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Most experiments on polarization phenomena with cyclotron beams have been made 

along two lines : 

1) Analysis, with available polarization analyzers, of prrticles emitted in reactions, 

so far only in the proton case. 

2) Use of polarized beams obtained by scattering, e.g. polarized protons from a-p 

scattering, as developed at Los Alamos by L. Rosen. These methods suffer from the 

disadvantage of low counting rates and, in the latter case, from the limited energy 

resolution of the polarized beam. 

The advantage of polarized sources is that they provide very clean beams with 

large intensities, for cyclotrons in the worst case 2 X 108/s on the targets. Also, 

with polarized sources the spin orientation can be changed at will to provide complete 

ihdependence from geometric effects such as left - right (or up - down) measurements. 
Also, vector or tensor polarized beams of deuterons can be achieved at willo 

There are certainly cases where the analysis of the polarization of the emitted 

particles cannot be replaced by measurements with polarized incident be-. But often, 

as for example, in (p,d) experiments with polarized protons and obviously in elastic 

scattering experiments, the same information can be obtained. 

Part I - Polarized Sources 
1)  Many proposals for making polarized beams have been described.. Three methods 

which have been successful are : 

1) Selection of one component corresponding to one orientation of the nuclear spin 

(maxinun polarization 1). This needs both high and low magnetic field gradient 

separation. It is the CERN method'), which will be described in the last paper of this 

session. 

2) Selection of the components belonging to one electron spin orientation of the atoms, 

followed by ionization in a very low magnetic field. This is the method used by 

Fleischmann and collaborators at Erlawen. It has been adopted at Hamell') (linear 
1 accelerator) and at Minnesota5 . The maximum polarization value of the nuclear spin I 

is 1/(2I + 1). 
3) Separation of the components belonging to one electron spin orientation coupled with 

the frequency transitions for reorienting the nuclear spins. Ionization must then be 

made in a relatively high field. Maximm vector polarization value is 2 for protons, 
+ 213 for deuterons. 

As the possible intensity depends on the flux left after a first magnetic-gradient 
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separa t ion of the atomic beam, methods 2 and 3 should have the same l i m i t s .  

IiF t r a n s i t i o n s  a r e  the keys to  high po la r i za t ion  values and t o  high v e r s a t i l i t y  

(e.g., f l ipp ing  of the  spins  at wi l l ) .  

Formation of an  Atomic Beam 

Most experiments use adapta t ions  of the procedure developed by  elle er') ar CERN. 

Hydrogen is dissocia ted  by an RF discharge at pressures up t o  3 mm Hg. The pyrex tube 

which is used supports a 1 kW discharge (20 &/S). Diclcson and Craddock at Harwell 

a r e  d i s soc ia t ing  at a lower pressure (300 microns), and use a l a rge  number of 

c a p i l l a r i e s  f o r  the  e x i t  of the  atoms t o  provide good geometric col l imat ion of the jet .  

Although t h i s  device makes the pumping requirements eas ie r ,  the i n t e n s i t y  obtained is 

considerably loner. Dissocia t ion at  high pressures'  'has been t r i e d  with l imi ted  

success;  i t  seems tha t  volume recombination can only be avoided by reaching high 

temperatures, which then make de f lec t ion  i n  magnetic f i e l d  gradients  d i f f i c u l t .  

The pressure is l imi ted  by volume recombination e f f e c t s ;  surface  recombination 

is usual ly  negl ig ible  i f  the pyrex is clean (e.g. cleaned with hydrofluoric ac id  and 

i f  the surface  is  subsequently kept wet). Essen t i a l ly  10% d i s soc ia t ion  can be 

obtained. 

The atoms leave the tube through a hole and should enter  a good vacuum over as 

shor t  a dis tance  a s  possible. Most apparatus have adopted the  suggestion of 

c l ausn i t ze r3 )  which is an adaptation of experiments on supersonic flow by Becker. 

Although the term supersonic flow would be wrong here f o r  the range of pressure used, 

nevertheless a n  increase i n  beam i n t e n s i t y  is observed. A conical  pealer  with sharp 

edges is  placed about 5 IXI from the hole i n  the pyrex tube. Pumping i n  between is  

usual ly  done by a Roots pump which is insens i t ive  t o  atomic hydrogen. Othemvise, 

mercury pumps should be used; o i l  would loose its proper t ies  i n  a shor t  time. 

Clausnitzer has r ecen t ly  proposed t o  recombine the atoms on the pealer  with 

heated platinum; t h i s  technique would al low pumping with o i l  d i f fus ion  pumps. A 

complete study of t h i s  part of the  apparatus is not ava i l ab le  yet ,  and improvements 

can perhaps be expected i n  the  future. 

Magnetic Separation 

The atomic s t a t e s  a r e  separated according t o  the e lec t ron  s p i n  orientat ion.  Half 

of the  beam is made convergent, the  other hal f  diverges and is pumped out. Usually, 

e i t h e r  a quadrupole or  a sextupole l ens  is  used. In the l a t t e r  case the f i e l d  gradient  

is d i r e c t e d  towards the  axis, and is  proportional t o  the d is tance  from the axis. These 

c h a r a c t e r i s t i c s  would provide point focusing i f  the  v e l o c i t i e s  were constant. Unfor- 

tunate ly  the ve loc i ty  d i s t r i b u t i o n  is complex with a mean higher than a Mamellian one, 

due p a r t l y  to  the ve loc i ty  of the gas when it  leaves the  pyrex tube. One has, then, 

large  chromatic aberrat ions.  The choice of a magnetic l ens  depends on the geometry 

(i.e. the d is tance  a t  wiiich ionizat ion is made) but the c h a r a c t e r i s t i c s  a r e  not 
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c r i t i c a l .  The gradient  is l imi ted  by the s a t u r a t i o n  of the pole piecos; i n  the 

sextupole case the maximum f i e l d  c lose  t o  the pole pieces is about 9000 gauss. Only 

a l i t t l e  could be gained by using spec ia l  magnetic al loys.  Permanent magnets can be 

used, but c o i l s  a r e  very convenient for  t e s t i n g  plrposes. The p r o f i l e  of the pole 

pieces along the d is tance  t ravelod by the atomic beam is  designed f o r  maximum s o l i d  

angle;  o the r  separa t ing magnets have been used by Hughes at  Yale, but they provide 

considerably lower in tens i  t ies .  

Large f luxes of atoms can be obtained, even a t  l a rge  distance. We have 

measured a f l u x  of 2 X 1 0 ' ~ / c m ~ -  S a t  a dis tance  of 2 meters from the sextupole 

magnet. Because the foousing p roper t i e s  a r e  r a t h e r  crude, the  f l u x  va r i es  roughly a s  

the inverse of the square of the distance. 

It is not yet  c l e a r  what the l imi ta t ion  of tho i n t e n s i t y  is, e.g. whether the 

pumping speed ins ide  the sextupole is o r  is not tile l imi t ing  factor. If not, 

s u b s t a n t i a l l y  higher i n t e n s i t i e s  should be obtained by scal ing up the  s i z e  (and the 

c o s t )  of the system. 

It is es tabl ished t h a t  i n t e n s i t i e s  of the  order of 10 '~ /c rn~-  S can be obtained 

with ac tua l  apparatus a t  dis tances  of the order of 50 cm from the sextupole magnet. 

I f  one can ionize  a t  tha t  d is tance ,  beam i n t e n s i t i e s  of the order of 1 pA or  more, 

before accelera t ion,  can be obtained. 

Ionization 

Electron bombardmont has been reported by many authors  fo r  ioniz ing the atoclic 

beam. We f i r s t  attempted t o  use a n  Oak Ridge type source s here the atoms crossed the 

plasma a t  the contor of the cyclotron. An external  beam of the order of 2 X 10lO/s  

was obtained, but the polar iza t ion had disappeared. The ionized atoms probably stayed 

i n  the source i t s o l f  f o r  a long time, moved up and down the magnetic f i e ld ,  and 

eventually h i t  the cathode or  r e f l ec to r .  Another simple way t o  ionize  is t o  use a 
4 magnetron type ion source . The kind we have used thus f a r  has a poor e f f i c i ency  

but does not depolarize. It w i l l  be discussed l a t e r .  

pesidual Vacuum Problems 

In the case of deuterons, t h e  res idual  beam due t o  cyclotron vacuum contamination 

oan be small ( c 1%) and, i n  f a c t ,  is not a problem i n  our experiments. The proton 

case is d i f f e r e n t ;  the res idua l  p e s s u r e  of H20 or  hydrogen compounds should be smaller 

than l(r7 mm lig i n  the ion iza t ion  region. Even a t  the center  of the cyclotron such 

pressures coin be  achieved, a s  shown by Kel ler2  ) e t  al., by cooling the dees t o  l i q u i d  

nitrogen temperature. Of course the problem is e a s i e r  i f  the atoms a r e  ionized out- 

s ide  of t h e  cyclotron. 

Hiph Frequency Transi t ions  

Two types of t r a n a i t i o n s  based on pr inciples  proposed by Abragam and Winters ) 

have been t r i e d  at  Saclay. Both use the  ad iaba t i c  t r a n s i t i o n  method but a r e  d i f f e r e n t  
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i n  theory. The f i r s t  is 

Projection Projection the high f i e l d ,  one- AW E L = = 1420.41 MHz 
bW t r a n s i t i o n  type. The 

H. = 507 gauss second is the interchange - of populations i n  low 

f ie lds .  Combination of 

the two provide a large  

number of poss ib i l i t i e s .  

To spec i fy  the trans- 

i t i o n s ,  we use the  Rabi 

diagrams fo r  protons 

(Fig. 1 )  and deuterons 

(Fig. 2), whioh give the  

energy of the l e v e l s  of an 

atom as a function of the 

magnetic f i e l d ;  the l eve l s  

a r e  label led by numbers 

whioh w i l l  be used l a t e r  

-2 - on. In the low magnetic 

Fig. 1 Rabi diagram for protons. 
f i e l d  region, the in ter-  

ac t ion between e lect ron 

and nucleus is large,  

compared with the  e f f e c t  of the  magnetic f i e l d ,  and the r i g h t  desc r ip t ion  has t o  be 

given f o r  the d i f f e r e n t  F values, P being the t o t a l  spin. For the high magnetic f i e l d  

region, eloctron and nucleus a r e  almost completely decoupled. 

The well known high frequency t rans i t ions  i n  a homogeneous f i e l d 6  ) w i l l  not be 

discussed here a s  t h e i r  performance is not as in te res t ing  fo r  polarized sources. 

High Field Transition. The type of t r a n s i t i o n  can be chosen a t  w i l l ,  but a few 

a r e  forbidden. In the  proton case the t r a n s i t i o n  used is from the  l eve l  m. = +1/2, 

m = -1/2 t o  the l e v e l  me = -1/2, m = +1/2. One should note that the  ad iaba t i c  
P P 

method insures the  exchange of the  population of the  l eve l s  and not  the equalization. 

The e f f i c iency  of the exchange can be c lose  t o  100$. The condit ions a r e  as follows 

fo r  a magnetic f i e l d  of 885 g and a frequency of 2860 Mc/s : the o s c i l l a t i n g  HF f i e l d  

should be of the  order of 1 G, which is e a s i l y  obtained with a cav i ty  and a magnetron 

with about 20 W power. The magnetic f i e l d  should be shaped, a di f ference of about 

1 0  gauss is needed between entrance and e x i t  of the cavity. The n e t  r e s u l t  is a 

polar izat ion of + l  for the protons. 

In the deuterium case, Fig. 2, e lec t ron ic  f l ipping is e a s i l y  obtained fo r  the 

t r a n s i t i o n s  1 -+ 6, 2 + 5, 3 + 4. For the  other t r a n s i t i o n s  l i k e  2 -+ 6 a higher power 
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is needed, but 400 w a t t  

Projection 
Spin qeu teron m) 

gives a good effioienoy. 

One should note tha t  

3 -, 6 is forbidden. The 

use of the t r a n s i t i o n s  w i l l  

be desoribed a f t e r  the 

discussion of the low 

f i e l d  trane i t  ions. 

Low Field Transi t ions. 

In low magnetio f i e l d s  ( a  

few gauss), f o r  a given F 

the energy l e v e l s  corres- 

ponding t o  d i f f e r e n t  % 
a r e  equidistant.,  The RF 

t r a n s i t i o n  complotely 

exchanges the  populations 

corresponding t o  +mF with 

the ones oorresponding t o  

-mpr This is obtained by 

I using a high frequenoy 
Fig. 2 Rabi diagram for deuterons. 00rreSponding t o  the d i f  fe- 

renoe i n  energy between 

two equ i d  is tan t  l eve l  8. The 

o s c i l l a t i n g  f i e l d  should be of the order of 1 gauss, whioh is e a s i l y  obtained with an 

oscillator of a few watt. The e f f e o t  on the polar iza t ion is the  following : for  psotons 

-1 polarization,  f o r  deuterons -2/3 pure vector polarization.  

Combination of the Two Types. For protons, i f  the t r a n s i t i o n s  a r e  used 

a l t e rna t ive ly ,  both signs of polar iza t ion a r e  obtained at  w i l l .  For deuterons, i t  is 

known tha t  veotor and tensor polar iza t ion a r e  needed t o  desoribe a beam of sp in  

1 part ioles.  

Vector polarization. It can be proved7) tha t  a pure veotor polar iza t ion of 

+2/3 is t h e  maximum possible fo r  a pure vector oase; -2/3 has been shown t o  be obtained - 
with a low f i e l d  t r a n s i t i o n  only. For the +2/3 oase, we have used three  t r ans i t ions  : 

1 )  a low f i e l d ,  2) a high f i e l d  operating 2 + 5, and 3)  a low field.  Both prooedures 

oan be used a l t e rna t ive ly ,  furnishing a spin  f l i p  of extreme oonvenienoe. 

Tensor polarization. Tensor polar iza t ion of 2 s ign oan be obtained by using l )  

high f i e l d  1 -, 6 and 2) low f i e ld ,  or  1 )  high f i e l d  3 -, 4 and 2) low f ie ld .  These 

oases bring i n  a oonstant veotor polar iza t ion of -l/Jo To eliminate almost any e f f e o t s  

of veator polar iza t ion one can use the  following prooedure : Four s e t s  of d a t a  can be 
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taken corresponding t o  d i f f e r e n t  arrangements of the three  t rans i t ions .  (For each one 

the high f i e l d  is tuned t o  2 * 6). 

These a r e  a )  low + high, b)  high + low, c )  high, and d )  low + high + low. 

The f i r s t  two have -1/3 vector polar iza t ion with tensor  polar iza t ion of opposite signs. 

The l a s t  two have +1/3 vector po la r i za t ion  with tensor polar iza t ion of opposite signs. 

The measurements can be added i n  such a way t h a t  the  vector po la r i za t ion  cancels out, 

Efficiency of the Transi t ions  

The e f f i c i ency  can be measured i n  the following way fo r  the low f i e l d  case. I f  

one uses simultaneously the two low f i e l d s  t r ans i t ions ,  the  ne t  r e s u l t  is no asymmetry 

at the l i m i t .  The devia t ion from zero  asymmetry gives the information needed. Within 

s t a t i s t i c s ,  zero is observed, which ind ica tes  tha t  the t r ans fe r  of populations is 

c lose  t o  The e f f i c i ency  f o r  the high f i e l d  case f o r  2 -+ 5 can be obtained a l s o  

by comparing one low f i e l d  t r a n s i t i o n  (-2/3)with the th ree  t r ans i t ions  i n  cascade. 

Again a y ie ld  close t o  10@ is observed. 

For the high f i e l d  t r a n s i t i o n  2 -, 6 (400 watt ) ,  we do not lrnow the  y ie ld  yet. 

It should a l s o  be high, but may be s l i g h t l y  lower than i n  the previous cases. 

Par t  I1 - The Polarized Deuteron Source at Saclay 

The d i f f e r e n t  elements of the Saclay polarized source a r e  sllown i n  Pig. 3. The 

d i s soc ia to r  is the one Kel ler  developed a t  CERN. The sextupole is  30 cm long; the  

d is tance  of the pole pieces to  the a x i s  changes from 2 mm (entrance) t o  6 mm (from the 

middle t o  the exi t ) .  

For the  low f i e l d  t r ans i t ion ,  the shape of the magnetic f i e l d  is obtained by the 

p r o f i l e  of the pole pieces. The high frequency f i e l d  is developed ins ide  a c o i l  wound 

on a quartz tube. The magnetic shie ld ing is t o  protect  e i t h e r  agains t  the cyclotron 

f i e l d  or aga ins t  the f i e l d  of the high f i e l d  t r ans i t ion ,  Typical values of f i e l d  and 

frequency used i n  the deuterium case a r e  7 gauss and 7.5 Mc/s. 

For the high f i e l d  t r a n s i t i o n ,  the  shape of the  magnetic f i e l d  is provided by 

correct ing c o i l s  on the pole pieces. 

The pumping is a s  follows : a f t e r  the pyrex tube a Roots pump 1600; before the 

sextupole a 2000 l/s d i f fus ion  pump; and f o r  the sextupole a 2060 1:s pump. Also 

between the quartz tubes of each HP t r a n s i t i o n ,  a l l  ava i l ab le  space is used f o r  pmping. 

The atomic beam is di rec ted towards the center  of the cyclotron, i n  the medium 

plane, between the dees. The atoms a r e  then ionized at the center ,  a f t e r  a f l i g h t  

d i s t ance  a s  large  a s  about 2.5 meters from the sextupole. 

The ionization,  which has been described4 ), has a poor efficiency. Ae a r e  
8 )  studying another type, a s  developed by Helmer, Jepsen . It has a much b e t t e r  

e f f i c i ency  f o r  f i e l d s  of the order of a few thousand gauss, but it decreases f o r  higher 

f i e l d  values. It has the advantage of providing a narrow beam which can be def lec ted 

i n  the medium plane, e i t h e r  with a Birmingham-type de f l ec to r  or  with shaped e lec t rodes  
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Fig. 3 General view of  the  Saclay source for polarized deuterons. 

Fig. 4 Chnmbor for  polnrized deuterons. 
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without a grid. Another advantage has t o  do with the res idual  vacuum, which is so 

important for  the proton case. Such a source can be closed and made a vacuum pump 

i n  i t s e l f  by using titanium cathodes. The vacuum i n  the ionizat ion region would then 

depend only on the  molecules enter ing through the openings, which a r e  very small 

except fo r  the entrance and e x i t  of the atomic beam. For these, tubes can be used 

wliich, i f  necessary, can be cooled t o  l iqu id  nitrogen temperature. It remains t o  be 

seen i f  t h i s  procedure can be adequate fo r  reducing the res idual  pressure t o  low 

enough values. 

Measurements of the ~ o l a r i z a t i o n  of the beam 

Experiments of double s c a t t e r i n g  can give the  same tensor parameters as those 

obtained with a tensor polarized beam. It is a poss ibi l i ty .  The same statement is 

not va l id  f o r  the vector polar izat ion case. Before d a t a  become ava i l ab le  one has t o  

est imate the measured e f f i c ienc ies  and measured res idual  background, assuming no 

depolarization e f f e c t s ,  especia l ly  during acceleration.  In our case, the estimated 

polar izat ion f o r  deuterons is 55 2 5% (the  theore t i ca l  m a x i m m  is 66%); and the s ign 

can be changed a t  w i l l .  

Experiments with 22 MeV Polarized Deuterons 

The f i n a l  beam i n t e n s i t y  on the  t a rge t s  is about 2 X 10' over a epot 1 X 4 m. 

To provide l a rge  counting r a t e s  multi-angle detect ion is used, the s o l i d  angles being 

as la rge  as compatible with e i t h e r  ava i l ab le  deteotors  or  use fu l  angular resolution. 

The chamber (Fig. 4 )  has a diameter of 60 mm and the de tec to rs  a r e  placed i n  the 

a i r  a t  a distance of 60 nun from the  center. Absorbers and an t i -mat te r ing  baf f l es  a r e  

placed between the  chamber window and the detectors.  

The spin-f l ip  procedure ( 9 / 3  maximm polar izat ion)  makes i t  possible t o  use 

only one s e t  of counters, thus avoiding any geometric effect. The de tec to rs  (Fig. 5) 

a r e  four 1 mm th ick l i thium-drifted s i l i c o n  squares. Each is divided i n  two by p l a s t i c  

s c i n t i l l a t o r s  ( 1  mm X 2 mm X 10 mm). The corresponding l i g h t  is piped by 4 mm dia. 

l u c i t e  rods. The angular resolut ion is about 3'. The t o t a l  energy resolut ion depends 

on the t a rge t  thickness and on the p a r t i c l e s  detected, but is typ ica l ly  of the order 

of 2% 

A 4096 channel analyzer is used. For each of the 8 angles, spectra  a r e  d i rec ted  

towards d i f f e r e n t  p a r t s  of t h e  analyzer according t o  t h e  sp in  orientation.  Observed 

asymmetries a r e  more exact ly  the di f ference between the number of counts f o r  spin up 

and spin  down divided by the sum. 

The r e s u l t s  for  e l a s t i c  sca t t e r ing  of vector polarized deuterons is shown 

i n  Fig. 6. The measurements were taken a t  an e a r l y  s tage where the polar izat ion was 

low, i.e. most probably 30-35s Analysis with a potent ia l  model including spin-orbit 
r 1 and tensor in teract ion8 is under way by Raynal . 

The r e s u l t s  fo r  c l 2  C' ' (ground s t a t e )  a r e  shown on Fig. 7. In t h a t  
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experiment, beam polarization was 55 + 5% The ourves illustrate that oyclotrons 

are oonvenient for experiments using polarized souroes. 

eau --+-.-- --.J 

Fig. 5 Detector assembly. 
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I I 8 LAB 
1 1 1 1 1 1 1 ~ ~ ~ ~ ~  - 
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Fig. 7 Asymmetry in scattering from ~ ' ~ ( d , ~ ) ~ ' " ( g r o u n d  state). 
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D ISCUSS ION 

RICHARDSON : In the  region where you expect t o  d i s soc ia te  these neutra ls ,  presumably 
there  i s  a l s o  a p o s s i b i l i t y  of detachment going on. Have you looked fo r  these 
negative ions at a l l ?  

THIRION : No. 
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