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Since their advent s ix  years  ago polarized 
ion sources  have been successfully installed in 
15 accelerators  of various types around the 
world, including FF, FM, and isochronous 
cyclotrons. The advantages of sources  over 
nuclear reactions for  providing polarized par t i -  
c les  a r e  (1) g rea te r  intensity, (2)  control of 
polarization mode and direction, and (3)  freedom 
from background radiation f rom the p r imary  
target.  Currently operating polarized ion sources  
can produce several  tenth-microamperes of up to 
8070 polarized protons o r  10070 polarized deuterons 
and negative ion currents  a thousand t imes smal -  
l e r .  Basic principles and recent developments 
in polarized ion source design and technology will 
be reviewed, with particular reference to the 
problems peculiar to cyclotrons. Some of the 
major  contributions to polarized ion source 
development have been made a t  cyclotrons labo- 
ra tor ies ,  f i r s t  a t  CERN and la te r  a t  Saclay, 
where the powerful adiabatic passage process  for  
inducing hyperfine transit ions has been extensively 
developed. More recently, the achievement of 
axial injection a t  Birmingham and the successful 
acceleration of polarized particles in the isochro- 
nous cyclotrons there  and a t  Saclay indicate that 
polarized ion sDurces installed on this la tes t  
range of cyclotrons could provide the most  power- 
ful tool yet for  examining nuclear polarization 
phenomena in the intermediate energy region. 

Introduction 

By now the principles of "conventional" 
polarized ion sources  (those based on the Stern-  

Invited Paper  

cover the design of conventional sources  in great 
detail, but will be concentrated on 

(i) recent development in conventional 
sources  

(ii) polarized ion sources  based on the 
selective quenching of metastable 
hydrogen atoms 

(iii) problems and peculiarit ies of using 
polarized ion sources  with cyclotrons. 

Do their  operational advantages justify the 
expense and complication of building polarized 
ion sources? Experimental evidence indicates 
that they do. Sources a r e  now in operation on 15 
accelerators  around the world including the cyclo- 
t rons  a t  Saclay and Birmingham; others  a r e  under 
construction a t  Milan, Grenoble and Lyon, o r  a r e  
being planned a t  many other cyclotron laborator ies .  

While scattering from an internal target  i s  
attractive in i ts  simplicity and has been able to 
provide adequately intense polarized beams for 

many experiments,  polarized ion sources  a r e  
undoubtedly capable of producing more  intense 
beams sti l l .  F o r  instance, a t  ORIC where beams 
of 2 X 108 2870 polarized protons have been pro-  
duced with a 10 p 4  beam on an external target an  
improvement by a t  leas t  two orders  of magnitude 
can be expected with a conventional polarized ion 
source. Sources a r e  in fact a t  a particular ad-  
vantage in the intermediate energy region (10 - 
100 MeV) a s  the polarization produced by scat-  
tering is  low a t  forward angles where the c r o s s -  
section is  high. 

Besides this advantage of 

Gerlach separation of the hyperfine s ta tes  in an (i) higher intensity 
1 

atomic beam ) a r e  fa i r ly  well known and their polarized ion sources  a lso give 
design has been described in detail in many 

( i i )  control over polarization magnitude and 
publications, conference proceedings2' and 

6 direction; reversing the spin direction 
reviews. In particular,  ~ h i r i o n ~  and Powell 

between runs enables instrumental 
have discussed the acceleration of polarized ions 

asymmetr ies  to be eliminated 
in cyclotrons. This talk, therefore,  will not 
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( i i i )  control  over the relative amounts of 
vector and tensor  polarization in the 
case  of deuterons 

( iv)  f reedom f rom f i r s t - sca t t e red  radiation 
which may  block o r  produce undesirable 
background in the detectors  when double 
scat ter ing i s  used 

(v)  energy resolution and beam emittance a s  
good a s  those of the p r i m a r y  beam f r o m  
the acce le ra to r .  

"Conventional Polar ized Ion Sources" 

These  sources  a r e  basically atomic beam 
systems scaled up to inc rease  the beam intensity; 
they consist  of an  atomic beam source ,  a m a g -  
netic and lo r  radiofrequency s ta te  se lector  and 
an ionizer,  a l l  in a differentially pumped high 
vacuum system.  Such a polarized ion source  5 

which injects an  atomic beam radially into the 
22 MeV synchrocyclotron a t  Saclay and has  been 
in operation since 1962 i s  i l lustrated in F igure  1. 
F igure  2 shows an alternative scheme in use  a t  
Birmingham, utilizing axial  injection. 

Atomic Beam Sources 

The molecules in hydrogen o r  deuterium 
gas a r e  broken up into a toms by electron bombard-  
ment  in an e lec t r i c  discharge,  generally an rf 
e lec t rodeless  discharge in a pyrex glass  tube, a s  
me ta l s  catalyze atomic recombination. The 
arrangement  i s  s imi la r  to that of an rf ion source ,  
except that no extraction voltage i s  applied a t  the 
exit aper ture .  In general  the discharge i s  capaci-  
tatively coupled a t  the higher p r e s s u r e s  (above 0 . 5  
t o r r )  and inductively coupled below. Up to 9070 
dissociation has  been repor ted in clean tubes using 
sufficient power. Magic surface  t rea tments ,  
water  vapor and moderate  cooling a l l  reduce the 
power required,  but cooling the gas  leaving the 
discharge with liquid nitrogen has  a bad effect on 
the degree  of dissociation. 

Exit  ape r tu res  take some f o r m  which can 
produce a d i rected beam,  limiting the number of 
a toms emerging off the beam axis ,  a s  these  r a i se  
the res idual  gas p r e s s u r e  and reduce the beam 
intensity by scattering.  F o r  molecular flow this 
i s  achieved by using long na r row channels,  for  

fluid flow by a shaped nozzle. In pract ice ,  these 
r emain  ideal c a s e s  a s  the source  p r e s s u r e s  used 
a r e  in the intermediate region where the mean 
f r e e  path i s  of the same  o r d e r  of magnitude a s  
the ape r tu re  d iamete r .  Never theless ,  effusion 
channels (somet imes severa l  thousand 0. 1 m m  
capi l lar ies  stacked together6) have been found to 
give the bes t  resul ts  where  pumping i s  l imited 
and source  p r e s s u r e s  a r e  below 0. 3 t o r r ,  while 
holes o r  nozzles7 have been found bes t  above that 
p r e s s u r e .  

Generally speaking, the higher the source  
p r e s s u r e  the higher the forward beam intensity 
available; however, the maximum useful p r e s s u r e  
i s  probably below 5 t o r r  because the increas ing 
importance of th ree  -body recombination in the 
body of the gas  a t  higher p r e s s u r e s  l imi ts  the 
atomic fraction of the beam.  The p r e s s u r e  that 
can be used depends on the pumping speed avai l -  
able;  with cyclotrons the source  may  be a t  ground 
potential so  the re  a r e  not the s a m e  power and 
space l imitations on pumping that a r e  associated 
with Van de Graaffs  l inacs ,  etc.  Sources utilizing 
multi-channel nozzles a r e  claimed to yield atomic 
beam intensit ies of up to 1016 a t o m s l s e c  through 
the separating magnet fo r  a source  p r e s s u r e  of 
0 . 2  t o r r  and gas  flow of 0. 3 c c / s e c  a t  STP.  The 
highest corresponding figures for  nozzles a r e  
5-9 X 1016 a t o m s l s e c  for  a source  p r e s s u r e  of 
2 - 3 t o r r  and gas  flow of 6 - 9 c c l s e c .  An 
important pa r t  of the nozzle design i s  matching 
the f i r s t  coll imator ( o r  "skimmer")  to the nozzle 
a t  such a position that attenuation of the beam by 
scat ter ing i s  minimized in the f i r s t  of the dif- 
ferent ia l  pumping regions.  16 

State Selection 

The Stern-Gerlach separation of an  atomic 
beam into i t s  sepa ra te  spin s ta tes  in an inhomo- 
geneous magnetic field depends on the different 
fo rces  exer ted on thei r  different magnetic m o -  
ments .  In a s t rong magnetic field the magnetic 
moment p of a n  e lect ron in a hydrogen atom i s  
decoupled?rom the nuclear  magnetic moment 
pN; since p i s  about a thousand t imes  l a r g e r  

B . .  
than p the splitting of an  atomic hydrogen beam 

N 
in an  inhomogeneous magnetic f ield will depena 
a lmost  ent i re ly  on the electron spin projection. 
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Atoms with e lect ron spin para l le l  to the magnetic 
field ( spin "up") have a negative magnetic m o -  
ment  and a r e  deflected towards weaker  fields;  
spin "down" a toms a r e  deflected towards s t ronger  
fields.  In polarized ion sources ,  a s  in m a s e r s ,  
the tradit ional "two-pole" Stern-Gerlach magnet 
has  given way to 4 and 6-pole magnets ,  fo r  r e a -  
sons of intensity; the axial  symmet ry  ensures  
that spin up a toms a r e  always deflected towards 
the axis  (focused) while those with spin down a r e  
deflected away (defocused) and los t  f rom the beam.  
Multipole magnets in use  range f rom 30-80 c m  in 
length and achieve maximum pole-tip fields of 
6-10 kOe over  ape r tu res  of 6-10 m m ;  separating 
efficiencies of over 9570 a r e  obtained. Shor ter  
magnets ,  acting a s  thin l enses ,  m a y  be used 
when l a rge  object o r  image distances a r e  required 
o r  acceptable;  however,  the re  i s  considerable 
d ispers ion because of the Maxwellian velocity 
spread in an  atomic beam.  Electromagnets may  
be used in de luxe sys tems ;  they give g r e a t e r  
flexibility, and enable an  es t imate  of beam polar i -  
zation to be made independently of scat ter ing by 
comparing intensit ies with the magnet on and off. 

F o r  spin half par t ic les  the polarization i s  a 
vector defined by 

P =  <U) = N  - N  - - + - 
where  E i s  the Paul i  spin operator  and N a r e  the 

t 
fractional populations with spin up and - 
down relative to the polarization axis .  The beam 
emerging f rom the separating magnet i s  a lmost  
completely polarized in e lect ron spin (i. e . ,  
exis ts  in a single spin s ta te)  but s t i l l  unpolarized 
in nuclear  spin I ( I  = 112 for  the proton, I = 1 for  
the deuteron).  The 21 t 1 nuclear  spin substates 
remain equally populated. 

Two methods have been used to produce 
nuclear polarization: 

(i) passing the a toms adiabatically (without 
change of s ta te)  f rom the strong m a g -  
netic field of the separating magnet into 
a weak magnetic field for  ionization. 
The increasingly strong hyperfine coup- 
ling between the electron and nuclear  
spins in weaker  fields s h a r e s  the 
electron polarization with the nuclei. 
F o r  hydrogen a toms (Fig .  3) where  

s ta tes  1 and 2 (equally populated) a r e  
selected by the magnet the e lect ron 
polarization falls  f rom 10070 to 5070 in 
to ze ro  field, while the proton polar iza-  
tion r i s e s  f rom zero to 50%; a s imi la r  
effect i s  observed for  deuterium. In 
pract ice  the magnetic field i s  not actually 
reduced to zero  in the ionizing region a s  
depolarization would resul t  f rom the 
degeneracy of the s ta tes  the re ;  a field of 
a few oer s t ed  i s  maintained there  to 
define the polarization ax i s .  An a r range  - 
ment  with th ree  mutually perpendicular 
Helmholz coils  enables any direction to 
be chosen. 

(ii) by inducing t ransi t ions  between cer ta in  
hyperfine s ta tes  by means  of radio-  
frequency fields.  The transit ions in te r -  
change the populations of the s t a t e s ,  and 
if these  a r e  differentially populated, a s  
they a r e  in an  atomic beam which has  
undergone Stern-Gerlach separation,  a 
suitable choice of transit ions may  enable 
high nuclear  polarizations to be obtained. 
F o r  instance,  in the case  of hydrogen 
a toms the transit ions between s ta tes  2 
and 4 will yield near ly  10070 proton 
polarization if the a toms a r e  subse - 
quently ionized in a strong magnetic 
field. In low magnetic fields where  
s ta tes  1 ,  2 and 3 a r e  near ly  equi-spaced 
a t ransi t ion may  a l so  be effectively in-  
duced between s ta tes  1 and 3 yielding 
-1 0070 proton polarization.  Switching 
f rom one transit ion to another may  thus 
be used to r e v e r s e  the sign of the vector 
polarization, a useful technique in  e l imi-  
nating ins t rumental  effects in a symmet ry  
measurements  - -  especially where a 
polarized atomic beam i s  drifted to the 
center  of a cyclotron for  ionization and 
the direction of the magnetic field the re  
cannot be  reve r sed .  

Radio -Freauencv Transit ion Methods 

Abragam and win te r8  pointed out that for  
polarized ion sources  i t  i s  convenient to induce 
t ransi t ions  by the "adiabatic passage" ra the r  
than the "exact resonance" method conventional 
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in molecular beam work. Exact resonance t r a n -  
si t ions take place in a homogeneous magnetic 
field and a r e  capable of yielding ve ry  p rec i se  
frequency measurement .  However, the transit ion 
probability depends on the t ime the atom spends 
in the rf field, so that fo r  an atomic beam with 
the normal  velocity distr ibution i t  i s  not possible 
to exceed a transit ion probability of 76%. 

Adiabatic passage t ransi t ions ,  on the other 
hand, require  the "static" field to pass  slowly 
through the resonance value while the atom i s  in 
the rf field. In the method's original  application 
by   loch^ to nuclear  induction experiments in 
bulk mat t e r ,  this was achieved by imposing a 
smal l  audio-frequency oscillation on the static 
field. With an atomic beam the same  effect i s  
achieved by passing the a toms through a magnet 
with a tapered aper tu re  so that the magnetic 
field strength va r i e s  along the beam path. The 
advantages over exact resonance a r e  that 

( a )  the conditions to be satisfied a r e  about 
100 t imes  l e s s  r igorous 

(b) if the conditions a r e  satisfied 10070 
transit ion probabilities can be achieved. 

All that i s  required i s  that both the dc and 
rf fields seen by the atom change m o r e  slowly 
than the spin precess ion frequency yH (y i s  the 
gyromagnetic ra t io) .  F o r  the transit ion inverting 
the spin of a spin-half part icle the conditions 
turn  out to be just 

2 
yH1 >> dH/dt 

y(AW2 >> (dHr/dt)max 

where  the static field H var ies  by 2AH over the 
length of the rf region and H i s  the maximum 
value of the rotating rf field k . The same  

r. 
conditions a r e  valid for  transit ions between any 
s ta tes  p and q not involved in other transit ions 
provided we attr ibute them to fictitious spin-half 
par t ic les  with gyromagnetic ra t io  y '  in a static 
field H' and rotating field H' re la ted to the r ea l  
fields H and H by 

1 
1 

-ylH'  = 
P9 

(H) 

where  w i s  the frequency and V the m a t r i x  
element 48r the t ransi t ion.  ~ v a l g & i o n  of the two 
conditions indicates the existence of a sa t is factory  
region in H -AH space,  and in general  they can 

1 
be eas i ly  satisfied for  a l l  but the fas tes t  a toms .  
The lack of precis ion required i s  indicated in 
F igure  4 showing the wide range of magnetic 
field over  which the Auckland roup could measure  
a high transit ion probability. l' A transit ion of 
99. 5 f 0. 570 has been measured  for  one transit ion 
a t  Saclay, l1 and a lower l imit  of 96 * 370 has  been 
assigned to  the sys tem in the polarized proton 
source  a t  the Rutherford Laboratory l inac.  l 2  

Polar ized Deuteron Beams 

Before discus sing methods of obtaining dif - 
ferent  modes  of deuteron polarization, i t  will 
be worthwhile to t r y  to shed a l i t t le light on that 
myster ious  subject i tself .  The three  spin s ta tes  
of a deuteron (spin projection m = + l ,  0, -1) 

I 
make i t s  polarization ra the r  m o r e  complicated 
than that of the two-state proton. In fact the 
polarization of a beam of deuterons require  a 
3 X 3 density ma t r ix  fo r  i t s  full description; 
this may  be expressed a s  a l inear  combination 
of 9 independent Hermitean mat r i ces ,  of which 
we may  conveniently associa te  one with beam 
intensity, th ree  with vector polarization, < T ) l k  
o r  P = < Si) and five with tensor  polarization, < T;~) o r  P , .  = ( 3 1 2 )  <SiSj+S.S.) - 2aij. The 

1J J 1  

T JM operators  t r ans fo rm like the spher ical  
harmonics  Y under rotations;  although 

JM 
these  give what i s  probably the most  physically 
significant description of deuteron polarization 
the re  a r e  unfortunately a t  l eas t  th ree  different 
definitions of thei r  relative and absolute mag-  
n i t u d e ~  in use .  Instead we shall  use the s y m -  
metr ized polarization pa ramete r s  P .  and P. 
defined in t e r m s  of the spin operato:s S. 
by Schiff. l 3  

In most  pract ica l  c a s e s  the number of non- 
ze ro  polarization components may  be reduced by 
a suitable choice of axes .  In par t icular ,  when 
the re  i s  axial  symmet ry ,  a s  there  i s  for  the 
beam f rom a polarized ion source  about the de -  
fining magnetic field along say,  the z-axis ,  the 
only non-zero components beside the unit ma t r ix  

Proceedings of the International Conference on Isochronous Cyclotrons, Gatlinburg, Tennessee, 1966

Reprinted from IEEE Transactions on Nuclear Science NS-13 (4), Aug 1966 c© IEEE 1966 C-001



CRADDOCK: POLARIZED ION SOURCES 

are:  

< T ~ ~ >  - PZZ = 1 -3N : -2P = -2P 
0 XX YY 

In this case  it i s  sufficient to know the relative 
fractional populations of the three  s ta tes  ( N  

t' No' 
N ). P i s  generally re fe r red  to a s  the "vector 

Z. pGlarizat~on" and P a s  the "tensor polarization" 
zz 

o r  "alignment" giving the relative populations of 
the middle and outer s ta tes .  

The polarization state of such a beam i s  
represented by a point inside the triangle in F ig-  
u r e  5; the lengths of the perpendiculars to the 
sides indicate the fractional populations of the 
s ta tes .  F r o m  the. equations above we can also 
see  that orthogonal P and P axes can be 

zz 
superimposed on the friangle.  The restriction of 
polarization values to a triangle here  may be 
generalized in the case  of polarization produced 
in simple nuclear reactions,  where <T22) may 
also be the non-zero, to res t r ic t ion within a 
cone cutting the polarization ellipsoid (the "Lakin 
inequality"14). 

The Saclay group 5 '  l l has been chiefly 
responsible for developing the adiabatic passage 
transit ion method, particularly for  deuterium 
atoms. They use a sequence of three  transit ion 
systems (Fig. 1) in various combinations, giving 
them the six different modes of polarization in-  
dicated by the smal l  tr iangles in Figure  5. By 
switching regularly every 2 psecs between these 
combinations in phase with the detection equip- 
ment they a r e  able to eliminate instrumental 
asymmetr ies  and isolate the effects of pure vector 
and pure tensor polarization. With this scheme, 
using a single separating magnet, i t  i s  possible 
to reach any polarization value inside the dashed 
hexagon in Figure  5. Referring to the Breit-Rabi 
diagram for  deuterium (Fig. 6 )  we see that three  
hyperfine states a r e  selected in the magnet; no 
mat te r  how many rf transit ions a r e  subsequently 
made, we can never shunt these selected atoms 
into fewer than three s ta tes .  As the re  a r e  only 
two states available for  each nuclear spin state,  
no more  than 213 of the atoms can ever  be put 
in the same spin state,  hence the restriction to 
the hexagon. 

An alternative scheme which can yield beams 
in pure deuteron spin s ta tes ,  with the loss  of some 
intensity, has been roposed by Clausnitzer,  Hess 
and von EhrensteinR and i s  under construction a t  
Argonne. It i s  s imilar  in principle to the "flop- 
out" methods of atomic beam magnetic resonance. 
Instead of one, two multipole separating magnets 
a r e  used, each being followed by a choice of rf 
transit ion. The f i r s t  transit ion enables a fourth 
hyperfine state to be rejected in the second mag-  
net; the remaining atoms can then be shunted into 
two s ta tes  with the same nuclear spin projection 
using the second transit ion. The polarization can 
be switched regularly between the three  pure spin 
s ta tes  represented by the vertices of the triangle,  
and other modes of polarization can also be used. 
The one-third reduction in intensity only partially 
offsets the improvement in polarization since the 
quality factor of a polarized beam (inversely pro - 
portional to the t ime required to obtain a given 
accuracy in an asymmetry measurement )  i s  
(polarization)2 X intensity and this is  5070 greater  
than for  single magnet systems.  Whether this 
improvement will be obtained in practice remains 
to be seen - -  certainly the gap between the mag-  
nets must  be kept a s  short  a s  possible to minimize 
any mismatch between them. 

Ionizers 

Ionization of the atoms i s  accomplished by 
electron bombardment. In general the designers 
of the f i r s t  generation of polarized sources  were 
content to avoid the complications of rf transition 
systems and obtain a modest polarization by ion- 
izing in a near ly-zero magnetic field. With the 
success  of these sources ,  however, and the use rs  
continual demands for  higher polarization, rf 
transit ion systems a r e  becoming a common feature ,  
and have required the development of ionizers 
which will operate efficiently in a strong magnetic 
field. 

At Saclay, where the polarized atomic beam 
is  drifted to the center of the cyclotron, a Penn- 
ing ionizer has always been used. An a r c  ionizer 
was found to give greater  currents  but complete 
depolarization. 
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In other sources  the magnetic field has 
generally been provided by a solenoid surrounding 
the ionizer.  Two ionizers  of this type which have 
been successfully used by Glavish e t  a13 a t  Auck- -- 
land and by Banford et  a13' l 2  a t  the Rutherford -- 
Laboratory a r e  i l lustrated in F igures  7 and 8; 
various operating pa ramete r s  a r e  l i s ted  in Table 1 

TABLE I 

Strong Magnetic Fie ld  Ionizers 
Auck- Ruther - Birming-  

Laboratory 
land ford ham 

Mag. F ie ld (0e )  1400 2000 180 
Anode voltage(V) 100-250 5000 585 
Emis  sion(mA) 25-40 0 . 1  25 
Stored current(mA) 50-80 4000 5 0 
Potential  depn(V) 20-50 4000 
Ion energy(eV) 5000 1000 11500 
Energy spread(eV) 20-50 400 
Ion current(p,A) 0 . 5  0 . 5 4  0. 017 
Ionizing effx(%) 0.041 0 .028 0 .06 - 
Beam emittance:: 2*(8570) 1. 1::(1007/0) 6(10070) 
::< 

The emittance units a r e  cm. r a d ( e v ) l I 2 .  The 
s t a r r e d  figures may r e f e r  to one quar te r  ra ther  
than the total  phase space a r e a .  

In both cases  a grid pulls off a smal l  cu r ren t  of 
e lect rons  f rom a tantalum filament into the ion- 
izing region, a cylinder 1. 5 -2. 5 cm in diameter  
and 20 c m  long. There  they sp i ra l  tightly round 
the magnetic field l ines,  being reflected back and 
forth between the ion extraction and fi lament-grid 
fields,  until space-charge limitation prevents the 
cu r ren t  building up any fur ther .  It i s  important 
that the solenoidal field should be homogeneous 
and that the filament be immersed  in it; increasing 
the magnetic field improves  the ionization effi- 
ciency in both ionizers .  The space charge poten- 
t ia l  depress ion confines the ions to the kegion of 
the axis where they a r e  removed by field pene- 
tration f rom the extracting electrode and focused 

filling the whole ionizing cylinder;  this should p e r -  
mi t  a higher space charge,  and therefore  ionizing 
efficiency, fo r  a given anode voltage, and should 
give a flat potential depress ion inside the electron 
beam,  reducing the divergence of the extracted 
ions. The ability of the Rutherford Laboratory 
ionizer to contain about 80 t imes  a s  many e lec -  
t rons  i s  presumably a consequence of the higher 
voltage and the three-halves power law. 

Although the efficiency of these ionizers ,  a 
few t imes  1 0 - ~ ,  sounds ra the r  poor, it mus t  be 
r emembered  that hydrogen has  one of the lowest 
atomic ionization c r o s s  sections.  The ion current  
f rom the RHEL ionizer i s  2 . 4  t imes  a s  great  a s  
the bes t  obtained f rom any weak magnetic field 
ionizer working in the same  apparatus .  At the 
same  t ime the use  of rf transit ions increased the 
proton polarization by a factor  of 1 .  9 to 66% so  
that the P'I quality factor fo r  the source  has  been 
improved by a factor of 8 .  6 overal l .  l 2  

The Birmingham ionizer described by 
powel13 i s  a l i t t le different f rom the other two. 
It operates  in the 180 Oe s t r a y  field of the 
cyclotron; this i s  just strong enough to decouple 
the nuclear and e lect ron spins in deuterium atoms 
though i t  would not do for  hydrogen a toms .  The 
idea behind the design i s  to minimize the ion beam 
emittance by neutralizing the e lect ron space charge 
and ionizing the a toms in a virtually field-free- 
region - -  that defined by the tank and the gr ids  of 
the anode and pre-extractor  (Fig .  9 ) .  Atkinson's 
measurements  l 7  show that the space charge 
should be neutralized in such a sys tem a t  a p r e -  
s u r e  of 3 X 1 0 - ~  t o r r .  A dr i f t  field of about 
2V/cm i s  maintained between the anode and p r e -  
ext ractor  grid to remove the ions,  which a r e  then 
accelera ted to 11. 5 keV in a near ly  para l le l  f ield 
into the s ix  einzel lenses  of the axial  injection 
sys tem (Fig .  2).  

by an ion optical sys tem integral  with the ionizer.  
If the ions that have been produced a r e  not 

to be wasted the emittance of the Ion beam mus t  
What i s  remarkable  about these  two ionizers  

match the admittance of the acce le ra to r .  The 
(o r  perhaps fortuitous) i s  that in spite of thei r  

emittances of a l l  three  ionizers  descr ibed h e r e  
very  different anode voltages and contained e lec-  

a r e  adequate in this respect .  The Auckland ionizer 
t ron cur ren t s ,  thel r  ionization efflciencies and 

i s  matched cor rec t ly  f o r  a van de Graaff; the 
beam emittances (though not Ion energy sp reads )  

Rutherford Laboratory  beam i s  5070 acceptable to 
a r e  so s iml la r .  The Auckland philosophy has 

the 500 kV HT injector to the l lnac,  and the 
been to use  a hollow elect ron beam ra the r  than 
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Birmingham emittance i s  much smal le r  than the 
16 cm.  r ad  ( e v ) l l 2  admittance of the axial  in -  
jection sys tem and the 17 cm.  r ad  
t ransmit table  phase space of the cyclotron. 

Negative Ions F r o m  Conventional Sources 

H-  o r  D -  ion beams can be produced f rom 
conventional polarized positive ion sources  b 
charge exchange p rocesses .  Haeberli  e t  a1 -- 1 8  

obtain conversion efficiencies of up to 170 fo r  
e lect ron pickup by polarized protons o r  deuterons 
in a carbon foil  a t  50 keV. This  yields cu r ren t s  
of up to 1 0 - ~ +  H- o r  D -  ions fo r  acceleration in 
a tandem (the t ransmit ted  cur ren t  i s  never  
smal l e r  than this because of the smal l  admittance 
of the acce le ra to r ) .  Within s ta t is t ics  the measure  
polarization i s  the same  a s  for  the positive ions.  
(As in the case  of ionization, e lec t ron pickup 
occurs  so quickly that the re  i s  negligible de -  
polarization).  An incidental resul t  of Drake ' s  
and Donnally's recent  work19 on charge exchange 
i n  caes ium and potassium vapor cel ls  (descr ibed 
m o r e  fully below) indicates that much higher 
conversion efficiencies may  be achieved. At 
700-1000 eV 15-2530 of a deuteron beam was con- 
ver ted to D -  in 10 micron-cm of caes ium,  with 
a negligible change in beam emittance.  

Conventional Sources - The P r e s e n t  Situation 

The present  capabilities of conventional 
polarized ion sources  a r e  perhaps bes t  s u m -  
mar ized  by quoting specifications which potential 
manufactbrers  a r e  offering: 

ion cur ren t  (guaranteed) 1. O +  

po1arization:deuterons (P  ) +9070 
P *6070 

protons (P ) *8O'-'i'o 
112 

total  beam emittance 8 cm.  r ad  (eV) . 

Figure  10 shows the intensit ies of the polar-  
ized beams f rom various acce le ra to r s  which use 
polarized ion sources ;  a lso  shown a r e  some of 
the mos t  intense polarized beams produced by 
scattering.  It may  be noted that the intensit ies 
reflect  the capabilities of the acce le ra to r  f a r  
m o r e  than those of the source!  The quality of 
m o s t  sources  approaches the specification given 
above. 

Polar ized Ion Sources Based on Selective Quench- 
ing of Metastable Hydrogen Atoms 

The fine and hyperfine s t ruc tu re  of the f i r s t  
excited s ta te  of the hydrogen atom i s  shown in 
F igure  11. Atoms excited to the 2P  s ta te  
decay to 1 s  ground s ta te  with an  k k c t i v e  l ife-  
t ime of T ;/?, 6 X 10-9 secs  by emiss ion of a 
1216% ~ ~ k a n - a l ~ h a  photon; a toms in the 2s 

1 / 2 s ta te ,  on the other hand, higher in energy by 
1058 M c / s  (the Lamb shift) a r e  metas table  in 
the absence of an  e lect r ic  field, being only able 
to decay by double quantum emiss ion,  fo r  which 
the l ifetime i s  117 sec .  In the presence of an 
e lect r ic  field, however,  the Stark  effect mixes  
the 2s and 2P  s t a t e s ,  so that a toms originally 

112 
:d in the pure  2s s ta te  lose thei r  metastabil i ty.  The 

2S l ifetime becomesZ1 

- 9 2 2 2  
= 0. 32 X 10 ( v  t 5 0  ) / E  s e c  

6 
where  h w  = 10 hv ( M c / s )  i s  the separation of the 
interacting 2s  and 2P  s ta tes  and V i s  the 

112 
m a t r i x  element of the perturbing e lec t r i c  field 
(E vo l t s / cm) .  The two 2s hyperfine "P" s ta tes  
with e lect ron spin down therefore  have a mini-  
m u m  lifetime in a magnetic field of about 575 Oe 
where  they over lap the two 2 P  "et '  

112 
s ta tes .  In 

the s a m e  field v = 2150 M c / s  so  that the l ife-  
t ime of the two & "a" s ta tes  with e lect ron spin 

2 
up i s  ( l t 4  w 9 ) o r  1850 t imes  longer.  If now a 
beam of me?isPable a toms i s  passed through a 
575 Oe field i n a  t ime intermediate between the 
a and p s ta te  l i fe t imes ,  a l l  the p a toms  will be 
quenched to the ground s ta te  leaving the remaining 
metas table  a toms  with 10070 e lect ron polarization.  
This  could be converted to nuclear  polarization in  
the same  ways a s  for  the Stern-Gerlach method, 
e i ther  by bringing the a toms adiabatically back 
into a low magnetic field o r  by inducing rf t r a n -  
si t ions.  That the pe cross ing could be the means  
of producing a polarized atomic beam was f i r s t  
pointed out by Lamb and Retherford themselves .  20 
The method i s ,  of course ,  applicable to deuterium 
a s  well a s  to hydrogen. 

The f i r s t  at tempt to produce a beam of 
polarized ions by this method was made by 
Madansky and Owen. 2 2  Although they were  able 
to observe e lec t r i c  quenching, they were  
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unsuccessful in thei r  ma in  a i m  because  they were  
unable to produce 

( i )  an  intense enough beam of metas table  a toms 
( i i )  a method of selectively ionizing the m e t a -  

s tables  in preference to the ground s ta te  
a toms in the beam.  

Donnally and his co-workersZ3 have succeeded 

in finding solutions to both of these  problems.  By 
means  of the resonant charge exchange p rocess  

(the ionization energies  of CS and H(2s) a r e  near ly  
the s a m e  so  that the Q-value f o r  the reaction i s  
near ly  ze ro )  they were  able to obtain a 1530 con- 
version efficiency to H(2S) with negligible pickup 
to the ground s ta te .  Then a second charge ex- 
change process  of the pseudo -cross ing type with 
argon 

was found to convert  4% of the metas tables  to H- 
ions --  a 0.630 overal l  conversion efficiency f r o m  
protons to H -  ions. This  maximum efficiency 
occurs  for  a particle velocity of 3. 1 X 1 0 ~ c m 1 s e c ;  
i .  e . ,  for  500 eV protons o r  1000 eV deuterons.  
The angular divergence of the H- beam was -+0.25O; 
in general  the H- beam emittance should be l i t t le 
worse  than that of the p r imary  proton beam.  
Drake and ~ r o t k o v l ~  have just recently obtained 
2% overal l  conversion efficiencies and have found 
that the D -  ions produced a r e  indeed polarized.  
The beam obtained in thei r  t e s t  apparatus  had an  
intensity of 4 X 10-~p.A and a tensor  polarization 
P = -0. 19 * . 01. Although this intensity i s  low 

Z Z  
i t  i s  a l ready l a r g e r  than the H- beams a t  present  
obtained f rom conventional polarized sources .  

That the polarization they observe i s  only 
6030 of the theoretical  value i s  due to two effects: 

( i )  the ion beam i s  1530 diluted by unpolarized 
D -  ions produced f rom ground state a toms 

( i i )  i t  i s  very  difficult to pass  f a s t  (1 keV) 
a toms adiabatically f rom the 575 Oe field 
into a ve ry  weak field fo r  e lect ron pickup 
in the argon cell .  Without a roughly ex-  
ponentially decreas ing field in this region 
depolarization i s  a lmost  complete. 

The second problem a t  l eas t  should be solved 
in the full-scale polarized ion source  being built 
by McKibben and ~ a w r e n c e ~ ~  (Fig .  12) since the 
575 Oe field extends over  the argon cell ;  because 
provision i s  made f o r  inducing rf t rans i t ions  
e lect ron pickup has  to take place in  a strong 
magnetic f ield anyway. It i s  hoped that the mag-  
netic field will a l so  s e r v e  to inhibit the competing 
reactions in the caes ium and argon cel ls ,  and 
hence allow the vapor thickness and conversion 
efficiency to be fu r the r  increased.  

As in Donnallyls and Drake ' s  apparatus  the 
magnetic f ield i s  longitudinal to avoid quenching 
the metas table  a toms in thei r  motional e l ec t r i c  
f ield.  

E = v H/c  - 18Osin(v, H) (V/cm)  - -X- - 
7 

fo r  H = 575 Oe and v = 3. 1 X 10 c m / s e c .  Using 
the l ifetime formula  given above the decay lengths 
fo r  the two s ta tes  a r e  

2 
X = (220IE) c m  

2 
X = ( 5 / E )  c m .  

a P 
Clear ly  the divergence of the beam m a y  cause 
some P quenching even in a longitudinal magnetic 
f ield;  a a toms on the other hand a r e  long lived 
unless the field i s  t r ansverse .  Quenching by 
positive ion space charge in the region of the 
caes ium cell  a l so  becomes a problem when m o r e  
intense beams  a r e  considered and McKibben in-  
tends to provide space charge neutralization there .  

The mos t  ser ious  problem i s  in obtaining 
intense beams of positive ions a t  500 o r  1000 eV 
with good emittance.  To equal the performance of 
conventioanl polarized ion sources  and produce 
lpA of negative ions 10OPA of positive ions might 
be required within 10 cm.  r ad  ( e ~ ) ~ / ~  (the rf 
transit ion quenches half the metas tables  reducing 
the maximum conversion efficiency to 1%). This  
appears  quite reasonable,  but to  obtain 10 o r  100 
t imes  m o r e  cur ren t  than this will probably require  
efficient space  charge neutralization in the ion 
source  and an  improvement in the charge exchange 
yields in the magnetic field. 

No process  has  been found yet which will 
produce positive ions f rom metas table  a toms a s  
readi ly  a s  negative ions. However, this may  
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actually be an advantage f o r  cyclotrons,  for  a s  
the UCLA and Manitoba cyclotron groups have 
recently d e m ~ n s t r a t e d ~ ~  the use  of H- ions enable 
variable energy beams to be obtained with 10070 
extraction efficiency. 

P rob lems  Pecul iar  to Cvclotrons 

I. Injection 

As the t r ansmi t t e r  of a polarized ion beam 
a cyclotron has  one g rea t  advantage over  other 
accelera tors  - -  the source  may  be a t  ground 
potential; consequently the s ize  of the source  and 
the power used by i t  need not be l imited.  

Before methods of injecting ion beams  into a 
cyclotron had been worked out, t h e  only way of 
using a polarized ion source  with a cyclotron was  
to dr i f t  the polarized atomic beam to the center  
in  the median plane. Although i t  i s  difficult to 
get  much atomic beam into the ionizer by this 
method i t  has  been successfully used a t  saclay5 
fo r  a number of yea r s .  

The various methods of ion injection a r e  
going to be descr ibed by ~ o w e 1 1 ~ ~  and others  
l a t e r  in this session.  I shal l  only r e m a r k  h e r e  
that where  the cyclotron magnet has  an  axial  
hole, axial  injection appears  to be the m o s t  
favorable method fo r  injecting polarized ions;  
the Birmingham 26 repor t  an  overal l  
t ransmiss ion efficiency of 270. The injected 
ions have to be longitudinally polarized along the 
axis ;  with a strong field ionizer the natura l  
ar rangement  i s  therefore  for atomic beam axis  
and magnet axis to be coincident. 

The m o s t  ser ious  problem occurs  during 
acceleration,  a s  the re  i s  the danger of resonant 
depolarization if the magnetic field seen by the 
particle has  components oscil lat ing a t  the p r e -  
cess ion frequency of the spin, w . Perturbing 
oscil lat ions will  be driven by ( igper iodic  
variations in  the field ( in t r ins ic  resonances)  
( i i )  random field inhomogeneities ( imperfection 
resonances) .  The possible harmonics  a r e  l inear  
combinations of the cyclotron frequency w and 

C 

the axia l  and radia l  betatron frequencies,  v-w- 
z c 

and v w , so  that the general  resonance 
I S  condi60cn i s  

w / m  = y (812-1 ) = k + Qv + mv 
P c X 

where  k ,  Q and m may  take any integral  values,  
( g / 2 - 1  ) = 1. 79 for  protons and -0. 143 for 
deuterons,  and y i s  the total  energy of the par t ic le  
in units of i t s  r e s t  m a s s .  Since y -- v each 
resonance i s  represented approximateTy by a 
s t ra ight  line on a v -v plot; if we a l so  draw in 

z X 
the v -v curves  fo r  the cyclotron a t  different 

4 X energles  we m a y  locate the energies  and radi i  a t  
which depolarizing resonances occur  in  the same  
way a s  for  coupled resonances .  

Several  resonances may  be  m e t  in the course  
of accelera t ion;  whether they produce ser ious  de - 
polarization o r  not will depend on the t ime spent 
in  resonance and the s t rength  of thei r  driving 
t e r m s .  The f i r s t  factor i s  indicated by the pa ra l -  
l e l i sm o r  c loseness  of the resonance l ine and the 
v -v curve;  the second by the in tegers  k ,  P and 
mZ. %he sum P+m, called the o r d e r  of the r e s o -  
nance,  indicates the o r d e r  of the driving t e r m  
xmzP ( a  / a ~ ) ~ ( a  / ~ Z ) ' H  in the Taylor  expansion 
of the field H. The s t rongest  t e r m s  a r e  the lowest 
o r d e r  in t r ins ic  resonances with k a multiple of 
the periodicity of the magnet.  

Studies of resonant depolarization in i so -  
chronous cyclotrons have been made by severa l  
a ~ t h o r s ~ ~ - ~ O  and reviewed by Powell. The 
important resonances seem to be  few in number 
and the s a m e  for  a l l  the cyclotrons - -  presumably 
because  they w e r e  a l l  three-sector  machines and 
the i r  betatron frequencies l ay  in the same  range.  
F o r  protons the re  were  the in t r ins ic  resonance 
(k,  Q , m )  = (3,  -1, -1) and the imperfection r e s o -  
nances (1, -1, 1 )  (2, -1, 0) and (0, -1, 2); fo r  
deuterons only the imperfection resonances 
(0,  - l ,  0 )  and ( -1 ,  + l ,  -1). In general  the estimated 
depolarization i s  <O.  170, though fo r  deuterons 
which pass  through the (0,  0, -1)  resonance s ix  
t ime to reach 65 MeV in the Berkeley 88" cyclo- 
t ron  the tensor  and vector depolarizations a r e  
1. 0% and 0. 3470 respectively.  29 The in t r ins ic  
proton resonance ( 3 ,  -1, -1) which would be ex-  
pected to be the mos t  ser ious  has  not been 
es t imated to give any significant depolarization for  
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any of the c a s e s  so  f a r  studied. It appea r s  likely 
that ,  even if a se r ious  resonance w e r e  found for  
the normal  f ield configuration, this  and hence 
v and v could be a l t e red  sufficiently to obtain 
rgpid pagsage through the resonance and avoid 
the depolarization.  

Experimentally,  polarized deuterons have 
been accelera ted  to 12 MeV a t  B i rmin  ham3 and 5 .  polarized protons to 29 MeV a t  Saclay without 
any measurab le  depolarization.  In fac t ,  a t  B i r  - 
mingham the magnetic field was  d is tor ted  to 
values which should have increased the depolar i -  
zation by a fac tor  100 without any being observed.  

111. Polar iza t ion Control  

One of the m o r e  inflexible f ea tu res  of a 
cyclotron i s  i t s  magnetic field direction.  The 
quantization axis  of the  ext rac ted  ion beam m u s t  
be in one of two directions - -  f o r  a horizontal  
median plane cyclotron,  up o r  down. Control  
over  the polarization f r o m  the source  i s  l imited 
to r e v e r s a l  of vector polarization o r  interchange 
between different modes  of tensor  polarization.  
A ver t ica l  quantization ax i s  i s  fortunately the 
m o s t  experimentally convenient; beams  m a y  be 
bent in bending magnets without change of polar i -  
zation and a s y m m e t r i e s  measured  over  hor izon-  
t a l  sca t ter ing tables .  If, however,  longitudinal 
polarization i s  required ,  a s  for  a measuremen t  
of spin rotation p a r a m e t e r s ,  the beam m u s t  be 
bent through a ce r t a in  angle 0 with the  polar iza-  
tion axis  t r a n s v e r s e  to the m a i n e t i c  field. This  
necess i ta tes  e i ther  bending the beam through a 
l a rge  angle in the ver t ica l  plane o r  e l se  rotating 
the quantization axis  by 90° to the horizontal  in a 
solenoid and then bending i t  through the  c o r r e c t  
angle in the horizontal  plane. The c o r r e c t  bend- 
ing angles 0 to produce longitudinal f rom t r a n s -  
ve r se  polarigation a r e  any odd multiples of 

0 = ~ / ( ~ - 2 ) y  = 50. 301y f o r  protons 
C 

= 629O/y fo r  deuterons 
In the c a s e  of deuterons the principle axes  of the  
polarization ellipsoid p r e c e s s  by the s a m e  angle 
in a plane perpendicular to the field; if a l a r g e  
bending angle i s  used significant amounts of the 
previously zero-valued e lements  of t enso r  polari  
zation will appear .  l4  
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Fig .  1. The  Saclay polarized deuteron sou rce .  

I .'I 1 E,",.. > 

Fig .  2.  The  Birmingham polarized deuteron 
sou rce  and axia l  injection sys tem.  
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TRANSITION 

PROBABILITY 

Electron Spin 

Proton Spin 

I l I I I H 

\ (1 , - l )  (Units of 506 gauss) 

I 
F i g .  3 .  Energ ie s  of the hyperfine s t a t e s  of the 

a tomic  hydrogen ground s t a t e  in a 
magnetic field. 

F ig .  4. Measured  t rans i t ion  probabil i t ies fo r  the 
Auckland rf t rans i t ion  unit a s  a function 
of the magnetic f ield.  

F ig .  5. Axially symmet r i c  deuteron polarization - -  
i t s  relat ion to the fractional  s ta te  popula- 
t i o n ~ .  
-A-  polarization obtainable with one 
separa t ing  magnet 
o polarization obtainable with two 

separa t ing  magnets  

F i g .  6 .  Energ ie s  of the hyperfine s ta tes  of 
ground s ta te  deuterium a toms  in a 
magnetic field. 
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Fig.  11. Energy levels  of the hydrogen atom 
and hyperfine s t ruc tu re  of the 25 and 
2 P  s ta tes .  F and m a r e  the total  

112 F angular momentum and i t s  projection. 

F ig .  12 .  Polar ized ion source  based on m e t a -  
stable atom quenching under con- 
struction a t  Los Alamos. 
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