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Gaarne maak ik  gebruik  van de h ier  geboden gelegenheid,  dank
te brengen aan allen, die hebben medegewerkt aan de bouw van de
separator en het tot stand komen van dit proefschrift.

Hooggeleerde BAKKER, hooggeschat te promotor ,  ik  acht  het  een
groot  voorrecht ,  dat  U mi j  in  mi jn werkkr ing in  s taat  hebt  ge-
ste ld,  deze pronot ie te volbrengen.  De hulp en raadgevingen,  d ie
ik van U bij de voltooiing van mijn frroefschrift mocht ontvangen
en Uw voortdurende, actieve belangstellÍng voor het werk zijn mij
tot grote steun geweest.

Hooggeleerde D0RGELo, behalve voor  Uw waardevol le  lessen,  ook
op n iet  physisch gebied,  ben ik  U zeer  erkente l i jk  voor  de spon-
t ,ane wi jze,  waarop U mi j  in  de gelegenheid hebt  geste ld,  de be-
t rekk ing te aanvaarden,  d ie u i te i .ndel i jk  deze promot ie mogel i jk
maakte.

Hooggeleerde HEYN, Uw technische adviezen bij de bouw van de
separator zijn van veel nut geweest.

Hoogleraren en Lectoren van de Afdel ing der  Algemene I {eten-
schappen en de Afdel ing der Technische Natuurkunde van de Techni-
sche Hogeschool  te  Del f t ,  ik  ben U zeer  dankbaar voor  de ople i -
d ing,  d ie mi j  in  s taat  s te lde,  d i t  werk te beginnen"

Dat  het  daarbi j  ook tot  een bevredigend resul taat  is  gekomen
dank ik  in  de a l  le leerste p laats aan U,  Zeergeleerde KISTEMAKER.
Onder Uw voort ref fe l i jke le id ing kon de opdracht  met  betrekkel i jk
wei .n ig krachten in  een redel i jke t i jd  worden uÍ tgevoerd.  Door Uw
ui tgebreide kennis en ervar Íng en Uw levendige fantas ie konden
ook de vreemdste moeil i jkheden worden opgelost. Met Uw aangeboren
voortvarendheid en Uw nimmer af la tend enthousiasme hebt  U ons
team tot een constant hoog tempo geinspireerd. De jaren, welke ik
onde r  Uw le id ing  heb  mogen  werken ,  za l  i k  m i j  s teeds  dankbaa r
herinneren als een leerzame en genoegli jke ti jd.

Aan de STIcHTING vooR FUNDAMENTEEL oNDERZOEK DER MÁTERIE i.n
wier  d ienst  ik  d i t  onderzoek heb mogen verr ichten,  gevoel  ik  mÍ j
ten zeerste verp l icht .

Beste SCHUTTEN en NABBEN, ju l l ie  hebt  a ls  e lect ronic i ,  tezamen
met verschi l lende voJonta i rs ,  een zeer  belangr i jk  aandeel  gehad
in de bouw en hd onderhoud van de separator. Ik heb groot res-
pec t  voo r  he t  ve le  u i tmun tende  werk ,  da t  j u l l i e  i n  de  l oop  de r
jaren hebt afgeleverd.

Bes te  RoL  en  COEN DE VRIES,  i k  ben  j u t l i e ' dank  ve rschu ld igd
voo r  de  ve le  daadwerke l i j ke  hu lp ,  d i e  i k  van  j u l I i e  moch t  on t -
vangen. Onze sanenwerking in het "bedieningsteam" van de separa-
tor is steeds gekenmerkt geweest door een buitengewoon prettige
sfeer.

Beste DE VRIES en JANsz,  het  prepareren \xan in laatmater iaal
voor de ionenbron en het vri jmaken en analyseren van de opgevan-



gen isotopen u l t  de col  lector  z i jn  pr imaire onderdelen van het
scheidingspràces. De vaak zeer moeil i jke chemische problemen, die
daarbi j  Íezen,  z i jn  door  ju l l ie  s teeds op voor t ref fe l i jke wl jze
opgel ost.

Beste BOERBOOM, met  de ser ieuze en v lot te u i tvoer ing van de
massaspectrometrische analyse van gescheiden isotopen heb je mij
een grote dienst bewezen.

Ook op de andere wetenschappeli jke medewerkers in het Labora-
torium, hoewel niet direct betrokken bij de bouw van de separa-
tor, heb ik nimmer een vergeefs beroep gedaan wanneer enigerlei
hulp gewenst was. Ik ben daarvoor zeer erkenteli jk.

Voor de u i twerk ing en real iser ing van onte lbare,  vaak zeer
moeil i jke constructies ben ik grote dank verschuldigd aan Meester
JANSSEN, die zich met zijn uitgebreide ervaring en grote vinding-
ri jkheid inderdaad onmisbaar heeft gemaakt.

Ook het  over Íge technische personeel  van het  Laborator ium
voor Massaspectrograf ie  heef t ,  gezien de jeugdige leef t i jd  der
betrokken krachten, vaak opmerkeli jke prestaties geleverd.

De u i tvoer ing van zwaar construct iewerk kon aanmerkel i jk  be-
spoedigd worden, doordat gebruik kon worden gemaakt van de werk-
plaatsen van de Centrale Oost van het Gemeenteli jk Fhergj.ebedrijf,
waarin ons Laboratorium gastvri jheid geniet. Terwij l de verstand-
houding met  a l le  instant ies van d i t  bedr i j f  zeer  goed te noemen
is, past mij wel een bijzonder woord van dank aan de chef en het
personeel  van de CENTRALE IYERKPLAATS, waar het  leeuwendeel  van
het  grote construct iewerk werd u i tgevoerd.  Van onschatbare be-
teken i s  z i j n  h Íe rb i j  gewees t  de  ta l r i j ke  adv iezen  van  de  hee r
HoocvoRsT met wie alle technische problemen op prettige wijze be-
sproken werden.

Zeer belangrijke hulp mochten wij ontvangen van de Afdelingen
GRONDLEIDINGEII en TECHNISCHE CoNTRoLE van bovengenoernd bedrijf.

Gaarne dank ik ook de N. v. tvERKspooR, die, bel ichaamd in de
heer THURING, ons vele malen met een welhaast beschamende bereid-
wil l igheid is tegemoetgekomen.

Wat de verwezenl i jk ing van mi jn proefschr i f t  betref t ,  dank ik
Ín de eerste p laats MERToN R0BER,TSoN voor de ser ieuzd correct ie
van de Engelse tekst .  Helaas moesten na deze correct ie  nog ver-
sch i l l ende  w i j z i g i ngen  worden  aangeb rach t , ; , he tgeen  een  excuus
moge zijn voor nog aanwezige taal- en sti j l fouten.

Ik dank voorts Mej. DE VLETTER voor het correcte typen van het
manuscript en de heer DUIN voor de verzorging van het tekenwerk.

Tenslot te gaat  mi jn dank u i t  naar  een ieder ,  d ie op eniger le i
wi jze heef t  b i jgedragen tot  de tot  s tand koming van d i t  proef-

schrift.
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C h a p t e r

G E N E R A L  C O N S I D E B A T I O N S

$ 1.  Purpose of  isotope separat ion

Isotopes are e lements wi th the same nuclear  charge,  but  wi th
d i f f e ren t  a tom ic  we igh ts .  The i r  e l ec t ron  con f i gu ra t i ons ,  and
therefore thei r  chemical  propert ies,  are pract ica l ly  ident ica l .
Their nuclear structures, however, and consequently their nuclear
propertiês, are different.

In particular, when an element consisting of various isotopes
Ís used as a target  (e.g.  in  a cyc lot ron)a mixture of  radioact ive
isotopes may be created. Measurements on these mixtures can give
compl icated resul ts ,  the in terpretat ion of  which is  of ten d i f f i -
cu l t  and somet imes impossib le,  especia lJy when the radioact ive
isotope to be studied is created from a stable isotope of low na-
tural concentration.

In those cases it is of great importance that the nucl ear phy-
sicists have the disposal of a pure stable isotope or at least of
a mixture in which that particular isotope has been enriched ap-
preciably .

0ther  appl icat ions of  separated isotopes in  nuclear  physics
are a. o. : the use of 810 Ín neutron counters and of 9235 in ."u"-
tors.

$ 2.  Histor ice l  developnent  of  the separet lon of  isotopes

It is peculiar that the first separation of isotopes on an ap-
preciable scale was effected before the existence of isotopes had
been fully recognised. In fact, the separation was carried out to
prove this exlstence.

ft was in 1912 that Thomson rl analysed canal rays by means of
paral le l  e lect r ic  and magnet ic  f ie lds.  By p lac ing a photographic
plate perpendicular  to  the d i rect ion of  the rays he obta ined pa-
rabol ic  curves on Í t  which indicated the p lace where the ions
struck the p late.  Each parabola corresponded to a par t ic le  wi th
a  de f i n i t e  ra t i o  e , /M ,  wh i ch  essen t i a l l y  made  h i s  i ns t rumen t  a
mass spectrograph.

fn analyzing neon, Thomson observed two parabolas correspond-
ing to the atomic weights 20 and 22. His assistant F.tv.Aston sus-



pected they dealt with two kinds of neon of a type si.milar to the

isotopes at the end of the periodic table discovered by Soddy sl

a short t ime before. Aston tried to separate these neon isotopes.
After a rather unsuccessful attempt on the fractional disti l  1at-

ion of  l iqu id neon he appl ied the method of  dí f fus ion.
The f r r inc ip le of  th is  method is  the fo l lowing:  In  a mixture of

two gases in thermal equil ibrium, the molecules of the two compo-
nents have the same mean kinetic enerry. However, the mean velo-
cit ies of the molecules are then unequal. They are inversely pro-

portional to the square root of their masses.
!!hen such a mixture is allowed to diffuse partially through a

porous wal1,  the l ight  component  wi l l  emigrate faster  than the
heavy one,  and in the d i f fusate the rat io  wi l l  be a l tered in  fa-
vour of the I ieht component.

By the separation factor S is meant the quotient of the isoto-

fie ratios in the phases after and before the separation orocess.

In the besinning of  the r l i f fus ion process S = l l  :1 ,  but  i t
l M z

dimin ishes gradual ly  because of  the enr ichment  of  the res idual
gas in the heavier component.

If a fraction f of the gas is allowed to diffuse, the separat;
ion factor is given by:

with

fPs =-
1  -  ( 1 - f ) F

t-íí

vJ
I M ,

( 2 - 1 )

( t _ t \

For the neon isoto^oes and f  = \L,  S = 1.035.
So the a l terat ion in  the isotope rat io  or  the enr ichment  is  only
a few procent.

The formulas ment i .oned are only val id  in  the case when the
diameter of the pores is smal I as compared to the mean free path
of  the gas molecules.  Since the gas st ream must  be ru led by the
Knudsen law,  the d i f fus ion process is  pneral ly  carr ied out  at  a
low pressure,  e.g.  10 mm Hg.  Unless the pores are very smal l ,  the
separation factor wil I diminish at higber pressures.

Aston Al  a l lowed neon to d i f fuse thror igh a c lay barr ier  and
repeated i t  several  t imes.  At  last ,  he determined the densi ty  of
the l ightest  and the heaviest  por t ion.  These showed a measurable
d i f f e rence ,  u i z .  20 .15  and  20 .28  respec t i ve l y .  As  a  resu l t ,  he
obta ined neon conta in ing ?.5 and 14 7o Ne22 ( in  s tead of  lO 7o,
which is the natural abundance).

In 1916 W.D.Hark ins H3 af ip l ied the same nethod on HCI to se-
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parate the chlorine isotofres. By 1921 he had diminÍshed the abun-
dance of  Cl37 1norma7ly Zq. f i  to  20.8 70.

In L932 Hertz Hl introducerl the cascade nethod in the dÍffu-
s i on  p rocess .  A  Ja rge  number  o f  s im i l a r  sepa ra t i . on  s tages  were

l inked in ser ies in  a specia l  way (F ig.  1) .

F ig.  1.  Cascade method according to Hertz

The gas mixture is  supposed to enter  the stage at  A.  Par t  of
i t  d i f f uses  th rough  the  c la . y  p ipe  B ,  and  i s  pumped  away  a t  C .
This gas has been enriched in the 1 ight component. The rest f lows
th rough  the  tube  B ,  and  d i f f uses  pa r t l y  t h rough  i t s  wa l I .  The
diffusate has about the same composition as the original gas and
is therefore pumped back to A. At I l gas flows out that has been
enriched in the heavier component. The exit D is connected to the
entrance A of  the next  s tage and the ex i t  C to the entrance A of
the preceding stage.  As a resul  t  the concentrat Íon of  the heavy
component  increases cont inual ly  f rom the r ieht  to  the le f t  in  the
apparatus.  The complet ion of  the c i rcu i t  a t  both ends is  to  be
seen in the di.agram.

In the beginning of  the process,  the whole apparatus is  f i l led
with the gas mixture and the pumps are started. l{hen the state of
equi l ibr ium has been reached (which can last  several  hours)  the
gas in V" has become enriched in the heavy component, the gas in
V,  in  the I  ighter  one.

With h is  apparatus,  consis t ing of  24 stages,  Hertz  was able to
al ter  the isotope rat io  of  neon f rom 1 :  9  to 1 :  1 .25.  Harnsen,
Hertz  and Schi i tze H4 succeeded in making pract ica l ly  pure Ne22.
By apply ing the process on methane they could enr ich the isotope
C13 (normal'Jy | 7o) Lo lO 7o.

In the meant ime other  separat ion methods had been developed.
In Leiden the f ract iorn l  d is t i l la t ion had been invest igated.

I f  th is  method is  to meet  wi th success,  i t  is  necessary that
the vapour pressures of the isotopes should be different.

Urey,  Br ickwedde and Murph.y u1 der ived the fo l lowing formula
for  the vapour pressures of  so l  id  H2 (p1)  and HD (pr) :

rn&=f+* t ' - t ,  * l ,n.L e-B)
D 2 R T R 2 M 2

Here tU is the zero point enerry, ó is an integral ,  taken from



Debye's theory on specific heat and dependi.ng both on the tempe-
rature and the mass of the molecules.

I t  i s  accep tab le  t o  t ake  equa t i on  (2  -  3 )  as  va l  i d  f o r  t he
l iquid -  gas equi l ibr ium in the immediate v i .c in i ty  of  the t r ip le
po in t .  App l y i ns  (2  -  3 )  on  l i qu id  H ,  and  HD one  f i nds  nea r  t he

tripl e point temperature the separation factor S = :l = 2. ? but
in  the case of  neon S is  only  1.06.  P2

Keesom, Van Di jk  and Haant jes bui l t  rect i f icat ion columns to
separate the neon isotopes at a temperature somewhat above the
tr ip le point .  Af ter  some exper iments wi th a column of  19 p lates,

by which a measurable separat ion could be achiever l  Kr ,  a large
column of 85 plates was constructed and neon mixtures with 2 and
58 % Ne22 were obtaine,l K2. l l l i th another column they made hyrlro-
gen conta in ing 3 % HD (normal ly  0.04 7à K3.

One year previous to this Urey et al ut had obtained a mixture
with 0. 4 Vo IID by simple disti l  lation of I iquid hydrogen. In this
way they f i roved spectroscopical  ly  the ex is tence of  deuter ium.
At tempts to serrarate t \e  oxygen isotopes ( in  water)  L l  and the
nitrogen isotopes (in ammonia) wl by rectj,f ication met with titt le
success.

Concurrently with the Leiden experiments came the first appli-
cat ion of  e lect ro lys is  as an isotof re separat ion method.  The pos-
sibil i ty had been pointed out by Kendall and Crittenden as early
as 1923 K4. In 1932 Washburn and Urey 12 found that in the elec-
trolysis of water the escaping hydrogen gas contained less deute-
r ium than the res idual  water .  Only one year  la ter  Lewis L2 pre-
pared concentrated heavy water (33 % D2O) by this method.

The mechanism of the electrolytic separation has not been ex-
p la ined quant i ta t ive ly .  Some factors can be ment ioned that  wi l l
cause fractionizing. Important is the exchange reaction:

H r O + H D = H D O + H z ( 2 - 4 )

for  which the equi l ibr ium constant  is  3 -  3.5,  which is  substan-
t ia , l ly  d i f ferent  f rom uni ty .  The cause of  th is  wi l l  be d iscussed
I ater.

Because hydrogen gas escapes f rom the cathode,  i t  wi l  t  be
ma in l y  t he  l i gh te r  i so tope .  Howeve r ,  t h i s  canno t  be  the  on l y
process, for experimental values of the separation factor appear
to be much larger  than 3 (even uD to 1? El ) .

The de-ionizing of hydrogen ions at the cathode is supposed to
cause also fractionízíng. This is acceptable because of the dif-
ference of the energ/ levels for the electrons in D and H Gl.

The value of the separation factor depends on the condition of
the electrode surface, on the current density, on the concentrat-
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ion of  the e lect ro ly t  and on possib le contaminat ions.  I f  cer ta in
orpnic compounds are added, it is possibl e to opoison" the el ec-
tnrlyt. Ttris poisoning means that the tgrdrogen gas is retained at
the cathode for  some t ime by the organic compounds;  the t ime
being long enough to establ ish equi l ibr ium of  the react Íon (2-4) .
That  is  why a separat ion factor  of  about  3 is  a lways found in
those cases,  whereas a normal  va lue in  industr ia l  processes is
5 t o 6 .

Starting with a volume of water Vo in which the concentrations
of  the I  ighter  and heavier  isotopes are Lo and Zo respect ive ly
and  then  con t i nu ing  the  e lec t ro l ys i s  t o  a  f i na l  vo lume  V ,  t he
concentrations L and Z achieved can be calculated from Rayleigh's
fonnula for  ideal  d is t i l la t ion:

In this way Harteck Hs comrluted that - with a separation factor
of  5 -  the volume of  natura l  water  nust  be d imin ished to 10-s of
the original volume to obtain gB 7o DzO, I,{tren the process has been
in progress for some time, the escaping hydrogen gas has a higher
concentration of deuterium than the normal one. Therefore, it is
collected, burned and electrolysed again.

The e lect r ica l  energy requi red to earry through th is  process
is of the order of 100 kl{h per gram of g8 7o DrO o'.

In  1934 at tempts were made to use the e lect ro lys is  of  ïvater
for the separation of the oxygen isotopes c3 r'3, but with tit i le
success,  due to the fact  that  the separat ion factor  is  near  to
un i t y  (1 .  03 ) .

A feu,years la ter  Hol leck H6 d id succeed in par t ia l ly  separaË-
ing the I ithium isctopes by the el ectrolytical rnethod. He obtain-
ed 12.  6 % Li7 (normal 'Jy 1.8 7à,

Hertz introduced an improvement in his cascade diffusion method
in 1934 H2.  In order  to obviate the d i f f icu l t ies which are con-
nected to the use of clay pipes (adsorption at and contamination
of  the very Iarge in ternal  sur face)  he replaced these p ipes by
mercury dif lusion punps of a special type, which also fractiónate.

The separation factor of such a pump was cal cul ated by Barwich
Br, who found:

L o  , Z ' , s  , V o t s - l_LV) =\7

ln S = c (q - /-, tr l  * 1,, rn}
i f

" t 2

( 2 - 5 )

( 2 - 6 )

The constant C defrends, among other things, on the pump dimen-
sions.

The separation factor is larger than i.n the case of diffusion
through porous wal ls .  The d i f fus ion rate is  a lso larger ,  but  the

1 t



pressure to be used is lower (a few mm Hg). By means of a cascade
of  12 pumps Hertz  obta ined neon wi th 50 %Ne22 wi th the equi l i -
br ium being reached af ter  45 minutes.  To at ta in th is  goal  wi th
his /irs t nethod, he needed a cascade of 24 stages and a start-up
t Íme of  11 hours Ha.

With th is  second nethod of  Hertz ,  Barwich Br  constructed an
apparatus with 48 pumps with which he prepared nearly frure Ne20,
018 ( to 7à and,  R36 1to %).  others appl ied the method to carbon
and nitrogen H7.

T\e electronagnetic separation had been considered by Aston as
ea r l y  as  Lg22  A2 .  The  f i r s t  a t t emp ts  o f  Morand  M l  me t  w i t h  no
success, but in 1934 results were reported both from England and
the Uni ted States.

The princi.ple is that of the mass spectrometer: An ion bean is
made of the material to be separated and these ions, after el ec-
tric accel eration, are carried through a magnetic f ield. Here the
beann is  def lected and th is  def lebt ion is  larger  for  the l ighter
ions than for the heavier ones.

When different isotopes are present in the beam, the beam will
be spl Í t  up and the serrarated isotopes can be col lected wi th an
appropriate receiver.

Under ideal  c i rcumstances i t  is  possib le to separate the iso-
topes in  one stage (S = o) .

0n the other hand, the yield is small because the ion currents
used are very low. lVith an ion current of 1 FA the transport is
about I p gram atomic weight per 24 hours.

By e lect romagnet ic  separat ion,  Smythe,  Rumbaugh and West  s2

obta ined 1 mg of  pure K39.  The l i th ium isotopes could be separat-
ed too.

0 l iphant ,  Shi re and Crowther  or  prepared targets conta in ing
about  10-8gof  pure L i6 and L i? for  nuclear  physical  exper iments.
Smythe and He'nmendinger s3 succeeded in separating the potassium
and rubidium isotopes and proved that the radioactivity of these
e lemen ts  be longs  on l y  t o  t he  i so topes  K40  and  Rb87 .  Wa lche r  wa

col lecter l  90 pB Rb85 and 30 ps Rb87,  which he proved to be pure
spec t rosco r r i ca l l y .  Ya tes  Y l  p repa red  ta rge ts  o f  L i 6 ,  L i ? ,  810 ,
811 and cl2 for nuclear physical experinents.

A very important separation method arose in 1936: the chenical
exchange react ion nethod.  Though,  in  general ;  the chemical  pro-
per t ies of  isotopes are the same, th is  is  not  the case wi th the
equil ibrium constant of exchange reactions. ïhen these reactions
are carr ied out ,  wi th one of  the e lements having two isotopes L
and H present ,  e.g.  in  th is  way:

t 2



then the equil ibrium constants for (1)

[lx] hvl
n. = ___ anci. LLXJ LAYI

di f fer  f rom each other  s l ight ly .
The effect is as if the reaction

L X + A Y = A X + L Y

H X + A Y = A X + H Y

( 2 - 7 l ' , )

( 2 - 7 h )

( 2 - 8 )

( 2 -e )

(2  -  10 )

anrl Greiff u2

of the rel at-

(2 - LL)

( 2 - 4 )

and

K h =

( h ) :

texl [rv].;:-
LHXI LAYJ

L X + H Y = H X + L Y

had an equil ibrium constant

[Hx] [tv]
, r - ; - - - - ; - ; - - - r r

LLXI LI{Y]

K = the separat ion factor  S of  the process.  Urey
calculated S for various exchange react.ions by way
ion:

S = K =
Q", Q""

Q"* Q""

Q being the par t i t ion funct ion of  the molecules.  Since e de-
pends on the mass of  the par t ie les,  i t  is  d i f fer-
ent for isotopes. That is why the equil ibrium con-
stant K and the separation factor S are I 1.

lvith the electrolysis we mentioned the reaction

H D + H r O = H r + H D O

f o r w h i c h K =  3 .
For reactions between isotopes other than hy-

drogen, K is in general close to unity.
Therefore, it is necessary to use a large number

of  s tages in  ser ies.
Huf fman and Urey H8 bui l t  a  column over  l0  m

ta. l1 .  This  column (Fig.  2)  consistêd of  a cy l inder
that was divided into a large number of chambers,
separated from each other by conical walls. A ver-
tical shaft eould rotate in the cylinder and cones
were  f i t t ed  on  th i s  sha f t  as  we l  l ,  one  i n  each
charnber of the cyl inder.

F ig .  2 .  P r i nc ip le  o f  U rey ' s  rec t i f i ca t i on  co lumn
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The column in quest ion conta ined 621 pai rs  of  cones.  I t  was
used for  exchange react ions between a l iqu id and a vapour which
were supplied at the top and the bottom respectively.

In this column Urey, Hoffman, Thode and Fox u3 carried out the
reaction:

N l sH ,  +  (N l4H4)z  s r  =  N raH ,  +  (N l sH4)2  s04  e  -  12 )

Af ter  10 days they obta ined a solut ion wi th 2.4 To Nrs (normal
O . 4  7 o \ .

With the reaction

cl3o,  + KHct2o3 -  cr ro,  + KHcl3o.  (2 _ 13)

the Cr3-percentage of  I (HC0" was changed f rom 1.1 to 1.86 %u4.
Thode and Urey 12 made-columns of  a somewhat  modi f Íed con-

struction. They consisted of glass tubes in which the l iquid flew
down along g lass spi ra ls .

By  connec t i ng  some o f  t hese  co lumns  i n  a  cascade  ?0  % N ts
could be prepared after a start-up time of 30 days.

By means of the reaction

Na H s32 oo + s3a o,  = Na H s34 oo + s32 o,  (2 -  14)

the abundance of  s3a (normal  4.2 7à could be increased to 6.g7o13.
In 1938 Clus ius and Dickel  c3 found a means of  us ing thernal

d i f fusíon for  the separat ion of  isotopes.  The thermal  d i f fus ion
ef fect  was d iscovered theoret ica lLy by Flnskog E2 and Chapman c2

and exper imenta l ly  by Chapman and Dootson c l :  lVhen in a n ix ture
of  gases wi th d i f ferent  molecular  weights a temperature gradient
is maintained, a concentration gradient wil l occur.

The magnitude of the effect depends on the law that rules the
mutua l  f o r ces  o f  t he  mo lecu les  and  i t  i s  l a rges t  f o r  mo lecu les
that  beha.ve l ike e last ic  spheres.  The fo l lowing apfr rox imat ion
formula of  the seJrarat ion factor  was deduced for  th is  case by
Jones and Furry Jl.

s=1+o .s Ï r -Mz ru5  (2 - t b )
hl, + M, T".

1T" beine the temperature at the .hot, ' side and T. at the ,cold,,

side of the vessel). If one takes TH = 900 oK and i. = aOO of, it
fo l lows f rom (2 -  15)  that  for  the neon isotopes.  S = 1.04?.  Here
too a cascade is  necessary in  which each stage passes on i ts
l ighter  component  to one s ide and i ts  heavier  component  to the
other.
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This state was obtained by Clusius and Dickel c3 in a remark;
ably simple way: They placed a tube with a cold wall in a vertical
position. Inside this tube a hot wire was stretched. Then in each
ho r i zon ta l  sec t i on  an  e lemen ta ry  p rocess ,  as  men t i oned ,  t akes
place and moreover the gas wi t l  r ise a long the wire and go down
along the wal l  due to the d i f ference in densi ty  between hot  and
cold gas.  This s tate is  equivalent  to  a cascade wi th each's tage"
pass ing  the  l i gh te r  gas  to  a  h ighe r  and  the  heav ie r  gas  to  a
lower "stage".

The concentrat ion of  the l ight  gas wi l l  increase at  the top of
the tube, that of the heavy gas at the bottom. The total separat-
ion factor of such a column, depending on its Jength, can be con-
s iderable,  e.9.20.  Wi th a 36 m column Clusius and Dickel  separat-
ed the chlor ine isotopes in  HCI ca.  They obta ined 99.470 Cl37 and
95.5 7o c l  3s.  Jor is  15 succeeded in enr ich ing the carbon isotope
C13  f rom 1 .1  t o  2 . t  7o  i n  a  co lumn  12  m h igh .

The  p rocess  i s  a l so  p rac t i cab le  w i . t h  l i qu ids .  Ko rsch ing  and
\ ï i r tz  K6 a l tered the abundance of  the z inc isotopes in  a ZnSOo
solut ion appreciably .

Dur ing and af ter  the Second WorId War the methods ment ioned
were fur ther  improved.  F ine resul  ts  were obta ined by means of
thermal diffusion and exchange reactions especially. The enriched
isotopes ct ' ,  o t8,  111s and S3a used in t racerwork are prepared by
these methods in most cases.

Clus ius and Becker c5 constructed a thermal  d i f fus i .on column
of  82 m tota l  height  and,  when the equi l ibr iun was reached af ter
a few months,  they obta ined 99 % NtnNts wi th i t .

By the exchange reaction HCï,{ + NaCN Urey eÍ a/ se prepared 2b %
c  1 3 .

J.Koch Kl1 constructed an e lect romagnet ic  separator  by which
he made targets for nuclear physical experiments.

Wa lche r  w5  p repa red  T I  -  t a rge ts  as  we l l  as  o the rs  w i t h  h i s
nass spectrograph.

Bernas and Nier 82 separated the zinc isotopes with a 600 mass
spectrometer.

Howeve r ,  t he  mos t  spec tacu la r  unde r tak ing  i s  t he  eno rmous
sca le  on  wh ich  the  p rob lem o f  sepa ra t i on  was  tack led  fo r  t he
product ion of  U23s for  the oatomic bomb, ' .  I t  is  known f rom the
Smyth repor t  sa t t rat  powerfu l  insta l la t ions,  usÍng the d i f fus ion
pr inc ip le,  were bui l t .  In  contrast  wi th Hertz ,  s  cascade,  which
was a closed system, a modification was introduced, in such a way
that  natura l  uranium was cont inuously brought  in  and separated
uranium removed.  This cascade consists  of  several  thousands of
stages through which the uraniun is pumped as UFu.

The electromagnetic method was also applied and a large number
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o f  so  ca l l ed  oca lu t rons "  we re  bu i l t .  Ou ts tand ing  p rog ress  was
made in this domain.

Formerly very low ion currents (up to some pÁ) had been used
in electromagnetic separators, so that space charge effects could
not cause aberrations. But now the ion current was raised, even
to about 100mÁand the influence of the space charge was counter-
acted by means of electrons (See $ 4).

fn  Canada the product ion of  deuter ium takes p lace main ly  by
means of exchange reactions ca. The application of proper cata-
lysts to accelerate the establishment of equil ibrium is very im-
portant.

In Scandinavia the production of heavy water by electrolysis
is sti l l  of major importance.

Concerning to electromagnetic separators in Europe, Bergstróm
e t  a I  86  bu i l t  one  i n  S tockho lm .  r t  i s  a  90o  t ype  and  the  i on
currents used are of the order of 10 - 100 uÁ.

In Harwel l  a  very h igt r  in tensi ty  separator  was constructed,
after the principles of the Oak Ridge plant 43.

In Paris qernas "t has built a 600 type separator. Hi.s collec-
tor currents amount to 4 mA.

Several other separation methods have not been discussed, but
these are only useful in special cases, or eguivalent results can
be obta ined easier .

Some of these methods wil l be mentioned briefly:

L.  The u l t ra centr í fuge sr3

The  cen t r i f uga l  f o r ce  causes  an  en r i chmen t  o f  t he  heav ie r
isotope near the outer  wal l .  In  the Uni ted States a t r ia l  p lant

for the uranium separation was built on this principle, but large
scale appl icat ion d id not  fo l low.

2.  Plptochenícal  separat ion K8

The  pho tochemica l  d i ssoc ia t i on  o f  mo lecu les  e .g .  COCI2 ,  i s
carried out with l ight of a wave length, corresponding to the ab-
sor?t ion l ine of  one of  the isotopic molecules.

3.  The isotron S4

By means of  ve loc i ty  modulat ion (as in 'a  k lyst ron osci l la tor)
ion 'bunches" are forned, which have different drift velocities
for each isotope. The bunches are then sel ected by an r. f. trans-
verse f ie ld.

4.  He-seynrat ion Dr

Use is made of the super fluid state of Hea. He II is conduct-
ed along a surface and the He3 remains behind.
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5.  Ion n igrat ion Re

A tube is  e.g.  par t ly  f i l led wi th PbCI,  and par t ly  wi th L iCl ,
bo th  i n  l i qu id  s ta te .  A  po ten t i a l  d i f f e rence  i s  app l i ed  t o  t he

tube, which causes the Li-ions to cross the boundary between the
two substances and penetrate into the PbCl2. As Lió has a greater

mobi t i ty  than L i7,  a concentrat ion gradient  of  the two isotopes
wil I occur. Brewer and Madorsky Bs appl ied a counter current to
this method.

$  3 .  C l t o i ce  o f  t he  me thod

llhen a choice must be made from the separation methods, treat-
ed  i n  t he  p reced ing  sec t i on :  d i f f us ion ,  rec t i f i ca t i on ,  e l ec t ro -
lys is ,  thermal  d i f fus ion,  exchange react ion and e lect ronagnet ic
separat ion,  the fo l lowing points are of  in terest :
7 .  Un íue rsa l  use fu lness  fo r  a IL  e lenen ts .
2.  Pur i ty  of  the product  obta ined.
3.  Yie Ld.
4.  Quant i ty  of  substance requi red to carry out  the process (Hold-

up) '
5. Tíne needed.
6 .  Cos t .

The quest ion as to which of  these points are the most  impor-
tant, depends on the purpose of the separation.

When  i t  i s  p roduc ing  i so topes  fo r  t r ace r  wo rk ,  a  y i e l d  as
large as possib le is  wanted,  whereas the pur i ty  of  the isotope is
o f  seconda ry  impor tance .  The  me thod  used  does  no t  need  to  be
universal ,  s ince for  d i f ferent  e lements d i f ferent  rnethods may be
app l i ed .  I n  t h i s  case  a  con t i nuous  p rocess  i s  l i ke l y  t o  be  used
so the quant i ty  of  substance in the apparatus or  the so cal  led
'hold up"  can be large.  The t ime of  sefrarat ion and the star t -up
t i ne  f o r  t he  es tab l i shmen t  o f  p roduc t i on  a re  a l so  o f  I i t t l e  i n -
terest but costs of production are very important.

The s i tuat Íon is  completeJy dÍ f ferent ,  when isotopes are sepa-
rated for nuclear physical experiments. Then any, tSpe of isotope
may be ordered on short notice, sothe method should be universal.
f n  gene ra l  t he  i so topes  mus t  be  as  r l u re  as  poss ib le ,  bu t  ve ry
smal l  quant i t ies wi l l  suf f ice.  The quant i ty  of  substance avai l -
able to be separated may be very smal l  (e,g.  when ar t i f ic ia l  ra-
d ioact ive isotopes are to be separated) ,  so a large hold-up can-
not  be permi t ted.  I4 lhen separat ing these radioact ive isotopes,  a
short  process t ime is  of  great  s igni f icance.  The ccst  is  no pr i -
nary factor.
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For purposes of comparison, the electromagnetic method of se-
paration can be pl aced in many respeets opposite the other five
ment ioned.  These last  are of ten taken together  under the name:
ostati.stical methods", because they are all based on the average
behaviour  of  the react ing par t ic les.  For  these methods,  the se-
parat ion factor  per  s tage i .s  smal l ,  so a large number of  s tages
or a large coJumn is  necessary to get  a suf f ic ient  over  a l l  se-
paration factor. Thj-s is especlally the case with the separation
of heavy isotopes, where the separation factor per stage is close
to  un i t y .  The  y ie ld  may  be  subs tan t i a l ,  bu t  i n  mos t  cases  the
hold-up and the start-up time too.

Ttre methods are far from universal (considet e. g. the el ectro-
l ys i s  anC the  exchange  reac t i ons ) ,  t he  comp le te  sepa ra t i on  o f
e lements,  conta in ing more than two isotopes in  an af rprec iable
annunt, is very hard to reaTíze.

On the other hand the electromagnetic separation can be used
for  a l l  e lements,  i f  appropr iate ion sources and receivers are
avai lable.  l ï i th  proper focusing,  the separat ion factor  can be
ve ry  l a rge ,  i n  wh i ch  case  one  has  ra the r  pu re  i so topes  i n  one
stage. No natter how many isotopes the element contains, they can
al l  be separated.

The hold-up is small and the separation takes place very quick-
ly .  However,  the y ie ld is  smal l  (of  the order  of  mi l l igrarns per

dav ) .
The separator  to  be bui l t  was pr imar iJy designed as an auxi l i -

ary instrument for research in nuclear physics.

From what precedes, it is evident that the most advantageous
method for this is the electromagnetic one.

S 4.  Space charge conpensat ion in  e lect romagnet ic  aeparators

As long as the ion currents Ín a mass spectrometer  are very
smal l ,  the paths of  the i .ndiv idual  ions are determined only by
the star t ing condi t ions and the e lect r ic  and magnet Íc  f ie lds ex-
ternally applied. By properly shaping these fields an ideal focus
can be obtained.

When the ion current  is  increased gradr fa l ly ,  the i .mage wi l l
begin to broaden at  a cer ta ln va1ue.  For  s t i l l  larger  currents
th is  ef fect  is  ser ious and f ina l ly  wi l l  reach the point  were the
ion beams for different Ísotopes are so completely mixed that ef-
fective separation is no longer possible.

The cause of  th is  aberrat ion is  the space charge in the ion
beam: the beam diverges due to the mutual electrostatic repulsion
of the ions in accordance wi.th Coulombs law.
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f ire magnitude of this divergence can be calculated in a simple
way.  For  a l80o-spectrometer  Smith et  aI  s6 f ind an aberrat ion

I  n  c 2  e  i r 2
A s =

M  v . 3
I

( 5 - 1 )

where r = the main radius of the ions' traj ectories;
i i = the ion current per cm heieht of the bearn;
M = the mass and v. the velocÍty of the ions.

The fo l lowing example may prove that  the d ivergence is  even
serious at low currents. fn our separator the ion source has an
exi t  s l i t  o f  100 x 2 mm2. A normal  accelerat ing vol tage is  25 kV
a,id the màin radÍus 102 cm.

According to formula (5 -  1)  an aberrat ion of  2 mm wi l l  occur
at about 1 pA Oer cm or 10 pA in total for ions of mass number
100.

The  to ta l  y i e l d  o f  a l l  i so topes  i s  t hen  abou t  1  mg  pe r  24
hours.

In order to raise the yield, the ion current must be j.ncreased

and,  i f  possib le,  up to the I imi t  establ ished by the ion source.
A modern source can have an output  of  several  mA. From formula
(5  -  1 )  i t  i s  c l ea r  t ha t  t he  f ocus  w i l l  be  ye ry  poo r  a t  t hese
currents if no preventative measures are taken.

Robinson pointed out  that ,  when space charge is  present ,  a
good focus can be obta ined by p lac ing the col lector  so that  the
ions travel through an angle rt+yr where y is given by R2

4  n c 2  e  i .  r
'  

lu , l  v .3 o
( 5 - 2 )

cr being the radial angJ e of entrance of the beam.
Taking r  = 102 cm, c(  = 

f  radian,  ions of  mass number 100 and 25
kV accelerat ing vol tage,  we f ind that  \  = +for  an ion current  as
low as 0.25 Ncn,  Due to th is  d isp lacement  of  the col lector ,  the
dispers ion of  the separator  ( the d is tance between the images of
two adjacent masses) is reduced by a factor of two. It is obvious
that this method is not practicabl e for large ion currents.

Dur ing the last  war a s imple solut ion was appl ied by Lawrence
in the so cal led "calut ron"  s6 s4.  I t  u t i t izes the fact  that  the
high energy beam of ions wil l ionize the residuàl gas in the va-
cuum chamber. ff precautions are taken so that no external elec-
t rostat ic  f ie lds are present ,  the potent ia l  gradient  ins ide the
bearn is such that the slow ions created diffuse out of the beam,
but the electrons are trapped in it. The presence of these elec-
trons reduces the positive space charge.

Whereas electrons generally have litt le effect in space charge
conpensat ions due to thei r  great  mobi l i ty ,  th is  is  not  the case
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i n  a  magne t i c  f i e l d .  I n  t he  sepa ra to r  t h i s  f i e l d ,  B ,  s tands  a t
r ight  angles to the radia l  e lect r ic  f ie ld E,  caused by the res i -
dual  space charge in the beam. Supposing the e lect rons to be at
'rest when they are created, they wil l describe cycloid-l ike paths
perpendicul  ar  to  both f ie lds and therefore in  the dÍ rect ion of
the beam wi th a dr i f t  ve loc i ty  g iven Ot uo = 

Ë 
t t .

Assuming an e lect r ic  f ie ld s t rength in  the par tJy conpensated
bean of  L V/cn and a magnet ic  f ie ld of  1000 gauss,  va = 10s cm,r '
sec.  This is  smal l  as conpared to the thernal  ve loc i ty  of  the
electrons,  which is  of  the order  of  108 cm,/sec.  For  25 kV accel -

erat ing vol tage,  the ion veloc i ty  in  the beam is  f rom 1.4 '107 to
2.2. l }s  cm,/sec depending on thei r  mass.  As a resul t  the e lect rons
are effective for space charge compensation.

The beam passes through a k ind of  p lasma wi th potent ia l  d i f -
ferences of  only  a few vol ts .  In th is  way i t  is  possib le to handle
ion beams of several mA, in which the space charge is counteract-
ed to a large extent  by e lect rons 84 L7.

The format ion of  a space charge compensated beam requires a
f in i te  t ime,  which is  much longer than the t ime of  f l ight  of  the
i .ons in  thei r  semic i rcu lar  orb i ts .

To make an estimation of this forration time ,s, suppose an ion
current  of  densi ty  J  and veloc i ty  v  passing through the res idual
gas in  the vacuum chamber.  The number of  secundary eJ ectrons
created per unit t ime is then:

d N _  _ J o r N o
d t e

o. being the ionization cross section and No the number of mo-
lecules per  cm" in  the res idual  gas.

I r then the beam is  complete ly  neutra l i .zed,  the f ina l  s i tuat ion
will be given by:

N  = N .  = I
ev

( 5 - 3 )

( 5 - 4 )

( 5 - 5 )

f f  we  neg lec t  t he  l oss  o f  e l ec t rons  du r i ng  the  fo rma t i on  o f
the beam, the formation time t wil l be:

t t. r -
dN
dt

N  o . v
o t

There are not  many measured values of  o.  avai lable in  our  re-
gion of nass and energy and these differ appreciably. Taking an
average value of  o;  = 10-76 cm2 Mt,  No = 1012 (corresponding to a
p ressu re  o f  3 .10 -5  mm Hg  and  v  =  Z .LÓ7  cm/sec  we  come to  a  f o r -
mat ion t ime of  the order  of  5.10-a sec.
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The following points are of importance:
1. Quick fluctuations in the ion current (with a time constant of

the order  of  the format ion t ime or  shor ter)  can d is turb the
space charge compensation and oblow up" the beam. A good 'very

short t j.me-stabil ity" of the ion source output is required.
2. Pressure and the kind of residual gas are of significance.
3. The electrons are most effecti.ve in the presence of a magnetic

fiel d. So it is advantageous to have the ion orbit from source
to col lector  wi th in the magnet ic  f ie ld.

4.  Strong external ly  af ip l ied e lect r ic  f ie lds in  the vacuum cham-
ber wi l l  d isrupt  the compensat ion by tending to pul l  away the
e I ec trons.
I t  wi lJ  be shown that  these considerat ions have an in f luence

upon the choices of both the shape of the field in the separator
and of the type of ion source to be used.

$ 5.  Aberrat ions.  Choice of  the analyz ing f ie l t l

ft is necessary that the ion beams of different isotopes strike
t h e  c o l l e c t o r  Í n  d i f f e r e n t  p l a c e s .  I t  w o u l d  b e  i d e a l ,  i f  e a c h
separate ion beam cut  the col lector  p lane as a mathemat ica l  l ine
wi th these l ines being paral le l  for  d i f ferent  isotopes.

In real i ty  the l ines broaden to areas,  which may have curved
boundaries.

Causes of aberratÍons are:
1. frrergy spread of the ions.
2. Finite radial and axial angl es of entrance of the beam.
3. Finite width of the sI its in ion source and acceleration system.
4.  In teract ion of  ions wi th the molecules of  the res idual  gas in

the vacuum chamber.
5. Divergence of the beam due to space charge.
6. Reflection of ions agalnst the walls of the vacuum chamber.
7 .  I n s t a b i l i t y  o f  t h e  a c c e l e r a t i n g  v o l t a g e  o r  t h e  e l e c t r i c  o r

magnet ic  f ie l  ds.
Methods to e l iminate these aberrat ions,  as much as possib le,

wi l l  now be d iscussed successively .

L. Energy spread

We can try to design an ion-optical system in such a way that
par t ic les wi th d i f ferent  energy,  but  the same mass,  are focused
on  the  co l l ec to r .  I t  i s  no t  poss ib le  t o  ob tà in  t h i s  so  ca l l ed
veloc i ty  focusing wi th a magnet ic  or  an e lect r ic  f ie ld a lone.  The
use of  combined magnet ic  and e lect r ic  f ie lds is  necessary.  This
is  obvious f rom the fo l lowing considerat ion:
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Assume a beam of  ions in  which a l l  par t ic les leave the ion
sou rce  a t  one  po in t  ( 0 ,0 ,0 )  and  i n  one  d i rec t i on  (a ,P ,y ) .  How-
ever ,  there are par t ic les wi th d i f ferent  mass M and there is  a
spread in the kinetÍc enerry l/2 l l iy: = êvor with which they leave
the  sou rce .  The  beam passes  th rough  an  e lec t romagne t i c  f i e l d
(E,B).  The f Íe lds and accelerat ing potent ia ls  are assumed to be
static, so time of f l ight or bunching methods, as in the isotron
54, are excluded from discussion.

fn a pure magnet ic  f ie ld the equat ions of  mot ion for  an ion
are:

d2x dy d.z
F  =  M _ . ^ - -  e  ( B  - -  B  - )

'  d t '  ' d t  Y d t '

Likewise for F and F .y z
P u t t i n e s = v t- o

Mv- d2x dy dzo . T = B  -  
- B  e t c .

e  d s '  ' d s  Y d s

The in i t ia l  condi t ions are:

dx
x  =  0 , ; ; =  c o s  c ts = 0 ,For

etc.
The orb i t  z  =

and el iminating s.
Veloc i ty  focusing takes p lace at  the point  xr ,  yr ,  zr ,  í f  z ,  =

f  (x l ,Jr )  indeFendent ly  of  vo.  By making th is  condi t ion one can
compute the requi red f ie ldshape B (x,y ,z) .

However,  equat ion (5 -  2)  conta ins vo only in  the parameter
Mvo/e. As a result zr = f (x'Jr) can only be made independent of
\ lvo/e,  Then veloc i ty  focusing wi l l  be inherent  wi th mass focus-
ing, which means that there is no nass separation at all.

In  a pure e lect r ic  f ie ld the orb i t  can be calculated s imi lar ly
from the equations:

d2x
M- - - ;=  e  E  e t c .

d t '  x

d2x
2 V  - =  E

o d s t  x

with starting conditions

s = o  x = o = cos cí ( 5 - 6 )

F rom (5  -  5 )  i t  i s  c l ea r  t ha t  t he  o rb i t s  o f  a l l  pa r t i c l es  w i t h
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f  (x ,y)  i .s  found by solv ing (5-2)  us ing (5 -3)

( 5 - 1 )

( 5 - 2 )

( 5 - 3 )

( 5 - 4 )

( 5 - 5 )ef,c.

dx
d"



the same in i t ia l  k inet ic  energ;y evo are ident ica l .  I t  fo l lows
that no mass separation can be achieved at all.

In a cornbined electric and magnetic f ield, the equations deter-
mining the orbits contain M and vo in the form of two parameters.
The f ie ldshape can be taken in such a way that  zr  = f  (xr ,Yr)  is
independent of vo, but not of M. lhen mass separation with veloc-
ity focusing is achieved.

Veloc i ty  focusing is  very important  in  mass spectrographs,
where the exact determination of masses is the object. In those
instruments a very sharp ]ine is required. fn most cases they are
"double focusing" :  thei r  f ie lds are designed in such a way that
both velocity focusing and direction focusing (see below) are re-
alized at the collector. i lel l known mass spectrographs were made
by Aston Al, sainlridle 87, Dempster D2, Bainbridge and Jordan 88,

Mattauch M2 and Jordan J2.

some double focusing mass spectrometers were also made Be 810.

However, modern mass spectrometers are used primarily for measur-
ing concentrat ions.  Since an extremely sharp l ine is  not  neces-
sary for  such measurements,  ve loc i ty  focusing is  general ly  not
appl ied,  which a l lows considerably s impler  equipment .  However,
i on  sou rces  wh ich  g i ve  nea r l y  mono-ene rge t i c  i on  beams ,  a re
used Nl  14.

It was pointed out in S 4 that the ion beam in the separator,
after being accelerated, should not be subjected to strong elec-
t rostat ic  f ie lds,  because these would pul l  away e lect rons which
form the compensating space charge. That is the reason why the
appl icat ion of  ve loc i ty  focusing in  the separator  is  not  desi r -
ab1e.

As a result, only a small enerry spread of the ions from the
source can be permitted. The radius of the orbit of an ion in a
horpgeneous magnetic field is given by

( 5 - ? )

(B being the nagneti.c induction and eV, the enerry of the ions)
and so

A  r  1  A  V .
- = J

r  2  V .
( 5 - 8 )

In a 180o- inst rument  the ions pass through a semic i rc le and
the aberration due to the enerry spread is

^v .
A s = 2 [ 1 = J . 1 ( 5 -e )

V ,

Taking Vi  = 25 kV and r  = 102 cm and a l lowing an aberrat ion of

t ' tM ,'= E r--
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0.4 mm, the enerry spread of the ions must not exceed l0 eV. fir is
demand can be properly real ized with certain types of ion sources
(see  $  8 ) .

2. Angles of entrance of the beon

Suppose we have a monokinetic ion beam, diverging from a froint
source and entering a magnetic f ield. Then equations (5 - 2) and
(5 -  3)  are val id .

As the beam is mono energetic the parameter Mvo./e is the same
for  a l l  par t ic les having the same mass.  I t  is  possib le,  in  pr in-

c ip le,  to  shape the f ie ld in  such a way that  a l l  such par t ic les
are focused at the col lector independently of the init ial condi-
tions a, p, y.

For particles with another mass, Mvo/e wil l be different and
these wil l describe other orbits.

As a resul t  d i rect ion focusing is  possib le in  a pure magnet ic
f ie ld wi thout  d is turb ing the mass select ion.  Of  course,  à cotn-
bÍnat ion of  e lect r ic  and magnet ic  f ie lds can a lso be used for
direction focusing.

As mentioned, an electrostatic f ield cannot be allowed in the
separator; therefore direction focusing can only be obtained by
properly shapÍng the magnetic f ield. This can be done Ín a number
of wqys.

IVe d is t inguish between radia l  and axia l  focusing.  I Íhen the
f i rs t  fa i ls ,  the beams of  successive isotopes wi l l  become par-
tially mixed, resulting in a reduction of the separation factor.

Insufficient axial focusing causes a loss of ions to the upper
and lower walls of the vacuum chamber, which results Ín a reduc-
t ion of  the y ie ld.

The mix ing of  isotopes rnust  be considered as a more ser ious
drawback than the decrease of the yield. Therefore, the radial
focusing is the more important.

fn a homogeneous magnetic f ield radial focusing occurs after
1800. See fig. 3.
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Classen appl ied th is  type of  focusing in  h is  determlnat ion of

e/n for electrons c6 and Dempster Ds constructed his mass spectro-
graph on th is  pr inc lp le.  Several  180o-spectrometers are known
from the l i terature rs  16 81r .

In 1933 Barber  812 proved that  the aforement ioned focusing is
a special case of a more general principle.

It states: If the central ray of a diverging beam of ions, all

having the same momentum, enters and leaves a homogeneous magnetic
f ie ld at  r ight  angles to the boundar ies of  the f ie ld,  the ions

w i l l  be  f ocused  i n  a  f i . r s t  o rde r  i n  a  po in t  l y i ng  on  the  l i ne

connecting the (point-) source with the centre of the central ray

i .a the magnet ic  f ie ld (F ig.  4) .

F ig .  4 .  Focus ing  i n  a  sec to r  t ype  mass  spec t rome te r

Ttr is  theory was ver i f ied exper imenta l ty  by Stephens s7.

Bainbr idge and Jordan used a 600 sector  f ie ld in  thei r  mass
spectrograph in 1936 "8. Nier was the first to uti l ize the sector
field in a mass spectrometer N2.

At the present most mass spectrometers are desigled accordi.ng

to th is  pr inc ip le c7 17 Nl ,  because the magnet ic  f lux requi red is
less wi th the sector  type than wi th the 1B0o type for  the same
resolution. Smaller and cheaper generators for the excltation of
the field can be used and the stabil izatíoÍt is easier to attain.
Moreover, the ion source of a sector type is placed in a separate
constant  magnet ic  f ie ld,  which prevents mass d iscr iminat ion due
to the scanning of the main field.

The focusing mentioned is not perfect. It can easily be shown
s7 that the aberration À s (in fig. 3 and 4) is given by

A s = r c t 2 ( 5  -  1 0 )

Ttris means that the focusing is of the first order, the aber-
ration betng a quadratic function of the radial angle of entrance

An lmprovenent  of  the focusing is  possib le.  Obviously  the
outer and inner rays of the beam are deflected excessively with

respect to the central ray.
By making the boundaries of the magnetic sector f leld curved



in stead of straight, the path of the central ray in the magnetic
field, and so the deflection, can be somewhat increased.

The problemofhow to shape the boundaries so as to getaradial
focusing of  second order  was solved by several  authors H10 Kl0s8.

In reality the magnetic f ield has no abrupt l imits: i lrere is a
cer ta in f r ing ing f ie ld.  By means of  sh imming i t  is  possib le to
get a good focus experimentally. (Shimming is the process of ap-
p ly ing smal l  p lates of  i ron local ly  i .n  a magnet ic  f ie td in  order
to shape it to give better focusing properties. )

Another way of causing the outer and inner rays of the bearn to
focus with the central ray is to shape the magnetic f ield in such
a way that it decreases on both sides of the central ray.

An axia l ly  symmetr ic  f ie ld shape requi red for  per fect  focus-
ing af ter  1800 was f i rs t  ca lculated by Bock Br3.  Unfor tunate ly
he made a mÍstake in h is  calculat ions by us ing an approximat ion,
whj .ch was not  permi t ted in  th is  case.  The correct  der ivat ion of
the field was published by Beiduk and Konopinski Bla. Langer and
Cook constructed a beta spectrograph based on this field L3.

When an inhomogeneous magnetic f ield is applied, axÍal focus-
ing is  a l .so possib le.  Svar tholm and Siegbahn calculated the fo-
cusing properties of rotationally symmetric f ields se.

ïhey showed that radial and axial focusing of the first order
occur after angl es given by

I

I
ó  = q 1- r  ' "  

I
( 5  -  1 1 )

and

B  ( r - )

B  ( r o )  +  r o  B r  ( r o )
Irrz
)

6  =  q Í  
t  t t " l  l t "vz  -  ' t '  

t -  " "  
Bka ) Í

(5 -  12)

respectively, ro being the maÍn radius of the field.
For a homogeneous field (Bf = o) this yields: Q, = n, @" = ..
No axial focusing occurs for a.ny fields with Br (r") à 0.

Radia l  focusing is  not  possib le for  f ie lds that  fa l l  o f f  faster
than the inverse ratio of the radius.

The f ie ld B = Bo e)- tá is  in terest ing.' ro '

There iD. = Q, = n6 ana both radial and axial focusing occur
after 2550.

Svartholm and Siegbahn Sn were the first to apply this field
shape. They used it in a beta spectrograph and the results were
satlsfactory. , r. _)á

Expanding the field B = B^ (-J in a power series
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@  . r - r  .
B=B X I  F-------e ')"o  

r = o  
n  '  

r

w e o b t a i n b  = 1  b . = - 1  b ^ - - 3 / s .
sva r tho fm s l0 ,  s i r u l l  #no  Dánn ison  s r l  s12  and  Rosenb lum R3

showed that b, detennines the angles of focusing and b, the aber-
ration.

ltre radial aberration A s caused by radial and axial angles of
extrance cr ,  and p is  {  p2r"  when b,  = * ,  ?  1cr2+p2)ro when b,  = f
and j a2ro when b, = 

$.
fn most  cases the s l i ts  in  ion source and aceelerat ion e lec-

trodes are long as compared to their width so that the systen can
be considered as two dimensional. Then cr wil l have larger values
than p and b, = 

á l" preferable. In that case the radial focusing
is of second order in q.

Verster  v2 invest igated the focusing propert ies of  rotat ion-
co .r-r n

form B = Bo X u" (a:, )
n = o  t o

al ly  symnetr ic  f ie lds of  the general
He verif ied the cases mentioned above.

3 .  F ín í t e  w íd th  o f  t he  s l i t s

An ion beam can be focused into a l ine on the col lector  when
it emerges from a (real or virtual) l ine object. Ttris is e.g. the
case,  when a per fect ly  para l le l  beam leaves the ex i t  s l i t  o f  the
ion source (object at infinity).

Fig. 3 shows how a l ine source in a homogeneous magnetic f leld
causes a broad parallel beam of ions after 90o and a l ine focus
of f irst order after 1800. From this it is obvious that a paral-
l e l  beam f rom a  s l i t  o f  f i n i t e  w id th  ï ' i l l  be  f ocused  to  a  l i ne
after 90o.

Sector  f ie lds can be used s imi lar ly .  By proper ly  shaping the
magnet ic  f ie ld a focusing of  h igher  order  can be obta ined.  The
method ment ioned,  the so cal led magnet ic  lens spectrometer ,  can
be used with advantage when a broad and parallel ion beam is ex-
tracted from the source.

A useful source for alkali ions is the hot anode type- B'7 8'r2

in which the ion emitting surface and the beam can be broad.
In most other sources, however, which work on the principle of

a gaseous d i .scharge,  the ex i t  s l i t  must  not  bé made too wide,
because a suf f ic ient ly  h igh pressure must  be mainta ined in the
source and at the same time a good vacuum in the chamber.

the magnetic lens spectrometer was first applied by Smythe,
Runbaugh and West for the separation of the Li and K-isotopes s2.

they used an ion source with an emitting surface of 30 cm2.
The separators of  Walcher  14 and Koch Klr  were a lso of  the

magnet ic  lens type.  The paral le l  beam of  ions was obta ined by



mears of  an e lect rostat ic  lens.  Thi .s  para l le l ism was l j ,mi ted by
the spread in init ial velocity of the ions.

In modern sources wi th h igh ion output  the ions do not  leave
the s l i t  in  a para l le l  beam nor can they be considered to emerge
from a l ine.  Instead,  they d iverge f ron an a. rea of  f in i te  width.
This area is at the smallest cross section of the beam; it may be
the  ex i t  s l i t  i n  t he  sou rce  o r  a  s l i t  i n  some  o the r  e lec t rode ,
but  i t  can a lso be located just  outs ide the source.  This can be
the case when the potent ia l  d is t r ibut ion in  the source is  "sel f
focusing"  (see S 8) .

The broadening of  the object  l ine resul ts  in  a correspondÍng
"aberration" of the image.

4 .  I n te rac t í on  u í t h  gasno lecu les

The total length of ion path in separators can extend to some
meters.  Therefore the possib i l i ty  of  a col l is ion between an ion
and a gasmolecule is  appreciable even at  a fa i r ly  low pressure.

The mean free path for fast ions in a residual gas at a pressure

of  3.10-s mm Hg is  just  of  the order  of  the tota l  path ]ength in

our separator, a few meters M2.

\4 'hen the inc ident  ions and the scat ter ing par t ic les have the

same mass, approximately one hatf of the scattered ions gets only

a very s l ight  deviat ion f rom thei . r  or ig inal  path;  the other  hal f

can be considered to be scat tered equal  ly  at  random di rect ions

between 0 and tt O" for the first half, the maximum value 0^ of

the deviation íngle is given *' byt

e=
o 2 k a

( 5  -  1 3 )

where k is the wave nuqbg-r of the wave, corresponding to a par-

ticle of the beam, k = q4I and a is the atomic diarneter.
Making use of (5 -  ?) ' i rye can wri te (5 -  13) as

"  4 a e r B
(5  -  14 )

In a 1800 inst rument ,  as is  our  separator ,  the aberrat ion due

to th is  def lect ion is  a maximum for  those col l i .s ions which take
place at 90o beyond the ion source and it iÉ 813

A s = e r =
o 4 a e B

(5  -  15 )

Taking a = 2.10-8 cm and substituting the well known values of
h and e, tie come to

^ s = 9 " t
B
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B = B  X  b
o n

n = o

, r - r o , n\---.-/
r

o

w e o b t a i n b  = 1  U . = - 1  b ^ = 3 / 8 .
sva r tho fm s lo ,  s i r u l t  a ía  nónn i son  s r I  s12  and  Rosenb lum R3

showed that b, determines the angles of focusing and b, the aber-
rati.on.

ïhe radial aberration A s caused by radial and axial angles of
extrance cr and p is { p2r" when b, = á, 3 1a2 + p2)ro when b, = }
and f a2r" when b, = 

-$.

In most  cases the s l i ts  in  ion source and accelerat ion e lec-
trodes are long as compared to their width so that the system can
be considered as two dimensional. Then a wil l have larger values
than p and b, = 

| ls preferable. In that case the radial focusing
is of second order in q.

Verster  v2 invest igated the focusing propert ies of  rotat ion-

a l ly  symmetr ic  f ie lds of  the general  form B = B ï  l - ( " - " ' ) " .
He verif ied the cases mentioned above. 

o '=o ' r

3 .  F iní te wídth of  the s l í ts

An ion beam can be focused into a l ine on the col lector  when
it emerges from a (real or virtual) l ine object. Ttris is e.g. the
ease,  when a per fect ly  para l le l  beam leaves the ex i t  s l Í t  o f  the
ion source (object at infinity).

Fig. 3 shows how a l ine source in a homogeneous magnetic f ield
causes a broad paral le l  beam of  ions af ter  g0o and a l ine focus
of fÍrst order after 1800. From this it is obvious that a paral-
l e l  beam f rom a  s l i t  o f  f i n i . t e  w id th  w i l l  be  f ocused  to  a  l i ne
after 90o.

Sector  f ie lds can be used s imi lar ly .  By proper ly  shaping the
magnet ic  f ie ld a focusing of  h igher  order  can be obta ined.  The
method nent ioned,  the so cal led magnet ic  lens spectrometer ,  can
be used with advantage when a broad and parallel ion beam is ex-
tracted from the source.

A useful source for alkati ions is the hot anode type x7 xrz

in which the ion emitting surface and the beam can be broad.
In most other sources, however, which work on the principle of

a gaseous d ischarge,  the ex i t  s l i t  must  not  bé made too wide,
because a suf f ic ient ly  h igh pressure must  be mainta ined in the
source and at the same time a good vacuum in the chamber.

the magnetic lens spectrometer was first applied by Smythe,
Rumbaugh and West for the separation of the Li and K-isotopes s2.

ltrey used an ion source with an emitting surface of 30 cm2.
The separators of  Walcher  ra and Koch Krr  were a lso of  the

magnet ic  lens type.  The paral le l  beam of  ions was obta ined by



means of  an e lect rostat ic  lens.  This para l le l ism was l imi ted by
the spread in init ial velocity of the ions.

In modern sources wi th h igh ion output  the ions do not  leave
the slit in a parallel beam nor can they be considered to energe
from a l i.ne. Instead, they diverge fron an area of f inite width.
This area is at the smallest cross section of the beam; it may be
the  ex i t  s l i t  i n  t he  sou rce  o r  a  s l i t  i n  some  o the r  e lec t rode ,
but  Í t  can a lso be located just  outs ide the source.  This can be
the case when the potent ia l  d is t r ibut ion in  the source is  "sel f
focusing"  (see $ 8) .

The broadening of  the object  l ine resul ts  in  a corresponding
"aberration" of the image.

4 .  I n te rac t i on  w í th  gasmo lecu les

The total length of ion path in separators can extend to some
meters.  Therefore the possib i l i ty  of  a col l is ion between an ion
and a gasmolecule is  appreciable even at  a fa i r ly  low pressure.

The mean free path for fast ions in a residual gas at a pressure

of  3.10-s mm Hg is  just  of  the order  of  the tota l  path ]ength in

our separator, a few meters M2.

lYhen the inc ident  ions and the scat ter ing par t ic les have the
same mass, approximately one half of the scattered ions gets only
a very s l ight  deviat ion f rom thei r  or ig inal  path;  the other  hal f
can be considered to be scat tered equal  ly  at  random di rect ions

between 0 and tT Ot  for  the f i rs t  hal f ,  the maximum value 0^ of

the deviat ion íngle is  g iven * '  by,

( 5  -  1 3 )
q

A  = -' o  2 k a

where k is the wave nunbgr of the wave, corresponding to a par-

t ic le  of  the beam, O = 'Tu and a is  the atomic d iameter .
Making use of  (5 -  ?) ' ive can wr i te  (5 -  13)  as

o  4 a e r B

In  a 1800 inst rument ,  as is  our  separator ,  the aberrat ion due

to th is  def lect ion is  a maximum for  those col l is ions which take
place at 90o beyond the ion source and it i i  813

a s = eor =Z#

(5  -  14 )

(5  -  15 )

Taking a = 2.10-8 cm and subst i tu t ing the wel l  known values of
h and e, t|e come to

A s = 9 c m
B
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and eyen at rather low field strengths of a few hundred gausz,

this aberration is of no importance.
At  these very smal l  angles of  deviat ion,  the energy loss of

the ions is negligible, as it is proportional to 02.
In order to get an impression of the effect of the ions scat-

tered at  random di rect ions we shal l  consider  the case of  a 1800
homogeneous f ie ld spectrometer  in  the median p lane of  which an
ion beam of very small cross section is passing.

F ie .  5 .  Sca t te r i ng  o f  i ons  i n  1B0o  i ns t rumen t

S is the ion source, C the image at the collector. The helght of
the collector is 2 h. lhe number of ions emitted from the source
per uni t  o f  t ime Ís  No.  We shal l  der ive the number of  scat tered
ions dN, s t r j .k ing the smal l  area dA = 2 h dx at  a d is tance x
from the image.

ll/hen the mean free path for thÍs type of scattering is À, the
number of ions scattered in the small traject r d ry is

aN=Edv (5  -  17 )

(5  -  18 )
and

N = N
o

ïhe angular distribution of the scattered ions is given by

(5  -  le )

rvhere c( is the radial and p the axial angle of deflection.
l lhen 2 h << ?À, most of the scattered ions wil l be ]ost to the

upper and lower walls of the vacuun chamber and only those ions
scattered at very small values of ry wil l make an appreciable con-
tributÍon to dN,.

Since an exact treatment is only possible by the use of nume-
r ica l  ca lculat ion we shal l  suf f ice wi th an approximate solut ion
which enables an estimation of dN, within a factor of two.

!Íe shall assume that for v >2h/r, all the scattered ions are
lost tob the upper and lower walls of the vacuum chamber and for
y < 2h/r all the scattered ions reach the collector.

Since 2h,/r is a small angle, the trajectories of the scattered

dN (cL P) = 
*dy 

da cos P dP

- (n'u.,) r
eT-



ions wi l l  be assumed
the energy loss due
paths.

Then

to be st ra ight  l ines,
to the scat ter ing,  has

which involves that
no in f luence on the

oo = #o*
f  

- r y -+  
X  

-

-fir

.  ,+ l r ^eT  r \ y=  dxJ ' ï r2 l+ l , r  d , l ,

tn  { t  +  (p ' }  u"

.  _ r  x
c t = t a n - -

f\I/

-Tr

N  e I
_3-

2  n ) r

(s - 20)

( 5  -  2 1 )

(5 - 22)
and

dN
x

with the solution

dN (5 -  23)

If we substitute r = 102 cm, l. = 600 cm, h = 6 cm, which may
be normal  va lues for  our  separator  at  operat ing condi t ions,  i t
fo l lows f rom (5 -  23)  that  even in the immediate v ic in i ty  of  the
image,  the i .n tensi ty  of  scat tered ions per  mn width at  the col -
l ec to r  i s  l ess  t han  0 .L  7o  o f  t he  t o ta l  beam in tens i t y  o f  t he
image. At a distance of 1 cm from the image, it is below O.Ot 7o.
For  normal  separat ions th is  contaminat ion is  not  ser ious but
when very rare isotopes are to be separated, their purÍty can be
spoi led appreciably .  Moreover,  the values ment ioned wi l l  be in-
creased by approximately  a factor  of  M. /M, when the mass M. of
the incident particles is greater than the mass M. of the scatte-
r ing par t ic les.  This may be of  importance,  when heavy isotopes
are being separated.

Ser ious is  a lso the loss of  ions which,  according to (5 -  18)
wil l amount to about 40 % under the conditions mentioned.

The nost  common type of  in teract ion is  the e last ic  co l l is ion,
bu t  i ne las t i c  co l l i s i ons ,  t he  mos t  impor tan t  o f  wh i ch  i s  t he
charge exchange,  can a lso make a great  contr ibut ion.  The cross
sect ion of  th is  process is  re lat ive ly  large,  when the res idual
gas in  the vacuun chamber is  of  the same k ind as the ions.  In
that case there is a state of resonance which is characterized by
a Jarge value of  the cross sect ion.  Not  many data are avaÍ lable
and these d i f fer  appreciably  for  var ious gases and ion veloc i -
t i es .  Keene  K17  g i ves  a  va lue  o f  8 .10 - ru  cm ' fo r  15  keV  He+  i ons
in  He  gas .  A t  a  p ressu re  o f  4 .10 -s  mm Hg  th i s  co r responds  to  a
free path for ion exchange of 1." = 9 m.

From all this it is clear that a good vacuum in the separator
is of great significance.
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5. Spoce charge

tte effect of space charge on the focusing and the possibil i ty
of space charge compensation were discussed in S 4.

6.  Ref lect íon

After reflection against a r4'all of the vacuum chamber, ions
car enter the collector slit of another isotope and cause contam-
inat ion.  This inconverr ience can be reduced by proper ly  f i t ted
baffles. Nevertheless, rather serious contamination of rare iso-
topes can be expected.

/, I l : 'stabil ity of f íelds

Very stable magnet ic  and e lect r ic  f ie lds are requi red.  Con-
sÍder  e.g.  a homogeneous f ie ld spectrometer .  The radius of  the
ion path is given by:

( 5 - 7 )

The variations in the radius, due to variation of mass, mag-
netic f ield and accelerating voltage respectively, are

A r  1 A M

B

(5 - 24)

(5 - 25')

(5 -  26)
1  A  V .

I

r  2  V .
I

When  the  heav ies t  i so topes  w i th  e .g .  M  =  235  and  A  M=1  a re
separated, the distance, at the col lector, between the two images
. trs 23s: r  according to (5 -  24).  f f  we al  low the images to shi f t
over 10 lo of this distance because of field and voltage changes,

it is required that 
o,,ut 

. =j== una+. -l- so the stabitity
v. 2350 B 4?00

must be at least 1: 2b00 for V. and 1 : 5000 for B ($S ZZ and 2b).
?

Choice.of  the nagnet ic  f ie ld

The considerat ions of  $ 4 wi th respect  to  space charge com-
pensat ion p lay an important  par t  in  the choice of  the type of
analyz ing f ie ld to be used.  The beam must  not  be subjected to
strong electrostatic f ields after having passed the acceleration
system and it wil l be advantageous to have the ion orbits from
source to collector within the rnagnetic f ield.

.=+/T

r

^ r

2 N l

A B

and

r

A r
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As the exit sl it of the ion source is quite narrow, the magne-
t ic  lens is  of  no advantage here.  Instead,  i t  has the d isadvan-
tage of  conf in ing the ions to a narrow paral le l  beam, thus in-
creasing space charge effects.

In order to have maximum ion output, the angle of entrance of
the beam must be allowed to be as large as possi.ble.

As a result a homogeneous field cannot be used. E.g. in a 1800
instrument  wi th r  = 100 cm and a l lowing o"  = t /6 ,  the aberrat ion
A S = cx,Zr  = 28 mm, which l imi ts  the separat ing power to 36 (see

$  6 ) .
A second order  radia l  focusing is  necessary.  Both the f ie lds

of  Beiduk and Konopinski  and of  Svar tholm and Siegbahn sat is fy
our conditions.

The last f ield is more favourable in some respects.
In the f i rs t  p lace the d ispers ion D ( i .e .  the d is tance between

the images of  two isotopes at  the col lector)  is  for  Svar tholm

,  À M .
-  

M  
* o

sion,  the main radius of  Svar tholm's f ie ld can be taken hal f  as
large as Konopinski 's ,  but  the magnet ic  f ie ld must  extend over
n/2 in  s tead of  n radians.  The tota l  f lux is  about  0.? of  that
o f  Konop insk i ' s .  As  a  resu l t  t he  magne t  and  i t s  gene ra to r  and
stabil izer are somewhat smaller.

Secondly,  the focusing propert ies of  Svar tholm's f ie ld d i f fer
f rom those of  Konopinski 's  f ie ld.  The f i rs t  one has a f i rs t  order
axial focusing, the second has only a weak axial focusing for po-

sit ive radial angles of entrance a > 0. The effect of Svartholm's
axia l  focusing is  not  favourable in  the case of  a long ion ex i t
s l i t .  Ions star t ing thei r  path outs ide the median p lane,  wi th a
ve loc i t y  componen t  d i rec ted  towards  th i s  p lane ,  e .g .  caused  by
the weak axial focusing of the acceleration system, wil l be over-
focused, which increases the possibil i ty of loss to the upper and
lower walls of the vacuum chamber.

The radial aberration caused by the axial angle of entrance is
larger  for  Konopinski  (5,4 p2r")  than for  Svar tholm (J 9""  nh"n
x  -  1 r
v 2 -  d "

On the other hand, however, the technical real i.zation of Kono-
pinski 's  f ie ld is  easier  than is  that  of  Svar tholm's f ie ld.  This
does not refer to obtaining the correct f ield shape since that is
only a mat ter  of  rnachin ing the pole p ieces.  But  is  does necessi -
tate the construct ion of  a 2550 magnet  which is  more d i f f icu l t
than is that of a semicircular one.

Moreove r ,  t he  re la t i ve  pos i t i on  o f  t he  i on  sou rce  (a t  h i gh
vol tage level )  and the receiver  (at  ear th level ) ,  both voluminous
insta l la t ions,  is  considerably more favourable for  Konopinski 's
f ie ld.
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5. Spoce charge

tre effect of space charge on the focusing and the possibit ity
of space charge compensation were discussed in $ 4.

6.  Ref lect íon

Af ter  ref lect ion against  a wal l  o f  the vacuum chamber,  ions
can enter the collector slit of another isotope and cause contam-
inat ion.  This inconverr ience can be reduced by proper ly  f i t ted
baffles. Nevertheless, rather serious contamination of rare iso-
topes can be expected.

i .  Instabi l í ty  of  f íe lds
Very stable magnet ic  and e lect r ic  f ie lds are requi red.  Con-

s ider  e.g.  a homogeneous f ie ld spectrometer .  The radius of  the
ion path is given by:

( 5 - ? )

The variations in the radius, due to variation of mass, mag-
netic f ield and accelerating voltage respectively, are

A r  1 A M

2 I n
(5 - 24)

(5  -  25 )

(5 -  26)
r  2  V .

t

When the heaviest  isotopes wi th e.g.  M = 23b and A M=1 are
separated, the distance, at the col lector, between the two images
i" * r according to (5 - 24). If we altow the images to shift
over 10 % of this distance because of f ield and voltage changes,

,=+lry

A r  A B

r B

and A r I  A  V .
I

A V .  I  A B  1
it is required that J I - snfl

v. 2350 B 4700
So the stabil ity

must be at least I : 2b00 for V, and 1 : 5000 for B ($$ ZZ and 25).

Choice.of  the magnet ic  f ie ld

The considerat ions of  $ 4 wi th respect  to  space charge com-
pensat ion p lay an important  par t  in  the choice of  the type of
analyz ing f ie ld to be used.  The beam must  not  be subjected to
strong electrostatic f ields after having passed the acceleration
system and it wil l be advantageous to have the ion orbits from
source to collector within the magnetÍc field.
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As the exit sl it of the ion source is quite narrow, the magne-

tic lens is of no advantage here. Instead, it has the disadvan-
tage of  conf in ing the ions to a narrow paral le l  beam, thus in-
creasing space charge effects.

fn order to have maximum ion output, the algle of entrance of
the beam must be allowed to be as large as possible.

As a result a homogeneous field cannot be used. E.g. ín a 1800
instrument  wi th r  = 100 cm and a l lowing u.  = L/6,  the aberrat ion
A s = cr2r  = 28 mm, which l imi ts  the separat ing power to 36 (see

s 6) .
A second order  radia l  focusing is  necessary.  Both the f ie lds

of  Beiduk and Konopinski  and of  Svar tholm and Siegbahn sat is fy
our conditions.

ïhe last f ield is more favourable in some respects.
In the f i rs t  p lace the d ispers ion D ( i .e .  the d is tance between

the  images  o f  two  i so topes  a t  t he  co l l ec to r )  i s  f o r  Sva r tho lm

o  À M .
-  

M  
' o while for Konopinski it is 

fr[ 
ro. For the same disper-

sion,  the main radius of  Svar tholm's f ie ld can be taken hal f  as
large as Konopinski 's ,  but  the magnet ic  f ie ld must  extend over
n/Z in  s tead of  n radians.  The tota l  f lux is  about  0.? of  that
of  Konopinski 's .  As a resul t  the magnet  and i ts  generator  and
stabil izer are somewhat smaller.

Secondly,  the focusing propert ies of  Svar tholm's f ie ld d i f fer
from those of Konopinskit s f ield. The fi.rst one has a first order
axial focusing, the second has only a weak axial focusing for po-

s i t ive radia l  angles of  entrance a > 0.  The ef fect  of  Svar tholm's
axia l  focusing is  not  favourable in  the case of  a long ion ex i t
s l i t .  Ions star t ing thei r  path outs ide the median p lane,  wi th a
ve loc i t y  componen t  d i rec ted  towards  th i s  p lane ,  e .g .  caused  by
the weak axial focusing of the acceleration systen, wil l be over-
focused, which increases the possibil i ty of loss to the upper and
lower walls of the vacuum chamber.

The radial aberration caused by the axial angle of entrance is
larger  for  Konopinski  (5,4 p2r")  than for  Svar tholm (J 9 ' r "  * 'h"n
r ,  =  l t
" 2  8 / '

On the other hand, however, the technical real i,zation of Kono-
pinski 's  f ie ld is  easier  than is  that  of  Svar tholm's f ie ld.  This
does not refer to obtaining the correct f ield shape since that is
only a mat ter  of  machin ing the pole p ieces.  But  is  does necessi -
tate the construct ion of  a 2550 rnagnet  which is  more d i f f icu l t
than is that of a semicircular one.

Moreove r ,  t he  re la t i ve  pos i t i on  o f  t he  i on  sou rce  (a t  h i gh
vol tage level )  and the receiver  (at  ear th level ) ,  both voluminous
insta l la t ions,  is  considerably more favourable for  KonopinskÍ 's
f ie ld.
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Conclusions that could be drawn from indications and details
tha t  t r i c k l ed  ou t ,  l ed  t o  t he  conv Íc t i on  t ha t  t he  success fu l
e lect romagnet ic  separat lon of  uranium in the Uui ted States had
been carried out in separators of the 1800 type. This was also an
important factor in our considerations which led to the decision
to apply the field of Beiduk and Konopinski in our separator.

$ 6.  Image format ion in  Konopinski 's  f ie ld

Beiduk and Konopinski Bra determÍned the shape required for a
magnetic f ield to give perfect focusing beyond 1800. It is:

B ,  ( r , o )  =  B o  ( 1  -  
i  o ' *  Í  6 t  -  

*  o n  *  #  6 s  . . . )  ( 6  -  1 )

Here B" ( r ,o)  is  the magnet ic  f ie ld in  the median p lane of
symmetry (z = o) and 6 is given by

r - r
o = J

r
o

where ro is the main radius of the field.
ïhe focuslng is perfect only for ions from a point source and

whose orb i ts  l ie  in  the median p lane.  Actual ly  the source wi l l
have f in i te  d imensions and the ions may be emit ted at  an ax ia l
angle p. This uas also taken into account by Beiduk and Konopins-
ki. They evaluated the orbits of ions under various init ial con-
di t ions and found the fo l lowing parametr ic  expressions for  the
orbit:

( 6 - 2 )

( 6 - 3 )

( 6 - 4 )

g = 
i 

- toot + 6, sin <oot + cr (1 - cos root)

l =  \ r+  p  t oo t  -  3  o9  -  
i  o ,q ,  *  f  t po ,  -  c r ( r )  < , ro t  +

+ f {ct(, - 2 PDr + cr,p root) sin oot +

+ {s ap *  *  Dr(( ,  + p toot) }  cos root

0 = 0r cos urot + or sin rrrot + p2 + !  {o2 + of)  - '  i  fqr*p r ,rot)2 +

+ |  {ao, + F6r) s in orot *  G \?- i  u i  -  o2 -  p2) cos toot +

+ f, {{"2 - of) cos 2 orot -2 cr,6, sin 2 o:"t} (6 - 5)

Here o = the radial and g = the axial angle of entrance,
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C B
( r )  = - j

o M

\ -L
ro

<p is the angle coordinate as shown in fig. 6.
ing point of the ion at the source.

( 6 _ 6 )

( 6 _ 7 )

6r ,  ( ,  is  the star t -

s 0
F i g .  6 .  I o n  p a t h s  i n  K o n o p i n s k i ' s  f i e l d

From the re lat ions (6 -  3) ,  (6 -  4) ,  (6 -  5)  6 and (  can be de-
termined for any value of g.

A diaphragm or baffl e to I imit the beam dimensions is pI aced
àt cp = o, where the cross section of the beam is a maximum.

At  th is  baf f le  (qp = o) :

( o  =  ( r ( 1 - 0 . 8 5  c r -  1 . 5  D l )  ,  
f f  O  +  0 . 2 3  c ( , +  0 . 2 3  6 r )  ( 6  - 8 )

6 0  =  o  ( 1 + 0 . 5  0 r + 0 . 2 5  a )  -  0 . 8 5  p ' -  0 . 7 5  \ r ( \ r + 1 . 1 4  p )  ( 6 - 9 )

And at the colle 
1rc fo r  ( g=  - z ) ,

c

In order to study the image, we shall make further approxima-
tions based on the restrictionsi ,.

\z  = \ r  + 9n-  3 (1 (6r  + 0.5 zor)  -  4  c( 'P

6 2  -  -  6 ,  +  0 . 5  6 i  -  5 . 4 1  p 2  -  t . s  \ ?  -  4 . ? 1  p q ,

lo , l  Í  o .oor

lq, l  Í  o .os

-  0 . 1 9  <  a  <  0 . 1 1

(see $ 20)

(6 -  10)

( 6  -  1 1 )

(6 -  12)

(6  -  13)

(6 -  14)
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I  p l  :  o.os (6  -  15 )

wh ich  a re  va l i d  i n  ou r  sepa ra to r .  We  s imp l i f y  t he  equa t i ons
( 6 - 1 2 ) - ( 6 - 1 5 ) t o

( "  =  ( ,  -  0 .85  c r ( ,  +  0 .5  pn  +  0 .12  z r  c rp  (6  -  16 )

6 o  =  o  -  0 . 8 5  p '  -  0 . 1 5  \ ?  -  0 . 8 6  p q l

\z = \t + P7r - 1.5 n ct(t - 4 ot,F

6 z  =  -  6 ,  -  5 . 4 1  P '  -  1 . 5  \ ?  -  4 . n  P e r

( 6  -  1 ? )

(6  -  18 )

(6  -  19 )

I t  is  obvious f rom these that  the only resul t  o f  a smal l  va-
r i a t i on  o f  6 ,  i s  a  s im i l a r  d i sp lacemen t  i n  6 r .  The re fo re ,  t he
image of  a long and narrow rectangular  object  can be found by
de te rm in ing  the  image  o f  a  s t ra igh t  l i ne  and  then  add ing  the
width of the object.

I Íe  shal l  now consider  the object  l ine 6,  = 0.  The image of
this l ine is curved, due to the inhonogeneity of the field. For
an object  emi t t ing a para l le l  ion beam, the shape of  the inage
can be determlned by e l iminat inS ( r  f rom (6 -  18)  and (6 -  19) .
Ttris yields

( 1  -  4 . ?  a ) 2  o r = - 1 . 5  \ 1 * f s . 1  p + 1 0 . 2  d # )  \ 2 - 5 . 4  F 2 - 5 5  a 2 p 2

(6 -  20)

This is a parabola with its axis in the 0 direction and with a
pa rame te r  -3  f t  -  4 .7  q )2 .  I n  rea l i t y  t he  beam i s  no t  pa ra l l e l
but  var ious values of  a and p wi l t  occur .  However,  they wÍ l l  be
limited by the baffle placed at 9 = 6.

Each emit t ing point  of  the object  l ine wi l l  pro ject  an image
of the outl ine of the baffle opening upon the collector. The area
enclosed by such an inage is actual ly the image of the emitting
point. Its shape is found by eliminatlng cr, and p from the equa-
t ions (6 -  16)  -  (6 -  19) .  The resul t  is :

6 z = - 1 . 5 1 q : - 0 . 6 1 \?  *  a "e?  +  0 .80  \ " \ ,  -  3 .8  6 .o (o( r  +

+  0 .09  \ r \ ,  -  0 .27  \ " ( ,2  (6  -  21)

\ z =  2  ( o  -  ( r  -  2 . 5  6 o ( o (6 - 22)

Supfpse a rectangular baffle opening l imited by vertical l ines
6o = ê and horizontal l ines (" = b. From (6 - 21) and (6 - 22) it
follows that these lines are projected as
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( 2  -  2 .5  a )2  62  -  e  2 .04  +  0 .1  à  \ t r +  i -  1 . 58  -  9 .8  a )  ( r ( 2  +

+ ( -  2 .34 + 0.5 a)  q? (6 -  23)

and D,  = (1.66 ( r  -  0 .21 b -  0 .40 1 l /A l  \z  -  1 .51 b2 +

2.22 b(4 + l .?1 (? - o.40 \1/b rc - 24)

being parabolas and straight l ines respectively.
F ig,  ? shows the image of  the points ( r  = 0,  ( r  = *  0.02 and

6 r  =  +  0 . 0 5 ,  d e f i n e d  b y  t h e  b a f f l e :  a l  =  +  0 . t r 1 ,  a z  =  -  0 . 1 9 ,

b l = * 0 . 0 6 ,  b 2 - - 0 . 0 6 .

Ë n 2

r/77:v et= o
E-:--= Er = Íloe
Ks:sr Ct = 0.05

F i g .  7 .  I n a g e s  o f  t h r e e  p o i n t s ,  d e f i n e d  b y
a  r e c t a n g u l a r  b a f f l e .

In  the f igure the l imi ts  \z  = t  0 .06 of  the col lector  s l i t  are

indicated. As q - 0 is a plane of sJrrunetry, the images of points

wi th negat ive ( ,  are iust  the reverse of  those wi th posi t ive ( r .

The inage of  the l ine 6r=0 wi l l  be the area covered by the image
o f  a l l  i t s  po in t s  f r om q ,  =  -  0 .05  to  ( t  =  +  0 .05 . .F rom the  pa r t

of fÍe. ? above the l ine \z = 0 it can be seen that this area is

I imited:
a. above and below by the boundaries of t l ie collector slit.

b .  on the r ight  s ide by the pro ject ions of  the baf f le- l ine Do =

-  0 .19  f rom q ,  =  6 .
c .  on  t he  l e f t  s i de  by  t he  p ro jec t i on  o f  t he  ba f f l e - l i nes  D -  =

+ 0. 11 *d (o = I 0.06 from qt = t 0. 05.
The fact  that  the image is  curved is  of  l i t t le  importance.

The curvature is  not  great  (note the d i f ferent  scal  es on the 6
and the (  ax is  in  f ig .  ?)  and i t  is  possib le to make a curved
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lp l  Í  o .oe (6  -  15 )

wh ich  a re  va l i d  i n  ou r  sepa ra to r .  lVe  s imp l i f y  t he  equa t i ons
( 6 - 1 2 ) - ( 6 - 1 5 ) t o

( "  =  ( ,  -  0 .85  c r , ( ,  +  0 .5  pz r  +  O . l 2  n  ap  (6  -  16 )

o o  =  o  -  0 . 8 5  p '  -  o . z s  \ ?  -  0 . 8 6  p q l

\z = \ t  + Prc -  1.5 rc a(t  -  4 oP

o 2  -  -  6 ,  -  5 . 4 1  p '  -  , . s  \ ?  -  4 . 7 1  P e r

( 6  -  1 ? )

(6  -  18 )

(6  -  l e )

I t  is  obvious f rom these that  the only resul t  o f  a smal l  va-
r i a t i on  o f  D ,  i s  a  s im i l a r  d i sp lacemen t  i n  6 r .  The re fo re ,  t he
image of  a long and narrow rectangular  object  can be found by
de te rm in ing  the  image  o f  a  s t ra igh t  l i ne  and  then  add ing  the
width of the object.

We  sha l l  now  cons ide r  t he  ob jec t  l i ne  6 ,  =  0 .  The  image  o f
th is  l ine is  curved,  due to the inhomogenei ty  of  the f ie ld.  For
an object  emi t t ing a para l le l  ion beam, the shape of  the inage
can be determlned by e l iminat ing ( r  f rom (6 -  18)  and (6 -  19) .
Ttr is  y ie lds

( 1  -  4 . ?  c t ) 2  6 ,  = - 1 . 5  r , | *  < 5 . 1  p +  1 0 . 2  d . P )  e 2 - 5 . 4  P 2 - 5 5  a 2 p 2

(6 -  20)

Iïris is a parabola with its axis in the 6 direction and with a
pa rame te r  -à  f t  -  4 .7  o . )2 ,  I n  rea l i t y  t he  beam i s  no t  pa ra l l e l
but  var ious values of  a and B wi l l  occur .  However,  they wi l l  be
l imi ted by the baf f le  p laced at  g = g.

Each emit t ing point  of  the object  l ine wi l l  pro ject  an image
of the outl ine of the baffle opening upon the collector. The area
enclosed by such an image is  actual ly  the image of  the emit t ing
point. Its shape is found by eliminatlng a and p from the equa-
t ions (6 -  16)  -  (6 -  19) .  The resul t  is :

6 z  =  -  1 . 5 1  q 2  -  0 . 6 1 (? * o"(? + 0. 8o \"\,  - 3. I  D-(o(r +

+  0 .09  \ r \ r  -  0 .21  ( , " \ 2  (6  -  21 )

\ z -  2  ( "  -  ( ,  -  2 . 5  6 o q o (6 - 22)

Suppose a rectangular baffle opening l imited by vertical l ines
6o = & and horizontal l ines (" = b. From (6 - 21) and (6 - 22) it
follows that these lines are projected a.s
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(2  -  2 .b  a )2  6 ,  =  ( -  2 .04  +  0 .1  i l  \ t r  +  i -  1 .58  -  e .8  a )  ( r ( ,  +

+ (- 2.34 + 0. S al \? (6 - 23)

6 ,  =  ( 1 . 6 s  ( r  -  0 . 2 1  b  - 0 . 4 0  q l / D  \ z -  1 . 5 1  b 2  +

-  2 .22 b( l  +  1.11 \?  -  o .4o q1/b (6 - 24)

being parabolas and straÍeIt l ines respectively.
F ig.  ? shows the image of  the points ( r  = 0,  ( r  = + 0.02 and

( r  =  +  0 . 0 5 ,  d e f i n e d  b y  t h e  b a f f l e :  a ,  =  +  0 . 1 1 ,  a z  =  -  0 . 1 9 ,

b t = * 0 . 0 6 ,  b 2 = - 0 . 0 6 .

Ë n 2

Í rc-s

r7z7v Et= O
E=- Er = q02
KS:::l (r = 0.05

F i e .  ? .  I m a g e s  o f  t h r e e  p o i n t s ,  d e f i n e d  b y
a rec tangu lar  ba f f le .

In  the f igure the l imi ts  \z  = t  0 .06 of  the col lector  s l i t  are

indicated. As g = 0 is a plane of symmetry, the images of points

with negative qt are just the reverse of those with -losit ive (r.
The image of  the l ine 6r=0 wi l l  be the area covered by the image
o f  a l l  i t s  po in t s  f r om q ,  =  -  0 .05  to  ( ,  =  +  0 .05 . .F rom the  pa r t

of f ig. ? above the l ine \z = 0 it can be seen that this area is
I imited:
a. above and below by the boundaries of t l ie collector slit.

b .  on the r ight  s ide by the pro ject ions of  the baf f le- l ine 6o =
-  0 .19  f rom q ,  =  6 .

c.  on the le f t  s ide by the pro ject ion of  the baf f le- l ines 0o =

+ 0.11 
"Pd 

(o = r  0.06 f rom (1 = t  0 .05.
The fact  that  the image is  curved is  of  l i t t le  importance.

The curvature is not great (note the different scal es on the D
and the (  ax is  in  f ig .  ?)  and i t  is  possib le to make a curved
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col lector  s l i t  that  wi l l  conform to the image.  More ser ious is
the width of  the aberrat ion which has a maximun of  0.005 in our
case. Ádding the width of the exit sl it in the ion source (0.002)

and neglecting all other sources of aberrations, we have a total
I  ine width of  0.00?.

A decrease of  th is  width can be achieved by cut t ing of f  the
protruding edge on the very le f t  o f  the image.  This is  possib le

by shaping the.baffle in such a my that ions with large positive

cr  and large lp l  are in tercepted (see $ 20) .  In  th is  way the l ine
width is reduced to 0.006.

This corresponds to a separating power of 167 (see below).
A further decrease (which wil l be necessary for the separation

of  very heavy isotopes)  is  possib le by curv ing the ex i t  s l i t  o f
the ion source slightly in such a way that the irnages of points
with increasing | (1 | shift to the right or by reducing the heieit
o f  the ex i t  s l i t  o f  the source.

An important question is, where the images for ions with vari-
ous masses wi l l  be s i tuated;  in  other  words,  which wi l l  be the
shape of the focal plane on the collector side.

To calculate th is ,  we shal l  make an approximat ion based on
Svartholm's relation for the angle of f irst order radial focusing
s e ) :

fo l lows the pr inc ipal  c i rc le of  the f ie ld:  BÍ  = o and O- = 6 For-  

" g t  
r '  

Í

beams with M / o " , however, that trajectory is not symme-
2 V

tric with respect to the field. Along the path, E increases from

= - ;  
* .  

subs t i tu t ine  the0 to 62. Fo r  Konop insk i ' s  f i e l d ,  B r

average value Br = - 93 o c
: - l l l

6
(5 -  11)  we come to

4  t o

Q,=  n  1 t  *  f  O r t (6  -  25 )

From (6 - 25) it follows that the fosal plane makes an angle
tan-l 1f n) (= 50o) with the radius vector at the collector.

We have not  succeeded in calculat ing the aberrat ion for
e 8 2 r 2

M I " " , but the experimental results are satisfactory.
2 V

Next we shall discuss the separating power of the instrument.
There ls an essentÍal difference between the resolving power

R.P. of a mass spectrometer and the separating power S.P. of an
isotope separator.
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The purpose of a mass spectrometer is to measure intensities.
For accurate results it is required that the peaks of different
masses be complete ly  separated,  which neans that  the col lector
current  goes to zero between adjacent  peaks.  The purpose of  an
isotope separator is to prepare a pure target of a certain iso-
tope.

Fi rs t  i t  may be noted that  the re lat ions (5-24 ' )  -  (5-26)  are
val Íd in  a f i rs t  approximat iep &J Konopinski 's  f ie ld as wel l  as
for a homogeneous field, since (@^ ) = 0.

OI  1= ro

Consequently, the dispersion D is given by

Consider now the images, at the collector, of a series of iso-
topes with mass M, M + A M, M + 2 AM, etc. The wÍdth of the images

i s  s  and  the i r  r e l a t Í ve  d i s tance

width of  the col lectors l i t  is  w.  s ,
dial direction.

We must di.stinguish between the following cases:

a . D > s + u
In the mass spectrometer the peaks are resolved. In the separator
a pure target of each isotope is obtained" Fog a maximum yield we
can take w = s Ín the separator.

b .  D =  s  +  w

In the mass spectrometer  the peaks are then just  resolved.  We
have reached its resolving power:

-  
A M

D = 2 A t = ï . o

,  M .  r
p p  =  í - : l  -  o

\  r r r l
a M 0 a r  s + w

A M r
i s  D  (=  : )  (F ie .  8 ) .  The

M

D and w are measured in ra-

(6  -  26 )
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c . s + u > D ) s

In the mass spectrometer the peaks are no longer resolved. In the
separator the targets are still pure.

d . D = s

In the separator  we can obta ln a pure target  wi th w = s but  rve
have reached its "efficient separating power,':

a. t. = ,,*) = 
to 

(6 - 28)'À M'  - " t  s
d .s>Or i
I t  is  s t i l l  possib le to obta in a pure target  by making w<(2D-s) .
0f course the yield wil l be serÍously curtailed by doing this.

f .D= ;
To obtain a pure target, we must take w = o. We have thus reached
the separating power for zero yield:

(s.P.)^ = e+) = 2' ,o (6 - 2e)'  o  . Á M , r " ,  
S

c , .  D  . ;
Complete separation of all the isotopes is no longer possible.

fn case (g)  the targets of  the l iehtest  and the heaviest  iso-
tope of the series can sti l l  be obtained in a pure state by using
a col lectors l i t  wi th w = D and shi f t ing i ts  posi t ion over  a d is-

s - f l
tance *  = ,  Actual ly  the boundar ies of  the peaks are not  so

2
abrupt  as in  f ig .  8.  Due to the scat ter ing of  ions on gas mole-
cules and reflections the peaks wil l have ..wi-ngs" of low intensi-
ty. The width s of the image is defined such that at its bounda-
r ies the in tensi ty  is  e.g.  57o of  the maximum intensi ty ,  which
means that a certain amount of contamination is accepted.

From now on, when speaking of the separating poïrer, we mean
the "efficient separating power" (6 - 2S)

$  7 .  Acce le ra t i on  o f  t he  i ons

Various configurations of the acceleration system were inves-
tigated by us. ïhe experiments were carried out by means of mo-
de l s  on  the  res i s to r  ne two rk  1g  l a )  as  we l l  as  i n  t he  ac tua l
separator.

The most  sat ls factory system, f ina l ly  appl ied,  is  shown in
fig. 9.



F ig .  9 .  Acce le ra t i on  sys tem o f  t he  sepa ra to r

The ion source S and the extraction electrode E are V-shaped
in such a way that they form an electrostatic lens according to
P ie rce  P r .  Th i s  l ens  coun te rac t s  t he  d i ve rgence  o f  t he  beam,
dur ing the accelerat ion,  due to the space charge.  l ïhen a space
charge lÍmited current is extracted from the source it produces
a paral le l  beam, but  when a smal ler  current  is  ext racted over-
focusing occurs as shown in f ig .  9.  The ion source is  at  the
accelerating voltage of maximum + 30 kV. The extraction electrode
is not  ear thed,  but  at  an adjustable negat lve potent ia l  o f  maxi -
mum -  10 kV.  I t  is  sh ie lded f rom the beam by the ear thed e lec-
trode A.

ltris system has the following advantages over the acceleration
by a s ingle e lect rode:
1.  The negat ive e lect rode forms an e lect ron mir ror  for  the e lec -

trons from the beam. So they cannot reach the ion source and
are forced back to the beam. As a resul t  thei r  space charge
compensating action is increased.

2.  Since the e lect rons cannot  reach the ion source,  the load of
the hieh voltage supply and hieh tension breakdowns are great-
ly reduced.

3. The location of the focal plane F (fig. 9) from which the ions
seem to emerge depends, among other things, upon the potential
of the central electrode. Focusing can be adjusted by means of
that potential, keeping the net accelerating voltage constant
and thus keeping the ion beam on the collectorslit."

4. The I ens causes a weak axial focusing of the beam, thus reduc-
ing the loss of ions to top and bottom of the vacuum chanber.

$ 8.  Type of  ion source to be used

Ion sources have been developed in a great variety of types.
A recent survey of this subject was given by Ttromas r8.

The source for our separator must meet the following require-
ments:
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a, lhe ion output must be high.
b. ltre operating pressure must be low.
c. The consumption of energy must not be too high.
d. The energy spread of the ions extracted from the source must

be smal1.
e. It must be universally applicable to various kinds of ions.
f. One type of ions, preferable atomic, nust predominate.
g. Rapid fluctuations in the ion output cannot be permitted.

We shall now dj.scuss these requirements in more detail.

a .  Large output

Three main points of inportance for the output of an ion sour-
c e
1 .

are:
The presence of a large nnmber of ions per unit volume in the
d  i  q n h e r o p

2.  The t ransport  of  ions in  the d ischarge to the ex i t  s l i t .
3 .  The extract ion of  ions f rom the ex i t  s l i t .

I n  o rde r  t o  ob ta in  a  h igh  i on  dens i t y ,  even  a t  a  l ow  gas
pressure,  the ioniz ing e lect rons must  be used as advantageously
as possib le.

In the f i rs t  p lace th is  can be achieved by tak ing the energy
o f  t he  e lec t rons  such  tha t  t he  p robab i l i t y  o f  i on i za t i on  i s  a
maximum E3.  Fur ther ,  by reducing the loss of  e lect rons to the
walls of the source (proper shaping of the source and application
of  an ax ia l  magnet ic  f ie ld) .  And f ina l ly  by increasing the ef fec-
t ive path length of  the e lect rons by us ing osci l la t ing e lect rons.

The t ransport  of  i .ons to the ex i t  s l i t  is  largely determined
by  the  po ten t j . a l  d i s t r i bu t i on  i n  t he  sou rce .  Consequen t l y ,  i t
depends on the discharge conditions. In the case of moderate dis-
charges, the penetration of the electric f ield from the extraction
electrode causes a potent ia l  d is t r ibut ion as shown in f ig .  10.
Because  o f  t he  f ocus ing  o f  i ons  on  the  ex i t  s l i t ,  t h i s  d i s t r i -
but ion is  ca l led sel f  focusing.

F ie .  10 .  Se I f  f ocus ing  po ten t i a l  d i s t r i bu t Í on  i n  i on  sou rce

Concerning the extraction of ions, we must distinguish between
two s i tuat ions.  In  the f i rs t  case,  a l l  ions focused on the s l i t
nay be extracted.  But  on the other  hand i t  is  possib le that  so
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many ions are supplied that a further increase of the output is
prevented by the space charge. In that case, the so called space
charge l imi ted current  is  ext racted Kls.  The value of  th is  cur-
rent  can be calculated for  s imple e lect rode conf igurat ions La.

For  a very large p lane emit ter  p laced a d is tance d f rom a p lane
electrode at  potent ia l  V '  i t  is :

i f  we suppose that  the par t ic les are emit ted wi th zero
veloc i ty .

( 8 - 1 )

in i t  i .  a l

For other electrode configurations a geometry factor must be
added to (8 -  1) ,  but  in  any case a maximum current  ex is ts  for
each configuration and potential distribution.

this maximum current can be increased by emitting the parti-
c l es  w l t h  f i n i t e  i n i t i a l  ve loc i t y .  Howeve r ,  t he  ga in  w i l l  be
sma l l  i f  t he  i n i t i a l  ene rgy  i s  sma l l  i n  compar i son  to  eV .  and
this wil I practical ly alwaJs be the case.

It may be remarked that, if a space charge limited current is
extracted,  th is  current  cannot  be increased by measures in  the
source: ion production and transport are then sufficient.

b.  Lal  operat íng pressure

A low operating pressure is important because it means a low
gas consumpt ion.  Moreover i t  a l lows the use of  a large ex i t  s l i t
and yet enables the maintenance of a good vacuum in the chamber.
A high ion density at low pressures can be obtained by making the
path of  the ioniz ing e lect rons as long as possib le.  This can be
achieved by causing the e lect rons to osci l la te (h.  f .  sources or
magnet ic  osc i l  la t ion sources) .

c. Lout energy consumption

Since the practi.ce is to earth the acceleration chamber, the
ion source wil l be at a hieh positive potential. The enerryneeded
must  be suppl ied at  that  h igh level ,  which necessi tates the use
of an insulating transformer rated for the proper power output.
Therefore it is necessary to keep this power requirement as low
as possib le.

d. Snall energy spread

The ions in the beam, after extraction from the source, wil l
not all possess exactly the same energy since they were created
at  d i f ferent  p laces in  the source and consequent ly  at  d i f ferent
potent ia ls .  I t  is  obvious that  the homogenei ty  of  the beam wi l t
be better as the potential differences in the source become smal-
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ler. Therefore, it is favourable when the ions are created in a
plasma where the potential differences are only a few volts.

f r rergy spread wi l l  a lso occur  when ions t ransfer  energy by
col l is ions wi th gas molecules incurred on theÍr  way to the ex i t
s l i t .  However,  these col l is ions have l i t t le  probabi l i ty  at  press-

ures below which the path in  the source is  smal l  as compared to
the mean f ree path (< 4.10-3mm Hg).

e .  Un íue rsa l  app l i ca t í on

Some types of  ion source can only be used for  par t icu lar  e le-
ments. E.g. the hot anode source of Kunsman K7, which is applica-
b le to the a lkal i  ions a lone.  A very successfu l  modi f icat ion of
this type was developed by Koch r12.

In general, however, an ion source Ís a gaseous discharge in
which a l l  sor ts  of  ions can be created,  i f  the substance to be
ionized is supplied as a gas.

Because many e lenents have gaseous compounds only at  an in-
creased temperature, the source must be constructed in such a way
that it can withstand high temperatures. Moreover, it must resist
chemical reaction with various substances, even at hi.gh tempera-
tures.

f .  Atonic ions
Suppose that  n i t rogen gas is  adni t ted in to the ion source.

Then N+ as well as tt l ions wil l be created. Sre can choose accel-
erating voltage and nagnetic f ield strength such that the ions of
one of  these types reach the col lector ,  but  the other  ones wi l l
be lost from the separation process.

In the case of  more compl icated nolecules,  var ious types of
ions occur. If one of these types predominates strongly over all
t he  o the rs ,  t he  l oss  o f  i ons  o f  ano the r  mass  w i l l  no t  be  too
serious. Separation of atomic ions is easiest because the sepa-
rat ion of  heavier  masses requi res a greater  separat ing power of
the instrument.

Several investigations have been carried out on the formation
of atomic and molecular hydrogen ions s5 N4. This work was'stim-
ulated by the development of proton accelerating devices because
the sources of  these accelerators must  have a large atomic ion
output.

From these exper inents i t  turned out  that  the fo l lowing fac-
tors favour the production of molecular hydrogen ions: 1ow press-

ure,  low elect ron energy,  smal l  current  densi ty ,  smal l  source
dlmenslons and metal walls of the source at a rather low temper-
ature.

The inf luence of  pressure,  temperature,  e lect ron energy and
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current  on the atom-molecule rat io  for  a par t icu lar  ion source
can easily be investigated in the separator.

g.  No fLuctuat íons

In $ 4 it was emphasized that a short but f inite time is need-
ed for the formation of a space charge compensated ion beam. If
the ion current  f rom the source f luctuates wi th a per iod of  the
same order  as or  shor ter  than one format ion t ime (10-a -  10-3
sec), the space charge compensation wil l be reduced. Therefore a
very steady ion current is required.

Concerning the demands a, b and d we require for the source of
our separator:
a.  Ion output  of  several  mA. lV i th a tota l  co l lector  current  of

I  nA an isotope of  mass nunber 100 wi th a lOTo abundance is
collected at the rate of 10 mg per day of 24 hours,

b.  Operat ing pressure a few t imes 10-3 mm Hg.  I Í i th  an ion ex i t
sl it of 2 cm2 area and the pumping system used, the pressure

in the vacuum chamber wil l be about a factor of 100 to 50 less
than in the source, when gas is admitted to the source.

c. Energy spread less than 10 eV. IÏ ith an accelerating voltage of
25 kV and a main radius of  1020 mm th is  wi l l  cause an aber-
rat ion of  0.4 mm.
These conditions and that of universal application are satis-

fied by the arc source, the h. f. sources and the magnetic oscil l-
a t ion source wi th f i lament .  The d ischarge mechanisms of  these
sources wil l now be described:

7 ,  A rc  sowce  ( f i g .  1 l a )  F l  B l s

Electrons from a fi lament are accelerated through one or two
hundred vol ts  and ionize the gasmolecules wi th which they col -
l ide. The anode is a cylinder. In this way the ions are created
in a space that  is  approximately  e lect r ica l  f ie ld f ree and the
energy spread wi l l  be smal l .  I f  an ax ia l  magnet ic  f ie ld is  ap-

0
í
H.F

í-
+150|r|]
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d

Ê
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+ 150
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pl ied,  the e lect rons are prevented f rom going d i rect ly  to  the
cyl inder  wal I .

2. H,F. sources

The ionizing electrons get their energy from a high frequency
field. This field can be applied:
a .  by  a  sys tem o f  i n te rna l  o r  ex te rna l  e l ec t rodes  ( f i g .  l l b :

e lect r ica l  h. f .  d lscharge A4).

b. by a coil around the discharge tube, which induces ring cur-
rents in  the p lasma ( f ig .  11c:  magnet lc  h. f .  d ischarge re) .

The advantage of h. f. sources Ís the fact that the discharge
is maintained by secundary electrons alone: no fi. lanent is needed.

3 .  Magne t i c  osc i l l a t i on  sou rce  w i th  f i l anen t  ( f i g .  l l d  F2  As  H l1 )

Electrons fron a fi lament are accelerated by an anode cylin-
der. Because of the axial magnetic f ield, they cannot reach this
cy l inder .  Nor can they reach the ref lector  p late at  the top of
the cy l inder ,  which is  mainta ined at  a negat ive potent Ía l  and so
fonns an electron mirror. The electrons are therefore forced to
osc i l l a te  up  and  down  be tween  the  f i l amen t  and  the  re f l ec to r
p late.  How they f ina l ly  reach the anode cy l inder  is  not  as yet

f u l l y  unde rs tood .  The  rad ius  o f  t he  he l i ca l  t r a i ec to ry  o f  an

electron depends on i ts  ve loc i ty  component  in  the radia l  d i rec-

tion and it is given by

( 8 - 2 )

in  which V is  the vol tage,  corresponding to the radia l  ve loc i ty .
I f  V = 150 Vol t  and B = 2000 Gausz i t  fo l lows f rom (8 -  2)

that r = 0.2 mm.
When the electron loses enerry by ionizing gas molecules, the

radius wi l l  decrease.  As a resul t ,  i t  is  ext remely d i f f icu l t  for
the e lect rons,  especia l ly  for  the secundar ies,  to  reach the cy-
lindrical wall. From this consideration it follows that the anode
current should be very small in the presence of a strong magnetic

f ie ld.  And indeed th is  is  the case at  very low pressures.  But
when the pressure is gradually increased, the discharge suddenly
jumps into another state, the osuper state" vr.

ïïre transition to this state is characterized by a great in-

crease of the anode current (to several amps). Moreover, strong

h . f .  osc i l l a t i ons ,  o f  t he  no i se  t ype ,  a re  obse rved  i n  t he  d i s -

charge. 'Hash" is the name employed for these oscil lationsBrs. It

is supposed that the hash plays an important part in the trans-
por t  of  e lect rons to the anode:  a s t rong e lect r ic  h.  f .  f ie ld can
enlarge the radius of the electron trajectories to a value which

enables them to reach the anode cylinder.
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The ion output of these sources in the super state is enormous.
Even at very low pressures it can amount to several hundreds of
mi l l iamps i f  the ions are extracted in  ax ia l  d i rect ion sra.  Axia l
ext ract ion is  a lways considered to be the best ,  because the ion
current in the discharge is directed axially. This applies to the
arc source as wel l  as to the magnet ic  osc i l la t ion source.  Unfor-
tunate ly ,  the d i rect ion of  the beam in the separator  is  perpen-
dicular to the magnetic f ie1d. Consequently, a radial extraction
of the ions is necessary.

The supply of ions to the exit sl it is then provided by diffu-
sion and the penetration of the extracting field.

This reduces the ion output by about a factor of 10.
The magnetic oscil lati.on source with axial extraction is known

as the Finkelstein source F2, that with radial extraction as the
Heil source Htl or Von Ardenne source 45.

\{hen we were compelled to choose from among the three types of
source afore mentioned, the h. f. source seemed advantageous be-
cause no f i lament  is  needed for  i ts  operat ion.  Nevertheless we
did not  choose i t ,  as we feared that  the h. f .  osc i l la t ions might
cause  h .  f .  f l uc tua t i ons  i n  t he  ou tpu t  and  d i s tu rb  t he  space
charge compensat ion.  Moreover,  the other  types ment ioned have
a larger ion output.

IÍ ithout doubt the Heil source has the largest output, but the
osci l la t ions generated in  the d ischarge may cause a f luctuat ing
bean and wil 1 increase the ener$/ spread of the ions.

From f ig .  11 i t  is  c lear  that  a Hei l  source can be converted
to an arc source by simply connecting the reflector plate to the
anode cy l inder .  This  is  the reason that  we decided to construct
a Hei l  source for  our  separator  and t ry  to ut i l ize i ts  h igh ion
output .  When i t  turned out  that  the appl icat ion of  th is  source
was not possible, it was switched to the arc type (S 32).

$ 9.  Charge mater ia ls  for  the ion source

Since the mechanism of the ion source is essentially a gaseous
discharge,  the isotopes to be separated must  be suppl ied to the
source in the form of a gas.

There are a few gaseous e lements,  l ike C12,  but  most  of  the
elements are sol ids.  In  some cases i t  is  possib le to use a
gaseous compound of a solid element. À'.g. Oz or C-O - gas might
be  used  as  cha rge  ma te r i a l s  f o r  ca rbon .  Fo r  t hese  gases  the
pressure in  the source can be contro l led by means of  an adjust-
able leak"

Many elements have suitable compounds in the form of l iquids.
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ï/hen the vapour pressure of such a l iquid is sufficiently hieh at
room temperature (at least severai cm Hg) it can be applied simi-
lar ly  wi th an adjustable leak.  In  th is  way CS, can be used as
we l l  as  seve ra l  ch lo r i des ,  such  as  S iC l4  and  BC l . .  Somet imes
(e .g .  w i t h  SnC lo )  i t  w i l l  be  necessa ry  t o  i nc rease  the  vapou r
pressure by p lac ing the conta iner  in  a thernostated furnace at
an e levated temperature.  By p lac ing the adjustable leak a lso in
the furnace we can handle l iquids which have a vapour pressure of
about I mm Hg at room temperature.

For several elements, no suitable gaseous or l iquid compounds
can be found. In those cases the solid elenent or compound is put
in to a cru ic ib le which is  s i tuated c lose to the ion source ins ide
the vacuun chamber. The connection to the source is very short
and  no  ad jus tab le  l eak  i s  used ;  t he  p ressu re  i s  con t ro l l ed  by
regulating the temperature.

l{ith a maximum obtainable temperature of 8000 C almost any one
of  the remain ing e lenents can be suppl ied in  th is  way (see $ 34) .

Of  the methods ment ioned,  the charge of  gaseous mater ia l  is
not  the most  preferable.  Fbr  most  separat Íons,  the tota l  amount
of  charge is  of  the order  of  1 to 100 grams,  which is  a rather
large volume amount  for  gases,  unless very h igh pressures are
used .  Moreove r ,  a  p ressu re  s tab i l i z i ng  dev i ce  Í s  necessa ry  t o
assure a constant gas fJow to the source.

For  s t i l l  another  reason i t  is  advantageous to make use of
charge materials which have a low vapour pressure at room tempe.
rature. This is obvious from the following consideration:

Suppose that  gas is  admit ted to the source,  the pressure in
the ion source is  F" ,  in  the vacuum chamber Dr.  ïhe ion densi ty
fo r  one  t ype  o f  i ons  i n  t he  sou rce  depends  on  the  p ressu re :
p (p " ) .  The  ex t rac ted  cu r ren t  o f  t hese  i ons  f rom the  sou rce  i "
is  proport ional  to  th is  densi ty ,  ês long as the ion current  is
not  space charge l imi ted (S 8) .  Consequent ly

i "  =  k ,  p ( p " ) , ( e -1 )

k,  depending on the source d imensions and the conf igurat ion and
tensions of the acceleration system.

For ideal focusing the collector current can bó given by

i  = 1  . e - 1 / " 1 "c s
( s -2 )

where I = the total path length of the ions from source to col-
lector and 1. = the total mean free path for scattering and charge
exchange.
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Neglecting the residual gas pressure when no gas is admitted
to the source, we have the relation:

c
D  =  _ D
' v  

s ^ s
( e -3 )

C be ing  the  "gas -conduc tance "  o f  t he  i on  ex i t  s l i t  and  S  the
punping speed in the vacuun chamber.

If we suppose_g = krn" (which is approximately true in the low
pressure region rr1, wè come to:

i  = k r k z s D  e - l , / À
c  c  

' v ( e -4 )

Since l" is inversely proportional to Do, i" wil l be a maximum for
that value Ouo o pv, where 1, - I and

0 . 3 ?  k r k r s  o o ( e -5 )

From (9" - 5) it is clear that there is an optimum source pressure
p-  = 3.  p, ,  above which an increase of  pressure wi l l  cause a

o o  U  t o

decrease of collector current.
When,  however,  a sol Íd charge mater ia l  is  appl ied,  the pres-

sure in  the greater  par t  of  the vacuum chamber wi l l  not  be in-
fl.uenced by the source pressure: most of the inlet material wil l
condense on the walls in the immediate vicinity of the source.

At  a source pressure Dso the col lector  current  wl l l  be a lmost
three t imes as h igh as in  the case of  a gas and wi th p"  i t  may
st i l l  be increased.  In pract ice,  we shal l  not  increase the pres-

sure in the source too much, because the rather high pressure in
the accelerat ion region wi l l  g ive r ise to breakdowns and energy
spread of ions.

For the collection of the isotopes it is also of great impor-
tance that  the charge mater ia l  has a very low vapour pressure
(s  10) .

Further  points of  in terest  are the chemical  act iv i ty  of  the
charge materials and the abundance of atomic ions in the extract-
ed ion beam. lhese properties must be considered for each partic-

u lar  e lement .  I t  is  c lear  that  an e lement"has advantages over  a
conpound as a charge mater ia l .  Not  only  because fewer types of
ions wil l be created, but also because no volati le components are
formed.  The lat ter  wi l l  e .g.  be the case wi th chlor ides,  where
chlorine gas is formed. This causes a loss of ions ln the vacuum
chamber in  a way s imi lar  to  that  suf fered wi th gaseous charge
materials, though the residual pressure wil l be smaller.

i =- c
o
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$ f0.  Col lect ion of  the separated isotopes

In pr inc ip le,  the separated isotopes are col lected by p lac ing
a neta l  sur face at  1800 beyond the ion source.  Wi th a proper
focusing,  the ions of  d i f ferent  masses wi l  I  s t r ike th is  sur face
at different places and thus may be collected separately.

In general ,  i t  is  not  possib le to use a s imple p late,  p laced
perpendicular  to  the i .on beam, s ince th is  can resul t  i .n  an ex-
tremely high loss of material.

This is due to the fact that for many elements a large frac-
t ion of  th .e ions (which can easi ly  amount  to over  50%) wi l l  be
r;f lected and leave the surface again either as ions or as atoms.
Moreover, material once deposited on the surface wil l be struck
by the beam and thus be lsmevêd1 eventually together with mother
mater ia l  o f  the col lector  p late (sput ter ing) .

fn order to reduce these diff iculties we make use of collector
chambers as shown in fig. 12.

F ig .  12 .  C ross  sec t i on  o f  co l l ec to r  chambers

The beam str ikes the chamber wal l  A and af ter  ref lect ion or
sput ter ing the mater ia l  is  co l lected at  the wal l  B where i t  is
safe from being hit by the primary beam.

St i l l  there is  an appreciable loss whÍch can amount  to over
3Wr

0f  course,  the d is tance between the chambers must  be chosen
such, that each isotope is collected in its particular chapber.

Attention must be paid also to the loss, due to evaporation of
the collected isotope out of the collector chamber. Suppose:

M = the mass number of the isotope,
p = its Yapour pressure in mm Hg,
A = the area of  the col lectors l i t  in  cmz,
T = the temperature of the collector,
a = the evaporatÍon coefficient = 1.
firen the loss of material by evaporation is given to a first

approximation by Da
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( 1 0  -  1 )

Be i" = the total collector current in mA.
a = the abundance inTo of  the isotope to be col lected.
Then the supply to the collector by the ion beam is, according

to Faraday's law:

Q "  =  1 . 0 4 . 1 0 - t o  u  i .  g  a t / s e c ( 1 0  -  2 )

I f  we requi re the loss to be less than l% of  the supply,  the
demand is:

Q ,  =  5 .8 .10 -2  A  p .  ( n t1 - t t z  g .  a t / sec

1 . 8 . 1 0 - r r  a  i - / í i
[ r . - r u n r i g

A

Subst i tu t ing the rather  moderate values:  q = |  7o,  i^  = 1 mA,
T = 3oo oK, M = 40, A = 2o cn2 we come to

( 1 0  -  3 )

p  <  1 0 - 1 0  m m  H g ( 1 0  -  4 )

giving the order of magnitude of the admissible vapour pressure.

The great majority of the solid elements satisfy the condition
(10 - 4) at room temperature. There are, however, a few elenents,
espec ia l l y  t he  gaseous  ones  l i ke  0 r ,  C I ,  e t c .  wh i ch  have  a  t oo
large vapour pressure. These elements must be bound chemically to
a compound of low vapour pressure by providing the collector with
a material, which reacts with the entering ions. f.g. suJphur may
be bound to copper.  I t  is  of  importance that  nany e lements are
bound to the collector material either chemically or as an alloy.
In those cases the vapour pressure of this compound or alloy must
be taken into account  in  (10 -  3) .

There remain the inert gases. Up to now it seems that the only
poss ib le  way  to  co l l ec t  t hem i s  t o  make  use  o f  t he  e f f ec t  t ha t
high enerry ions can penetrate into the first few hundred atomic
laye rs  o f  a  me ta l  su r face .  By  th i s  me thod  Koch  K l3  co l l ec ted
seve ra l  samp les  o f  nob le  gases .  A  d rawback  i s  t ha t  on l y  ve ry
snall amounts of gases (about 2 pg at/cn2) can be collected unti l
the sur face becomes saturated.  I t  is ,  therefore,  necessary to
have the d isposal  of  a large sur face area.  A possib le way is  to
use a f i lm of  a narrow metal  sheet ,  which is  gradual ly  unro l led
along the col lector .

An  impor tan t  p rob lem i s  t he  poss ib le  con tam ina t i on  o f  t he
targets by other isotopes of the same element, especially when an
isotope of  very Iow natura l  abundance is  co l lected.  Besides by
overlapping of the images due to various aberrations (S 5), con-
taminat ion can occur  by iondensing of  the res idual  gas in  the
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yacuun chenber on the collector surface. thls effect is neglÍ-
gible as long as the condition (10-4) is satlsfied not only for
the yapour pressure of the elenent, but also for the vapour pres-
sure of the co@qrnd, in the fonn of which the elenent is adnltt-
ed to the ion source. If this is not the case, properly fltted
baffles, cooled to a lor temperature nust trap the vapour before
it can reach the collector. In this way the condensatlon of mate-
rlal on the collector surface can be obviated. lhen the collected
lsotopes are to be bound chenically in the collector, care nust
be taken ttrat the target materlal reacts with the lons, but does
not react wlth the resldual ges.

the posslbilities of chenical exchange of the collected lso-
tope rith the resldual ps and with gas adsorpted at the collec-
tor must be considered for each particular case.
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C h a D t e r T I

D E S I G N  O F  T H E  S E P A R A T O R
A N D  P R E L I M I N A R Y  I ï O B K

g 11.  Pr inc ipal  d imensions and shape of  the magnet

From the formula for the separating power

(6 -  28)

i t  is  c lear  that  a large value of  ro is  advantageous for  the se-
paration of heavy isotopes.

However,  ro is  l  imi ted pr imar i ly  by a pure f inancia l  reason.
Moreover,  the y ie ld wi l l  be ser iously  d imin ished when the tota l
path length nro,  of  the ions,  becomes longer than the mean f ree
path for  e last ic  co l l is ions and charge exchange.  Since th is  f ree
path is  of  the order  of  a few meters for  normal  operat ion pres-
sures of  3 to 4.10-s mm Hg,  the main radius of  our  separator  was
chosen as 1 meter. The exact value of ro, as defined by the pro-
fi le of the pole pieces, is 102 cm. Consequently, when a separat-
ing power of 238 is required, the width of the image must be re-
st r ic ted to 4.2 mm. I ïhen l ighter  isotopes are to be separated,  a
wider image can be permitted in order to increase the yield.

The  app l i ca t i on  o f  a  h igh  acce le ra t i ng  vo l t age  reduces  the
effects of space charge and enerry spread of the ions and, con-
sequent ly ,  improves the focusing on the col lector .  On the other
hand,  i t  increases the possib i l i t ies of  e lect r ica l  breakdowns at
the source and sput ter ing ef fects of  the ions st r ik ing the col -
lector. lVe chose Vi = 30 kV (maximum). Usually, the separator is
operated at about 20 kV.

The magnetic f ield required can be calculated from:

1 | lzllfrtr
B= i -V ;  ( 5 -? )

Tak ing  M =  238  a tom ic  un i t s  *O  U ,  =  30  kV ,  we  f i nd  B  =  3?80
gausz,  which is  s t i l l  a  re lat i .ve ly  weak f ie ld.

For  l ighter  e lements,  B must  be correspondingly smal ler .  For
hydrogen (mass number 1)  a f ie ld of  only  250 gausz would be re-
quired.

Another fundamental feature of the separator is the height of
the gap between the pole faces.  $r i th  i t ,  the height  of  the ion
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bearn and,  consequent ly ,  the y ie ld wi l l  increase.  I t  was compro-
mised at 20 cn"

For a tota l  radiat  ex i t  angle of  18o and wi th the f ie ld shape
used, the maximum width of the ion beam is 30 cn. Therefore, we
des igned  ha l f  r i ng  shaped  po le  p i . eces  w i th  a  w Íd th  o f  50  cm.
Though some space is lost in the construction of the vacuum cham-
ber, there is enough left for a beam of 30 cm.

When we designed the shape of the yoke, our basic premise was
that the vacuum chamber should be accessible from all sÍdes. Es-
pecia l  ly  the ends of  the ion path,  where the source and the re-
ceiver  wi l l  be s i tuated,  must  be wi th in easy reach.  We came to
tae shape shown in fig. 13.

F ig .  13 .  Shape  o f  t he  nagne t

A very large value of  the st ray f ie ld is  inherent  wi th thÍs
shape but ,  s ince no st rong f ie ld is  requi red,  th is  drawback is
not serious.

The principal dimensions are: d, = 150 cm, d, = 250 cm, h = 2O
cm, a = 30 cm, b = 200 cm, c = 150 cm. b and c were determined
such that sufficient room remained for the excitation coil which
is wound around the back of the yoke.

The  i on  pa th ,  wh i ch  ex tends  ove r  180o ,  mus t  t i e  comp le te l y
wi th in the magnet ic  f ie1d.  In  v iew of  the space requi red for  the
ion source and the receiver ,  the pole faces were extended over
somewhat more than 1800. The distance e = 10 cm.

ïhe area of  the pole faces Ís  1.67.104 cm2 and wi th a magnet ic
f i e l d  o f  3 ? 8 0  g a u s z ,  t h e  m a i n  f l u x  w i l l  b e  6 . 3 . 1 0 7  m a x w e l l .  A
rough calculat ion,  based on measurements on a model  of  another
type Kta showed that a stray field of more tltan 80% could be ex-
pected. According to a measurement on our resiStor network, this
value was even L00%.

I f  we suppose,  for  secur i ty ,  a  s t ray f ie ld of  115%, the maxi-
mum f lux in  the back of  the yoke wi l l  be 1.3.107 maxwel l  and the
maximum induct ion 17.200 gausz.  This is  an a l lowable value for
the type of steel used.
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$  fZ .  Des ign  o f  t he  exc i t a t i on  co i l

ïhe number of ampere turns required follows from the relation:

fH ro t=4nNr ( 1 2  -  1 )

For  convenience,  we d iv ide a l ine of  force in to three par ts :

a. in the Cap 1- = 20 cm B = 3780 gausz p = 1.
b.  in  par t  of  tËe yoke l - -  = 180 cm B = 1?.200 gausz p = 200 r ) .

c .  i n  t he  res t  o f  t he  yo te  l -=300  cm B=13 .000  gausz  p=800  1 ) .

Then,  according to (12- i )  we neer l  ? .6.104 ampere turns for  a
field of 3780 gausz in the gap.

Our choice of  the exci tat ion current  was based on the fact
that  the coi l  had to be cooled in  some manner.  Very ef fect ive
cooling can be achieved by forcing water through a hollow conduc-
tor .  S ince the cross sect ion of  such a conductor  cannot  be too
smal l ,  th is  system suggests the combinat ion:  large current ,  few
tu rns .  To  make  i t  poss ib le  t o  use  a  no rma l  D .C .  gene ra to r ,  we
chose a current of 100 Amps, so ?60 turns were needed.

As for the size of the tube, we could make our choice from be-
tween some few normal types, which were available. The type most
suited for our purpose had an outer diameter of 9 mm and an inner
one of  5 mm, so the th ickness of  i ts  wal l  was 2 mm and the area
of  the copper cross sect ion 44 mm2.

Estimating the average I ength of one turn at 6. 5 m, ttte came to
a tota l  length of  about  5000 m. Calculat ions for  a pure copper
coil showed that its resistance would be 2 0. So we made use of a
22 kW D.C.  generator  (maximum output  22O V,  100 Amp).  Unfor tu-
nate ly ,  i t  turned out  that  the cofrper  of  the tubing was not  as
pure as we had desi red.  I ts  res is t iv i ty  was 2.5.10-Ó Q cm instead
o f  1 .? .10 -6  Q  cm,  wh i ch  i s  t he  va lue  fo r  e lec t ro l y t i ca l  coppe r .
Consequent ly ,  the res is tance of  the coi l  was 3 Q instead of  2 Q
and 300 V was required to obtain 100 Anps through the coil. This
was achieved by means of  an addi t ional  power sufrp ly ,  90 V,  100
Amps,  consist ing of  a s ix  phase t ransformer wi th selenium rect i -
f y i ng  ce l l s  (S  22 ) .

I n  o rde r  t o  p reven t  t he  f o rma t i on  o f  bo i l e r  sca le  we  pe rm i t

the temperature of the cooling water to increase by only a small
amount.

For  a ra ise of  20o C,  the amount  of  water  requi red to carry
of f  30 kW, is  360 cm3lsec.  I t  is  impossib l  e  to force th is  water
through the tota l  length of  the coi l ,  s ince th is  would requi re an
extremely h igh pressure.

1)  D. ta.bt . ined f rom a magnet ic  analys is  of  the steel  by Dr.  J .J .Went ,
Eindhoven.
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Therefore,  i t  was necessary to d iv ide the tube into a number
of  sect ions,  which are p laced in para l le l  in  the cool ing c i rcu i t .
S ince  the  co i l  wou ld  be  wound  i n  l aye rs ,  i t  was  conven ien t  t o
make each layer a branch in the parallel system.

We des igned  a  co i l  wh i ch  was  wound  i n  16  l aye rs  w i t h  each
laye r  cons i s t i ng  o f  abou t  50  tu rns .  The  ave rage  l eng th  o f  t he
tubing in  one layer  is  315 m. and the amount  of  cool ing water  is
22.5 cn3/sec. This means a current velocity v = 115 cm/sec.

With an inner  d iameter  of  the tubing d = 0.5 cm and tak ing the
viscosi ty  v  = 10-2 cm2/sec. ,  we f ind for  Reynolds 's  number:

Consequent ly ,  the current  wi l l  be turbulent  and th is  is  fa-
vourable for  good heat  t ransfer .  The pressure requi . red fo l lows
from Blasius' fornula:

vd
R e = - = 5 7 0 0

0 . 0 6 6 p v 7 / 4 7 v r / 4

r 5 /  4

( 1 2  -  2 )

( 1 2  -  3 )

where p is the density, v the velocity and v the viscosity of the
cooling water, I is the length and r the inner radius of the tube.
Subst i tu t ing our  values,  we come to A p = 15 àtm, which is  a nor-
mal operating pressure for a force pump.

$ 13,  The model

ïhe magnetic f ield in the separator must meet two requirements:
f .  in  the medÍan p lane between the two pole faces,  i t  must  have

onJy a z-component which is dependent on the radius in a way
calculated by BeÍduk and Konopinski  Br4 ($ 6) .

2. it must be axially symmetric.
The first condition can be satisfied by using specially shaped

pole pieces, the second by shimming.
Both the prof i le  of  the pole p ieces and the shimming pat tern

were determi.ned experimental ly.
To  do  th i s  a  reduced  mode l  o f  t he  magne t  ( s . ca le  1 :  5 )  was

constructed. A maximum field of about 2800 gausz could be obtain-
ed in the gap by means of a coil of 1200 turns and an excitation
current of 8 Amps.

ïhe magnet ic  f ie ld was measured by means of  a rotat ing f lux-
meter .  A smal l  co i l  (area 0.2 cn21 was rotated in  the f ie ld by a
synchronous motor  at  a rate of  3000 r .p. Ín.  The a.c.  vo l tage gene-
rated in the coil was transmitted via sli.prings and copper gauze
brushes and measured by an accurate meter (rectifying cel)-moving
coi l  system).  
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Fig.  14.  Model  of  the magnet  (now used for  a mass spectroneter)

The f lux meter  was p laced on a movable p lat form so that  the
loca t i on  o f  t he  co i l  cou ld  be  de te rm ined  i n  any  pos i t i on .  An
accuracy of 0.270 was obtained with this method.

I t e  s ta r ted  the  expe r imen ts  by  measu r i ng  the  i n f l uence  o f
grooves and r idges on the shape of  the magnet ic  f ie ld.  In  the
gap of the magnet we placed a grooved piece of iron and then the
fiel d above and in the vicinity of this groove was measured in a
plane, which approxlmately bisected the remaining gap. In a simi-
lar way we measured the field in the vicinity of ridges and com-
binations of ridges and grooves. Fig. 15 shows the influence of
grooves of various widths.

From the afore mentioned measurements we learned how we could
obta in the requi red f ie ld shape by prof i l ing the pole p ieces.

Before doing th is  we shimmed our  ragnet ic  f ie ld unt i l  i t  had
bccome axlally symmetric. For this purpose two plane pole pieces
were placed in the gap and kept parallel arrd properly spaced by
means of brass bolts and nuts. Ihe thickness of ;hese pole pieees
was the same as that of the profi led ones to bt used.

The magnetic f ield in the median plane was ineasured as a func-
t ion of  r  for  var ious values of  cp.  F ig.  16 shows the resul t  for
g = o and g = 90o respectively with the last case being measured
1 cm within the front edge of the pole pieces.

By br inging th in sheets of  s teel  between the pole p ieces and
the yoke, in those places where the field uas too weak, we gradu-
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F i g .  1 5 .  I n f l u e n c e  o f
on  the  shape
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. = 90o, lcm within front edge of pole piece

F ig .  16 .  Shape  o f  t he  magne t i c  f i e l c t
be fo re  t he  sh imming  p rocess

al ly  succeeded in making the f ie ld more homogeneous.  ! l 'e  f ina l ly
obtained the result shown in fig. 1?.

flhen judging the result of f ig. 1? we must take i.nto account
that  the ion beam covers the tota l  avai lable width of  the pole
piece only at  g.  o.  For  a l l  o ther  values of  g,  the width of  the
ion  beam i s  sma l l e r  and  so  i s  t he  range  where  a  co r rec t  f i e l d
shape is required.

Af ter  th is  shimming process,  the pole p ieces were prof i led in
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F ie .  1? .  Shape
a f te r

Í -  Ío

o f  t h e  n a g n e t i c  f i e l d
the  sh imn ing  process

order  to obta in Konopinski 's  f ie ld shape.  A pre l iminary prof i le
was designed which was based on the one used by Langer and Cook
in thei r  beta spectrograph L3 and on the resul ts  of  our  f i rs t
exper iments wi th grooves and r idges.  I [e  constructed a pai r  of
pole p ieces wi th th is  prof i le  and the f ie ld shape was measured
w i . t h  ou r  f l ux  me te r .  S ince  th i s  con f i gu ra t i on  showed  s l i gh t
deviations from the theoretical one, we investigated, by means of
th in sheets of  s teel ,  how the prof i le  had to be modi f ied.  A pai r
o f  po le  p ieces  o f  t h i s  new p ro f i l e  was  made  and  the  f i e l d  was
measured again.

After some very small supplementary modifications, the fourth
pai r  of  pole p ieces was approved.  F ig.  18 shows the f ie ld shape
thus obtained.

A good approximat ion of  the theoret ica l  shape is  achieved at

t hose  p laces  where  i t  i s  necessa ry  ( f o r  g  =  o  ove r  t he  t o ta l
width of the bearn, here represented by 6 cn).

Next, the influence of the fieldstrength was studied by deter-

mining the shape of the field for various excitation currents. No

appreciable d i f ference was observed,  but  th is  could be expected
since we were far  f rom the magnet ic  saturat ion of  the pole

pieces. By measurements at q = 90o and g = -90o the symmetry with

respect to cp = o was checked.
The  l as t  t h i ng  we  i nves t i ga ted  was  the  ex ten t  t o  wh i ch  i t

would be permissible to bring ferromagnetic material in the vÍci-
n i t y  o f  t he  magne t  w i t hou t  se r i ous l y  d i s tu rb ing  the  magne t i c

58



F i g .  1 8 .  S h a p e  o f
o b t a i n e d

Í - Í o

- theoretical shape

t h e  m a g n e t i c  f i e l d  f i n a l l y
i n  t h e  m o d e l

21
9=o"

= 45o
= 90o

f ie ld shape.  This was of  importance Ín regard to the connect ion
of the vacuum chamber to the steel oil diffusion pump. (After our
measurements, we designed a 60 cm long connection of non-magnetic
sta in less steel .  )

the f lux meter  used by us was sui table for  our  purpose.  The
accuracy of 27oo was ample since this value corresponded to about
0.1 mm th ickness of  s teel ,  which is  a reasonable machin ing to ler-
ance.  A d isadvantage was the necessi ty  of  c leaning the brushes
after every series of ten or twelve measurements.

Ihe field of the big magnet could be measured by another meth-
od  s ince  the  ava i l ab le  space  was  much  l a rge r .  I n  t h i s  me thod

1$ 23)  the drawback of  the brushes d id not  ex is t  and,  moreover,
the accuracy was much better, uiz. 0.57o.

Both the prof i le  of  the pole p ieces and the shimming pat tern
determined were used in the b ig magnet  of  the separator .  S l ight
deviations might be expected and did occur because the sepa.rator
and the model  do not  complete ly  conform: in  the separator  the
semi-c i rcu lar  boundar ies of  the pole p ieces are approximated by
polygons.

Af ter  the measurements of  the f ie ld were completed the model
became available for other purposes. ft was well suitable to form
the magnet of a 1800 mass spectrometer and as such it is now in
use in our  laboratory.  The isotope analyses ment ioned in $ 33
were carried out with it.

-3 cm
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S 14 .  The  res i s to r  ne two rk

The tracing of ion paths in the separator is of major impor-
tance, e.g. to facil i tate the design of the electrostatic lens to
attain optimal focusing condÍtions.

For this purpose we constructed a resistor network according
to De Packh P2 and Liebmann Ls.

Fig.  19.  Arrangenent  of  res is tors
in a quadrat ic  network

It can easily be shown "2 thut a quadratic network of resis-
tors of  equal  va lue (FÍg.  19)  is  ru led by the two d imensional
Laplace equation:

ê2v ê2v
- - - - - 1 - = = o
èx" Ay'

I f  we assume the width of  the s l i ts  in  the e lect rode system
small as compared to their height, the situation in the separator
is two dinensional and the quadratic network is applicable to our
case.

Our  ne twork  z2  cons i s t s  o f  3940  res i s to rs ,  o f  3300  Q  each ,
mounted on a plate of pertinax in a rectangular arrangement of 56
columns and 36 rows.

When hung on the wall this device occupies very l itt le space.
For  the measurement  of  an e lect r ic  f ie ld the e lect rodes,  repre-
sented by copper wires,  are p lot ted upon the network on an en-
larged scale. These "electrodes" are placed at poteqtials propor-
tional to those used in the actual lens system and the potential
d is t r ibut ion is  then measured f rom point  to  point  at  the junc-
tions of the resistors.

For this purpose a stabil ized supply of four independently ad-
justable potentials and an electronic voltmeter (impedance I MQ)
are avai lable.

Equation (14 - 1) is not exactly correct for the network. The
error  due to the f in i te  mesh d imension is  g iven in a f i rs t  ap-
proxiretion by "2:
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(14  -  3 )

in which a = the width of the meshes. Itris error is negligible in
most  pract ica l  cases,  when the e lect rodes are p lot ted upon the
network on a sufficiently enlarged scale. the over all accuracy
of the measurements is within 270.

The  bounda r i es  o f  t he  e lec t rodes  mus t  be  app rox ima ted  by
straight l ines. Because of the large number of junctions availa-
b le,  th is  is  pract icable wi thout  d i f f icu l t ies.

ltre influence of the finite dimensions of the network is dimi-

nished by makÍng the resistors at the boundaries 2200 A instead
of  3300 Q.

In  p r i . nc ip le ,  i t  i s  a l so  poss ib le  t o  t ake  accoun t  o f  space

charge effects by supplying currents to the network Ls; however,
this implies a complicated device if t ip space charge is not con-

fined to a few points but distributed over a certain area. Fur-

thermore, we do not know the magnitude of the space charge in the
electrostat ic  lens.  Therefore,  we determine the ion paths for

very low currents (neglect ing space charge)  and later  correct ,
qualitatively, for the space charge.

Af ter  the measurements of  the e lect r ic  f ie l .d  we p lot  the ion
tra jector ies by apply ing SheI l 's  law:

sin cp, n^
. t  _

S l n  @ ^  n .
t z  r

which is  va l id  for  e lect rostat ic  f ie lds i f  the ref ract ive index
n is taken to be proportional to the square root of the potential
v  z r .

l/hen the influence of the magnetic f ield is taken into account
this method is not applicable. In that case we calculate the ion
paths step by step Ra.
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C h a p t e r I I I

T H E  S E P A R A T O RC O N S T R U C T I O N

S 15 .  The  yoke

In order to obtain a n'agnetic f ield of the shape required, the
pole faces had to be profi led in a special wqv.

To  fac i l i . t a te  mach in ing ,  t he  po le  p ieces  were  des igned  as
separate par ts ,  each 50 mm th ick.  Consequent ly ,  the gap in the
yoke was 30 cm.

One method of  construct ion would have been to cast  the yoke

in a few blocks and to bol t  these b locks together ,  but  i t  turned
out  that  the cost  of  th is  would have been twice as h igh as that
of a yoke composed of steel pl ates. Therefore, we decided to con-
st ruct  the yoke f rom 3/4t t  para l le l  s teel  ptates p laced ver t ica l ly
and bol ted together  (F ie.  20) .

F ig .  20 .  Moun t i ng  o f  t he  yoke

The p lates were suppl ied by Konink l i jke Hoogovens,  IJmuiden.
A low carbon type of  commercia l  s teel  conta in ing 0.10 to 0.15% C
was chosen.

The  p la tes  we re  cu t  i n to  t he  shape  requ i red  by  ace ty lene

torch.  ïhey were then f la t tened,  the sur faces on the lower s ide

and in the gap were dressed and the holes dr j l led.
The machining, as well as the mounting, was done by l{erkspoor

Ltd, Amsterdarn.
o z
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In our Laboratory, which is situated in the former engine room
of the East  Power Stat ion of  the Munic ipal  Electr ica l  I [orks,
Amsterdam, there was a foundation which had supported a 50 tons
A.C. generator. Since the total weight of the separator was esti-
màted at about 40 tons, this foundation could be used.

A suitable column of reinforced concrete was erected on it and
four  p ieces of  ra i l  were carefu l ly  mounted on the column in a
hor izonta l  posi t ion.  on these ra i ls  the yoke was p laced by

"st r i ,ng ing"  the p lates one af ter  another ,  on the large bol ts .
Then the height  of  the gap was adjusted to prec isety 300 mm by
means of  jacks and steel  bars.  By hammering,  a l l  p lates rvere
brought to the correct level.

By turning the nuts on the large bolts the "wings" of the mag-
net were brought into the correct posÍtion and the mounting was
compl eted.

The i r regular i t ies in  the gap between the indiv idual  p lates

amounted to a maxlmum of 0.2 mm which is a tolerable value.
The semic i rcu lar  boundar ies of  the gap are approximated by

the step pattern of the plates. the influence of this approxima-
t ion on the shape of  the magnet ic  f ie ld between the pole p ieces
i s  neg l i g i b l e .

I  16.  The exci tat ion coi l

a ,  P repa ra to ry  wo rh  on  the  yoke

The total weight of the coil is about 2 tons. To support this
coil we mounted an oaken beam of 200 x 200 mm2 on the inner side
of the back of the yoke and 30 mm oaken boards at the sarne level
on the outer sides and rear. The beam was bolted to the yoke and
the boards were supported by angle irons of 180 x 180 x 15 mm.

The boards at  the s ides were made semÍc i rcu lar  wi th a radius
of 350 mm so as to conform to the planned dimensions of the coil.
0n these boards we p laced semi-cy l indr ica l  oaken f i l ler  p ieces
(radius 150 mm) around which the turns of the first layer could
be bent smoothly. ïhe height of these pieces is 680 mm. The board
on the rear side and the angle iron beam on which it is mounted
were provided wi . th  a number of  holes (30 mm diameter)  through
which the ends of the layers could enter the coil.

lhe upper side of the coil was fonned in a similar way but of
l iehter material. 0n the inner side of the back an oaken board of
2OO x 2O mm2 was bol ted to the yoke.  Semic i rcu lar  boards were
sc rewed  on to  t he  f i l l e r  p i eces  and  fou r  suppo r t s  a t  t he  back
side carry a 200 mm wide locking boarcl. This board was furnished,
like the lower one, with holes to pass the ends of the individual



layers. All steel and wooden parts, wïrich might come into contact
with the windi.ngs were covered with two sheets of 0.6 mm leather-
o id.

b. Insulatíon of the copper tubíng

fire copper tubing which we procured came in pieces of about
25 m that we ourselves had to insulate.

IÍe chose varnished cambric tape, 20 mm wide and 0.15 mn thick,
as an insulating material. This is a normal commercial product,

the material is very durable and its electric strength is 10 kV.
We decided to wind this tape in such a way that each successive
turn would overlap half the previous one so that the tubing would
be covered with two layers of tape. In this way a safety factor
against darnage and imperfections was obtained. It was easily cal-
culated from the diameter of the tube and the width of the tape
that a winding angle of 20o would be necessary for this procedure
and that a total length of 15000 m of tape would be required to
insulate 5000 m of tubj.ng. 6ince it was not feasible to do this
insulating by hand we constructed an insulating machine, a sketch
of which is shown in Fig. 21.

F ig .  21 .  Ske tch  o f  i nsu la t i ng  mach ine

The notor M drives the heaw fly-wheel F, which is mounted on
a hol low shaf t  S '  which rotates in  the bal l  bear ings B.  On th is
shaf t  a  sprocket  C,  is  f ixed,  which v ia a chain to C,  is  l inked
to the gear case G. By means of  a sprocket  C. ,  the shaf t  S,  is
dr iven.  The machine is  constructed on a smal l  car t ,  the f ront
wheels of which are mounted on Sr. l l lhen the motor runs the fly-
wheel  rotates and the car t  a lso moves.  The tape holder  H,  on
which a roll of varnished cambric tape can be placed, is attached
to F. f ire set of rollers R guide the tubing.

ïhe insulating was done in the following way:
A 25 n p iece of  copper tubing T was pushed through S,  and was
stretched taut to its full length by means of tackles. At the be-
ginning of  each sect ion the tape was at tached to the tube wi th
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cel lu lose lacquer and the motor  was star ted.  As the car t  moved
along the tube th is  tube was insulated uni forn ly  and snugly.  At
the end the tape was at tached again but  as ide f rom these two
places,  no g lue or  lacquer was used.  The tape was wound very
tightly around the tube because it was held taut by means of an
adjustable tension on the tape holder H.

The connection between S, and F, which determines the winding
angle, consisted of a chain, sprockets and worm gears and conse-
quently could not slip. Since the machine was rather heavy and a
very leve1 f loor  was used,  the dr iv ing wheels d id not  s l ip  e i ther .

The insulat ing of  one p iece of  25 m tubing took about  hal f  an
hour and the entire task was completed in 2% weeks.

On both ends of  each p iece we lef t  hal f  a  meter  unlnsulated,
because of the welding which sti l l  had to be done.

c .  l l e l d i ng  o f  t he  t ubes

Each layer of the coil was made up, by welding together, of 12
pieces of 25 m of tubing. These welds must be water t ight even at
a pressure of 17 atnnspheres and they had to be strong enough to
w i ths tand  the  s t resses  to  wh i ch  they  we re  exposed  du r i ng  the
winding of  the coi l .  They must  not  rest r ic t  the passage of  the
coo l i ng  wa te r .  The i r  e l ec t r i ca l  t r ans i t i on  res i s tance  mus t  be
very smal l .  They could not  be not iceably th icker  than the tube
i tse l f  in  order  to e l iminate d i f f icu l t ies in  the winding process
and to obyiate i r regular i t ies in  the coi l .

ïhe welds were made in the following way: An ending of one of
t he  two  tubes  to  be  we lded  was  beve led  on  the  ou ts ide  ( s l ope
1 : 10) and the other reamed to the same slope on the inside. By
neans of  a c lamp they were pul led together  and then s i lver  so l -
dered.

A nunber of trial welds, nade in this way, were tested for us
by Werkspoor Ltd.  fn  each case the weld proved to be st ronger
than the copper tube which had a tensile strength of L8 kglmrn2.

A1l the actual welds of the tubing were tested:
1. for strength, by subjecting them to a pull of 200 kg, by means

of a clamp and a lever.
2. for Jeakage, by introducing a pressure of 30 atm. nitrogen gas

and keeping the joints under water for half an hour.
3.  for  obstruct ions,  by measur ing the t ime requi red to force a

li.ter of water at a pressure of 2 atm. through the 300 m tub-
ing of a layer.
Ttre joints were then insulated by hand.
ïhe welds were made and tested at a rate of one laJer per day.
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d.  l l índíng of  the coi l

One complete layer of tubÍng was hung above the magnet on a
revolving carrier. The end of the tube was put through the first
hole in the lower supporting beam and one turn was wound, being
fed down by a man who stood on the nagnet and turned the carrier.
By means of a wooden clamp, a French tackle and some weights, the
turn was pulled tieht with a force of 100 kg. With moden hanners
and rubber covered pieces of wood the turn was beaten to conforrn-
ity. Though the copper was soft when we received the tubing, it
had become rather inflexible fron the working, especially in the
viclnity of the welds. Nevertheless, we succeeded in making unl-
form layers by the aforementioned llrecess.

In order to keep the turns from springing back after the cla^np
was loosened, we had to hold them in position. Thls was done in
the first place by tying each turn to the preceding one wlth can-
bric tape in twelve places. Furthermore, at the rear of the mag-
net, a large number of rubber covered boards were driven between
the wall and the winding. On the inner side of the yoke this pro-

cedure was not  possib le and th is  was where bulg ing of  the coi l
had to be avolded because of  the l imi ted space.  Therefore,  a
heavy channel iron beam was temporarily fastened in the gap of
the yoke leaving sufficient space for the tubing to pass during
the  w ind ing  p rocess .  S i x  heavy  j ack  sc rews ,  by  wh i ch  wooden
blocks could be pressed firnly against the winding, were mounted
in th is  beam. Fig.  22 d isplays the winding of  the coi l  is  pro-
gress.

On the very left we see the tackle, with cJamp, stretchlng the
turns.  The tape by which the turns were t ied together  and the
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jacks pressing the winding on the insÍde,  as wel l  as some of  the
boards, doing the same on the back, are visible.

Approximately fifty turns were wound to a layer and then the
end of the tube was temporarily t ied up.

Before star t i .ng each Iayer  a sheet  of  0.6 mm leatheroid was
put on. Moreover, thermocouples were placed between each two suc-
cess i ve  l aye rs  w i t h  a  v i ew  toward  tempera tu re  measu remen ts  i n
conjunct ion wi th safeguarding the coi l  (S 30) .

The  16 th  l aye r  was  no t  comp le te  s i nc€  the  ava Í l ab le  t ub ing
suf f iced for  only  35 turns and as a resul t  the tota l  number of
turns is 785.

e .  F í n i s h i n g  o f  t h e  c o i l

After the last turn had been wound the ends of the layers were
put through the holes of the upper locking board. A last sheet of
leatheroid was appl ied.  Then the coi l  was c losed by a sheet  of
1 mm copper which was fastened to the boards and beams of  the
coil by wood screws. The thermocouple leads were passed through
one of the semicircular locking boards.

The copper jacket was not applied merely for an aesthetic rea-
son In the f i rs t  p lace Í t  protects the coi l  f rom mechanÍcal  da-
mage .  Moreove r ,  i t  p reven ts  sma l l  ob jec t s  (e .g .  i r on  f i l i nes )
f rom get t ing in to the coi I ,  where they might  g ive r ise to shor t -
c i rcu i ts .  For  th is  reason a l l  ex i .s t ing openings were calked wi th
oakum. This a lso d in in ishes the a i r  exchange between the ins ide
and the outside of the coil and at the same time entrance of va-
pours which might cause condensation on the winding.

Finally, the copper jacket acts as a short circuit winding and
p ro tec t s  t he  co i l  f r on  t he  ve ry  h igh  i nduc t i on  vo l t age  wh ich
would occur  i f ,  by some accident ,  the exci tat ion c i rcu i t .were to
be  cu t  sudden l y  ($  30 ) .  f n  o rde r  t o  keep  the  e lec t r i ca l  r es i s -
tance of  the jacket  as low as possib le,  we were carefu l  to  make
good contacts between the separate par ts  f rom which i t  was con-
st ructed.  This was done by solder ing the p lates together  and by
shunting, by means of heavy copper wire, the bolts that t ightened
the jacket.

To  f i r even t  t he  co i l  f r om bu lg ing  th rough  - t he  so f t  coppe r
jacket  (e.g.  due to the Lorentz force)  the jacket  was supported
by six vertical stainless steel strips. On the rear of the magnet,
these st r ips were bol  ted in to the yoke;  on the inner  s ide,  they
were pressed against the coil by means of screw-jacks, with their
base agalnst the semicircular protrusions of the yoke.

f .  C o o l i n g  a n d  e l e c t r í c a l  c o n n e c t i o n  o f  t h e  c o í l

The layers of  the coi l  had to be connected in  ser ies e lect r i -



cal ly ,  but  in  para l le l  for  the cool ing system. This gave r ise to
a compl icat ion:  i f ,  for  instance,  we should s imply connect  the
tube endlngs at the low pressure side to a common exit pipe, the
system would be short-ci.rcuited. Therefore, the connections be-
tween  the  tubes  and  the  ex i t  p i pe  mus t  be  e lec t r i ca l l y  non -
conducting, (e.g. pieces of rubber tube). However, that woulC not
be sufficient: the cooling water has an appreciable conductivj-ty
due to the sal ts  d issolved in i t  so that  a current  of  about  one
amp maximum would flow to earth. The loss of this current would
be of  no importance,  but  s ince the conduct iv i ty  of  the water  is
not  constant  the leakage currents would vary.  Since the tota i
exc i tat ion current  suppl ied by the d.c.  generator  is  s tabi l ized
1  :  10 ,000  (S  22 )  t h i s  s tab i l i za t i on  i s  no  l onge r  va l i d  f o r  t he
magnetic f ield, if variable leak currents occur.

In order  to avoid th is  d is turbance of  the stabi l izat ion,  we
made the connections as shown in fig. 23.

F ie .  23 .  Connec t i on  o f  t he  l aye rs  o f  t he  co j l
Le f t :  Low  p ressu re  s i de
R igh t :  H igh  p ressu re  s i de

The layers of the coil were wound in alterna.te directions, so
two successive layers had to be connected on the top (low pressure

side of  the cool ing)  or  on the bot tom (h igh pressure s ide) .  fn
th is  way e lect r ica l  connect ions between top and bot tom of  the
coi l ,  were avoided.

On the low pressure s ide ( f iC.  23 le f t )  the e lect r ica l  connec-
tion of two successive layers is formed by the pipe P, into which
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t he  ends  o f  t he  t ub ing  o f  t he  l aye rs  a re  s i l ve r  so lde red .  By
means of the rubber tube R' P is connected to the copper "shield"
pipe G. A second tube R, Ieads to the exit pipe [.

The shield pipe is brought to the same potential as P. Conse-
quent ly ,  no leakage current  wi l l  f low f rom P to G or  W, a l though
there is a current from G to W.

Ttre potential for G and therefore the leakage current is taken
from a resistor, 50 Q, 2500 Watts, with fifteen taps. This resis-
tor  is  connected to the D.C.  generator  in  para l le l  wi th the ex-
c i ta t ion coi l  but  outs ide the stabi l ized c i rcu i t  ( f ig .  30) .

Rubber tubes cannot be used on the supply side of the cooling
due  to  t he  h igh  p ressu re .  The  ma te r i a l  ce l l e ron  (o r  novo tex t )
which is  a very st rong and waterproof  insulat ion,  proved to be
su i t ed  to  ou r  pu rpose .  The  cons t ruc t i on  i s  shown  i n  f i g .  23
( r i eh t  s i de ) .

ïhe shie ld p ipe G is  screwed into the upper b lock of  ce l leron
C,  w i t h  t he  t h readed  pa r t  be ing  tape red .  I n  a  s im i l a r  way  the
lower block C, is connected to the copper tube T, which in turn
is  s i lver  so ldered to the supply p ipe S.  The e lect r ica l  connec-
tion between the two successive layers is formed by the flange F.
lhe seal  between f langes and cel leron b locks is  prov ided by rub-
ber  r ings and bol ts .  This  seal  as wel l  as that  of  the -shie ld"

pipe proved to be perfectly t ieht.
the suDply side is connected to a Sihi force pump and furnish-

ed wi th a manometer ;  a water  meter  is  inser ted in  the ex i t  p ipe.
Du r ing  ope ra t i on ,  a  p ressu re  o f  17  a tm  i s  ma in ta Íned  and  1500
liters of water f low through the coil per hour.

Since it would be dangerous to touch the connections, we mount-
ed screening caps above and below the back side of the coil.

In  order  to fac i l i ta te inspect ions,  these caps are made f ronr
clear perspex.

$ 17.  Pole p ieces and yacuum chanber

In order to uti l ize fully the gap in the magnetic circuit, the
vacuum chamber was designed in such a way that  the pole p ieces
themselves form the upper and lower walls. Since ready accessibi-
l i ty to the chamber is requi.red, the vacuum seal had to be made
by means of gaskets. However, this is not practicable with curved
walls. Therefore, it was necessary to shape the pole pieces in a
specia l  way:  the semic i rcu lar  boundar ies were approximated by
straight sections for whlch we chose, in principle, the sides of
an equilateral sixteen sided polygon. In order to have both the
ion source and the collector conpletely withln the magnetic f ield



the pole pieces were extended enough beyond 1800 to include them
(10 cm on each s ide,  as was the yoke) .  Wi th the f ie ld shape re-
qui red in  v iew the pole p ieces were prof i led i .n  a manner which
had previously been determined by means of the model ($ 13). The
deviat ion of  the f ie ld shape due to the polygonal  approximat ion
wi l l  be deal t  wi th in  $ 23.

The pole pieces were constructed by Werkspoor Ltd. The mount-
ing was carried out in the following way: f irst a set of shimming
plates,  the shape of  which had been determined wi th the model ,

$ 13,  was p laced in the gap of  the yoke.  Smal l  brass b locks of
25 mm diameter  and 15 mm height  were put  in  holes of  th is  set ,
in  such a way that  each angular  point  of  the pole p iece would
be  suppo r tec l  and  the  l ower  po le  p iece  was  then  p laced  on  the
b locks .  Fou r  j acks  we re  se t  on  th i s  po le  p iece  and  the  uppe r
p o l e  p i e c e  a s  w e l l  a s  t h e  s e c o n d  s e t  o f  s h i m m i n g  p l a t e s  w e r e
placed on them. ïïris pole piece was then jacked up unti l we could
inser t  twenty brass support ing b locks which keep the pole p ieces
the  co r rec t  d i s tance  apa r t .  A f t e r  t he  j acks  we re  removed ,  we
wedged smal l  brass b locks between the upper pole p iece and the
yoke.  L ike the lower ones these b locks were 15 mm high.  When al l
th is  had been done,  we observed that  a l l  support ing b locks were
immovable.  However,  we st i l l  "anchored" them by means of  smal i
brass b locks,  held in  p lace by the prof i le  of  the pole p ieces.

The support ing b locks were p laced at  the twenty "corners"  of
t he  po le  p ieces .  They  each  have  a  c ross  sec t i on  o f  25  cm2  and
they  were  ca re fu l l y  mach ined  to  have  exac t l y  t he  same he igh t .
Th i s  ensu res  t ha t  t he  po le  p ieces  w i l l  be  pa ra l l e l .  Due  to  t he
atmospher ic  pressure and the magnet ic  f ie ld the pole p ieces are
pushed toward each other by a force of 25 tons (maximum). Under
these circumstances the deformation of the rods is of the order
of  0.01 mm, ï Íh ich wi l l  not  cause any d i f f icu l ty .

The  ava i l ab le  he igh t  i n  t he  chamber  i s  170  mn ,  s i nce  15  mm
shimming space was left on each side between the pole pieces and
the yoke. Of this space a maximum of 11 mm had already been used
for  the "basic  shimming pat tern"  ascer ta ined by the model ,  so
additional shimming was sti l l  possiblc on a modest scxle.

The vacuum seali-ng of the chamber is done. in a manner similar
to that used on the Amsterdam 30 MeV synchrocyclotron. The pole
pieces are prov ided on a l l  outer  s ides wi th a cont inuous groove,
15 mm wide and 7 mm deep, as well as with a large number of tap-
ped holes. In the grooves, of both pole pieces, we put an endless
(cold vulcanized)  rubber gasket  of  10 x 10 mm2 cross sect ion.
B rass  p la tes  a re  bo l t ed  upon  success i ve  s l des  o f  t he  chamber
(Fig.  25;  the le f t  p late has been removed in the f ront  v iew so
that the rubber gaskets R become visible.
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Fíg .  24 .  Vacuum chanber  under  cons t ruc t ion

NI

I

Fig .  2S.  SeaI  o f  the  vacuum chanber  a t  one o f  the
i n t e r i o r  a n g l e s  o f  t h e  p o l e  p i e c e s

In order to obtain a seal between two adjacent plates, these
are beveled in such a way that a groove of rectangular cross sec-
tion, 10 mm wide, is formed between thern. Rubber gaskets, 10 mm
thick are placed in these grooves and pressed between the plates,
the horizontal rubber gaskets, and the brass supporti.ng blocks by
means of stainless steel pressing pieces P.
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The front plates are actually f langes and carry the ion source
and the receiver  insta l la t ion.  ïhey are 15 mm th ick,  as are a l l
other plates which must be wealened in some way, e.g. by openings
for  e lect rodes or  observat ion windows.  The p lates that  serve only
for vacuum sealing are 8 run thick but they are reinforced by 35 x
12 mn2 brass st r ips.  In  p lace of  the outs ide p late,  on the 1ef t ,
a t  g = 6?030Í  the f lange of  the connect ion to the o i l  d i f fus ion
pump is  bol ted to the vacuum chamber.  This f lange is  made f rom
15 mm sta in less steel  and the seal ing is  done in the same wal  as
for  the other  s ide p lates.

S 18.  The ion source

A sketch of  the ion source is  g iven in f ig .  26 (p.  75) .  The
house,  1,  of  the source is  made f rom a b lock of  graphi te.  This
house is supported by two stainless steel tubes 2 ard 3, which,
by means of  the f langes 4 -  5 and 6 -  7,  are connected to the
porcelain insulators 8, through which the tubes enter the vacuum
chanber.

The insulators are mounted on a base plate 9 by means of the
pressing plate 10; the sealing is effected by rubber gaskets. The
f i lament  11 (2 mm tungsten)  is  supported by two coaxia l  copper
tubes  12  -  13 ,  wh i ch  a l so  se rve  the  cu r ren t  supp l y  (180  Amps
max. ).

the connections of the fi lament consist of a conical beryll ium
copper  ho lde r  14  w i th  i nc i s i ons  and  a  s ta in less  s tee l  nu t  15 ,
which combination obviates troubles caused by thermal dilatation,

The fi lament supporting tubes are mounted on the flanges 16 -

1? which are sealed by rubber gaskets and Ínsulated by way of
pertinax.

The  t , ubes  2 ,3 ,  t 2  and  13  a re ,  f o r  t he  g rea te r  pa r t ,  doub le
wal]ed (not indicated in the figure) and water cooled by means of
a  c l osed  c i r cu la t i on  sys tem w i th  f o r ce  pump and  rad ia to r .  The
connecting flanges are also cooled by this system. In this way it
is possible to have the rubber pskets at a low temperature, al-
though the house of the source may be at ?0Oo C during operatlon.
Through the lower supporting tube passes the tube 18 carrying the
ceramic furnace 19 which, by means of a platinum fi lament, can be
heated to ?00o C. Its temperature is indicated by a thermocoupl e.

(Drperirnents on the HeiI source were carried out by refi lacing
the furnace by a graphite reflector electrode, carried by tube 18
and brought to a negative potential with respect to the cathode. )

The f ront  p late 20 Ínto which the ex i t  s l i t  o f  the source is
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mach ined ,  i s  removab le  so  t ha t  d i f f e ren t  shapes  and  s i zes  o f
s l i ts  can easi ly  be appl ied.

Moreover,  i t  enables an easy c l  eaning of  the source,  which
cleaning is  fur ther  fac i l i ta ted by the appl icat ion of  the sepa-
rate graphi te l in ing 21.

0n the s ide of  the furnace th is  l in ing is  prov ided wi th holes
to admit  the vapour and on the f i lament  s ide wi th a col l imat ing
s lo t  t h rough  wh ich  the  p r imary  e lec t rons  en te r  t he  d i scha rge
room.

The molybdenum reflector plate 22, at f i lament potential, pre-
vents the e lect rons f rom going d i rect ly  to  the top of  the anode
nouse.

Measures had to be taken to obviate the deposi t ion of  metal
vapours on insulators. As for the source, this was accomplished
by keeping all the insulating material far fron the source itself
(u iz .  at  the connect ion f langes) .

The porcelain hieh tension insulators are protected by a sys-
tem of  caps and r ings 23 shaped l ike a labyr inth and act ing as
baffl es.

A ser ious problem is  formed by h ieh tension d ischarges and
breakdowns which may easily occur in the vicinity of the source.

We had to face no less than four  d i f ferent  types of  d ischar-
g e s ,  u i z :
1. Cold (Tovmsend) discharges.
2. Discharges due to field emission.
3 .  P . I .G .  d i scha rges .
4. Trochoidal discharges.

Since the pressure insi.de the vacuum chamber is quite Jow, we
are on the le f t  s ide of  the Paschen minimum. Consequent ly ,  the
f i r s t  t ype  o f  d i scha rge  can  be  obv ia ted  by  enc los ing  the  i on
source in  an ear thed screening cap at  a smal l  d is tance f rom the
source and afrp ly ing a lso smal l  d is tances between the e lect rodes,
thus conf in ing the e lect rostat ic  f ie ld to a l imi ted region.

Fie ld emiss ion can ar ise at  e lect r ic  f ie ld s t rengths of  a few
hundred kV per  cm. Therefore,  the spacing nust  not  be taken too
smal l ;  3  mm being a reasonable value.  Fur thermore,  sharp edges
and points are avoided and the surf€rce of the electrodes and caps
are h ighly  pol ished.

P. I .G.  d ischarges may a lso occur ,  s ince in  the v ic in i ty  of  the
source the shape of  the e lect r ic  and magnet ic  f ie lds are qui te

s im i l a r  t o  t hose  i . n  t he  P . I . c .  manomete r :  t he  po le  p ieces  be ing
negat ive wi th respect  to  the ion source and a component  of  the
electr ic  f ie ld being paral le l  to  the magnet ic  f ie ld.

Obviously  these d ischarges can a lso be suppressed by the
earthed screening caps around the source.
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Trochoidal  d ischarges can occur  wherever  the e lect r ic  f ie ld E
stands at right angles to the magnetic f ield B; in that case the
electrons tend to move in a t rochoidal  t ra jectory perpendicular
to both f ie lds.  Electrons wi th zero in i t ia l  ve loc i ty  descr ibe a
cyclo idat  path and the radius of  the ro l l ing c i rc le is  g i r "en byzl

mE
o=; ; t (18  . -  1 )

( 1 8  -  3 )

I Íhen the d is tance between the ion source and the screening
caps is  larger  than 2p,  e lect rons wi l l  pass unhampered between
them and reach the porcela in insulators where they cause insta-
bil i t ies and give rise to breakdowns.

I Íe can intercept  the e lect rons by making the d is tance d be-
tween source and cap

d < 2 P ( 1 8  -  2 )

Now, s ince E = Y/d and making use of  (18 -  1)  and the re lat ion
for the principle circle of the separator

( 5 - 7 )

we come to the demand:

1
r = B

u'"/#
Subst i tu t i rg  r  = 1020 mm and tak ing the most  unfavourable case
(uranium - separation) we fi.nd d < 1.5 nm.

Because this is an impracticably small distance, we have solv-
ed the problem in an other way. We have maintained a distance of
3 nm, but we use an undulating cap and protrusions on the source
as shown in the f ront  v iew of  the source.  In  th is  way an e lec-
t r i c  f i e l d  conponen t  Í n  t he  d i rec t i on  o f  t he  magne t i c  f i e l d  i s
in t roduced which pul ls  away the e lect rons to the house of  the
source *s.  The conf igurat ion ment ioned is  only  appl ied on one
side of  the source (24)  s ince a l l  e iect rons emergi r rg f rom the
beam, go that way.

The cap on the other side (25) is a plain one.
Wren solid charge materials are used, it:.s of inportance that

the house of the source is at a higher temperature than the fur-
nace, in order to avoid sublimation in the source. lÍhen the source
i s  a t  ?00o  C  i t  i s  eas i l y  ca l cu la ted  f rom S te fan  Bo l t zmann ' s
equation, that the radiation loss can amount up to 2000 Watts.

the total power input of the source may sometimes be of that
order, but can also be considerably less.
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In order to have the temperature of the source independent of
the arc vol tage and current ,  i t  is  convenient  to  make use of  a
separate heat ing device.  This is  accompl ished by provid ing the
caps  24  and  25  w i th  an  e lec t r i c  hea te r  e lemen t .  The  caps  a re
designed as stainless steel boxes and have a maximum heating in-
put  of  1000 Watts  each.  The radiat ion shie lds 26 are f i t ted to
reduce the loss of  heat  on the "wrong Side".  In  th is  way the
source can be brought to the desired temperature.

$ f9.  The accelerat ion system

Fig.  26 a lso shows the construct ion of  the accelerat ion sys-
ten the lens electrod,e 27 is a graphite plate, machined in such
a wqy that it forms a Pierce lens with the front plate of the ion
source ($ 7) .

I t  is  supported by a sta in less steel  tube 28,  which in  turn
is screwed into the water cooled copper holder 29.

This holder  is  lu ted in  bhe pyrex insulator  30 through which
it enters the vacuum chamber. The insulator is vacuum sealed by
means of a rubber O-ring which enables an adjustment of the dis-
tance between source and electrode. A cap 31 protects the insula-
tor from metal deposition.

The  ea r thed  e lec t rode  32  i s  a l so  a  p la te  o f  g raph i t e ;  i t  i s
supported in  a s imi lar  way as the lens e lect rode.  Var ious s l i t
d imensions and e lect rode d is tances were t r ied.  A possib le set  of
d a t a  i s  e . g . :  I o n  e x i t  s l i t  2  x  1 0 0  m m ,  s l i t  i n  l e n s  e l e c t r o d e
10 x 110 mm, s l  i t  in  ear thed e lect rode 15 x 110 mm; d is tance be-
tween source and lens e lect rode 10 mm, between lens and ear thed
electrode 15 mm.

the e lect rodes are heated by radiat ion and ion bombardement
and, because of the low heat transfer through the stainless steel
supports  they can reach a temperature of  several  hundreds of
degrees cent igrade.  This is  advantageous,  s i .nce i . t  reduces the
amount of inletnaterial depositing on them.

The e lect rode connect ions are,  together  wi th the ion source,
mounted on a foundat ion p late,  which is .water  cooled by a copper
tube soldered on it (not indicated in the figure).

$  à ) .  B a f f l e s

By baf f les a l l  such devices are meant  which are designed to
in te rcep t  unwan ted  i ons  o r  o the r  pa r t i c l es  i n  t he i r  o r i g i na )
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E
F ie .  27 .  Loca t i on  o f  va r i ous  ba f f l es

paths. The location of various baffles, applied in our separator,
is shown in fig. 2?.

the pr inc ipal  ion baf f le  1 def ines the shape of  the ion beam
at 90o beyond the ion source.  The shape of  the baf f le  opening,
shown in vlew a was chosen in accordance to the calculations of

s6.
Seyeral frame shaped baffles 2 are placed along the beam tra-

jectory to intercept ions reflected against the walls at grazing
incidence.

Other ion baffles are 3 and 4 protecting the pump connection
and 5 trapping beams of low masses. They are all stainless steel
plates.

The vacuun chamber is  proy ided wi th.  a s ta in less steel  l in ing
6 c ih ich Ís  covered wi th th in copper sheets,  thus enabl  ing easy
cleaning.

ïhe oÍ1 baffle 7 prevents the oil vapour from the high vacuum
pump f rom penetrat ing in to the vacuum chamber.  f t  consis ts  of
copper plates cooled down to - 30 oC by neans of a refrigerator
operating on CH.CI.

The  ch lo r i ne  ba f f l e  8 ,  used  when  ch lo r i des  a re  app l i ed  as
charge materials, serves to retain chlclrine from the pumps. It is
a lso made of  copper (s i lver  covered)  and l iqu id a i r  cooled.  The
l i qu id  a i r  i s  supp l i ed  f r om a  s ta in less  s tee l  dewar  wh i ch ,  by
means of  a f loat ing system and compressed a i r ,  is  automat ica l ly
replenished f rom a 25 |  conta iner .  The consumpt ion is  about  3
t /n.  ef ter  a separat ion run,  the chlor ine is  removed f rom the
baffle through a bypa.ss line avoiding the pumps.

g 21.  The col lector

A sketch of the collector is given in fig. 28.
I is a water cooled copper plate, onto which the collector cham-
bers 2 are mounted sonewhat obliquely with respect to the enter-
ing bean" The chanbers are made of pure copper, silver, aluminium,
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cool

I
il19

F ig .  28 .  Ske tch  o f  co l l ec to r

graphite or another material as wanted by the nuclear physicists
who are to use the separated isotopes.  The th ickness of  thei r
wal ls  var ies between 0.1 and 3 mm; i t  is  a lso possib le to cover
them with foils. The chambers are placed at the correct distance
to col lect  each of  the isotopes;  the foundat ion p late is  p laced

at  an angle of  50o as calculated in  $ 6.
A shutter 3 provided wi.th a narrow (1 mm) slit and a measuring

electrode 4 is situated in front of the collector.
This c lap is  c losed dur ing the adjustment  of  the separator ,

which is  accompl ished by way of  the measur ing e lect rode ($ 26) ;
i t  is  opened when the actual  separat ion star ts .  Fur thermore,  i t
is  c losed automat ica l ly  when,  by some accident ,  the beams might
shift too much during the sefraration run, due to which contamina-
t ion of  the col lected isotopes could be feared ($ 2?) .

In one of  the col lector  chambers two needle e lect rodes 5 are
fitted which serve the automatic fixing of the ion beams (S 2?).

The base plate 1 is supported by a stainless steel tube. Tïris
tube is vacuum sealed by means of Simmerrings, so that the col-
lector  is  movable.

The cool ing tubes of  the col lector  as wel l  as the e lect r ica l
connections to the needle electrodes pass through the supporting
tube .  The  l a l t e r  a re  no t  i nd i ca ted  i n  t hè  f i gu re ,  no r  i s  t he
moving system of  the shut ter ,  which is  accomplrshed by way of  a
separate Simmerring seal.
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C h a p t e r

E L E C T R I C A L A N D  Y A C U U M E Q U I P I I I E N T

$ 22.  Generat ion and stabl l izat ion of  the nagnet  current

The pr inc ipal  insta l la t ion for  the generat ion of  the exci ta-
t ion current  of  the magnet  is  a 220 V,  100 Amp. D.C.  generator
wi th i ts  exc i ter  dr iven by an asynchronous 3 phase motor  on a
comnon shaft.

It was pointed out in $ 5 that the magnetic f ield must have a
stabil ity of 1 : 5000 to separate effectÍvily heavy isotopes. It
i s  poss ib le  t o  s tab i l Í ze  t he  magne t i c  f i e td  d i rec t l y  P3 .  To  do
th is  the magnet ic  f ie ld s t rength is  measured or  compared con-
tinuously and when a deviation from the tuned value occurs, the
generator  receives a s ignal  and tends to correct  the f ie ld
strength.

However,  i t  is  much s impler  to  s tabi l ize the exci tat ion cur-
rent of the magnet. This can be done if the magnetic resistance
of  the c i rcu i t  is  suf f ic ient ly  constant .  In  our  case th is  con-
di t ion is  sat is f ied,  as long as temperature var iat ions do not
exceed 10o C.

Due to the large time constant (a few seconds) of the exclta-
t i on  co i l ,  on l y  re la t i ve l y  s l ow  va r i a t i ons  o f  t he  cu r ren t  can
occur. Therefore the stabil izer is essentially a D.C. device.

The systen used by us is similar to that described by Verster
v3 .  S ince  i t  was  pub l i shed  i n  de ta i l  by  Schu t ten  t t 5 ,  we  sha l l
only  g ive the pr inc ip le of  the stabi l izat ion c i rcu i t  here (F ig.
2s).

The res is tor  R,"  (0.01 Q) is  connected in  ser ies wi th the ex-
c i t a t i on  co i l .  By  means  o f  a  b r i dge  c i r cu i t ,  t he  vo l t age  d rop
over Rs (which is proportional to the exeitation current) is com-
pared to a very constant ,  adjustable vol tage ( the reference vol -
tage). Any difference between these two voltages is amplif ied and
led to the power supply of  the exci tat ion coi ls  of  the exci ter .
In  th is  way the current  is  contro l led and the vol tage drop over
R" approaches that  of  the reference vol tage.  As a resul t  these
two voltages are kept at essentially the sarne value.

This method p laces h igh demands on the constancy of  both R"
and the reference vol tage.  The res is tor  is  made f rom nanganine
and, by water cooling, its temperatuie is kept constant within
50 c. Therefore its resistance does not change more than 3.10-s.
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F ig .  29 .  Bas i c  scheme o f  s tab i l i za t i on  c i r cu i t

The reference vol tage is  obta ined f rom an e lect ronical ly  s tabi -
l Ízed supply (s tabi l i ty  1 :  30.000).  The requi red vol tage (cor-
responding to the value of  the exci tat ion current  to  be stabi -
l ized)  is  se lected by means of  a four  s tage decade res is tor .  The
current through the decade can be checked in a bridge containing
a ï t reston cel l .  The D.C.  ampl i f ier  was taken f rom Lis ton et  aI  L6.

The d.c.  s ignal  is  f i rs t  conver ted in to an a.c.  vo l tage by means
o f  a  v i b ra t i ng  re lay  con tac t ,  t hen  anp l i f i ed  i n  t h ree  s tages
push pul l ,  and f ina l ly  rect i f ied synchronously by a four  t r iode
circuit. The output voltage can be read on a mV meter.

The excitation current for the exciter is supplied by a nunber
o f  pen thodes  connec ted  i n  pa ra l l e l .  The  vo l t age  on  the  con t ro l
g r i ds  cons i s t s  o f  two  pa r t s .  One  i s  ad jus tab le  by  means  o f  a
potent iometer  and th is  actual ly  contro ls  the exci tat ion current ;
the other ,  in  ser ies wi th i t ,  is  the output  f rom the D.C.  ampl i -
f ier and serves to stabil ize the current. The number of penthodes
(1,  3,  5 or  B)  can be chosen by means of  a swi tch so that  they
can always operate in a favourable region of their characteristic.

In order to bring the excitation current of the separator to a
ce r ta in  va lue ,  t he  i npu t  o f  t he  d . c .  amp l i f i e r  i s  f i r s t  sho r t
c i rcu i ted.  The correct  number of  penthodes is  chosen and then,
wi th thei r  gr id  vol tage,  the exci tat ion current  is  rnegulated to
approximately  the requi red value.  The decade is  set  at  the same
value and the D.C.  ampl i f ier  swi tched in.  F inal ly ,  the gr id vol -
tage of the penthodes is adjusted unti l the average output of the
D .C .  amp l i f i e r  i s  ze ro .  I t  t akes  abou t  ha l f  a  m inu te  t o  se lec t
and stabil ize a field. The current through the decade resistor is
ehecked by means of the Weston cell several t imes a week.

IVe observed, on the creep galvanometer of the Grassot circuit
(S 23), that the fluctuations in the magnetic f ield due to rather
quick variations in the excitation current, were of the magnitude
o f  1  :  20 ,000 .
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The long term dr i f t  was determined by observ ing the average
output  of  the D.C.  ampl i f ier  and compar ing the reference vol tage
against  the Weston cel l .  Af ter  a wanning up per iod of  3Yz hours,
this drift was less than I : 15,000.

fn $ 12 it was pointed out that an additional power supply was
necessary because the resistance of the excitation coil (3 fD was
larger than was first expected.

Stabi l izat ion of  th is  source is  not  necessary;  therefore,  we
chose  a  se t  o f  Wes t Ínghouse  se len ium rec t i f y i ng  ce l l s  w i t h  a
t ransformer.  The output  of  th is  uni t  is  90 V,  110 Amp. F ig.  30
shows the complete circuit.

F ig .  30 .  Power  supp l y  o f  t he  exc i t a t i on  co i l

Ttre two separate secundary windings of the transformer (con-

nected in  s tar  and del ta respect ive ly)  make twelve phase rect i -
fying possible. Due to the large time constant of the excitation
coi l ,  the r ipple of  the current  is  negl ig ib le.  R.  is  the poten-

tiometer which supplies the potentials for the guard pieces that
prevent leakage currents through the cooling water (S 16). It is
connected beyond the res is tor  R" i  consequent ly ,  f luctuát ion of
the current  through i t  does not  in f luence the stabi l izat ion of
the excitation current

$ 23. I l leasurement and final shaping of the nagnetic f ield

The magnitude and shape of the magnetic field of the separator
were measured by Grassot 's  method cs.  fn  th is  method a search
eoil is connected to a creep galvanoneter (Flg. 31).
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F ie .  31 .  C i r cu i t  f o r  t he  neasu remen t  o f  magne t l c
f le lds accordlng to Grassot

In order to make the plvanometer creep, it is shunted with R,
which is small as compared to the resistance R, of the galvano-

meter.
Iïhen the coil is moved in the nagnetic f ield to be measured,

B,  the def lect ion of  the galvanometer  is  proport ional  to  the
variations in the flux À O encomllassed by the coil.

I?ris follows from the galvanometer equation:

Q i i + n & , + C a - G i

which, for very large damping, Ís approximated by

D  à . =  G  i

(23 -  1)

(23 - 2)

We can use the relations:

[ ) =

(neglecting air damping)

A c r =

l n t A r B t  l  
2

Rs + RrRzl(Rl+R2)

G  =  n l A f B l

R2 dO

(23 - 3)

(23 -  4)

(23 -  5)

(23 -  6)

galvanometer as

l =
RrR, + RrR.  + R3Rr dt

where Al is the area and nt the number of turns of"the galvano-
neter coil and Br is the induction in the plvanometer ga.p.

Then the integration of (23 - 2) with rgspect to time, between
t ,  and t '  taken imrnediate ly  before and immediate ly  af ter  the
moveme"rt of the coil, yields:

R 2
A 0

( R r

I t  i s  des i rab le  to  make

+  R 2 )  n t A r B r  
-

the damping of the
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l a rge  as  poss ib le  s i nce  th i s  f ac i l i t a tes  t he  read ing  o f  t he  i n -
st r rment .  This  damping can be obta ined by making R2 < 0.1 R3.

From (23 -  6)  i t  can be seen that  the sensi t iv i ty  can be in-
creased by us ing a large search coi l  s ince,  for  the measurement
of a fixed A B, A Q is proportional to the area and the number of
turns of  the coi l .  However,  i f  Rl  > R,  a fur ther  increase of  the
number of turns is of no value because R, increases simultaneous-
l y  and  no  ga in  i n  sens i t i v i t y  w i l l  be  ob ta ined .  The re fo re ,  a
search coi l  o f  re lat ive ly  large area is  more desi rable in  making
del icate measurements.

But, a coil of large area introduces an error. We want to know
the induct ion at  a cer taÍn point  ( the center  of  the coi l )  and we
measu re  the  ave rage  va lue  o f  t he  f i e l d  w i t h i n  t he  co i l .  Th i s
error can be circumvented by shaping the coil in a special way.

Brown and Sweer Bl 6 constructed a spherical search coil based
on  the  fo l l ow ing  p rope r t y  o f  ha rmon ic  f unc t i ons :  The  ave rage
va lue  o f  t he  f unc t Íon  on  a  sphe r i ca l  su r face  i s  equa l  t o  i t s
value at  the center  of  the sphere,  prov ided that  no sources are
present  wi thÍn the sphere.  Obviously  th is  is  a lso val id  for  the
value averaged over the volume of the sphere. The components of
the magnet ic  f ie ld are harmonic funct ions and the coi l  measures
the average value of  the component  in  the d i rect ion of  i ts  ax is
and ,  consequen t l y ,  t he  exac t  va lue  o f  t h i s  componen t  a t  i t s
center.

Since the construct ion of  such a spher ica l  search coi l  is  a
rather  tedious task,  i t  is  advantageous to invest igate,  for  the
part icu lar  f ie ldshape to be measured,  whether  suf f ic ient  accura-
cy cannot  be obta ined wi th a s impler  form of  cc i l .

Verster  uo 
" .g.  

used a ey l indr ica l  co i l  for  the measurenent ,
a long the ax is ,  of  the ax ia l ly  symmetr ica l  f ie ld of  h is  p spec-
t rome te r .  The  ra t i o  o f  t he  l eng th  o f  t h i s  co i l  t o  i t s  d iame te r
*u"  /5 :  2 .  He showed that  in  th is  coi l  the second order  errors
canceled each other.

For  our  case,  we can a lso arr ive at  a s Í rnpl i f ied search coi l
for which the error can be neglected.

We want  to ne. tsure the magnet ic  f ie ld in  the median pIane,

where it can be represented by the power series:

B "  ( r , o )  =  B o  ( 1  - o t  *  *  0 3 . . , . )  ( z B  - 7 )

with

The f ie ld outs ide the
and  Maxwe l l ' s  equa t i ons

7.
and f  (=  - ) .  61s ;

L_ o

r - r
F - O

r
o

median plane can
which ,  fo r  our

(23  -  B )

be der ived f rom (23 -  7)
reduced  coo rd ina tes ,  6

83



and

êe ês
' = 2

0q êo

0s0sB
- - - J -  -  l -  r

0q A6 1+6

(23 - e)

(23 - 10)

Successiver integrat ion of  (23 -  9)  and (23 -  10)  y ie lds,  to  a
close. approximation:

B z ( r , z )  = B o  ( 1  - i  o t  *  i  \ ' *  I 6 t -  ï 5  s 6 2 . . . . )  ( 2 3 -  1 1 )

Now suppose that a rectangular, one layer, search coil with
dimeqsions 2sÍ o, 2PÍ o and 2yro in the r, z and g-directions re-
spectively is placed with its center in the median plane.

I f  we neglect  the curvature of  the ocgdirect ion" ,  the f ie ld
mea.sured by the coil wil l be:

1 6+ct +Ê
B,<,>  =  

*  I  dD I '  Y"  aq  es  -  12)
-*p 6-cr. _p

Subs t i t u t i on  o f  ( 23  -  11 )  and  i n teg ra t i on  w i th  respec t  t o  (
y ie lds:

B ^6+c(
8"1 , ;= f  t  r t - f  o2* l  p ' * *  o t - *  up ' . . . . )  d6  (23  -  13 )

o* 6-cr
By in tegrat ing (23 -  13) ,  we f ind:

B"( , )  =8"  (1 - i  u ' -  i  o ' * ï  p ' r  Í  u t * Í  u " ' - i  op '  . . . . )  (23  -  14 )

If we make a- p, the error is, to a first approximation % 0a2.
Demand ing  an  e r ro r  <0 .o5% and  by  us ing  161 , " ,  =  0 .2  t he  con -

di t ion to be met  is :  cr '  <  0.1.
We chose cr  = P = y = 0.04 and made a cubic coi l  wi th s ides of

8 qn.

The error  due to the fact  that  the coi l  is  not  curved in the
g-di rect ion is  s t i l l  another  order  of  magni tude smal ler .  S ince
the  pa r t  o f  t he  co i l  cove r i ng  a . .w rong  reg ion , ' i s  on l y  0 .02  o f
the total area and the maximum deviation from the average field
there is  4.10-4,  th is  error  wi l t  not  exceed lO-s.

Our search coil consisted of 16 layers, 
'êach 

of them having a
cubic iorm. This was achieved by making use of  the coi l  spool
shown in fig. aZ.

The coi l  was wound f rom 1 mm copper wire;  1t  conta ined 870
turns and its resistance was 4 Q.

The sensi t iv i ty  of  th ls  coi l  in  combinat ion wi th a Kipp gal -
vanometer (type Kc, 300 0) rvas so high that we had to reduce the
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l a rge  as  poss ib le  s i nce  th i s  f ac i l i t a tes  t he  read ing  o f  t he  i n -
st rment .  This  dampÍng can be obta ined by naking R2 < 0.1 R3.

From (23 -  6)  i t  can be seen that  the sensi t iv i ty  can be in-
creased by us ing a large search coi l  s ince,  for  the measurement
of a fixed A B, A Q is proportional to the area and the number of
turns of  the coi l .  However,  i f  R1 > R,  a fur ther  increase of  the
number of turns is of no value because R, increases simultaneous-
l y  and  no  ga in  i n  sens Í t i v i t y  w i l l  be  ob ta ined .  The re fo re ,  a
search coi l  o f  re lat ive ly  large area is  more desi rable in  making
del icate measurements.

But, a coil of large area introduces an error. We want to know
the induct ion at  a cer ta in point  ( the center  of  the coi l )  and we
measu re  the  ave rage  va lue  o f  t he  f i e l d  w i t h i n  t he  co i l .  ï h i s
error can be circumvented by shaping the coil in a special way.

Brown and Sweer Br6 constructed a spher ica l  search coi l  based
on  the  fo l l ow ing  p rope r t y  o f  ha rmon ic  f unc t i ons :  The  ave rage
va lue  o f  t he  f unc t i on  on  a  sphe r i ca l  su r face  i s  equa l  t o  i t s
value at  the center  of  the sphere,  prov ided that  no sources are
present  wi th in the sphere.  Obviously  th is  is  a lso val id  for  the
value averaged over the volume of the sphere. The components of
the magnet ic  f ie ld are harmonic funct ions and the coi l  measures
the average value of  the conponent  in  the d i rect ion of  i ts  ax is
and ,  consequen t l y ,  t he  exac t  va lue  o f  t h i s  conponen t  a t  i t s
center.

Since the construct ion of  such a spher ica l  search coi l  is  a
rather  tedious task,  i t  is  advantageous to invest igate,  for  the
part icu lar  f ie ldshape to be measured,  whether  suf f ic ient  accura-
cy cannot be obtained with a simpler forn of ccil.

Verster  'n  
" ,g.  

used a cy l indr icat  co i l  for  the measurement ,
a long the ax is ,  of  the ax ia l ly  symmetr ica l  f ie ld of  h is  p spec-
t rome te r .  The  ra t i o  o f  t he  l eng th  o f  t h i s  co i l  t o  i t s  d iame te r
*ur  6 i  2 .  He showed that  in  th is  coi l  the second order  errors
canceled each other.

For  our  case,  we can a lso arr ive at  a s impl i f ied search coi l
for which the error can be neglected.

We want  to me.r .sure the magnet ic  f ie ld in  the median p lane,

where it can be represented by the power series:

B z  ( r , o )  =  B o  ( 1  - ;  o '  *  *  0 3  . . r . )  ( 2 3  -  7 )

with

Ttre field outside the
and  Maxwe l l ' s  equa t i ons

z
and t  (=  - ) .  41s ;

L_ o

r - r
n - O

r
o

median plane can
which ,  fo r  our

(23  _  B )

be der ived f rom (23 -  7)
reduced  coo rd ina tes ,  6
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F ig .  32 .  Spoo l  o f  sea rch  co i l

va lue of  R2 to as low as 0.6 Q.  Even then the sensi t iv i ty  was
0.133 gauszlmm.

The search coi l  d iscussed (Sr)  was used only for  d i f ferent ia l
measurements of A B for the determination of Bz(r,o) = f(r).

For  absolute measurements,  we had another  coi l  (Sr)  at  our
d isposal .  I t  was a s imple,  one layer ,  cy l indr ica l  co i l ,  86 mm in
diarneter and consisted of 20 turns. An accuracy of a few percent
was enough for  these absolute measurements.  We used a curved
sca le  w i t h  t he  ga l vanomete r  and  i t s  l i nea r i t y  was  checked  i n
steps of  5 cm wi th a def lec i ion sweep of  8 cm. A maximum devia-
tion of 1 mn was found.

The scale was read in mm and the measurements were reprodu-
c ib le to th is  accuracy.  The damping of  the meter  was suf f ic ient
to obviate errors due to a finite reading time; the time constant
was a few minutes.

We connected a calibration coil, whose permanent magnet pro-
duced an accurate ly  known f lux (A 0 = 23408 maxwel l ) ,  in  ser ies
with Sr. By thÍs and the (measured) area of S, we determined the
sensi t iv i ty  of  the c i rcu i t .  I t  amounted to 11. f fgausz per  mn of
defl ection.

By revers ing S,  between the pole faces (at  6 -  0,  (  = 0) ,  we
determined the nagnetiza'. i.on curve Bo = f (I") (Fig. 33).

The figure shows that the maximum field to be obtained is not
as st rong as we had expected:  at  an exci tat ion current  of  100
Amps the field is 3160 in stead of 3780 gausz, which means a re-
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F ig .  33 .  Magne t i c  f i e l d  ue rsus  exc i t a t i on  cu r ren t

duct ion of  L770.  Obviously ,  the back of  the yoke is  saturated
earlier than we had expected. Two causes for this disappointment
can be mentloned: The stray field may be larger than was deter-
mined or the composition of the steel it not the same as that of
the sample investigated. Probably both are true: the vicinity of
large steel columns of the structure of the laboratory and other
steel constructions may increase the stray field and the composi-
tion of the steel was not guaranteed. An5rhow, the drawback is not
too ser ious:  i t  means that  the separat ion of  the heaviest  iso-
topes must be carried out at a somewhat reduced accelerating vol-
tage; for mass number 238 this voltage mrst be 21 kV.

The  f i e l d  shape  B" ( r , o )  was  de te rm ined  w i th  t he  sea rch  co i l
Sr. A wooden coil holder provided with a scale, was placed on the
lower  po le  p iece  a t  such  a  l eve l  t ha t  t he  cen te r  o f  t he  co i l
p laced in i t ,  lay in  the median p lane.  By shi f t ing the coi l  a long
the holder  we measured A B,  = f  ( r ) .

The calibration of the coil 51 was done in the following way:
The excitation current was set at a certain value IM'. The galvano-
meter was connected and its rieflection, at a small variation A Iu
of the current, was determined.

Then

A B
a  B o = - +  a  I M

a  t M

À Iu was accurately known from.the settings of the decade resis-
A B

tor of the current stabil izer; -----9 had to be determined from fig.
- ^ M
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33.  l t r is  could a lso bê done wi th suf f ic ient  accuracy s ince we
chose I* on the straight part of the magnetization curve. The
sensitivity thus determined was 0.133 pusz per mn of deflection.
The f ie ld shape B"(r ,o)  was measured for  d i f ferent  va lues of  the
angle coordinate g.  (According to Konopinski 's  notat ion g = 90o
at  the ion source,  -  90o at  the col lector) ,  F ig.  34 shows the
result for I - 6?0301, 45o and 0o respectively.

F ig .  34 .  0 r i g l na l  f i e l d  shape

The desi red theoret ica l  shape,  according to Konopinskl ,  is
i nd i ca ted  as  a  do t ted  l i ne .  I t  i s  obv ious  tha t  t he  f i e l d  was
about 0.257o too strong in the vicinity of ro. By means of a small
grinding machine in a movable mount, about 0.5 mm was taken away
from the height  of  one of  the r ibs in  the prof i le  of  the pole
pieces. The result of this finishing can be seen in fig. gS.

With a view to the vacuum sealing, the boundaries of the pole
pieces were not nrade circular but polygonal, with internal angles
o f  15?030 r  ( s  1? ) .

In order to investigate the influence of these boundaries on
the f ie ldshape,  we measured B,( r ,o) :
a .  ac ross  t he  f i e l d  a t  an  ang le .
b.  across the f ie ld midway between two angles of  the polygon

( F i e .  3 6 ) .
An appreciable deviation is to be observed on the outer edge

of the field. 0n the inside, however, the agreement is satisfac-
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F ig .  36 .  I n f l uence  o f  t he  po l vgona l  shape
o f  t h e  p o l e  p i e c e s

tory.  Therefere,  we decided to shape the def in ing l i t f te  (S O,

g 20)  in  such a way that  the ion beam wi l l  be asymmetr ic  wi th

respect to ro. At the baffle (g=0), the bealh wil l have a maximum

width of 30 cm: 11 cm to the outsi,de and 19 cm to the inside of

ro. fn this way the radÍal angle of entrance of the ion beam is

t imi ted between -  0.19 < or  < + 0.11 ($ 6) .  The boundar ies of  the

ba f f l e  a re  i nd i ca ted  by  t he  ve r t i ca l  do t t ed  l i nes  i n  f i g .  36 .

Between these lines the deviation from the theoretical shape is

wi th in 0.17o.
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From the measurements which we had up to this point, we learn-
ed that the maximum field was to be found at the same radius ro

for ar\y value of g. We then determined B, = f (g) along the cir-
c l e  o f  t h i s  rad ius  ( ro .102  cm) .  To  do  th i s  t he  sea rch  co i l  was
p laced  a t  t he  co r rec t  l eve l  on  a  wooden  b lock  wh i ch  was  s l i d
a long  the  p ro f i l e  o f  t he  po le  p iece .  F rom th i s  measu remen t  i t
turned out that the 'basic shimming pattern" determined with the
model  was near ly  correct .  A very s l ight  amount  of  addi t ional
shirnming was necessary in order to compensate for the influence
of  the steel  o i1 d i f fus ion pump which is  s i tuated c lose to the
pole gap. Fig. 37 shows that the deviations are wlthin lVoo, with
the except ion of  the points near  cp = t  90o.  At  these points the
field begins to fail off quickly.

F ie .  37 .  Check ing  o f  t he  ax ia l  symne t r y  o f  t he  f i e l d

From measurements of B- = f (r) at g = 6?o30t (the location of

the oil diffusion pump) anO g = -6?030r, we found, that the field
shape was not influenced by the proximity of the pump. Measure-
ments of B = f (r) at various excitation currents showed that the
influence of this current on the fÍeld shape can be neglected.

Dur ing the measurements wi th the sensi t ive search coi l  S,  we

checked the effectiveness of the current stabil ization. From the
f luctuat ions in  the galvanometer  we could deduee a "shor t  term
stabi l i ty"  of  1 :  20,000.

$ 24.  Power supply of  the ion source

Since the accelerating chamber is connected to earth, the ion



source wi l l  be at  a h igh posi t ive potent ia l  wi th respect  to
earth.

Therefore,  the e lect r ica l  power requi red for  the operat ion of
the source must  be suppl ied to i t  a t  that  level"  This is  achieved
by  means  c f  a  10  kVA th ree  phase  i nsda t i ng  t r ans fo rmer ,  i nsu -
lated for  50 kV.  By connect ing the star  point  of  the secundary
windj.ngs of this transformer to the house of the ion source, we
obtain a three phase main supply of normal voltage (121/220 V) at
the requi red level .

From these "mains" we feed (Fig. 38):
1. A rectifying uni.t RU, for the fi larnent current.
2. A rectifying uni,t RU, for the arc current
3. ïhe furnace for the Ínlet system of the ion source.
4. Fans and a waterpump for cooling.

5.  H.ectronic  equipment  at  H.T.  level .
I ï re rect i f iers RUI and RU, are combinat ions of  a three phase

transformer and a set  of  l {est inghouse selenium cel ls ;  the rec-

tif ication is two way three phase and the chokes L, and L, keeP
the ripple below 1%.

RU, has a maximum output  of  12 V,  200 A and i t  suppl ies the

f i lament  current .  We use d i rect  current  because the I  i fe  of  the
fi lament would probably be shortened appreciably by the continuous
vibration that would be caused by the strong alternating current
in the magnetic f ield.

The maximun output of RU' which supplies the arc current, is
400 v, 10 A.

The anode resistor R, is necessary to prevent instabil it ies in

the arc discharge of the ion source.
The var iacs Va,  and Va'  which contro l  the f i lament  current

and the arc voltage, are operated by means of an insulating shaft
driven by a servo motor. In this way the anode voltage and the
anode current  can be adjusted to the requi red values f rom the
control panel while the separator is in operation.

The var iac Va.  contro l l ing the heater  current  of  the furnace
can be adjusted manually by a pertinax shaft.

The resistor R, in the anode circuit of the ion source serves
the stabil ization of the arc current.

f i re  potent ia l  drop across Rl  is  ]ead to the br idge B,  where
i t  is  compared wi th a potent ia l  taken f rom the potent iometer  Pr .

Any d: i f ference between these potent ia ls  is  ampl i f ied anC causes
the  mo to r  M ,  t o  t u rn  t he  po ten t i ome te r  P ,  un t i l  equ i l i b r i um i s

reached.
By way of a pertinax shaft, a potentiometer P, at earth level

is  f ixed to P,  in  such a way that  the output  vo l tage of  P,  is
proportional to that of P, and, consequently, to the arc current.
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In  the br idge c i rcu i t  B,  the output  vo l tage of  P,  is  compared
with that of P., which potentiometer, placed on the control panel,

is  manual ly  adjustable and cal ibrated in  unÍ ts  arc current .  The
potential difference is amplif ied and causes the motor M, to turn
the variac of the fi lament current unti l the arc current reaches
the tuned value.  In  order  to obviate hunt ing due to the large
thermal t ime constant of the fi lament, M, is turned intermittent-
ly. Ttris system is very useful, because, the fi lament continuous-
ly  becoming th inner ,  i t  is  necessary to d imin ish gradual ly  the
fi lament current, in order to keep the arc current constant.

The accelerat ing vol tage is  appl ied to the house of  rhe ion
source. When breakdowns occur between this house and the extrac-
t ion e lect rode or  the vacuum chamber,  the h. f .  osc i l la t ions re la-
ted to them are for  a greater  par t  rest r ic ted to the source by
means of the h. f. chokes Lr. These chokes hamper the propagation
o f  t he  osc i l l a t i ons  i n to  t he  power  supp l y  w i t h  i t s  vu lne rab le
selenium cel ls .  The h.  f .  chokes L*  fur ther  reta in them f rom the
transformer IY and the main power supply.

A l1  t he  e lec t r i c  and  e lec t ron i c  equ ipmen t  a t  h i gh  tens ion
level is carried by a welded construction of channel iron, placed
on four  60 cm porcela in insulators which are mounted on top of
t he  magne t  o f  t he  sepa ra to r .  The  coó l i ng  sys tem fo r  t he  i on
source is also attached to that rack.

Corona ef fects create an i r regular  load on the h igh tension
installation and may impair the stabil ization.

In order to obviate these effects the rack with all the devi-
ces  a t  h i gh  tens ion  l eye l  a re  enc losed  Ín  a  smoo th l y  rounded
corona cap.  This cap is  constructed f rom a f rame of  17e' r  s teel
t ubes  to  wh i ch  1 .25  mm s tee l  p l a tes  a re  we lded .  I t  cons i s t s  o f
tqo sections. ïhe lower one is shaped like a dish and attached to
the bottom of the rack and the upper (larger) part, shaped like a
hood,  is  p laced on the d ish.  This hood can easi ly  and rapid ly  be
slid upward al.ong a set of rails. By means of an electrical winch
mounted above the cap and connected to the hood by an insulating
plastic cable the cap can thus be opened simply and quickly. This
is  necessary,  not  only  for  the eventual i ty  of  repai rs  or  making
changes but also because several fuses are within the corona cap.
A perspex window in one side of the cap makes it possible to read
the various meters which are at the high potential level.

The rompact  insta l la t ion of  the e lect r ica l  devices ser iously
inpedes heat  d iss ipat ion.  To prevent  the rect i fy ing cel ls  f rom
becoming too hot they are cool ed by means of fans. d fan of high
capacity refreshes the air inside the cap at a rate of 60 rn3,/min.
A k ind of  large ' t runk" ,  prov ided wi th a door ,  comes down f rom
the "d ish"  of  the cap to the f lange of  the ion source.  f t  con-
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ta ins a l I  e lect r ica l ,  vacuum and cool ing connect ions to the
source.

Al l  insta l la t ions at  the h igh potent ia t  level  which are not
enclosed in the caps or the dtrunktt are properly rounded or pro-
vided with rounded corona shields.

Ttre locati.on of the corona cap and the connection to the sour-
ce can be seen on the picture Fig. 48.

g 25.  The h igh tensions for  the accelerat ion system

l le designed our  h igh vol tage supply for  a maximum output  of
50 kV, 100 mA. It was constructed by Phitips, Eindhoven. Fig. 39
shows the circuit.

380v

2Ov

toutct

F i g .  3 9 .  H . T . s u p p l y  f o r  t h e  a c c e l e r a t i n g  v o l t a g e

The hieh tension transformer T, is fed from the variable three
phase transformer T2, by means of which the accelerating voltage
is contro l led.  The rect i f icat ion is  s ix  phase.  The t ransformer
T'  for  the f i laments of  the rect i fy ing tubes,  is  insulated for
50 kV. The high tension transformer and the rectifying tubes are
mounted in an o i l  tank wi th water  cool i .ng.  Because the negat ive
terminal  of  the supply is  connected to the tank,  th is  tank Ís
insulated from earth, which enables the measurement of the load
current  at  ear th potent ia l  by an (e lect ronic)  mA'meter .  The r ip-
ple in the rectif ied voltage is smoothed out by the fi l ter formed
by the condenser C (0.15 yI )  and the sel f  inductance of  the H.T.
transformer. f ire resisto': R (10 k0) mounted in oil is necessary
to l imit the current during high tension breakdowns which inevi-
tably occur now and then between ion source and vacuum chamber.

The h ieh tension is  e lect ronical ly  s tabi l ized by means of  the



stabi l izer  S and measured by a mA meter  (kV) connected in  ser ies
to  t he  measu r i ng  res Í s to r  RM (50  MQ)  wh ich  i s  moun ted  i n  o i l .
The kV meter is at earth I evel in the panel box, I ike the mA ne-
ter  which indicates the load current  and l ike the contro l  meters
A and V.

The stabi l ized H.T.  can be modulated wi th a few kV at  a f re-
quency  o f  50  C /sec  (M) .  By  means  o f  t h i s  modu la t i on  a  v i s i b l e
mass spectrum on an osci l loscope screen can be obta ined,  which
enables a very easy and quick aCjustment of optimum conditions in
ion source, acceleration system and vacuum chamber with respect
to focus and ion current intensity (S 26).

I t  was pointed out  in  $ 5 that  the accelerat ing vol tage must
be stabi l ized to at  least  1 :  2500.  This is  achieved in the fo l -
lowing way (Fig.  40) .

F ig .  40 .  Schemat i c  d iag ram o f  h igh  tens ion  s tab i l i ze r

The s ignal  for  the stabi l izer  is  obta ined across R,  and par t

of  R'  which are connected in  ser ies wi th the measur ing res is tor
R .  (=  R"  i n  F ig .  39 ) .  A f t e r  two  s tages  o f  amp l i f i ca t i on  t h i s
s ignal  is  conducted to the gr id of  the power t r iode B,  which is
the stabi l iz ing valve.  The two ampl i f iers B,  and B,  are operated
by a convent ional  s tabi l ized 300 V supply V" which obta ins i ts
power f rom the 50 kV insulat ing t ransformer ($ 24)  serv ing the
power supply of the ion source. An additional transformer insu-
lated for 10 kV is connected in between. This is necessary, since
the modulator  appl ies a potent ia l  between the stabi l izer  and the
ion source. f ire reference voltage for the stabil izer. is also ob-
ta ined f rom the 300 V supply:  The potent iometer  R,  is  adjusted
such,  that  the tubes B,  and B,  operate in  a normal  region of
their characteristic. This is checked on a' 'mA meter in the plate

c i r cu i t .  o f  B r .
The h lgh vol tage insta l la t ion is  p laced on top of  the separa-

tor  except  the var iable t ransformer T,  ( f is .  39)  which is  in  the
panel  box.  From th is  panel  we can a lso adjust  potent i .ometer  R,
(Fig. 40) by means of a pertinax shaft and a mag sl ip connection.
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The stabi l izer  for  the h igh tension is  p laced ins ide the corona
cap (S 24) i  the mA meter  is  v is ib le through the perspex window.

Iïre modulator is shown in fig. 41.
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F ig .  41 .  Modu la to r  f o r  t he  acce le ra t i ng  vo l t age

I t  consis ts  of  an insulat ing t ransformer T,  which can supply
a secundary voltage of 1000 V. ïhi.s transformer is provÍded with
an air gap in its magnetic circuit in order to obviate saturation
of the iron due to the D.C. (max. 100 mA) through its secundary.
On the primary side, the voltage can be regulated by means of the
var iable t ransformer T,  which,  l ike the vol tmeter  V,  is  mounted
in the operation panel. The spark gap S protects the transformer
during H. T. breakdowns.

The negat ive h igh tensi -on insta l la t ion (max.  15 kV,  100 mA)
for the lens electrode consists of a three phase H.T. transformer
with rectifying tubes. An R-C fi l ter reduces the ripple to l7o. No
stabi l izer  is  appl ied.

The negat ive H.T.  supply is  insta l led on a f loor  which is  an
extension to the right of the top of the magnet (Fig. 48).

The connect ion to the lens e lect rode is  prov ided by a specia l
high tension cable.

$ 26.  l ï teasurements at  the col lector

Two types of measurements can be carried out at the collector:
1.  Displayofpar t  of  the mass spectrum on an osci l loscope screen.
2. Measurement of the col lector current.

The f i rs t  can be achieved by modulat Íon of . the accelerat ing
voltage by a 50 C,/sec sinusoidal signal of maximum 1000 V ($ 25).
Due to this modulation, the ion beams are swept over the collec-
tor in the same frequency. During this operation, the actual col-
lector  is  c losed by a cover  Co (Fig.  42) ,  which is  prov ided wi th
a narrow measur ing s l i t ,  I  mm wide.  I ï r is  s l i t  is  curved in ac-
cordance with the shape of the image ($ 6) and placed exactly in



f ront  of  one of  the receiv ing chambers RC, of  the col lector .
i ons  pass ing  th rough  the  measu r i ng  s l i t  a re  co l l ec ted  on
electrode E and cause a fluctuating voltage across Rr.

\. \

PIe .  42 .  Measu r l ng  c i r cu l t  a t  t he  co l l ec to r

The s ignal ,  a f ter  ampl i f icat ion,  is  put  on the ver t ica l  de-
flection plates of an oscil loscope whi.ch is mounted in the panel

box.  A 50 C/sec.  s inusoidal  vo l tage,  the phase of  which can be
adjusted by a fi l ter F, provides the horizontal deflection. The
f ly  back of  the osci l loscope is  suppressed by a s ignal  on the
grid of the CR tube, obtained from the suppressor S. By control-
I ing the magnet ic  f ie ld the successive peaks of  the whole mass
spectrum of the material admitted to the ion source become visi-
b le.  An example of  a mass spectrum on the osci l loscope is  shown
in f ig .  43.

F i e . 4 3 .

64 66 68 ?0 ltrlass Nr.

P h o t o  o f  o s c i l l o s c o p e  s c r e e n  s h o w i n g  t h e  n a s s
s p e c t r u m  o f  Z n  ( c o l l e c t o r  c u r r e n t  1 0 . 5  m A )

The
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The spectrum on the screen imediately gives all the informa-
tion we want wÍth respect to sharpness of the image on the col-
lector and beam intensity for all types of ions. Looking on the
screen we can easily adjust the electron current, the anode vol-
ta.ge and the gas pressure in  the source,  the potent ia l  o f  the
lens e lect rode and the posi t ion of  the col lector  so as to have
optimum conditions of separation. Therefore, each separation run
is  preceded by an adjustment  by means of  th is  modulat ion.  The
cover before the col lector  must  be c losed in order  to obviate
contamination of the targets by the sweeping beams of other iso-
topes. After the adjustment, the modulation is turned off grad-
ually, during which process the peah of the isotope to be collec-
ted in RC, must be kept on the screen ti l t the very last by con-
t ro l l ing the magnet ic  f ie ld.  ! Íhen the rnodulat lon is  reduced to
zeÍo,  the cover  is  removed and so the col lect ion of  the sepa-
rated isotopes is started.

Dur ing the separat ion process,  the col lector  current  is  mea-
sured on a mA meter  (most  sensi t ive reading 0.1 mA fu l l  scale) .
Moreover, the total quantÍty of naterial reaching the collector
is measured by means of a current integrator. ïtr is consists of a
condensor C being charged via Ampl. 2. When the voltage across
this condensor has reached a certain value, the plate current of
tube T wi l l  make the re lay Re operate.  One of  the re lay 's  con-
tacts causes a k ick of  a counter ,  another  d ischarges the con-
densor,  so that  the re lay fa l ls  of f  and the cyc le star ts  again.
The sensi t iv i ty  of  the current  in tegrator  is  changed by way of
Ampl. 2 at the same time as that of the mA meter.

The col lector  is  water-cooled.  In  order  to obviate errors in
the neasurement of the collector current due to the conductivity
of  th is  water ,  we apply shie ld p ipes P.  These p ipes are kept  at
the same potent ia l  as the col lector  and therefore,  no leakage
current wil l f low from the collector to earth. There is a current
from P to earth but this current is supplied by a special cathode
follower tube in Ampl. 2 which keeps the shield pipes at the cor-
rect potential.

Fron t ime to l ine dur ing the separat ion process (e.g.  each
hour) the position of the image Ís controlled on the oscil loscope
screen by c los ing the cover  and g iv ing a smal l  modulat ion.  A
rough contro l  is  a lso possib le by (v isual )  observat ion of  the
image through a perspex wi.ndow of the vacuum chamber. There the
focal l lnes of isotopic beams with an intensity of 0.2 mA or more
are visible as brieht in:a.ges.
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$ 27.  Measures against  contaminat ion of  the col lected isotopes

In spi te of  the appl icat ion of  var ious stabi l izers (hÍgh ten-
s ion,  arc current ,  magnet ic  f ie ld)  i t  is  conceivable that ,  dur i .ng
operation, a shift or broadening of the image might occur, due to
which a beam or  par t  of  a beam would enter  a neighbou, ' ing col lec-
tor chamber.

In th is  way an isotope of  very
in a run of  several  da;rs  or  even
seriously in a short t ime.

fn order to prevent this, we make use of an automatic control
system, the pr inc ip le of  which is  g iven in f ig .  44.
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F ig .  44 .  Au toma t i c  con t ro l  o f  t he  image

In one of the collector chambers two needle electrodes N (fig.
28, f ig. 42) are fitted. lhe currents to these electrodes, i, anri
i '  are appl ied to a br idge c i rcu i t  B '  where they are converted
in to  two  s igna l s ,  u i z .  ( í ,  -  i r )  and  ( i t  +  i 2 ) .

When the beam has been properly adjusted, ir = i2. If, by any
acc iden t ,  t he  beam sh i f t s  i t s  pos i t i on  a  l i t i l e ,  i ,  and  i ,  w i l l
d i f fer  f rom each other .  This  d i f ference is  ampl i f ied and oper-
ates,  by means of  a servo motor ,  the H.T.  s tabi l izer ,  unt i l  the
correct position of the image has been restored. If this proceed-
i ng  m igh t  f a i l  ( e .g .  due  to  a  de fec t  i n  t he  H .T .  s tab i l i ze r )  an
alarm is  g iven by way of  a terminal  swi tch on the servo mof ,or
and, at the same time, the cover before the collector chambers is
closed automatical ly.

.  
The .s igna l  ( i ,  +  i r )  i s  app l i ed  t o  a  second  b r i dge  c i r cu i t  B ,

whe re  i t  i s  compared  w i th  t he  ad jus tab le  re fe rence  cu r ren t  i - .
( i r  + iz)  is  approximately  constant  for  smal l  sh i f ts  of  the i rnagè,
but  a deviat ion wi I I  occur  at  Jarger  shl f ts  or  at  a broadening of
t he  image .  The  d i f f e rence  ( i ,  *  i z )  -  i ,  i s  amp l i f i ed  and ,  a t  a
ce r ta in  va lue ,  i t  ope ra tes  an  a la rn  as  we l l  as  a  se rvo  moro r
which c loses the cover  before the col lector .

contaminat ion of  the col lected isotopes can a lso be caused by
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cont inuous H.T.  breakdowns at  the Íon source,  due to which the
beams of various isotopes wil l be swept over the collector.

The image contro l  systen ment ioned is  insensi t ive for  such
rapid f luctuat ions and therefore a specia l  insta l la t ion was de-
signed to protect the isotopes from the effect of too many break-
downs. The principle is given in fig. 45.
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Fig .  45 .  Breakdown sa feguard  sys tem

Breakdowns create voltage fluctuations across the resistor R,
connected to the negat ive terminal  of  the H.  T.  supply for  the
accelerat ing vol tage.  These f luctuat ions are in tegrated in  the
ci rcui t  f  and,  at  a cer ta in value of  th is  " in tegrated breakdown
signal" ,  a  re lay c i rcu i t  R comes into act ion,  swi tches of f  the
high tension and closes the cover before the collector chambers.

Since breakdowns are of ten mainta ined due to local  heat ing
ef fects on the e lect rodes causing evaporat lon,  i t  wi l l ,  in  many
cases, be sufficient to cool down for a few seconds, after which
the h igh tension can be swi tched on v, ' i thout  s tar t ing d i rect ly  a
new breakdown. Therefore, after 10 seconds of rest, the H. T. is
switched on again and automatically regulated up to the normal
value. Then the cover is reopened.

When,  however,  three of  such " in tegrated breakdowns" occur
wi th in a t ime interval  of  f ive n inutes (which is  contro l led by
the timing circuit T) it is supposed that something is definitely
out of order. Then the high tension is not switched on again, and
an alarm is given.

The two insta l la t ions ment ioned in th is  sect ion great ly  s in-
plify the operation of the separator, doing away with thb neces-
sity of a continuous and scrupulous watch over the instruments.

$ 28.  erov is ion of  the yacuum

The basic d iagram of  the vacuum ci rcui t  o f  the separator  is
shown in fig. 46.

R is a rotating Kinney backing pump, H is a three stage frac-
tionating high vacuum pump, B a one stage booster pump; both are



to open air
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F ig .  46 .  Vacuum c i r cu i t  o f  t he  sepa ra to r

Phil ips' puilDs, operated on silÍcone oil type DC 703. In the con-
nectioil C to the vacuum chamber V.C., two baffles are fitted. The
oil baffle O, cooled to about - 30o C by means of a CH3CI refrig-
erator, prevents the oil vapour fron penetrating into the vacuum
chamber. Tte chlorine baffle C.B. retaÍns chlorine from the pump,
when chlorides are used as charge materials for the ion source.

' lhe main valve V, is operated electrically by means of a servo
mechanism.

The hieh pressure side of the Kinney pump leads, either by V,
and a waste p ipe to the open a i r ,  or  by V.  to  a chemical  system
by way of which expensive gases can be regenerated.

ïhe bypass B.P. and the valves V4, Vs, Vu enable the admission
of  a i r  in to the separator  as wel l  as rough pumping,  whi le  the
high vacuum pumps are mainta ined vacuum or  even in operat ion.
ïhis reduces loss of t ime for small proceedings inside the vacuum
charnber. The most common manipulations (on the ion source and the
collector) are further facil i tated by the applicat,ion of air lock
systems.  The ion source is  p laced in a chamber,  the opening of
which can be c losed by a door;  t ;he col lector  can be wi thdrawn
into a chamber which,  af ter  that ,  can a lso be c losed.  Both doors
are operated via SÍmmerring seals.

ï he  se ts  o f  va l ves  V7 ,  Vs ,  Vn  and  V lo ,  V l r ,  V '  enab le  f i l l -
ing and evacuat ion of  the a i r  locks dur ing cont inuous operat ion
of the high vacuum pumps.

The Kinney pump, type V.S.D.  8811 has a speed of  18 l /sec at
a  p ressu re  o f  0 .02  mm Hg .  I t  i s  p rov ided  w i . t h  an  e lec t r i ca l l y
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heated o i l  separator ,  which makes i t  possib le to s t r ip  the o i l
from volati le constituents when necessary.

The Phil ips' pumps and the refrigerator are mounted on a com-
mon wheeled f rame. In th is  way the pumps wi th connect ion can
easily be removed from the vacuum chamber. The casing of the main
valve of the high vacuum pump is furnished with a perspex observ-
at ion window and,  on the ins ide,  wi th an incandescent  lamp. By
looking in to the pump i ts  operat ion can be judged f rom the ob-
served phenomena (oil drops, vapour stream, bubbles, etc.).

The connection, constructed from non magnetic, stainless steel,
i s  f unne l  shaped  w i th  a  max imum c ross  sec t i on  o f  80  x  50  cm2 ,
a min imum of  40 x 16 cm2 and a length of  60 cm. 0n the s ide of
the chamber, it is provided with a flange of the same dimensions
as the normal outer plates of this chamber and mounted to it in
a s lmi lar  way ($ 1?) .

For  normal  operat ion,  the h igh vacuum is  read on a P.  I .  G.
manometer P, mounted in the vacuum chamber. The fore pressure is
i.ndicated by a thermocouple manorBter T. The membrane manoneter M
(0 - 76 cm) on the bypass enables the observation of the pressure
during the rough evacuation of the chamber. For special measure-
ments a Mac Leod manomèter [4L is available.

ïhe pyrex Mac Leod manometer is a barometric type; the sensi-
t iv i ty  is  0.5.10-6 mm Hg for  the f i rs t  mi l l imeter .

the thermocouple manometer is simply a Th 4 tube, mounted in
the fore vacuum. At a fixed fi lament current, the thermo poten-
tial is read on a mA meter. The instrument is very useful in the
region of  10- t  to  1 mm Hg;  i t  shows immediate ly  i f  any appre-
ciable leakage is in the vacuum systenl

By means of the valve V* very dry compressed air can be blown
in to  t he  vacuum chamber  i n  o rde r  t o  remove  ch lo r i ne  f r om the
ba f f l e  C .B .  when  i t  i s  b rough t  t o  room tempera tu re .  Then  the
valves Vr ,  V,  and Vu are c losed,  but  Vro is  opened so that  the
chlorine escapes into the open air.

We have done sone measurements on the capaci ty  of  the h igh
vacuun punp.  By means of  an adjustable leak,  a i r  was admit ted
into the vacuum chamber and the pressure inside was determined
with the Mac Leod. The quantity of air admitted was measured from
the displacement of a drop of mercury in a horizontal glass tube
which was connected to the leak.

Unde r  t he  mos t  f avou rab le  cond i t i ons  o f  f o re  p ressu re  and
heat ing power,  the pumping speed,  at  a pressure of  10-s mm Hg,
is  5000 ] /sec (a i r ) .

The ten:perature of  the cool ing water  has no in f luence on the
pumping speed within the l imits 13 - 40o C.

Var iat ion of  the heat ing power has a large ef fect .  A l though
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the pump was designed for 5000 W, we observed that the capacity
at 2500 W. was about twice as large. However, the operation was
instable at that low power input. Looking through the observation
window, we perceived that showers of oll drops "rained down" from
the upper hat of the pump system now and then. And at each shower
the pressure suddenly rose by a factor of 3 to 4. Obviously, the
instabil it ies were caused by a too low temperature of the upper
hat at the small heating power. Therefore, we mounted an addi-
tional heating spiral to the hat, consuming about 70 Watts. The
showers d isappeared and we obta ined a stable operat ion of  the
pump and a large pumping speed.

The  hea t i ng  power  i s  p rov ided  by  an  Inven tum bo i l e r  p l a te
wh1ch, by means of a switch, can be connected in two ways: when
the pump is  swi tched on,  a power of  5000 Watts  causes a quick
heating of the oil; when the pump begins to operate, the power is
switched over to 2500 W. and, at the same time, additional heat-
ing is supplied to the hat.

lhe pumping speed in the vacuum chamber, reduced mainly by the
baf f les,  is  1500 to 2000 \ /sec.  The u l t imate vacuum, obta ined
when no ga,s is  admit ted,  is  3.10-6 mm Hg;  the normal  operat ing
pressure is  1 to 5.10-s mm.

Two devÍces which were originally not designed for high vacuun
work, are frequently used by us in the high vacuum system.

The first is the Dikkers-Jenkins globe valve, normally used ln
Iow pressure steam tubing. A slight nodification makes this valve
very usefu l  for  h igh vacuum work.  For  th is  purpose we mount  a
smaLl  cy l inder  around the valve spindle,  in to which cy l inder  a
few vacuum oi l  is  appl ied.  In  th is  way leakage a long the spindle
is prevented. With a rubber valve disk a perfectly t ight and very
cheap vacuum valve is obtained. We use them in various sizes fron
1/4" up to 2rr bore.

In the second place, Angus oil seal rings, the so called
'Simmer-rings", made from Gaco (oil resistive rubber) are used by
us for movable vacuum seals.

A possible construction is shown in fig. 47.
A seal  consis ts  of  two Simmer r ings (1)  between.which a few

vacuum oi l  is  appl ied.  The movable shaf t  (6)  is  carr ied by the
gland (3). This gland also presses, by way of the pressing rings
(2) ,  the O-r ings (4) ,  which provide the s 'eal  between the outer
side of the Simmer rings and the casing (7) of the seal. The in-
sulated l in ine (5)  of  the g land enables to use the shaf t  as a
support for an electrode, which may have a potential of several
hundred volts wÍth respect to the vacuum chamber.

Other  construct lons are a lso possib le;  the one descr i -bed is
used by us in a number of places to our full satisfaction. The
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Fig.  4?.  Movable seal  wi th Simmer r ings

Sinmer rings are very cheap and their thin ' l ips" make an easy
movement possible. The shaft must be supported in axial direction
in order to withstand the atmospheric pressure and its surface
must be pollshed smoothly.

g 29.  Gas in let  system for  the ion source

It was pointed out in S 9 that solid compounds and - if possi-
b le -  so l id  e lements are preferable as charge mater ia ls .  There-
fore,  the pr inc ipal  in let  system is  the furnace mounted in the
ion source (fig. 26), in which the charge materials are evaporat-
ed. The volume of this furnace is 10 cc, which means that - on
the average -  twice a day a new charge must  be brought  in .  Re-
cha rg ing  i s  ve ry  eas i l y  accomp l l shed :  t he  i on  sou rce  a i r  l ock
system is fi l led with argon gas, the furnace is taken out of the
source,  ref i l led and mounted again and the a i r  lock evacuated.
ïhis operation is accompl ished within a quarter of an hour. After
another  15 to 2u minutes,  the furnace is  again at  the requi red
temperature and the sefiaration process can be continued"

For gaseous charge nater ia ls  an adjustable leak according to
Nier  N3 is  appl ied:  a copper capi l lary of  2 mm inner  d iameter  is
flattened and wound around a spindle. By turning the spindle by
means of a iryorm gear the capil lary is more or less tightened and,
consequent ly ,  the gas f low contro l led.  An insulat ing per t inax
shaft enables an adjustnent of this leak during operation of the
separator. The high pressure side of the leak is connected either
to a tank wÍ th pressure reducing valve conta in ing the gas (e.9.
N2,  02,  A)  or  to  a smal l  bot t le  conta in ing a low boi l ing l iquÍd
ctarge mater ia l ,  such as 8C1. ,  SiClo or  CSr.
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A normal  consumpt ion rate is  200 cc gas of  atmospher ic  pres-

sure per hour.

$ 30.  Safeguards

For an inst rument  l ike the separator ,  in  which h igh vacuum,
high voltages and forced coolings are applied, and which must be
sui table for  cont inuous operat ion so that  d i f fererr t  persons must
handle it by means of over 150 operation buttons and valves, an
extensive safeguard and control system is indispensable.

The re  i s  i n  t he  f i r s t  p l ace  the  p ro tec t i on  o f  pe rsons  f rom
touching e lect r ica l  par ts .  l {hereas for  "normal"  vo l tages (a few
hundred  vo l i s )  t he  usua l  ca re fu lness  i s  obse rved ,  pa r t i cu la r

measures are taken for the high voltages.
ïhe ion source and the lens electrode are very dangerous ob-

j ec t s ,  s i nce  they  a re  a t  h i gh  tens ion  and  w i th in  easy  reach
(about 1.60 m from the floor). therefore, a movable gavze protec-

tion cage surrounds the ion source, the "trunk" of the coronacap
and the lens electrode. This cage can be removed by a servo me-
chanism and,  in  the c losed posi t ion,  i t  presses a contact  which
is connected in the operating circuit of the electromagnetic main
swi . tches of  the h igh tension insta l la t ions.  Moreover,  when the
cage is  opened,  the ion source is  automat ica l ly  shor t  c i rcu i ted
to earth so that the condensors in the system are discharged.

The h ieh vol tage suppl ies are p laced on top of  the separator
and, consequently, are beyond the immediate reach. However, the
magnet is furnished with a steel gallery (See Fig. 48) which can
be reached by a steel  s ta i r  case and i t  might  be th inkable that
someone would walk upstairs in an unguarded noment and be struck
by the h igh vol tage.  Therefore,  the sta i . rs  are prov ided wi th a
hinge on the top and,  in  the hor izonta l  posi t ion,  they press a
safety contact in the operating circuit of the main switches. If
one wants to c l imb the sta i rs  he must  f i rs t  le t  them down, due
to which the hieh tensions are switched off.

Beside the measures ment ioned for  the protect ion of  persons,

numerous provis j -ons are taken to protect  the expensive inst ru-
nents from imprudences and troubles of all kinds.

0f  course,  aI l  e lect r ica l  devices are prov ided wi th fuses and
con t ro l  l i gh t s .  E lec t r i ca l  mo to rs  wh i ch  a re  no t  i n  immed ia te
reach are operated by e lect romagnet ic  swi tches wi th thermal  re-
I ays.

ïhe h. f. oscil lations occurring during high tension breakdowns
are excluded from the power supply of the ion source by means of
h. f .  chokes in  the connect ions to the source ($ 24) .  Moreover,
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gas fuses appl ied at  t 'dangerous points" ,  l ike the selenium rec-

t i f y i ng  ce l1s ,  l im i t  even tua l  peak  vo l t ages  to  a  f ew  hund red

vol ts.
F l rses for  the exci tat ion coi l  o f  the magnet  are appl ied only

on the AC side of the unit. This is done because a sudden cut in

the  c i r cu i t  o f  t he  co i l  wou ld  be  dange rous ,  s i nce  th i s  wou ld

cause a h igh induct ion vol tage due to the large sel f  inductance

o f  t he  co i l .  Th i s  i nduc t i on  vo l t age  i s  reduced  by  t he  coppe r
jacket ,  act ing as a shor t  c i rcu i t  winding and by the potent io-
meter  for  the compensat ion of  the leakage currents through the
coo l i ng  wa te r  ($  16 ) .  F rom expe r imen ts  a t  ve ry  l ow  exc i t a t i on
currents we deduced that an induction voltage of 2 kV would occur
when, at the maximum current of 100 Amps, the.circuit would sud-
denly be cut .  Wi thout  the potent iometer  and the jacket ,  i t  was
hieher by a factor  of  10.  Specia l  care was taken to assure the
cool ing of  the exci tat ion coi l .  The zero coi l  o f  the contro l ler
of  the motor  which dr ives the generator ,  and the operat ion c i r -
cuit of the electromagnetic switch for the additional rectÍfying
uni t  are connected in  para l le l  wi th the motor  of  the force pump
for the cooling water. Consequently, it is impossible to run the
generator  or  to  swi tch on the rect i fy ing uni t ,  unless the force
pump is operati,ng. Moreover, a pressure relay is connected to the
force pump, which comes in action and gives an alarm by means of
a siren when the water supply is intermpted.

Si .nce the cool ing system of  the coi l  consis ts  of  a number of
para l le l  branches,  i t  is  necessary to have an indicat ion i f  one
of these branches would be stopped up, This is achieved by means
o f  t he rmocoup les  app l i ed  t o  t he  success i ve  l aye rs  o f  t he  co i l
(S 16) .  These thermocouples are connected to a rotat ing swi tch
(1 r .p.m.)  so that  the temperature of  a l l  the layers can be read
successively .  I f  the temperature of  one of  the layers might  ex-
ceed a cer ta in l Ími t .  an a larm is  g iven and the fa i l ing layer  is
known so that measures can be taken.

All important water coolings (of the vacuum puntps, ion source
a i r  l ock  chamber ,  acce le ra t i ng  e lec t rodes ,  co l l ec to r )  a re  p ro -
vided with pressui"e relays connected to the signal and alarm in-
stallation. The flow of cooling water through the supports of the
ion source is  a lso contro l led.

Wtren the ref r igerator  of  the o i l  baf f le  s topS whi le  the h igh
vacuum pumps are in  operat ion or  when the supply of  I  iqu id a i r
to  the chlor ine baf f le  is  in terrupted,  an a larm is  g iven.  This
happens a lso when the p;essure in  the vacuum chamber exceeds a
certain value. The signal for this al.arm, obtained from the P.I.G.
manoneter, at the same time switches off the high tensions of the
accelerating system in order to avoid breakdowns.
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Dur ing the n ight ,  the vacuum pumps are kept  in  cont inuous
operat ion wi thout  any survei l lance.  Tt re s ignal  insta l la t ion is
then switched over to ínight control".

Any trouble which would cause an alarm by day then automatic-
a1ly closes down the entire pumping system: the punps and refrig-
erator are stopped, the main valve is closed as well as the valve
between backing and high vacuum pumps, the P. I. G. manometer is
swi tched of f .  S ince th is  n ight-systen is  operated by a specia l
D.C.  safety l ine,  i t  even protects the inst rument  f rom the con-
sequences of temporary breaks in the À C. main power supply.

Safety measures agaÍnst  contaminat ion of  the col lected iso-
topes by shift ing or broadening of the images were mentioned in

s 27.

$  31 .  Opera t i on

The electrical operation-, control- and measuring devices are
concentrated mainly in three boxes situated on both sides of the
separator (Fig. 48).

From the panel box on the left side, the vacuum pumps, the re-
f r igerator  of  the o i l  baf f le ,  the l iqu id a i r  supply system for
the chlorine baffle, the main valve of the high vacuum pump and
the force pump for  the cool ing water  of  the exci tat ion coi l  are
operated.  The safeguard-  and s ignal  insta l la t ion is  a lso p laced
in th is  box.  F inal ly  some panels of  the tpump-box" are used for
the manometers:  P. I .G.  and thermocouple manometer  and the meter
for the pressure of the force pump.

The panel  box on the very r ight  is  ent i re ly  occupied by the
contro l -  and stabi l izat ion devices for  the exci tat ion current  of
the magnet.

The largest  box consists  of  24 panels.  I t  conta i .ns contro l ,
signal and stabil izing devices for the hieh tensions and the sup-
ply  of  the ion source,  meters to read the load currents of  the
high tension supplies, the current to the earthed electrode, and
the  co l l ec to r  cu r ren t ,  t he  cu r ren t  i n teg ra to r  t o  i nd i ca te  t he
quant i ty  of  co l lected isotopes,  the contro l  o f  the modulat ion of
the accelerat ing vol tage and an osci l loscope screen to show the
mass spectrum.

An addi t ional  mA meter ,  connected in  the P.  I .  G.  c i rcu i t  is
mounted in thls box. The temperature of the layers of the excita-
tion coil is read on a mA meter, operated by the 16 thermocouples
in succession.

Servo mechanisms for removing the upper part of the corona cap
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and the protect ing cage of  the ion source,  are operated f ron
here.

The valves of the water coolings are combined into two groups:

those of the pumps, refrigerator, air lock chamber and accel era-
tion electrodes on the left side of the foundation of the sepa-
rator ;  those of  baf f le ,  co l lector  and h igh tension t ransformer
against the steel pil lar on the right side of f ig. 48.

The s i l ica gel  dry ing insta l la t ion for  compressed a i r  wi th
supply valves is also mounterl to ttris pil lar.

The cooling of the excitation coil has a separate heavy supply
pipe with valve behind the magnet. the water meter is also placed

there.
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E X P E R I I I I E N T A L  R E S U L T S

S 32.  var ious condi t ions of  operat ion

A number of  measurements were carr ied out  in  order  to f ind
opt imum condi t ions concerning the separat ing power and the col -
lector current.

These measurements were done in such a way that of the many
existing parameters, only one at a time was varied, the remaining
conditions being kept constant. An exception was made for the ne-
gative voltage of the lens electrode, which was always regulated
so as to give optirmrm focusing conditions.

The separat ing power was determined by measur ing the peak

width on the osci l  loscope screen at  5% of  the peak height  (See

fig. 43) and correcting for the width of the slit before the mea-
suring electrode. An ion exit sl j.t of 2 mn width was applied. The
most important results wil l now be mentioned:

a.  Arc-  and.  Heí l -source

Under  f avou rab le  cond i t i ons ,  a  sepa ra t i ng  power  o f  150  a t
col lector  currents up to 10 nA could easi ly  be obta ined wi th the
arc source. With the Heil source, however, the maximum separating
porver  obta inable at  a col lector  current  as low as 0.5 mA, was
only 20.

In the latter case, the ion output current from the source was
high,  even at  very low pressures ( i t  could be increased to 100
mA), but we observed, on the screen, that a tremendous hash was
present in the beam. Obviously, the space charge compensation was
ineffective due to the oscil lations (S 4) and the beam was dblown

ur)".
Under cer ta in condi t ions,  the arc source too can be run in  a

state which g ives a poor resolv ing power.  And these s i tuat ions
are always characterized by a lot of hash, visible on top of the
peaks on the oscil loscope. This seens to bear out our impression,
that oscil lations hamper the space charge compensation. Anyhow,
we concluded that the arc source is more favourable to be used in
the separator  than the Hei l  source,  a l though the la t ter  has a
lower operating pressure and consequently a higher gas efficien-
cy. We decided to continue the experiments on the arc source ex-
cl usively.
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b .  Arc conr l i  t  ions

Both the col lector  current  and the separat ing power depend
strongly on the arc conditions (arc vol tage and current and the
pressure in the source).

Whereas the collector current increases generally with the in-
tensi ty  of  the arc,  the separat ing power shows st rong f luctua-
tions when the arc voltage or current i.s gradually varied. An ex-
amDle is given in fig. 49, where the influence of the arc voltage
is shown, the pressure and arc current being kept constant. The
figure applies to zinc, at an arc current of 1 Amp and an accel-
erat ing vol tage of  16 kV.  The z inc pressure in  the source,  as
calculated from the amount of charge material consumed, was
1 . 5 . 1 0 - 3  m m  H g .
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F ig .  49 .  I n f l uence  o f  a r c  vo l t age  i n  sou rce  on  co l l ec -
to r  cu r ren t  and  sepa ra t i ng  power .
(Zn ,  a rc  cu r ren t  1 -Ámp,  p iessu re  1 .5 .10 - r  mm
Hg,  acce le ra t i ng  vo l t age  16  kV) .

RegÍons of much hash are indicated by hatching. It is obvious
that the very poor sefiarating power (below 100) at a too low or a
too h igh arc vol tage is  connected to the h-ash in the d ischarge,
due to which the space charge compensat ion of  the ion beam is
harnpered.

Pictures, similar to fig. 49 are obtained when the arc current
or  the pressure in  the source are var ied.  ïhe width and the num-
ber of useful hash-free regions depend on the kind of gas in the
source.

When the stable region,  on which the source is  adjusted,  is
narrow, stabil ization of the arc conditions is very important.
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the physical  or ig in of  the hash is  not  yet  fu l ly  understood.
A  spec ia l  i nves t i ga t i on  o f  t he  d i scha rge  i n  t he  sou rce  i s  i n
prc,gress.

c .  A c c e l e r a t i n g  u o l t a g e

At constant  source condi t ions,  the accelerat ing vol tage was
varied and, with it, the magnetic f ield in order to keep the beam
on the col lector .

lVpical curves are given in fig. 50, where, beside the separat-
ing power and the col lector  current ,  the ion current  f rom the
source is indicated.

4aleíding vdt.gc

F lg .  50 .  E f fec t  o f  acce le ra t i ng  vo l t age
(Zn,  qrc I  Amp, 50 V;  pressure
2 . 1 0 - r  m m  H g )

The latter current is constant throughout the region observed.
firis means that the current is not limited by space charge but by
the supply of ions to the exit sI it of the source. Ttris was to be
expected s ince the ion densi ty  in  the D C arc appl ied,  " is  much
lower than in a Heil type ion source.

The collector current increases frpm 1.3 mA a.! 5 kV to a maxi-
mum of  8.3 nA at  20 kV,  probably due to reduct ion of  ion loss,
caused by defocusing.

The separating power al so rises rapidly up to a maximum of 166
at 16 kV and then falls down while hash is observed.

fite increase is explained by a better space charge compensa-
t i on  a t  h i ghe r  i on  ve loc i t i es  (o .  i nc reases  w i th  v ,  $  4 ) .  The
hash may be induced in the source either by the strong magnetic
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f i .eId or by the penetration of the accelerating field. Bspecially
when a broad ion ex i t  s l i t  is  used we have observed that  i t  Ís
possib le to ext inguish the arc in  the source by increasing the
accelerat ing vol tage and thus pushing back the p lasma. Before
the arc is completely extinguished, it starts producing hash due
to which the separating power decreases.

d .  L e n s  u o l t a g e

Ttre effect of the negptive lens voltage on the collector cur-
rent and the separating power is different for weak and strong
currents. IVhereas for weak currents, both are practically inde-
pendent of the negative higlr voltage, there is a marked influence
at  s t rong currents ( f ig .  51) .

t?ns mllrge

F i e .  5 1 .  A c t i o n  o f  l e n s  v o l t a g e  a t  s t r o n g  i o n  q u r r e n t s
( Z n ,  a r c  1  A m p ,  5 0  V ;  p r e s s u r e  2 . 1 0 ' 5  m m  H g ;
a c c e l e r a t i n g  v o l t a g e  1 6  k V )

Ttre ion current from the source remains constant, but the col-
lector  current  increases rapid ly ,  especia l ly  at  the. f i rs t  few kV.
This is  expla ined by the ref lect ion of  secundary e lect rons f rom
the beam, thus increasing their space charge compensating action
in the immediate v ic in i ty  of  the accelerat ion system. Asaresul t ,
the loss of ions due to defocusing is appreciably reduced. At the
same t ime ,  t he  sepa ra t i ng  power  r i ses  t o  a  max imum o f  180  a t
-  5.7 kV,  which is  apparent ly  the condi t ion that  the focal  l ine
of the beam, after 1800, coincides with the collector plane.

At - 6 kV the separating poryer is further diminÍshed by hash,
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produced Ín the source by the penetrat ion of  the f ie ld of  the
lens electrode.

The negatÍve vol tage, necessary for optimum focusing, depends
on the arc condÍ t ions as wel l  as on the accelerat ing vol tage.  In
general ,  i t  increases wi th the arc in tensi ty  and a lso wi th the
accelerat ing vol tage.  In  the la t ter  case,  however,  i t  is  l imi ted
to the value where it starts producing hash Ín the source.

e .  C raseous  cha r  ge  na te r  i a l s

Genera l l y  speak ing  the re  i s  no  essen t i a l  d i f f e rence  i n  t he
behaviour of gaseous and solid charge materials in the source. fn
fact, the arc is run in a gas in both cases, since the ion source
is a lways kept  at  a suf f ic ient ly  h igh temperature,  so that  the
vapour is  unsaturated.  There is ,  however,  one important  excep-
tion: gaseous charge materials cause an increase of the pressure

in the vacuum chamber,  whereas sol ids condense on i ts  co ld wal ls
and do not influence the high vacuum unfavourably (g 9). 0n the
contrary: many elements tend to getter when present as very fine
particles and thus wil l improve the vacuum.

As a resul t  the col lector  currents can be appreciably  h igher
for  so l ids than for  gases.  In  order  to check the theory of  S 9,
we have measured the col lector current for argon as a function of
the pressure in  the source at  constant  arc current ,  arc vol tage
and accelerat ing vol tage.  The resul t  is  shown in f ig .  52,  where
the ion current from the source is also indicated.
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F i g .  5 2 .  I n f l u e n c e  o f  p r e s s u r e  l n  t h e  s o u r c e  f o r  g a s e o u s
charge mater ia ls  (Árgon,  a rc  150 V,  I  Amp;  ac-
c e l e r a t i n g  v o l t a g e  1 8 . 7  k V )
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The pressure in the source uras derived from that in the vacuum
chanber,  supposing that  the vacuum was 2.10-s mm Hg when no gas
was admitted. This was justif ied by the extrapolation of the cur-
ves for  zero current .  The general  shape of  the col lector  current
curve is  as predicted in  $ 9,  except  for  a s teeper decrease at
higher pressures. Ttris is caused by the fact that the ion current
f rom the source is  proport ional  to  the source pressure only at
low pressures (below 1.5.10-3 mmHg),  whereas for  h igher  pressures
i t  becomes constant .  The t ransi t ion is  easi ly  understood,  s ince
i t  occu rs  j us t  i n  t he  reg ion  where  the  mean  f ree  pa th  o f  t he
electrons in  the source becomes of  the order  of  thei r  to ta l
avai lable path length.  As a resul t ,  the maximum in the col lector
cu r ren t  w i l l  be  sh i f t ed  t o  a  somewha t  l ower  p ressu re  t han  was
calculated in  $ 9.  fhe conclus ion st i l l  ho lds that  the col lector
cu r ren t  ob ta inab le  w i t h  gaseous  cha rge  ma te r i a l s  w i l l  be  much
lower  t han  w i th  so l i ds .  I ndeed ,  we  found  a  ga in  o f  a t  l eas t  a
factor 3 experimental ly.

Another experiment gave us some evidence that the loss of ions
from the beam was not merely due to elastic scattering, but that
charge exchange is also an important process.

Ai r  was admit ted to the source and a l I  condi t ions,  inc luding
the source pressu:'e, were kept constant, whereas the air pressure
in the vacuum chamber outs ide the source was var ied.  The inten-
s i ty  of  the ion beams, at  the col lector ,  for  mass 28 (Nz)  and 30
(NO) were measured.  (NO is  a type of  ion of  which astonishingly
large quantit ies are produced when air is admitted to the source).

At increasing chamber pressure, the collector currents of both
beams decreased raDidl.y, but for NO the reduction was less than
for Nr. Fig. 53 shows the ratio of Nz/NO as a function of the air
pressure in the vacuum chamber.

Apparent ly ,  the tota l  co l l is ion cross sect ion for  N,  ions is
g rea te r  t han  fo r  NO -  i ons .  Th i s  can  be  exp la ined  when  i t  i s
supposed that charge exchange plays an important part in the col-
I isions. Indeed, the cross section for charge exchange is a maxi-
mum when  i ons  co l l i de  on  mo lecu les  o f  t he  same k ind .  Then  the
transfer  of  potent la l  energy is  zero and a state of  resonance
exists  M3.  The gas in  the vacuum chamber wÍ l l  conta in a large
quant i ty  of  N,  molecules,  but  no appreciable amount  of  N0 mole-
cules.  Therefore,  N,  ions wi l l  co l l ide easier  than N0 ions and,
consequent ly ,  the rat io  t t2 , /NO wi l l  decrease at  a h igher  chamber
pressure.  A s imi lar  ef fect  has been observed for  a l l  o ther  types
of  ions.

f .  Types of  íons

l lhen the source is  run on a molecular  gas,  var ious types of
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Fig .  53 .  In f luence o f  charge exchange fo r
d i f fe ren t  types  o f  ions

ions wil l be produced, the abundances of which depend on the arc
conditions.

We admitted air at a source pressure of 2.10-3 mm Hg and mea-
sured the in tensi ty ,  at  the col lector ,  o f  the beams of  N,  0,  N2,
NO and 0r. We observed:
í. At constant arc current (0. ? A) the ratio N,/N, incr"ased con-
t i .nuously f rom 0.3 to 0.8 when the arc vol tage was ra ised f rom
35 V to 290 V. At the same time the ratio O1O, íncreased from
0 .25  to  0 .?5 .
2. At constant arc voltage (100 v), the ratio N/N" in"r"*ed con-
tinuously from 0.6 to 1.1 and the mtio O/O, from 0.? to 3.5 when
the arc current was raised from 0.6 A to 4.4 A.

the conclus ion is  that  a h igh arc vol tage as wel l  as a h igh
current density favour the formation of atomic ions. This is in
agreement with earlier experiments on hydrogen ss.

3. As for the ratio *o/*r, this increased also with the arc vol-
tage ( f rom 0.36 to 0.5)  and wi th the arc current  ( f rom 0.4 to 1)
for the variations mentioned above.
4. At constant arc conditions (140 V, 1.3 A), the sourcepressure
was increased f rom 2.10-3 to 1.2.10-2 mm Hg.  The rat io  N/N2 in-
creased from 0.? to 1.3.

Ttr is  is  a lso in  agreement  wi th the ear l ier  exper iments men-
tioned, but the result wil l be influenced seriously by the charge
exchange process in  the vacuum chamber which d iscr iminates in
favour of the atomic ions. l4rhereas for the gases N, and 0, it is
possible to obtain an ion output with an atom - molecule ratio of
abou t  2 ,  t he  s i t ua t i on  i s  ye t  more  favou rab le  i n  t he  case  o f
chlor ides,  which are f requent ly  appl ied as charge mater ia ls  for
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metals.  E.g.  the mass spectrum of  UCl .  at  normal  operat ing con-
di t ions (arc 120 V,  1.3 A.)  shows:  U+ b.z mA, uc l+ 0.9 mA, Ucl ,+
0 . 5  m A ,  u c t 3 +  0 . 2 b  m A ,  u c l 4 +  5 0  p A ,  c l +  2 . g  m A ,  c l r +  o . a  í e
U" 1.1 mA. In those cases the loss by compound ions is  not  se-
.ious.

g .  W í d t h  o f  í o n  e x í t  s l í t

I{hen the exit sl it of the i.on source was increased from 2 to
4  mm,  the re  was  no  app rec iab le  ga in  i n  co l l ec to r  cu r ren t  when
gaseous charge materi.als were used. This was to be expected from
the considerations of $ 9: For a larger exit sl it area, the pres-

sure in the source must be reduced in order to maintain a suffi-
cieni' vacuum in the vacuum chamber. Fbr solids (Zn) there was an
increase of about 50% at the cost of a slight decrease of the re-
solv ing power.  Moreover the arc appeared to be less stable,  due
to the larger  penetrat ion of  the accelerat ing f ie ld,  which tends
to push back the plasma in the source. With the uranium separa-
ti.on (charge material UCl4), we attempted to increase the collec-
tor  current  fur ther  by widening the s l i t  to  6 mm. But  then the
arc was so instable that effective operation did not seem possi-
ble and we returned to a slit of 4 rnm width.

l r .  P o s í t i o n  o f  c o l l e c t o r

the col lector  was made movable Ín order  to p lace i t  a lways at
the focusing poÍnt of the beams.

However, it turned out that this adjustment could much easier
be achieved by way of the high voltage of the lens electrode, and
this is the way it is now actually done.

!Íhen working with urarium, we perceived that the image of U+
was extremely bright. So we had an excellent opportunity of doing
some visua-l observations by way of a perspex window in the vacuum
chamber. We observed:
1.  The tota l  radia l  opening angle of  the beam is  indeed of  the

o rde r  o f  15o .
2.  The curved shape of  the image is  in  accordance wi th the cal -

culat ions in  g 6.
3.  Our calcuLat ions on the posi t ion of  the focal  p lane for  d i f -

ferent  masses (S 6)  was a lso conf i rnr- ' ,1 . '

$  33.  Separat ions

A few exper imenta l  separat ions were carr ied out  in  order  to
check the re l iab i l i ty  of  the inst ruments and to f ind imperfec-
tions in the separator and the working method"
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a .  Z í n c

The operation conditions were:
Charge material: Zinc metal.
Temperature of furnace 410 - 4550 C.
Accelerating voltage 14.4 kV.
Nept ive lens vol tage 0.
A r c 8 5 V , 4 À
Ion current from source 28 mA )
Ion loss on negat ive e lect rode 1.5 mÁ[ mean values
Ion loss on earthed electrode 8 mA I
Col lector  current  5.0 -  5.9 mA
Collector material: copper foil
Air pressure in vacuun chamber 10-s mm Hg;

Dur ing the separat ion run we exper ienced much t rouble f rom
smal l  spark ings between the ion source and the e lect rodes.  The
Iatter were made of copper and water cooled. Fairly large amounts
of zinc condensed on them and, after some time, started bladder-
ing. For this reason, we were compelled to work at a rather low
accelerating voltage.

lhe separating power was not good either (50 on the average),
and we could not get a hash free beam.

ThÍs was strange, because some days before, during measure-
ments, we had a "clean" beam with a separating power of over 150.
The cause of this became clear later. When the source was opened
af ter  the separat ion,  i ts  arc chamber was covered wi th a very
thin layer of ZnO and the electrical conductivity of the surface
was poor. It is obvious that the arc was hampered by this layer
and in th is  way the hash was expla ined.  l le  concluded that  the
ZnO had been formed when we admitted air to the source to refi l l
the furnace when it was still hot.

However, this conclusion was, at least partly, wrong, as turn-
ed out later.

A run of t hours was made. AccordÍng to the current integra-
to r ,  120  mg  Zn  had  reached  the  co l l ec to r .  Abou t  15%.o f  t h i s
amount had struck a diaphragrn, wtrich uras situated in front of the
col lector  and,  consequent ly ,  100 mg Zn had entered the col lector
chanbers, which were made of copper.

Part of this zinc and a larger amount of copper were scratched
of f  f rom the col lector  wal ls ,  chemical ly  d issolved and,  by suc-
cessive e lect ro lys is ,  z inc metal  was recovered on p lat inum elec-
trodes. In this rvay we obtained the following enriched samples:
z n 6 a  ' .  1 6  n g ,  z n 6 6  :  ? . 9  m g ,  z n 6 7  :  2 . 6  n g ,  z n 6 8  : 4 . g  m g  a n d
znTo  :  0 .3  mg .
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An analys is  was made wi th the mass spectrometer ,  which was
constructed on the model magnet ($13). Ttre result is shown below:

Relat ive abundance at .%

zn6a 7n66 zn67 7lí-68 Znlo

4 .
0.
1 .

@
6.
5

Sanpl e

Natural  Zn 48.9 27.8
ftrr iched Zn6a m 3.0

. znlu_ Ez @
,, znu' l2,g 84
o  z n u "  s . 1  8 . 5
n znTo 16 1b

1  1 8 . 6  0 . 6 3
4  2 . 1  0 . 0
5  2 . 6  0 . 0

25  0 .0
2 rel 0.2

39-E

In view of the rather bad separating power at which the sepa-
rat ion was per formed,  th is  resul t  is  not  too d isappoint ing.  In
fact ,  i t  is  most  promis ing for  fu ture separat ions to be carr ied
out at much more favourable conditions.

I t  is  not  bel ieved that  the recovery of  the z inc was 10070,
s ince in  that  case the above resul ts  would correspond to a col -
lector  ef f ic iency of  about  32%. The actual  co l l .ector  ef f ic iency
had been determined in a prev ious,  shor ter  run,  in  which we col -
lected the Zn6a isotope alone. Whereas the current integrator in-
d icated that  9.0 mg of  Zn had entered the col lector  chamber,  a
quant i ta t ive chemical  analys is  (co lor imetr ic  and polarographic)
gave à resul t  o f  5.7 mg.  Consequent ly  the col lector  ef f ic iency
amounted up to 637u

b .  Magnes íun

Immediate ly  af ter  the exper imenta l  Zn separat ion descr ibed
above, we cleaned the source, charged the furnace with magnesium
metal and carried out sone measurements. We obtained a collector
current of 5 mA and a good separating power (150).

the next day we started a separation and found to our surprise
that  the separat ing power was extremely bad (about  25) ,  whi le  a
t remendous hash appeared in the beam. Now the source had been
kept under vacuum, as we had not recharged.the furnace. After the
separation run, however, we found that the walls of the arc cham-
ber were covered with a practically insulating layer of magnesium
oxide and magnesium ni t r ide.  Being charged negat ive,  th is  layer
wi l l  hamper the arc ser iously .  Consequent ly ,  there was no doubt
about the origin of the hash.

Our practice of running the source on a solj.d charge material
is: f irst we start the arc on a gas which i.s admitted by an ad-
justable leak;  when the source has run hot  we heat  the furnace
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and, when sufficient vapour is produced, we elose the gas valve.
This procedure is  appl ied in  order  to prevent  condensat ion of
the charge mater ia l  on the wal ls  of  the source when i t  is  s t i l l
cold.

For convenience we had used air as a "starting gas". But ob-
viously this air attacked the thin layer of magnesium metal which
had condensed on the source walls when they cooled down after the
neasurements of the previous day. In a similar way the fornation
of ZnO in the separation run mentioned before, was explained.

In view of this, we decided, henceforward, to apply only argon
ga.s as starting gas. And indeed, we did not meet troubles of this
kind any more. The measurements on Zn given in the preceding sec-
tion e.9,, were carried out with argon as starting gas.

A separation run of 7 hours was made on magnesium. The opera-
tion condÍtions were:
Charge material: Magnesiun metal.
Ter,,ierature of furnace 440 - 4800 C.
Accelerating voltage 13 kV.
Negative lens voltage 0.
Arc 2.2 A,  100 V.
Ion current from source 20 mA.
Ion loss on negative electrode 2 mA.
Ion loss on earthed electrode 3 mA.
Col lector  current  4.0 -  6.9 mÀ
Collector material: Cu foil.

mean values

Air pressure in vacuum chamber 10-5 mm Hg.

Because magneslum metal condensed on the electrodes the same
way as zinc did we had simllar troubles wi.th sparkings.

Assuming a col lector  ef f ic lency of  657o,  we col lected 30 mg of
Mg in total. ïtre collector folls were forwarded to nuclear physi-

cists for neasurements on (p, y) reactions.
From the separations of Zn and, Mg we learned that the applica-

t ion of  water  cooled copper e lect rodes is  undesi rable for  so l id
charge materials. Therefore, we applied graphite electrodes car-
ried by stalnless steel tubes, as nentioned in $ 19. This turned
out to be a great inprovement

c .  U ran iun

We used UClo as a charge material for uranium. This compound
requires very careful treatnent since it ls extremely hygroscopic.
It is kept in a perfectty dry atmosphere and the charging of the
furnace is carried out as quickly as possible.

A separation run of 91á hours was carried out with the follow-
ing data:
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Charge mater Ía l :  UCln.
Temperature of furnace 400 - 5500 C.
Accelerat ing vol tage 19 kV.
Nept ive lens vol tage 2.5 kV.
A rc  110  V ,  1 .4  A .
Ion current from source 35 mA. )
Ion loss on negat ive e lect rode 7 mA.)  mean values
Ion loss on earthed electrode 3 rA. )
Col lector  current  2.0 -  4.8 mA.
Col lector  mater ia l :  A l  fo i l .
Air pressure in vacuum chamber 10-5 mm Hg.

This time we had no troubles with breakdowns. The separating
power could not  easi ly  be judged f rom the mass spectrun on the
osci l loscope screen s ince the 923s peak is  pract ica l ly  inv is ib le.
Bu t  t he  image  on  the  co l l ec to r  gave  o f f  such  a  sp lend id  l i gh t
that  i ts  wi .dth was readi ly  determined v isual ly .  The image was
sufficiently sharp for the U separation.

However, it turned out that the "stable regions of arc opera-
t ion"  as meant  in  $ 32b were qui te narrow and,  as a resul t ,  the
arc tended to switch to and fro from one state to another, one of
them showing hash and a broadening of the image. Therefore it was
necessary to adjust almost continuously the arc current to a cer-
tain value. This inconvenience brought us to the conclusion that
the arc current  should be stabi l ized and af ter  the separat ion
run, the stabil izer mentioned in $ 25, was constructed.

According to the current integrator, 300 mg of U had reached
the collector. In a previous, shorter run, we had determined the
col lector  ef f ic iency for  uranium, which turned out  to  be 75%
(current  in tegrator :  13.8 mg,  color imetr ic  chemical  analys is  :
10.3 mg).

Consequently, the collector was supposed to contain 225 mgof
U238  and  1 .6  mg  o f  U235 .

A second, larger separation was charapterized by the following
conditions:
Charge material: UCI r.
Temperature of furnace 400 - 6900 C.
Accelerating voltage 19 kV.
Negative lens voltage 5 kV.
Arc 120 V,  1.8 À
fon current from source 35 mÀ )
Ion loss on negative electrode 14 mÀ ) mean values
Ion loss on earthed electrode 0. )
Collector current 4 - 7 mÀ
Col lector  mater ia l :  A l  fo11.
Air pressure in vacuum chamber 10-s mm Hg.
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Th is  sepa ra t i on  run  was  rea l l y  much  qu ie te r  t han  the  p re -
ceding one.  Thanks to the arc current  s tabi l  izer  a scrupulous
manual adjustment of the arc conditions was no longer necessary.

However,  one last  inconvenience has remained:  I t  turned out
that about each hal f hour the temperature of the furnace had to
be ra ised a l i t t le  by increasing the heater  current  in  order  to
obta in constant  arc condi t ions.  Especia l iy  in  the beginning and
at  the end of  a furnace charge,  th is  inconvenience was rather
serious and hash appeared now and then. l{e could not uti l ize the
total amount of material of each charge: when about 15% was left,
the furnace was recharged. This recharging was carried out every
?á hours and at each second recharge we replaced the fi lament in
order  to avoid addi t ional  loss of  t ime.  Consequent ly ,  the f i la-
ment l i fe was at least 15 hours.

The necessi ty  of  lncreasing the furnace temperature dur ing
operation is probably caused by a temperature gradient existing
in the furnace,  par t ia l ly  due to heat ing f rom the arc chamber,
partially also to radiation losses.

However, it is not ful1y understood why the temperature range
for UCln is so much higher than for Zn and Mg. Perhaps the heat
conduction through the charge material is better and, consequent-
ly ,  the temperature gradient  smal ler  in  the cases of  Zn and Mg.
I t  is  a lso possib le that  the UCl ,  conta ined a cer ta in amount  of
UClo which has a higher vApour pressure.

Assuming a col lector  ef f ic iency of  7570,  we col lected in  a run
of  26 hours 880 mg of  u238 and 6.2 mg of  U23s.

No analys is  of  the separated uranium isotopes was made;  the
col lector  fo i ls  were handed over  to nuclear 'physic is ts .

$ 34. Present state of affairs and plans for further development

In the present state of the separator, we are capable of car-
ryingoutseparation runs of at least a few days on many elements.
The col lector  currents obta inable,  at  least  for  so l id  charge ma-
ter ia ls ,  are suf f ic ient ly  s t rong and,  probably,  a fur ther  in-
crease is  possib le by improvements in  source and accelerat ion
system.

However, the ultimate object of a completely"universal instru-
ment has not yet been reached. LimltatÍons are:

7 .  Sepa ra t i ng  poue r

I { i th  an ion ex i t  s l i t  o f  100x2 mm2 and the present  conste l la-
tion of acceleration system and lon baffle, we can have a sepa-
rating power of 180 under the most favourable source conditions.
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This is in astonishingly good agreement with the calculations of

$ 6. It means that KonopinskÍ's f ield is realized almost perfect-

ly  and that  the space charge compensat ion is  pract ica l ly  l0Wo.
r-tp to now, we did not need more, but when elements as Hg must

be serrarated,  we shal l  f ind ourselves obl iged to take measures
to ra ise the separat ing power fur ther .  Undoubtedly th is  wi l l  be
possib le by shaping the ion ex i t  s l i t  or  reducing i ts  area.  But ,
of  course,  the la t ter  wi l l  be at  the cost  of  the y ie ld.

2 .  Vapou r  p ressu re

Concerning the vapour pressure of  the e lements,  there are
I imitations to both sides.

In the first place, elements with a very high vapour pressure
(e.g.  gases as Nr,  02,  A,  etc . )  requi re a specia l  co l lector  tech-
nique, which has not yet been developed, though a general scheme
was g iven in $ 10.

On  the  o the r  hand ,  t he re  a re  some  e lemen ts  (e .9 .  P t )  wh i ch

have, as well as their compounds, an extremely low vapour pres-
sure.

\{hen the isotofres of these elements must be separated, it wil l
be necessary to increase the temperature of both the furnace and
the source chamber to a very high value (e.g. 20000 C). This wil l
be an enormous technical  problem Bl7.

. 1 .  E l  f  i c í e n c y

In most  cases,  the ef f ic iency is  no major  problem: The cost
of  t l re  in let  mater ia l  is ,  in  general ,  negl ig ib le compared to the
total cost of Droducticn.

In sone special cases, however, the inlet material is very ex-
pensive.  This appl ies to cer ta in rare ear ths and especia l ly  to
artif icially radioactive isotopes to be separated.

A typical efficiency scheme is given in fig. 54.
I t  appl ies to a separat ion of  Zn wi th the condi t ions we had

during the measurements of $ 32.
The first. loss is suffered ln the furnace: a residue of about

lWo Is not used, because of the rapidly increasing instabil i ty of
the arc when the furnace is getting empty.

Though the house of the ion source is at a high temperature,
there are some places (e.9.  the f i lament  holders and the colder
parts of the carrying tubes) which are sufficiently cold to cause
condensat ion of  charge mater ia l .  This  loss is  a lso est imated to
be lïVo.

ïre most serious loss is caused by neutral atoms or molecules
leaving the exit sl it of the ion source: whereas 22 mA is a nor-
mal value of the ion current drawn from the source, the gas loss
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F i g .  5 4 .  E f f i c i e n c y  s c h e m e f  o r  Zn  separa , t lon

amounts to 445 mg per hour, correspondlng to 180 mA. Consequent-
ly, the gas efficiency of the source is Lt%o.

Only 7 mA out of the 22 reach the collector; the rest is lost
by defocusing and coll isions with gas molecules.

Final ly ,  about  35% of  the enter ing ions leave the col lector
again by reflection and sputtering.

fire over all efficiency of the separator for this example is
I .Vh

This ef f ic iency is  d i f ferent  for  each e lement .  For  uranium
e.g.  there is  an addi t ional  loss by the format ion of  molecular
ions,  but  the col lector  ef f ic iency is  greater .  The source gas
efflciency also depends on the kind of gBs.

In some cases, the collected material ls left on the collector
foil and in that form used as a target for nuclear physical ex-
periments.

In other  cases,  however,  the separated isotopes must  be re-
covered from the foil and an adtl it ional chemical efficiency fac-
tor is introduced.

This factor mainly depends on the equipment available. Fbr the
rough recovery of Zn, mentioned in I 33a, it was about 50%, but
it wil l be much higher when the appropriate equj.pment (such as a
yacuum evaporation unit) comes to our disposal shortly.

Itrough the total efficiency factor of L.8% does not seem too
bad in comparison with the corresponding figure for a normal mass
spectrometer (Zemany 23 states a value of 6.10-3%), a further im-
provenent wil l be posslble.

From fig. 54 it is clear that the most important factor in the

Zn ion cuÍrenf
fÍom source
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scheme is the source gas efficiency. This factor may be increased
to about  0.9 by making use of  a F inkelste in type ion source F2.

Since the magnet ic  f ie ld in  th is  type of  source is  in  the d i rec-
tion of the extracted ion beam, it wil l be necessary to place the
source outside the main magnetic f ield of the separator. An elec-
t rostat ic  lens system must  pro ject  an image at  the p lace where
our present source is situated. Probably, the ion current must be
kept  low in order  to avoid space charge t roubles.  But  for  sone
special cases where the effÍciency is of more importance than the
yield, the experiment seems feasible.

Another  possib le way may be the appl icat ion of  a carr ier  gas
w i th  h ieh  exc i t a t i on  and  i o r r i za t i on  po ten t i a l s .  A  much  h ighe r
degree of ionization of the actual inlet material can then be ob-
ta ined due to col l is ions of  the second k ind.  Inc identa l ly  we got
an experimental proof of the possibil i ty of this method. One day
we had carried out measurements on Zn. IÍe emptied the furnace and
cleaned all parts of the source mechanically. The next day we ad-
mitted argon gas to the source, but we did not get more than 0.3
mA of A+ on the collector. In stead we had a strong Zn+ beam and
dur ing 6 hours,  we had a Zn+ col lector  current  of  3 mA on the
average. Obviously the small amounts of Zn left in some parts of
the source,  were separated wi th a very h igh ef f ic iency.  The ef-
fect mentioned is a well known phenomenon in gaseous discharges.
I t  may be appl ied for  the separat ion of  expensive e lements,  in
which case the choice of  the *carr ier  in let  mater ia l "  wi l l  be of
great importance.

An increase of  the beam ef f ic iency might  be possib le i f  the
accelerat ing vol tage could be increased suf f ic ient ly .  Unfor tu-
nate ly ,  th is  vol tage is  l imi ted by h igh tension breakdowns up to
now. Probably an improvement of the constructÍon of the screening
caps around the source and of the acceleration system will. enable
a further increase. But the principal diff iculty ls the presence
of  the st rong magnet ic  f ie ld,  being at  r ight  ang) .es to the e lec-
t r ic  f ie ld (S 18) .  This  problem does not  ex is t  in  a sector  type
spectrometer ,  where the ion source is  p laced in a separate weak
magnet ic  f ie ld.

We could now ask whether our choice of a 1800 field was indeed

the most favourabl e. Our principal argument was the fact that for
this type the ion trajectories l ie completely within the magnetic
field and, consequently, the space charge compensating electrons
are hampered seriously in their motion ($ 5).

However, Bernas "t hu" shown that a sector type spectrometer
can a lso be used wi th s t rong ion currents i f  the e lect rons are
kept in the ion beam by an appropriate system of electrodes.
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His instrunent is snaller than ours and, consequently, both
his separating power and hÍs yield are sm,ller.

I t  s t i l l  remains to be seen,  i f  a  sector  type wl th the same
main radius wi l l  g ive resul ts  conparable r i th  a 1800 type.  I f
this turns out to be true, the main advantage (beside a cheaper
magnet)  wi l l  be the more favourable locat ion of  the ion source
outside the maln magnetic f ield. A drawback is the increase of
the length of  the ion paths by a factor  1.4,  causing a corre-
sponding rlse of ion loss by cotl isi.ons on gas nolecules.

In order to increase the beam efflciency, a thorough inves-
t igat ion of  the lens propert ies of  the accelerat ion system wi l l
also be necessarJ. An improvement of this systen wil l probably
reduce the losses caused br defocusing.

An extensive invest igat ion on scat ter ing and capture cross
sect ions may g ive usefu l  ind icat ions wi th respect  to  the in let
material to be used for mininun coll ision losses.

the furnace efficiency can be increased by an enlargenent of
the furnace.  Th1s,  however,  wi l I  nean a complete ly  new source
construction. Accepting this, the problem of condensation in the
rernainlng acold" places can also be tackled.

Finally, a higher collector efficiency can be obtained by re-
ducing the sputtering and reflectlon effects. It seems feasible
to bring the collector at high tension level, in such a way that
the ions strike the collector rith only a few hundred eV energr.
firls is, horever, a nuch embracing task, in rhich many new pro-
blens may arise.

Sumnarizing we may say: Many elenents can now be separated,
but nuch work is still alead.
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S A M E N V A T T I N G

Het onderwerp van dÍ t  proefschr i f t  is  de e lect romagnet ische
isotopenseparator, dÍe, als een onderdeel van het research pro-
gramma van de Stichting voor Fundamenteel Onderzoek der Materie,
te Amsterdam werd gebouwd. Deze bouw was mogeli jk door de finan-
c iëIe steun van de Neder landse Organisat ie  voor  Zuiver  ï le ten-
schappel i jk Onderzoek.

Hoofdstuk I .  A lgenene beschowtíngen

In de eerste paragraaf worden een aantal toepassingen van ge-

scheiden isotopen genoemd.

$ 2 beschr i j f t  de h is tor ische ontwikkel ing van de isotopen-
scheid ing vanaf  het  p ionierswerk van Aston tot  de spectacula i re
uraanscheÍding ten behoeve van de atoombom.

In $ 3 worden de verschi l lende scheid ingsmethodes met  e lkaar
vergeleken en de keuze van de e lect romagnet Ísche methode voor
separaties ten behoeve van kernphysische experimenten wordt ge-

motiveerd.

S 4 behandel t  de moei l i jkheden,  d ie de posi t ieve ru imtelading
van de ionenbundel bij de afbeelding veroorzaakt. Het is noodza-
ke l i j k  deze  ru im te lad ing  te  compense ren  m.b .v .  e l ec t ronen ,  d ie
ontstaan door ionisat ie  van het  restgas in  de vacuumkamer.  Di t
probleem stelt bepaalde eisen aan de vorm van het magneetveld en
aan de ionenbron.

In $ 5 worden de verschil l.ende oorzaken van afbeeldingsfouten
en de maatregelen hiertegen behandeld. De energi.espreiding van de
versnelde ionen moet  zo k le in mogel i jk  gehouden worden door de
juiste keuze van het type ionenbron. Door een geschikte veldvorm
moeten de ionen,  d ie onder een vr i j  grote hoek u i t t reden,  op de
collector gefocusseerd worden. De eindige breedte van de uittree-
spleet  van de ionenbron wordt  aLs verbreding van het .beeld op de
collector geaccepteerd. Een berekening van de invloed van botsin-
gen van ionen met gasmoleculen toont  aan, .dat  een goed vacuum
(enkele malen 10-s mm) noodzakel i jk  is .  Ref lect le  van ionen kan
door baffles worden tegengegaan. De gebruikte electrische en nag-
netische velden moeten zeer constant zijn.

Tenslotte wordt een keuze gemaakt uit de mogell jke vormen van
analyserende velden.  De keuze van het  ve ld van Konopinskj .  en
Beiduk (180o, radiaal inhomogeen) wordt toegelisht.

Uitgaande van de berekeningen van Beiduk en Konopinski worden
ln $ 6 de afbeeld ing van een rechthoekige u i t t reespleet  en de
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stand yan het  focusser ingsvlak b i j  de col lector  bepaald a lsmede
de gewenste vorm van de begrenzende baf f le  op 90o voorbi j  de
bron.

In $ Z wordt  de conf igurat ie  van het  gebruik te versnel l ings-
systeem aangegeven. Het bestaat ult: de ionenbron op de positieve
versnel l ingspotent iaal ,  de extract ie  e lect rode of  lenselectrode
op een regelbare negatÍeve potentiaal en een derde, geaarde elec-
t rode.  De ionenbron en de extract le  e lect rode z i jn  zodanig ont-
tyorpen, dat ze tezamen een Pierce Iens vormen. De voordelen van
di t  systeem boven een enkelvoudige versnel l ingselectrode worden
genoemd.

Het onderwerp van $ A is het te gebruiken type ionenbron. Na
een overzlcht van de eigenschappen van verschil lende ionenbronnen
en van onze te s te l len e isen,  vo lgt  de keuze van het  type.  Mede
in verband met de te verwachten h.f. oscil laties in de ionenbun-
del ,  d ie de ru imteladingscompensat ie zouden kunnen verh inderen,
werd de h. f .  bron n iet  gekozen.  Dezel fde vrees bestond voor  de
magnet ische osci l ia t iebron,  maar omdat  deze op zeer  eenvoudige
wijze in een magnetische boogbron kan worden omgeschakeld, werd
besloten in eerste lnstantie een Heilbron te construeren.

In $ 9 worden de voordelen van vaste en gasvormlge in laat-
mater ia len voor  de ionenbron tegen e lkaar  afgewogen.  Het  b l i jk t
dat  vaste mater ia len ( in  het  b i jzonder:  vaste e lenenten) .  d ie in
een ovent je verdampt worden,  een hogere col lectorst room leveren
t .g.v .  de vermi-nder ing van ionenver l ies door  bots ingen in het
reslgas.

De problemen, samenhangende met het verzamelen van de geschei-

den  i so topen ,  wo rden  l n  de  l aa t s te  pa rag raa f  van  he t  ee rs te
hoofdstuk besproken. Maatregelen moeten genomen worden tegen het
verlies van materiaal door reflectie en ,sputteringf' en door ver-
darping. Het eerste wordt bereikt door het gebruik van opvangka-
mers van een speciale vonn, het tweede door de isotopen eventueel
chenisch te binden

Hoo fds tuk  I I .  On twerp  uan  de  sepa ra to r  en  uoo rbe re ídend  werh

In $ 11 worden de vorm en hoofdafnetingen van de magneet vast-
geste ld.  Een ongewone vorm werd gekozen,  waarbi j  wel iswaar een
sterk lekveld aanwezig is, maar die het grote voordeel heeft van
een zeer goede toegankeli jkheid van de vacuumkamer aan alle kan-
ten. De hoofdafmetingen van de magneet zijn: straal 

"o 
= 102 cn,

breedte van de ringvormige poolschoenen 50 cm, nuttige hoogte van
het  in ter ferr icum 1? cru De gebruik te versnel l ingsspanning is  20
à 30 kV.  Voor massa 238 is  b i j  30 kV een magneetveld van 3780
gausz nodig.

$ 12 geeft het ontwerp van de bekrachtigingsspoel. Hij bestaat
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uit 785 windingen koperbuis g x 5 mm fl, waardoor leidingwater on-
der een druk van 1? atmosfeer geperst wordt. Het benodigde vermo-
gen is maximaal 30 kW, de temperatuursti jging van het koelwater
bli j ft beneden 20o C.

g 13 beschr i j f t  de met ingen aan een modelmagneet  (schaal  1:  b)
met behulp van een roterende fluxmeter. Het shimprofiel en de ra-
diale vorm van de poolschoenen werden hiermede bepaald.

Het weerstandnetwerk, dat o. a- gebruikt wordt voor modelmetin-
gen aan electrostatische lenzen, is het onderwerp van $ 14.

Hoofdstuk I I I .  Construct íe uan de separator

De construct ie  van de belangr i jkste onderdelen van de separa-
tor wordt achtereenvolgens in de $$ 15 - 2L behandeld.

Het  juk werd u i t  s ta len p laten samengeste ld,  welke p laten door
bouten worden samengehouden.

Het  werk aan de bekracht ig ingsspoel  bestond o.  a.  u i t  het  iso-
leren en aaneenlassen van de stukken koperbuis en het  wikkelen
van de spoe1. Speciale aandacht moest besteed worden aan de aan-
s lu i t i ngen  van  de  ve rsch Í l l ende  l agen  van  de  spoe l ,  d i e  e lec -
t r isch in  ser ie,  maar voor  het  koelsysteem f rara l le l  geschakeld
zijn

De poolschoenen,  welke een speciaal  prof ie l  bezi t ten ter  ver-
kr i jg ing van de ju is te veldvorm, vormen de boven- en onderz i jde
van de yacuumkamer.  De zí jwanden van deze kamer bestaan u i t
mess ingp la ten .  De  a fd i ch t i ng  gesch ied t  me t  rubbe r  op  ana loge
wijze als bij het Amsterdamse cyclotron.

Het huis van de ionenbron is geheel van grafiet vervaardigd,
waarbi j  de voorplaat  met  u i t t reespleet  afneembaar is .  De g loei -
draad is van 2 mm dik wolframdraad. De bron wordt gedragen door
een tweeta l  dubbelwandige roestvr i j  s ta len buizen,  d ie met  water
gekoeld worden. Door een dezer buizen steekt de gloeidraadhouder,
d ie bestaat  u i t  een coaxiaal  s te lse l  watergekoelde koperbuizen.
Door de andere buis steekt de drager van een oventJe voor het in-
la ten van vaste stof fen.  De hoogspanningsisolat ie  wordt  gevormd
door twee 40 cm lange porceleinen buizen.

De beide e lect roden van het  versnel l ingssysteem z i jn  van gra-
fiet en worden gedragen door roestvri j stalen buizen.

Bi jzondere zorg moest  worden besteed áan het  voorkomen van
hoogspann ingsdoo rs lagen  en  -on t l ad ingen ,  d ie  b i j  de  geb ru i k te
configuratie in het magneetveld zeer gemakkeli. jk kunnen optreden.
Het  was daarom nodig,  een ste lse l  afschermkappen op ger inge on-
derlinge afstand aan te brengen.

Een uitgebreid systeem van baffles is gemonteerd in een roest-
v r i j  s t a l en  voe r i ng ,  d ie  i n  de  vacuumkamer  i s  gep laa ts t .  Deze
baffles dienen om de afmetingen van de ionenbundel te begrenzen,
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om ongewenste reflecties van ionen tegen de wanden yan de vàcuutn-
kamer tegen te gaan en om verontreiniging van deze wanden door
het neerslaan van de ingelaten materialen te voorkomen. 0m moei-
I i jk condenseerbare dampen (vooral chloor) neer te slaan is in de
ponplej.ding een baffle aangebracht, die met behulp van vloeibare
lucht tot - 1800 C wordt gekoeld.

De  co l l ec to r  bes taa t  u i t  een  s tev ige  wa te rgekoe lde  kope ren
p laa t ,  waa rop  kamers  me t  pa ra l l e l og ram-vo rm ige  doo rsnede  ge -
schroefd worden, enigszins schuin t.o.v. de binnenkomende ionen-
bundel .  Het  mater iaal  van de kamers (bv.  41,  Cu,  C,  Ag)  wordt
vastgesteld in overleg met de kernpfursici, die de gescheiden iso-
topen gaan gebruiken. Tijdens het instellen van de separator wor-
den de opvangkamers door middel van een van buiten af bedienbare
klep afgesloten,  om verontre in ig i .ng van de targets door  andere
isotopen te voorkomen.  De met ingen t i jdens het  inste l len worden
ui tgevoerd met  behulp yan een meetelect rode met  smal le spleet ,
d ie z ich,  b i j  gesloten k lep,  voor  een der  opvangkamers bevindt .

Hoo fds tuk  IV .  E lec t r i sche  i r . s ta l l a t i e  en  uacuum sys teem

De opwekking en e lect ronische stabi l isat ie  van de bekracht i -
gingsstroom van de magneet is het onderwerp van $ 22. De geli jk-

stroom (max. 100 Amp) wordt opgewekt door middel van een geli jk-
stroomgenerator en een aanvullend aggregaat bestaande uit een 6
phase t ransformator  met  selenium gel i jkr ichtcel len.  Het  maxirnale
vermogen is 30 kW. De constantheid van de stroom is 1 : 104.

In $ 23 worden de laatste afwerking van de poolschoenen en de
metingen van het magneetveld (volgens de methode van Grassot) be-
schreven.  De overeenkomst van de veldvorm met de theoret ische
vorm is binnen 1%o.

De elect r ische voeding van de ionenbron wordt  in  $ 24 behan-
deId.  Deze voedingsinsta l la t ie ,  d ie z i jn  energie kr i je t  u i t  een
10 k lV dr iephase scheid ingstransformator ,  bevindt  z ich geheel  op
hoogspanningsnlveau en is opgesteld binnen in een coronakap. De
benodigde geli jkstromen en spanningen worden geleverd door twee
sets,  e lk  bestaande u i t  een dr iephase t ransformator  met  gel i jk-
r i ch t ce l l en .  Deze  t rans fo rma to ren  k r i j gen  hun  spann ingen  van
dr iephase var iacs,  d ie m.b.v.  servomechanismen t i jdens het  be-
dr i j f  geregeld kunnen worden.  De boogstroom in de ionenbron is
gestabi l iseerd.  In  de coronakap bevÍnden z ich voor ts  de e lect ro-
n ische stabi l isator  voor  de versnel l ingsspanning,  het  waterkoel -
systeem van de ionenbron, bestaande uit een autoradiator met ven-
t i la tor  en perspomp, en een var iac voor  de voeding van de oven
van het inlaatsysteenr.

De hoogspanningen yoor  het  versnel l ingssysteem 1g 25)  worden
verkregen met behulp van transformatoren en geli jkrichtbuizen. De
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versnel l ingsspanning is  I  :  2500 gestabi l iseerd en wordt  verkre-
gen van een installatie, die maximaal 50 kV, 100 mA kan afgeven.
0m het massaspectrum op een oscil lograafscherm zichtbaar te maken
kan  deze  spann ing  bovend ien  gemodu lee rd  wo rden  me t  max imaa l
1000 V, 50 perioden.

De negat ieve hoogspanning voor  de lens kan tot  15 kV worden
opgevoerd. Beide hoogspanningen zijn continu regelbaar met behulp
van 3 phase variacs.

$ 26 behandel t  de met ingen aan de col lectorz i jde.  Het  instet -
len van de separator geschiedt aan de hand van het massaspectrum,
dat  op een osciJ lograafscherm bekeken kan worden.  T i jdens het
separeren kan de totale collectorstroom worden afgelezen, terwij l
de opgevangen hoeveelheid mater iaal  door  een st roomintegrator
wordt aangegeven.

In $ 2? worden maatregelen genoemd tegen verontreiniging van
de opgevangen isotopen door verschuivingen en verbredingen van de
afbeeldingen. Verschuivingen worden gecompenseerd door regelj,ng
van  de  ve rsne l l i ngsspann ing .  A l s  de  a fbee ld ing  z i ch  ve rb reed t
wordt de klep voor de collectorkamers automatisch gesloten, ter-
wi j l  a larm wordt  gegeven.  Hetzel fde gebeurt  a ls  er  teveel  hoog-
spanningsdoorslagen bij de ionenbron optreden.

In $ 28 wordt  het  vacuumsysteem beschreven.  Het  voorvacuum
wordt  geleverd door een roterende Kinneypomp (18 l /sec b i j  0 .02
mm Hg) .  Ve rde r  z i j n  aanwez ig  een  Ph i l i ps  boos te r  pomp en  een
Phil ips 3 traps fractionnerende hoogyacuum pomp (5000 1/sec bij
10-s mm Hg).  Beide werken met  s i l icone o l ie .  De o l ie  baf f le  wordt
tot -30o gekoeld door middel van een koelmachine. De druk wordt
afgelezen op een thermokorrpel manometer (voorvacuum), een Penning
manometer en een Macl,eod manometer. Een omloopleiding maakt het
moge l i j k  l uch t  i n  de  sepa ra to r  t oe  t e  l a ten  en  deze  l a te r  t o t
voorvacuum te verwi jderen,  terwi j l  de hoogvacuumpompen bl i jven
doorwerken.  Luchts lu izen b i j  de ionenbron en de col lector  maken
handel ingen aan deze insta l la t ies (b.v .  r 'erwisselen van een g loei -
draad) mogeli jk zonder lucht in de vacuumkamer te laten.

Het  gebruik  van Dikkers Jenkins balafs lu i ters en van Simmer-
ringen in het hoogvacuumsysteem worden genoemd.

In $ 29 wordt het toevoeren van de te scheiden materialen naar
de ionenbron behandeld. Gassen en dampen van laag kokende vloei-
s to f f en  wo rden  v ia  een  rege lbaa r  l ek  i nge la ten .  Vas te  s to f f en
worden in een oventj e gebracht, dat zich in één der dragers van
de ionenbron in het vacuum bevindt.

In  $ 30 wordt  een overz icht  gegeven van de ta l r i jke bevei l i -
g ingen,  waarvan de separator  voorz ien is .  Behalve de bescherming
van personen tegen het aanrlken van onder spanning en onder hoog-
spanning staande onderdelen,  is  een uÍ tgebreid systeem aanwezig
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om de verschi l lende apparaten te bevei l igen tegen eventueel  op-
tredende storingen in de electrische circuits, in de koelingen en
in het vacuum.

$ 31 beschrijft hoe de separator, in hoofdzaak vanaf een drie-
tal centrale kasten, bediend wordt.

Hoo fds tuk  V .  Expe r i nen te le  resu l t a ten

In S 32 worden de resultaten weergegeven van een aantal metin-
gen, die tot doel hadden de invloed van verschil lende grootheden
op de col lectorst room en het  scheidend vermogen te onderzoeken.

Het was niet mogeli jk een goed oplossend vermogen met de Heil-
bron te verkr i jgen.  Dl t  wordt  geweten aan de sterke ru is  in  de
ont lading tengevolge waarvan de ru imteladingscompensat ie in  de
beam onvoldoende is. Daarom is uitsluitend verder gewerkt met de
boogbron.

Het  oplossend vermogen b l i jk t  s terk af  te  hangen van de ont-
ladingstoestand (boogstroom en -spanni-ng, gasdruk) in de bron,
verder van de versnell ingsspanning en de negatieve lensspanning.

Bij gasvormlge inlaatstoffen bestaat er een optimale werkdruk
in de bron met  betrekking tot  de col lectorst room. Er  z i jn  aan-
wi jz ingen,  dat  een belangr i jk  deel  van het  ver l ies van ionen ln
de vacuunkamer door omlading veroorzaakt wordt.

Voor enkele in laatstof fen is  de atoom-molecule verhouding in
de ionen output bepaald als functie van de ontladingstoestand in
de bron.

Tenslot te werden de inv loed van de breedte van de ionen u i t -
treespleet en van de plaats van de collector nagegaan.

In S 33 wordt een beschrijving gegeven van enkele uitgevoerde
proefseparat ies.  In  totaal  werden opgevangen:  ca.  50 mg Zn,  3O
mg Mg en 1100 mg U.

Alleen van de Zn isotopen werd een massaspectrometrische ana-
lyse gemaakt. Enkele onvolkomenheden in het apparaat, die ti jdens
de proefseparaties naar voren kwanen, werden verbeterd.

In de laatste paragraaf  wordt  een overz icht  van de huid ige
stand van zaken gegeven. Vele separaties zijn mogeli jk maar alge-
hele universal i te i t  is  nog n iet  bere ik t .  Begrenzingen z i jn :  het
oplossend vermogen (max. 180), de dampspanning van de te scheiden
stof fen (zowel  gassen a ls  s tof fen met  zeer  lage dampspanning
leveren moei l i jkheden op)  en de ef f ic iency.  Deze Taatste is  van
de orde van enkele 7o, hetgeen voor zeer kostbaar lnlaatmateriaal
te laag is .

illogelijkheden van verdere ontwikkeling worden genoemd.
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1. Vermeulens beschouwingen over dimensies en eenheden zijn aan-
vechtbaar.

R .  Ve rmeu len .  Ph i l .Res .Bep .  7  ( t 952 )  482 .

2. De theorie van Schwartz over de .electronenpomp" is onjuÍst.
H .  Schwar t z .  Rev .  Sc i .  I ns t r .  24  (1953 )  3?1 .

3.  Bi j  de calor imetr ische bepal ing van ionenstromen met ener-
gieën van enkele keV kan een aanzienli jke systemati.sche fout
ontstaan door sputteringseffecten.

H .  A l f vdn  en  H .J .  Cohn -Pe te rs .  A rk .Ma t .As t r .Fys .  31A
( 1 e 4 4 )  1 8 .

4. Looptijdmethodes toegepast in de massaspectrometrie zijn on-
bruikbaar voor isotopenscheiding op grote schaal.

5. Bij de metingen van de rotortemperatuur van ultracentrÍfuges
met een thermistor dient men de weerstandsverandering van de
thermistor bij mechanische bel asting in aanmerking te nemen.

D .F .  l { augh  en  D .A .  Yphan t i s .  Rev .Sc i . I ns t r .  23  (1952 )
609 .
C . W .  H i a t t .  R e v . S c i . I n s t r .  2 4  ( 1 9 5 3 )  1 8 2 .

6.  Demonstrat ieproeven voor  therrnodi f fus ie,  u i tgevoerd met  een
He- luchtmengsel  z i jn  over tu igender dan d ie,  waarbi j  gebruik
wordt gemaakt van een Brr-luchtmengsel.

?.  De vraag,  of  een pr imair  e lect ron in  een osci l lerende magne-
t i sche  gason t l ad ing  na  ódn  osc i l l a t i e  wee r  i n  de  ka thode
terugkeert, is van geen betekenis voor het ioniserend vermo-
gen van dat electron.

P . C .  V e e n s t r a  e n  J . M . W .  M i l a t z .  P h y s i c a  1 6  ( 1 9 S 0 )  5 2 8 .

8.  Drukmet ingen,  u i tgevoerd met  een Macleod-manometer  geven,
ook bij gassen, systematisch een te lage uitkomst.

9. De opgave van Setlow over de opbrengst van zijn ionenbron is
misl eidend.

R . B .  S e t l o w .  R e v . S c i . I n s t r . 2 0  ( 1 9 4 9 )  b b 8 .



10. De regel,  dat het oplossend vernogen van een electronen-
microscoop maxinaal een tiende van de obJectdikte bedraagt,
ls slechts op benaalde gevallen toepasbaar.

Y .E.  Coss le t t ,  Prac t lca l  E lec t ron  H lc roscopy  1951.
p  1 6 8 .

11. De door WÍlkinson gegeven vergelljking voor het .opbouren"
van teller stoten kan in eenvoudiger vorn gegeven rorden.
Zljn resulraten volgen dan ult de taplace transfornatie.

D.H.  l l l k lnson.  Ion iza t lon  Chanbers  and Counters .
1 9 5 0 ,  P  2 5 1 .

BU de constructie van een electromagneet met staalkern is
het voordel ic de bekrachtigingsspoel zodanlg te ontwerpen,
dar, de afschrijvingskosten hiervan ongeveer celijk zlJn aan
de som van verbruiks- en afschrijvingskosten van de voedings-
install atie,

Ten behoeve van de verkeersveiligfieid dienen de voorrangs-
regels blj T-kruisingen van gelijkraardige wegen gewiJzlgd te
worden.
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