamental processes in sources 
there were several very interesting invited papers on 
electron botnb-irdtwnt and charge exchange cross-sections, 
electron affinities, sputterlnR, VUV spectroscopy, and 
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s y s t e m s - f l a sagawut Alej teff , ' ones and 
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Anc-ihei sou r i e b r e a k t h r o u g h which o t t u r r e d i n t h e 
I.i-.: S I - V I T . I ! vt ' . i rs Is t h e s u n t s s f u ! o p e r a t i o n of t h e 
(HI-- ( E l e c t r o n he.-ini Ion S o m e ) . T h i s s o u r c e p r o d u c e s 
vvtv hijth charR*- s t a t e s (Xe - "* ) and h a s t h e p r o s p e c t 1?: 
i r | 'Of t . in i -ippl Ic.it i o n s In . i c c e l e r a t o r i n j e r t i o n , p o l -
. i r i / v d Ion p r o d u c t i o n , and a t o n i c p h y s i c s s t u d i e s . 

I t lias r eached i t s g r e a t e s t s u c c e s s a t Dubna in 
i lu ' uroup led bv D o n e t s . Done t s p roposed t h i s s o u r c e 
in 1967. S i n c e t hen he h a s b u i l t four v e r s i o n s : E B I S - I , 
ThJS - J , KR10N-I ar.d KR10S-J. EBIS-I and EBIS-2 have 
nnrsi.il co i tduct in j ; c o i l s and t h e KRIOS's have s u p e r -
i o n d u . t l n K c o i l s fo r b e t t e r f i e l l u n i f o r m i t y and low 
I'.'wi r i : m s u n p t i o n on a h ig l . v o l t a g e p l a t f o r a . 

A s c h e m a t i c drawing of t h e EBIS c o n f i g u r a t i o n and 
po i t -n t i . i l d i s t r i b u t i o n i s shown In T i c . 13 . The t iming 

Siliem.il ic view ot t.BIS s o u r c e KK10N-1 and 
pot eiit l.i 1 d i s t r i b u t i o n . In upper view 
t ' l f c t r o n bean p a s s e s from pun ( 1 , ^ ) t h r o u g h 
d r i f t t u b e s (b ) t o c o l l e c t o r ( i ) . Charge 
Kt . i les a r e .111.1 lyzed hv .1 I i m e - o f - f l igh t 
m.iss t p f c t r o B i - t e r C . 10, 1 1 . I.M. In 
lowei \ i e w p o t e n t i a l d i s t r i b u t i o n a l o n t a v i s 
I s tti.it of til) d u r i n g i n j e c t i o n , iCl d u r i n g 
Utntr . i t ft>n and {,\\ l o r e x t r a c t i o n . \ P o n e t s ^ 
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sequence is shown in Fin. 1** 'be time-of-flight spec— 
t rum tor xenon is shown for ionization times from J msec 
!,• }9 msoc in Fie- 15. This illustrates beautifully the 
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Time sequence of injection (t;-t ), ioniza
tion U.-t.) and extraction (>t.) lor K.BIS 
source KMON-1 tDonets}. 

solenoid was about 
source, KRlnN-?. h 
since KKION-1 has 
the Uubna 10 CeV s 
vacuum of less ilia 

1 ) T. An improved version of this 
i** been built for cont inued development, 
itcn installed in the injector for 
.•nchrotron. KR10N-2 has improved 
; 10" ! torr, magnetic field of 2.5 T 

and an electron tnergy of 7 KeV. 
trogen beams with 25"' N % . 

It has produced ni-

Arianer described the Orsay F.blS source, S1LFEC, 
which has operated since 1971. The highest charge states 
observed are Ne*1-* , Ar' "** and Xe''* . Studies are under
way on a superconducting design, CRVF.BIS, for injection 
of fully stripped ions up to neon into the rebuilt 
Saturne II synchrotron. The design goals are a basic 
vacuum cf 10 ^ torr, electron current density :000 
A/cm , and ion currents of 10' /pulse. To pet these 
high electron current densities an external gun trust be 
used with magnetic compression. An example of this type 
nf gun is shown in FIR. 16. 

Fig. lb- Calculated electron trajectories in ar ex
ternal Run using a;jnetic compression, 
Ursav. lArianer and Goldstein"!. 

'I he croup at Texas A I M of Hamm, Cho.ite anJ 
Kenefick is building an KBIS for Injection Into a 
cyclotron. They are using an external electron gun 
with magnetic compression. The goal is to make beams 
of C" , Ar 1* and Xe- "' with fast repetition rare puls
ing, since the cvclotron operates continuously. 

Ar Frankfurt, the group of Becker and Klein are 
developing .in F.BIS source with continuous output. Here 
the ions drift through the electron bean in one pass 
and arc- ionized during their time-of-f 1 Ight. Hence the 
system is called TOFFBIS. The principle oi the source 
is shown in Fig. 17. The operation is similar to the 

U(Z) 

Fig. 15. Time evolution of xenon i-harge state spectrum 
during ionization time in EBIS source KRI0N-1 
(Donets). 

gradual build-up of high charge states. At 39 msec the 
r.vrage chargt is Xe'^ , with Xe1"* seen at 107 of the 
Xe ' Intensity. The Intensity la about I0J'' fons/pulsc. 
I he electron beam current was 1.5 A with a density of 
10 A/cm' and an energy of 2.1 keV. The residual pressure ] 
•was 2 ' 10" • torr using a liquid he Hun pumpiiig system 
it £ K, The magnetic field from the mipercondu*. t ing 

- 6 -

magnetic shwtd 
colled* •UKtfon* 

I ' r i n c l p k - of TOFFBIS t y p e of FBIS s o u r c e 
b e i n g deve loped a t F r a n k f u r t . fKle inod , 
Becke r , Kle in and S c h m i d t ) . 

http://Cho.it


EB1S except that there is no trapping of ions, but a 
continuous drift from injection lo extraction, Two 
versions have been built: one with an Internal elect run 
gun as in Fig. J?, a"'' another with an external Run us-
jng ir.agnettr compression, .ind .->: t r.u l i >•» through th.- tun 
«. at node. The . (urc.f st.it.- distribution is abo.it the 
same as that of a PH.. Ibe goal is In make 10"" part/ 
sec of U' !* for the I'SIUC. 

Another continuous F.PIS lias been built at ^lessen 
by Clausnit /.t-r. Klinger, Mill ler and S.ilzborn. It has 
charge state distributions similar to that of a Pit"., 
with zenon charge states up to X.-'" observed. Current* 
sr.' 1 nA - I ..A. It has been used for 1 vears now on 
.jtrmic physics experiments. 

Other tvpes of sources reported fnrltide an rf 
quadrupole trap developed at IEr, I'rsay. Ions are 
stored for minutes and the first few charge states of 
argon are observed. From Vale laser-initiated vacuum 
arcs were reported. Large rates of mass luss were 
observed, but no charge state distributions were 
measured. 

Negative Jim Sounes 

COOUNO 

Fit'.. IH. (Vn)ntti bean. spulter ion HiMirce for negative 
ioim, Mnlv. ol IVnni.Ylv.-iula. f!1 Id.l I et on >. 

can be rotated into the beam in a few seconds. A 
«as inlet allows negative Ions to be produced frota 
gases, usually with a titanium cone. The output for 
various ions Is a few i.A of l.i" and B" , and 10's of 
A of H" , C" , 0", Si", and S". 

Fin. 19 is a graph shown by Smi*-h of Wisconsin 
illustrating the general trend of increasing output of 
bean: current with electron affinity for several sputter 
sources. 

• u . ly. Data from several negative ion sputter sources 
shoving the increase of output with electron 
at fixity. (Smith). 

i h..p~;.i:i of Florida State described an inverted 
•spelter s,':r.e. This Is a variation of the Middleton 
sour, t- in which the negative bean is extracted back 
thrniigh the ionizer rather than through the sputter 
.one. I he idea was based on the observation that the 
i.ini.'.ir was being bombarded by some negative ions 
otit eiit rated in a snail spot. So by optimizing this 
ei if t t h.ipman has designed a compact source having 
>;.»oti be.m quality and Hletine. The "final" version 
is shown in ri^. JO. 

Fig, JO. Inverted negative ion sputter source of 
Florida State, He.im exits to right. 
t('h.i|iman). 
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Other papers on negative lc;;« described beam 
measurements on the Aarhus AN1S source, studies of 
the Wisconsin SP1CS source, a modified Hortlg source 
at ORNL, a duoplasmatron at AXL, a charge exchange 
He" source In Argentina, and a polarized I.f" source 
at Hamburg in an invited paper bv Stef'ens. 

Beag. Formation and Emittancc Measurements 

A comprehensive review of beam formation and space 
.har^e neutralization was given bv Green of Culham. He 
described the various analytical and computational 
treatments of beam extrac'on fron plasmas by a number 
L-f electrode systems. Intensity limitations and space 
. harge effects were discussed. Many useful -simple 
formulas are given to help understand this inportant 
•it-id of getting the beam out ot the source. 

Kyder of Oxford told us about his well developed 
svster. to measure enictance and energy spread of nega-
:ive ion sources. A two slit system is used for enfl-
tan.e measurement, with a stepping motor to scan the 
first -Jilt followed by a deflection magnet to scan the 
bean across a second slit into a Faradav cup. A com
puter processes the data and gives a scupe or plot 
display. The energy spread measurement Is n:ide with a 
retardlnR field energy analyzer. Measurements have 
been made on beams from a number of different negative 
ii>n sources. This gives a valid comparison of beam 
quality, and helps in understanding the relation 
between source construction and beam quality. I under
stand that Slyder Is even willing to measure positive 
i.n source beams, after appropriate negotiations have 
heen made. Some discussion alter the paper indicated 
that it would he a good Idea when quoting enlttance 
ittts tn state the - explicitly, e.g. 10 • rro -irad 
• y>-i. so we all know where it is. 

Stripping 

A review of stripping of heavy ions In foils and 
.vises was given by Moak of Daresbury and uRXl.. lie 
Jis. ussed experimental measurements of charge state 
:isirlbutions, and dependence of the distribution upon 
••tripper density, shell effects, and njlefular weight 
f gas strippers. The data for the average charge of 
rro-iine Ions in various gases and solids is shown In 
f'î . 2\. Ŝ rae interesting work has been done at i ik 

Fig- 21. Average charge of bromine ions in gases and 
snHds vs. energy. (Mnak). 

Ridge showing that the average charge of the ion 
ran be increased by more than a factor 2 over the 
equilibrium value when the (on is scattered by about 
I degree In n gas f.tripper at low pressures. This 
effect may be uneful in tandem accelerator strippem. 
Mn.ik diHcuHseu the interesting unanswered question 
of which theory explains the difference in average 

<-h.iri;e produced bv suli.l and g.is strippers. In another 
paper some measurements no angular .md energv spread 
due to stripping are report.-.I bv [ht- i.ANIl group. The 
Frank! urt group described ,i high deiivUy sas Jet 
st ripper. 

Yntetna presented studies on lifetimes of carbon 
fulls, in heavy ion heatns. Since loll strippers 
..ive higher charge states than gases, thev give higher 
energy beams when used in tandem accelera'ors. But 
shcrt l.'il lifetime in high Intensity beans is a basic 
disadvantage. A foil exposed to a bean becor-.es 
'-.-rlnkled after a period of bombardment. It then he-
i-toctt stretched and tears as shown In Fig. 22. Yntema 
has compiled data on lifetime of cirbon foils (rum 
rtany heavy ion accelerators. This is shown in Fig. 
•M. Tiiere is a consistent increase of lifetime times 

: . 9 r : 
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.Ni l 

. I . I • I i I i I i I i I 
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M«V/NUCLEON 
Fig. 2 1. Lifetimes of unhealed r,i»-bon foils .it various 

lobs. The high point in the upper left Is a 
heated oscillating full In a 4 MeV Hi beam 
at Arjtonne. (Yntrma). 
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hcim d e t i s i t v w i t h imr . - i . s in>; energy -i u. U-on. Hie very 
h i g h Argonne po in t i s t h e n - s u l t of heat Jm; t he f o i l In 
400-SOO'c: ,ind . s . U I a t i n g t h e f o i l in th-.- beam, u s r f l -
1 .-i tint*, til".1 I t ' l l h e l p s t o r educe t h e g radua l t h i c k e n i n g , 
wliti-h i s caused bv some (-omhiti.it ion <>f c r a i k J n g i>[ 
livifr. r . i , l- .ns -md st m e t lira I ch.inves in the ! o f l r ^ i t . - r i a l . 

A i i v k T a t i i r s and h x p e r i m e n i s 

A review was g iven ol p o s i t i v e heavv ion a c i i - 1 -
i - r . i tcr p r o j e c t s by t i runder of B e r k e l e y . He .sutrinari/c-d 
tin- tii-w tr.nhirn.-s b e i n g comple ted or s t u d i e d . Com
p a r i s o n s wctc g iven ot t h e perforn.cin-eH of v a r i o u s 
.ii i i l i r . t t o r i-onbin.it t o n s . An example ot a . ompreheiisi ve 
group ot li.-.ivv ion a.-, e l e r a t o r s i s -it ne rke l i -v , where 
t h e SuperlllLAl" i s d e s i g n e d t o . u . e i e r a t e a 1J ions t o H.^ 
MeV/A ( i n n s up t o xi-rion . i n used at p r e s e n t I. It In
j e c t s t h e Bev.-itr.m ,.;i a Litneshare b a s i s for f u r t h e r 
a. < e l e r a t ion t o J l.eV/nuc i c o n . Th i s " B e v a l a . " f . n i l i t v 
has ! '-en o m r a t i n , : l . .r over a • .v .u , ! ] . - . .'•'.. Also at 
I HI t h e HH-Inch Cv. l o t r o n a - e K - r a i e s l i g h t e r i ons t o 
10-IS MeV/nuc]eon. l i runder showed i n t e r e s t i n>; roiif.h 
• s t i n a d s of the per formance of .a , e l e ra t o r s u s i n g a 
. ..jiv.-nt ion.il S'I<- sour.-e and the new KH1.S sour . r . V i »•. 
."> shows t h e .-lit put ,i[ a h igh duty , y.'ii- heavv ion 
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Supi-rHIIAC and Bevvt 

1 In.i asMm.fiij- s t r i p p i n g at a 
(SuperHM-AC or I N I U C ) . The 
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..-ITRe tandem accelerators were re' lewed t»y loneS 
Kid>:e. He discussed the many projects around 

rid which an- planned or under conbtru'. l Ion. 
the most interesting is the n.ik Ridge 2b Ml' 
tandem now under construction, shown In a 

tii- layout in Fig. 11. The energy 1 B higher 
t h n th . t of any •x ist (nj: t i n c en md the f j lded con-
s t r u c t i< n has not been usee l a rpe tandems bi f o r e . 
S i t t h i s w i l l be a unique .K a - e r a t o r . 1'm ( ( i n we a l l 
wish our Oak Hfdg 1 hosts HI S B wi th t l i l a p r o e c t 

r iu re were r •po l l s on t i n he i vv ior. performan 
c. 

o f the i ew l.ouv.il i c y c l n t r o n . and on the h a w t o n U n a 

I " - JecL a I I l 'Cl i , .'I pan. 

I n com lu l i to 1 St e l son >f Oak Kldge pr sent i-d i s 

the paths to be explored in the fields of 
aior.ii-, and solid state physics can be 

d from present work while others must await 
re in which we .-an explore more of the mass-
rUensity space which the new accelerators 

up. 

Future Prospects 

of experiments to be dune with he. 

What can uv expect in the next few years in the 
< ion source field? In charge exchange and impact 

cross-sections we can expect many more measurements 
using heavy Ion sources in test facilities. In 
positive ion sources we can expect EB1S sources to be 
Injecting accelerators at Dubna, Texas A 6 M and llrsay. 
Better electron guns will come into operation using 
magnetic compression. in ECR sources, higher fre-
c/ienry microwaves will produce higher density plasma 
anil higher charge states. More improvements will be 
made on negative ion sputter sources. New heavy ion 
accelerators will come into operation such as UN1LAC, 
the f)RNl. tandem and GAN1L. New unexpected experimental 
results will appear. Finally another heavy ion con
ference as pleasant as this one will take place. In 
less than four vears, In Europe. 

Ac know1edgewent s 

I would like to thank I lie speakers who lent slides 
and viewgraphB for my talk, and whose figures I used for 
IhiD paper. 
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2b. Output of heavy ion 1 inac Injector fnr a 
synchrotron. (Crunder). 

J.R.J. Bennett, TEEE Trans. Surl. Sci. NS-19, 
p. 48 (1972). 

IERMINAL 
BENDING 
ItMNET 

-IWJECTOH 
(150-500HV1 ^OBJECT 

SLITS'^ 

SENDING MAGNET 
(MASS-ENERGY 
PRODUCT 320)— 

OUADRUPOLE LENS 

IMAGE SLiTS 

SENDING MAGNETS 
FOR OR'C INJECTION 
(M«SS-CNERG* 
PRODUCT 735) 

2 . H. Winte r and B. H. Wolf, T r o r . ''nd Syrup, on 
Ion Sources and Format ion of Ion '-earns, B e r k e l e y , 
C a l i f . , 22-25 O c t . 1974: LBL-3399, p . V - I . 

FfR. 2 7 . Oak Ridge 25 HV fo lded tandem e l e c t r o s t a t i c 
a c c e l e r a t o r sys t em now under " o n s t r u c t i o n . 
( J o n e s ) . 


