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This paper w i l l  desc r ibe  a  measure 
of t h e  deuteron t ensor  p o l a r i z a t i o n  of a  
beam of negative ions  produced by charge 
exchange methods. The p o l a r i z a t i o n  i s  
produced by making use of the  p r o p e r t i e s  
of the  metastable n=2 s t a t e  i n  hydrogen 
o r  deuterium. 

That a  beam of polar ized atoms could 
e a s i l y  be produced from a  beam of meta- 
s t a b l e  hydrogen atoms was pointed out  by 
Lamb i n  the  f i r s t  of h i s  well-known 
s e r i e s  of papers oy the  hydrogen n=2 f i n e  
s t r u c t u r e  i n  1950. The poss ib le  use of 
n=2 s t a t e  hydrogen atoms was noted by 
z o r o i s k i i 2  i n  1957. The use of charge 
exchange t o  produce in tense  metastable 
beams of f a s t  atoms was proposed and 
se r ious ly  worked on by Madansky and 0wen3 
i n  1959, who used 5 kV protons on H2 t o  
produce a  metastable beam. They attempted 
t o  ion ize  s e l e c t i v e l y  the  metastable beam 
by photoionizat ion but the  ions  from 
t h e i r  metastable beam were overwhelmed by 
ground s t a t e  atoms ion iz ing  by C O  l i s i o n  4 with the  background gas .  Alexeff a t  
Zurich i n  1960 attempted t o  charge ex- 
change s t r i p  the  atoms i n  H2 a t  about 500 
eV assuming t h a t  the  n=2 s t r i p p i n g  c ross  
s e c t i o n  would be l a r g e r  than the  n= l ,  
however t h e  production of metas tables  i n  
H2 was i n q u f f i c i e n t .  

The charge exchange method showed 
promise when Donnally5 of Lake Fores t  
College showed t h a t  by using cesium a s  
the  charge exchange medium l a r g e  f r a c -  
t i o n s  of n=2 atoms could be produced a t  
about 1 kV. This favorable  s i t u a t i o n  
with C S  r e s u l t s  from the  near energy 
equa l i ty  o r  the  H+ + C S  i n i t i a l  system 
with the  f i n a l  H(n=2) + CS+ system. This  
impl ies  a  l a r g e  c ross  s e c t i o n  a t  low en- 
e r g i e s  where the  c ross  s e c t i o n  f o r  mak- 
ing H(n=l)  i s  small .  

Donnally6 a l s o  showed t h a t  meta- 
s t a b l e  atoms can be s e l e c t i v e l y  charge 
exchange ionized t o  negat ive  ions  i n  a r -  
gon gas  i n  a  r e a c t i o n  showing a  reson- 
ance a t  500 v o l t s  f o r  hydrogen, 1000 V 
f o r  deuterium. The process i s  q u i t e  se-  
l e c t i v e ,  t h e  process f o r  ground s t a t e  
atoms i s  much l e s s .  The choice of the  
negative ion  was made pr imar i ly  f o r  use 

i n  a  tandem Van de Graaff .  The resonant 
process H(n=2) + A - H -  + A+ can be qua- 
l i t a t i v e l y  explained a s  an  energy l e v e l  
cross ing between the systems of ~ ( n = 2 ) + A  
and H- + A+ a s  a  funct ion of i n t e r n u c l e a r  
separa t ion .  The l e v e l s  a r e  a c t u a l l y  r e -  
puls ive  - in  d e t a i l  but  non-adiabatic t r a n -  
s i t i o n s  can be made according t o  the  the- 
ory of ~ a n d a u - ~ e n e r  .7 The t r a n s i t i o n  
p r o b a b i l i t i e s  a r e  ve loc i ty  dependent g iv-  
ing resonant e f f e c t s .  

An explanat ion of the  method of 
producing a  polar ized deuteron beam can 
b e s t  be shown by an examination of the  
l e v e l  s t r u c t u r e  of the  n=2 S a t e  of hy- 
rogen. Figure 1 shows the  'S112 and 

'P s t a t e s  a s  a  func t ion  of magnetic 
f i & &  including the  p - e  cross ing a t  575G 
( t h e  l a b e l s  a r e  a s  U ed by Lamb ) .  I n  
a d d i t i o n  t h e r e  i s  a  l e v e l  10,000 mc 
higher ;  the  Sl/p and P1/2 a r e  separa ted 
by the  1000 mc Lamb s h i f t .  A d e t a i l e d  
p i c t u r e  including the  hyperfine s t r u c t u r e  
i s  shown a t  upper r i g h t  of F ig .  1, a s  
we l l  a s  a  d e t a i l e d  view of the  cross ing 
a t  t h e  lower r i g h t .  I t  can be seen t h a t  
the  p - e  c ross ing  i s  a t  high magnetic 
f i e l d  with r e s p e c t  t o  the  hyperfine i n t e r -  
a c t i o n .  I f  a n  e l e c t r i c  f i e l d  i s  app l i ed ,  
S  and P s t a t e s  w i l l  be mixed approximate- 
l y  propor t ional  t o  the  e l e c t r i c  f i e l d  
s t r e n g t h  and t o  a n  energy denominator pro- 
por t iona l  t o  the  S-P separa t ion .  There- 
f o r e  near 575 G a  small e l e c t r i c  f i e l d  
s t rongly  mixes the  p - e  s t a t e s  but the  a 
s t a t e  r e t a i n s  i t s  S  s t a t e  charac te r .  
Since the  P s t a t e s  have a  l i f e t i m e  of 
about 10-8 sec  a s  opposed t o  about 1/7sec 
f o r  the  S  s t a t e  a t  zero f i e l d ,  t h e p s t a t e  
atoms a r e  promptly quenched t o  t h e  ground 
s t a t e  leaving polar ized metastable atoms. 

A diagram of the  apparatus  i s  shown 
i n  Fig .  2. I .S.  i s  a n  r f  i o n  source of 
1 kV deuterons;  L-l and L-2 a r e  Binzel  
l enses ;  CS i s  a  C S  c e l l ;  S a r e  d e f l e c t i n g  
p l a t e s  with a  small  E  f i e l d  t o  remove 
charged p a r t i c l e s  emerging from the  ce- 
sium c e l l ;  P i s  t h e  575 G long i tud ina l  
f i e l d  with quenching p l a t e s ;  T  i s  a  t r an -  
s i t i o n  region i n  which the  magnetic f i e l d  
i s  shimmed t o  drop approximately exponen- 
t i a l l y  t o  t h e  1 . 8  G f i e l d  a t  the  argon 
c e l l  A .  It i s  d i f f i c u l t  t o  br ing the  
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polar ized atoms from the  575 G p o l a r i z i n g  
f i e l d  t o  the  low ion iz ing  f i e l d  without 
causing non-adiabatic t r a n s i t i o n s  between 
t h e  a a n d F s t a t e  due t o  t h e  time varying 
t r ansverse  magnetic f i e l d s  seen by t h e  
atom. We est imated these  t r ansverse  
f i e l d s  due t o  the  long i tud ina l  f i e l d  gra-  
d i e n t s  and ca lcu la ted  t h e  expected t r a n s -  
i t i o n  p r o b a b i l i t i e s .  We t r i e d  t o  mini- 
mize the  predic ted  non-adiabatic t r a n s i -  
t i o n s  by a  smooth drop.  

The argon c e l l  A i s  followed by a  
90' e l e c t r o s t a t i c  analyzer ,  a  130 kV ac-  
c e l e r a t i n g  tube and a  t r i t ium- t i t an ium 
t a r g e t .  The nuclear  t ensor  p o l a r i z a t i o n  
of the  deuterons can be measured by the 
neutron asymmetry between counters  a t  0  
and go0 with r e s p e c t  te t h e  p o l a r i z a t i o n  
a x i s  when the  T ( d , n ) ~ e  r e a c t i o n  i s  used? 
The ease  of t h i s  r e a c t i o n  i s  the  reason 
f o r  using deuterons.  

The p o l a r i z a t i o n  i s  t r a n s f e r r e d  from 
the  atoms t o  the  nucleus i n  a  weak f i e l d  
through the  hyperfine i n t e r a c t i o n .  A 
tensor  p o l a r i z a t i o n  parameter P 3  of - l /3  
r e s u l t s  a t  zero magnetic f i e l d  rom a  I pure a beam. The D- i o n  i s  i n  So s t a t e  
so  no hyperfine i n t e r a c t i o n  e x i s t s  t o  
pe r tu rb  the  nuclear  po la r i za t ion .  

The instrwnen'tal asymmetry was meas- 
ured by inc reas ing  the  magnetic f i e l d  i n  
the  argon chamber t o  50 G ,  reducing the  
deuteron p o l a r i z a t i o n  t o  e f f e c t i v e l y  zero. 
With no C S  o r  A i n  the  c e l l s  and with a l l  
f i e l d s  o f f ,  the  p o s i t i v e  i o n  cur ren t  a t  
the  t a r g e t  was 1 . 5  X 10-7 A or  1 .8  X 105 
cpin i n  e i t h e r  counter.  

It should be noted t h a t  we d i d  not  
t r y  t o  g e t  a  high p o s i t i v e  beam. We were 
only i n t e r e s t e d  i n  g e t t i n g  s u f f i c i e n t  
s i g n a l  t o  measure e a s i l y .  

The cur ren t  of negat ive  ions  due t o  
metastables was obtained by taking a  
quenching curve a s  shown on Fig .  3 .  The 
c h a r a c t e r i s t i c  quenching vol tage  i s  39.6V. 
It can be obtained from theory and geome- 
t r y  and i s  computed t o  be 40V. A s  a  
measure of t h e  metastable cur ren t  we took 
the  d i f fe rence  between the  counting r a t e s  
a t  quenching vol tages  of 0  and 200. 

A t  a f ixed cesium temperature the  
metastable s i g n a l  a s  a  func t ion  of argon 
pressure  i s  shown $n Fig.  4. The peak 
occurs a t  15 X 10- torr/cm of argon. 

Figure 5 shows the  dependence on C S  
pressure .  The s o l i d  curve i s  the  nega- 
t i v e  ions  due t o  the  t o t a l  metastable 
s i g n a l  a ' s  and f i r s ,  the  dot-dash i s  t h a t  
from the  a ' s  only, and the  dashed i s  a n  
i n d i c a t i o n  of the  ground s t a t e  beam. 

The peak counting r a t e  corresponded 
t o  a  deuteron cur ren t  of 4x10-9 A on the  
t a r g e t  or  about 2% of the  p o s i t i v e  i o n  
cur ren t  measured a t  the  t a r g e t  with no 
cesium, argon o r  d e f l e c t i n g  o r  quenching 
f i e l d s .  A t  t h i s  i n t e n s i t y  the  tensor  
p o l a r i z a t i o n  was -0.19 + 0.01. The e r r o r  
i s  one standard dev ia t ion  from counting 
s t a t i s t i c s .  This number includes  the  e f -  
f e c t  of negat ive  ions  made by i o n i z a t i o n  
of ground s t a t e  atoms. I f  the  asymmetry 
i s  taken a f t e r  s u b t r a c t i o n  of the  count- 
ing r a t e  which i s  obtained with t h e  
quench f i e l d  a t  200 v o l t s ,  the  r e s u l t i n g  
t ensor  p o l a r i z a t i o n  i s  t h a t  possessed by 
those deuterons which became negat ive  v ia  
the  metastable atoms. The t ensor  p o l a r i -  
za t ion  i s  -0.23 + 0.01. The r a t i o  of 
these  two p o l a r i z a t i o n s  i s  cons i s t en t  
with t h a t  expected from a  measurement of 
the  counting r a t e  with a l l  metastables 
quenched. 

It was found t h a t  the  measured 
values were i n s e n s i t i v e  t o  CS and A pres-  
su re  over charge i n  C S  and A pressure  
g r e a t  enough t o  g ive  a  f a c t o r  of two drop 
on the  s i g n a l .  The t ensor  p o l a r i z a t i o n  
of -0.23 f o r  those  deuterons made v ia  
metastables i s  t o  be compared with the  
expected value of -0.33. It was found 
t h a t  tu rn ing  o f f  the  exponential  shim 
f i e l d s  reduced the  p o l a r i z a t i o n  t o  essen- 
t i a l l y  zero. This  i s  c o n s i s t e n t  with es-  
t ima tes  of the  depo la r i za t ion  induced by 
the  f r i n g i n g  f i e l d  of the  solenoid.  How- 
ever it appears t h a t  e i t h e r  our p r a c t i c a l  
approximation t o  a n  exponent ia l ly  decreas- 
ing  f i e l d  was inadequate o r  t h a t  our nu- 
merical  e s t ima tes  of the  depo la r i za t ion  
introduced by t h i s  f i e l d  a r e  u n r e a l i s t i c .  
Neither of these  . can  be ru led  out .  

We a r e  now doing experiments using 
r f  methods t o  s e l e c t  a  p a r t i c u l a r  hyper- 
f i n e  s t a t e  which produces h igher  p o l a r i -  
za t ion  and permits high f i e l d  i o n i z a t i o n  
and thus  e l imina tes  the  non-adiabatic 
t r a n s i t i o n  problem. 

It should be s a i d  a l s o  t h a t  C S  i s  
a n  e f f i c i e n t  conver ter  of inc iden t  deu- 
t e rons  i n t o  negative ions;  a t  1 keV a s  
much a s  25% of the  p o s i t i v e  i o n  cur ren t  
i s  converted i n t o  negative i o n  cur ren t  
a t  18  X 10-3 torr/cm of CS.  

* Research supported i n  p a r t  by the  U.S. 
Atomic Energy Commission. 
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Fig. 1. The energy levels of the n=2 state of 
deuterium as a function of magnetic field. On the 
right are the details including the hyperfine 
structure of the zero field andp-e crossing 
region. 
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Fig. 5 .  Pressure dependence of  the metastable and 
quenched beam on cesium vapor pressure in the 
cesium ce l l .  

DISCUSSION 

CRADDOCK: Please comment on the in tens it^ of p0 sible. 
the beam, the conversion coefficients in the gas  At some point, where the positive ion current is 
cells,  and the possibility of improving the inten- about pA, one runs into difficulty in which 
sity. the fields, due to the charge, begin to quench the 

ions. Then, more  elaborate procedures of 
DRAKE: It  i s  difficult to say which i s  which. charge neutralization and s o  forth must  be con- 
There seems to be about 10% efficiency in both sidered; we haven't thought of this, much. 
the gas cells. The possibility of increasing the 
intensity depends on how conservative you a r e .  CONZETT: Can currents  of positive ions be 

polarized by this method in the same amounts, o r  
In our apparatus, which was strictly a laboratory even larger amounts, as negative ions? 
apparatus for measuring the polarization and not 
intended a s  a working ion soiree, we could easily DRAKE: It seem that way yet, There 
increase the intensity a factor of 10. This i s  a hasn't  been a good charge-exchange process 
matter of increasing the positive ion current ,  tested to convert the polarized metastables into 
presuming the ratio would stay the same, up to positive ions. It  has  to be a process that selects 
a point. I don't see  any reason why we couldn't the metastable atoms over the ground states,  
increase the intensity by a factor of 100. Then such a s  the inverse of the ickup process ,  that is ,  B difficulties occur. With more elaborate appara- by the use of . But gas is hard to come 
tus, such a s  i s  being constructed a t  Los Alamos 

by. There a r e  probably others  that we don't 
by Joe McKibben, a factor of perhaps 1000 i s  know of, yet. 
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