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(R e c e iv e d  11 F e b ru a ry  2 0 0 2 ; a c c e p te d  fo r  p u b lic a tio n  23  A p r il  2 0 0 2 )

W e p re s e n t  a  p ro to c o l  fo r  th e  c o n s is te n t  fa b r ic a t io n  o f  g la s s  c e lls  to  p ro v id e  h y p e rp o la r iz e d  (H P ) 
3H e  fo r  p u lm o n a ry  m a g n e tic  re s o n a n c e  im a g in g . T h e  m e th o d  fo r  p ro d u c in g  H P  3H e  is  
sp in -e x c h a n g e  o p tic a l  p u m p in g . T h e  v a lv e d  c e lls  m u s t  h o ld  o f  o rd e r  1 a t m L  o f  g a s  a t  u p  to  15 a tm  
p re ssu re . B e c a u se  c h a ra c te r is tic  sp in -e x c h a n g e  t im e s  a re  se v e ra l h o u rs , th e  lo n g itu d in a l  n u c le a r  
re la x a t io n  tim e  T 1 fo r  3H e  m u s t  b e  se v e ra l te n s  o f  h o u rs  a n d  ro b u s t  w ith  re s p e c t  to  re p e a te d  re fillin g  
a n d  re p o la r iz a tio n . C o llis io n s  w ith  th e  c e l l  w a ll  a re  a  s ig n if ic a n t a n d  o f te n  d o m in a n t  c a u s e  o f  
re la x a tio n . C o n s is te n t  c o n tro l  o f  w a ll  r e la x a tio n  th ro u g h  c e l l  fa b r ic a t io n  p ro c e d u re s  h a s  h is to r ic a lly  
p ro v e n  d iff ic u lt. W ith  th e  h e lp  o f  th e  d is c o v e ry  o f  a n  im p o r ta n t  m e c h a n is m  fo r  w a ll  r e la x a tio n  th a t  
in v o lv e s  m a g n e tic  su rfa c e  s ite s  in  th e  g la s s , a n d  w ith  th e  fu r th e r  c o n firm a tio n  o f  th e  im p o r ta n c e  o f  
R b  m e ta l  to  lo n g  w a ll- re la x a tio n  t im e s , w e  h a v e  d e v e lo p e d  a  su c c e ss fu l p ro to c o l  fo r  fa b r ic a t io n  o f  
3H e  sp in  e x c h a n g e  c e lls  f ro m  in e x p e n s iv e  a n d  e a s ily  w o rk e d  b o ro s i l ic a te  P y re x  g la s s . T h e  c e lls  
a re  p re p a re d  u n d e r  v a c u u m  u s in g  a  h ig h -v a c u u m  o il- f re e  tu rb o m o le c u la r  p u m p in g  s ta tio n , a n d  th e y  
a re  s e a le d  o f f  u n d e r  v a c u u m  a f te r  3* 100  m g  o f  d is t i l le d  R b  m e ta l  is  d r iv e n  in . F il lin g  o f  c e lls  w ith  
th e  re q u is ite  3H e - N 2 m ix tu re  is  d o n e  o n  a n  e n tire ly  s e p a ra te  g a s -h a n d lin g  sy s te m . O u r  c e lls  c a n  b e  
re f i l le d  a n d  th e  g a s  re p o la r iz e d  in d e f in ite ly  w ith  n o  s ig n if ic a n t c h a n g e  in  th e ir  w a ll  p ro p e rtie s . 
R e la x a tio n  d a ta  a re  p re se n te d  fo r  a b o u t  3 0  c e lls ; th e  m a jo r i ty  o f  th e s e  re a c h  a  ‘‘4 0 /4 0 ’’ b e n c h m a rk : 
T ! > 4 0  h , a n d  3H e  p o la r iz a t io n s  re a c h  o r  e x c e e d  4 0 % . T y p ic a l p o la r iz a t io n  t im e s  r a n g e  f ro m  12 to  
2 0  h ; 2 0 %  p o la r iz a t io n  c a n  b e  a c h ie v e d  in  3 - 5  h . ©  2 0 0 2  A m e r i c a n  Ins t i tu t e  o f  Ph ys ic s .
[D O I: 1 0 .1 0 6 3 /1 .1 4 8 7 4 3 8 ]

I. INTRODUCTION

T h e  p a s t  d e c a d e  h a s  w itn e s se d  v ig o ro u s  p ro g re s s  in  th e  
s tu d y  o f  h y p e rp o la r iz e d  H P  n o b le  g a se s  a n d  th e ir  a p p lic a 
t io n  to  a  b ro a d  r a n g e  o f  p ro b le m s  in  p h y s ic s , ch em is try , a n d  
b io m e d ic in e . A d v a n c e s  a re  c o m in g  in  a re a s  a s  v a r ie d  a s  n e u 
t ro n  p o la r iz e rs ,1  m e a su re m e n ts  o f  fu n d a m e n ta l  s y m m e tr ie s ,2 
n u c le a r  m a g n e tic  re s o n a n c e  ( N M R  a t su r fa c e s ,3,4 a n d  m a g 
n e tic  r e so n a n c e  im a g in g  o f  th e  lu n g  a ir  s p a c e .5,6 In  H P  g a se s , 
e n o rm o u s  n o n e q u il ib r iu m  n u c le a r  sp in  p o la r iz a t io n s  o f  o r 
d e r  0. 1 ) c a n  b e  a tta in e d  a t  r o o m  te m p e ra tu re  in  o rd in a ry  
m a g n e tic  f ie ld s  v ia  o p tic a l  p u m p in g  te c h n iq u e s ,7’8 g re a t ly  e n 
h a n c in g  th e  N M R  se n s itiv ity  o f  th e s e  n u c le i .  W e  a re  c o n 
c e rn e d  h e re  w ith  sp in -e x c h a n g e  o p tic a l  p u m p in g  S E O P  7 o f  
3H e  g a s  fo r  a p p lic a t io n  to  p u lm o n a ry  m a g n e tic  re so n a n c e  
im a g in g  M R I  . T h e  a d v e n t  o f  re la tiv e ly  in e x p e n s iv e  h ig h - 
p o w e r  d io d e - la s e r  a r ra y s  h a s  p a v e d  th e  w a y  in  p a r tic u la r  fo r  
M R I  a n d  o th e r  a p p lic a t io n s  re q u ir in g  la rg e  q u a n tit ie s  o f  o r 
d e r  1 a tm  L  o f  p o la r iz e d  g a s , s in c e  th e  q u a n tity  is  e s s e n 
tia lly  l im ite d  b y  th e  a v a i la b le  la s e r  p o w er.

H P  3H e  is  p ro d u c e d  (a n d  o f te n  s t o r e d  in s id e  a  g lass  
sp in -e x c h a n g e  c e ll  c o n ta in in g  3H e  a t  se v e ra l o r  m o re  a tm o 
sp h e re s , 5 0 - 1 0 0  m b a r  N 2 (a  f lu o re s c e n c e -q u e n c h in g  g as  
n e c e s sa ry  fo r  e f f ic ie n t o p tic a l  p u m p in g 9 , a n d  a  m a c ro sc o p ic  
a m o u n t o f  a lk a li  m e ta l  ty p ic a lly  R b  . T h e  c e ll  is  h e a te d  to  
1 7 5 - 2 2 0  ° C  to  o b ta in  th e  o p tim a l R b  v a p o r  d e n s ity . T h e
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la s e r  lig h t, c irc u la r ly  p o la r iz e d  a t  a  f re q u e n c y  c o rre sp o n d in g  
to  th e  D 1  a to m ic  tra n s itio n  in  R b  7 9 5  n m  a n d  c o lin e a r  w ith  
a  sm a ll  m a g n e tic  f ie ld  (o f  o rd e r  10 G ) is  t r a in e d  o n  th e  cell, 
th u s  p o la r iz in g  th e  v a le n c e  e le c tro n  o f  th e  R b  a to m s. T h e  
p o la r iz a t io n  is  th e n c e  c o ll is io n a lly  t ra n s fe r re d  to  th e  3H e  n u 
c le i.

In  th is  a r tic le  w e  p re s e n t  a  p ro to c o l  fo r  th e  c o n s is te n t  
fa b r ic a t io n  o f  sp in -e x c h a n g e  c e lls  w h ic h  w ill  p ro v id e  l ite r  
q u a n ti t ie s  o f  h ig h ly  p o la r iz e d  3H e  fo r  p u lm o n a ry  M R I. T h ese  
c e lls  m u s t  1 h o ld  a  q u a n tity  o f  g a s  c o m p a ra b le  to  a n  a v e r
a g e  a d u lt ’s t id a l  v o lu m e  ( ^ 0 . 5  a tm -L ) ,  (2)  b e  t r a n s p a re n t  to 
7 9 5  n m  la s e r  lig h t, 3 w ith s ta n d  p re ssu re s  o f  u p  to  15 a tm  a t 
2 0 0  ° C  m a k in g  e f fic ie n t u se  o f  th e  sp e c tra lly  b ro a d  d io d e- 
la s e r  a rra y  b y  su ita b ly  b ro a d e n in g  th e  R b  a b so rp tio n  lin e 10 , 
a n d  4  b e  v a lv e d  a n d  re f il la b le  fo r  r e p e a te d  u se  w ith o u t  
a lte rin g  im p o r ta n t  c e ll  c h a ra c te r is tic s  m a in ly  th e  lo n g itu d i
n a l  n u c le a r  re la x a tio n  r a te  a t  th e  c e ll  su rfa c e  .

II. WALL RELAXATION

C o n tro llin g  lo n g itu d in a l  n u c le a r  sp in  r e la x a tio n  is  c r it i 
c a l to  o p tim iz in g  b o th  th e  p o la r iz a t io n  a n d  th e  u se fu l  s to ra g e  
t im e  o f  th e  g a s  fo r  a p p lic a tio n s . In  M R I , fo r  e x a m p le , p o la r 
iz a t io n  is  d ire c tly  r e la te d  to  im a g e  q u a lity  fo r  a  g iv e n  a m o u n t 
o f  3H e , a n d  th e  g a s  o f te n  n e e d s  to  b e  tra n s p o r te d  so m e  d is 
ta n c e  to  th e  M R I  sc a n n e r  w i th o u t  s ig n if ic a n t p o la r iz a tio n  
lo ss .

T h e  n o b le -g a s  p o la r iz a t io n  tra n s ie n t  P N ( t ) d u r in g  o p ti
c a l p u m p in g  is  g iv e n  b y
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P d t )  =  ( P A )
Tse

T s e + r
~(7se+r)f

]. (D

w h e re  ( P A) is  th e  t im e -  a n d  v o lu m e -a v e ra g e d  a lk a li-m e ta l 
e le c tro n  p o la r iz a t io n , y se is  th e  sp in -e x c h a n g e  ra te , a n d  T  is 
th e  3H e  lo n g itu d in a l  re la x a tio n  ra te , w ith  th e  c o rre sp o n d in g  
re la x a t io n  t im e  T 1 =  1 /T . S in c e  ty p ic a l sp in -e x c h a n g e  tim es  
a re  5 - 1 0  h , T D m u s t  b e  se v e ra l te n s  o f  h o u rs  to  o b ta in  n o b le -  
g a s  p o la r iz a t io n s  a p p ro a c h in g  ( P A) , w h ic h  c a n  n o rm a lly  b e  
k e p t  c lo s e  to  un ity .

C o n tr ib u tio n s  to  r  c o m e  f ro m  b u lk  H e - H e  b in a ry  c o ll i 
s io n s , g a s  d if fu s io n  th ro u g h  a m b ie n t  g ra d ie n ts , a n d  f ro m  w a ll 
c o llis io n s . T h e  b u lk  ra te  is  l in e a r  w ith  th e  3H e  d e n s ity  a n d  is 
u su a lly  o n ly  s ig n if ic a n t fo r  c e lls  a b o v e  se v e ra l a tm ; fo r  o u r  
ro o m - te m p e ra tu re  8 a tm  c e lls  i t  is  0 .0 1 0  h - 1 .11 T h e  H e lm 
h o ltz  c o ils  w e  u se  fo r  S E O P  (se e  S ec . V I) p ro v id e  a d e q u a te  
f ie ld  h o m o g e n e ity  so  th a t  th e  ra te  d u e  to  d if fu s io n 12,13 fo r  
c e lls  o f  th e  s iz e  a n d  p re s su re  d is c u s se d  h e re  is  n e g lig ib le . 
T h e  w a ll  r e la x a t io n  ra te  th u s  p ra c t ic a lly  d ic ta te s  th e  q u a lity  
o f  a  3H e  sp in -e x c h a n g e  ce ll, a n d  e f fo r ts  h a v e  b e e n  m a d e  fo r  
m o re  th a n  3 0  y e a rs  to  u n d e rs ta n d  a n d  c o n tro l  it. V arious 
g la s s  ty p e s , su r fa c e  tre a tm e n ts , su r fa c e  c o a tin g s , a n d  b a k e o u t 
p ro c e d u re s  h a v e  b e e n  tr ie d . T h e  re su l ts  v a ry  w id e ly  a m o n g  
re se a rc h  g ro u p s  a n d  a re  u su a lly  in c o n s is te n t  a n d  ir re p ro d u c -  
ib le . P a ra d o x ic a lly , c o n s is te n tly  lo n g  p o la r iz a t io n  life tim e s  
s e e m  e sp e c ia l ly  d iff ic u lt  to  a c h ie v e  fo r  la rg e r-v o lu m e  c e lls , 
w h e re  o n e  w o u ld  e x p e c t  a lo w e r  su rfa c e - to -v o lu m e  ra tio  to  
y ie ld  g e n e ra lly  s lo w e r  ra te s .

W o rk  to  u n d e rs ta n d  a n d  c o n tro l  3H e  w a ll  r e la x a tio n  h as  
g e n e ra lly  p ro c e e d e d  f ro m  th e  a s su m p tio n  th a t  th e  m a jo r  
so u rc e  o f  su c h  re la x a tio n  is p a ra m a g n e tic  im p u ritie s  o n  th e  
g la s s  su rfa ce . In  e a r ly  w o rk ,1415 b a re  b o ro s i l ic a te  (P y rex ) 
a n d  a lu m in o s ilic a te  g la s s  su rfa c e s  (su c h  a s  C o rn in g  1720) 
w e re  s tu d ie d . T h e s e  w o rk e rs  u se d  m e ta s ta b ili ty  e x c h a n g e  o p 
tic a l p u m p in g ,8 w h ic h  d o e s  n o t  re q u ire  a n  a lk a l i-m e ta l  in te r 
m e d ia ry  to  p ro d u c e  H P  3H e . A  lo c a l  m a x im u m  in  T 1 (a t 
a b o u t  130  K ) a s  a  fu n c tio n  o f  te m p e ra tu re  in  P y re x 14 s u g 
g e s te d  th e  im p o r ta n c e  o f  h e liu m  p e rm e a b ility , w h ic h  b r in g s  
th e  3H e  in to  c lo s e  a n d  p ro lo n g e d  c o n ta c t  w ith  th e  su rfa ce . 
(Q u a rtz  is  e v e n  m o re  p e rm e a b le  th a n  P y re x ,16 so  m u c h  so 
th a t  m o s t  q u a r tz  c e lls  w o u ld  le a k  su b s ta n tia l  f ra c tio n s  o f  
th e ir  h e liu m  to  th e  a tm o sp h e re  in  d a y s  o r  w e e k s .)  L o w e r  
p e rm e a b il it ie s  a n d  o v e ra l l  b e tte r  re su lts  g e n e ra lly  le d  th e  
c o m m u n ity  to w a rd  th e  u se  o f  a lu m in o s ilic a te s ,11117 a lth o u g h  
th e s e  g la s se s  a re  g e n e ra lly  m o re  d if f ic u lt  a n d  e x p e n s iv e  to  
p ro c u re , a n d  a re  m o re  d iff ic u lt  fo r  a g la s s  b lo w e r  to  w o rk  
th a n  b o ro s ilic a te s . G o o d  re su lts  w e re , h o w e v e r , r e p o r te d  fo r  
s e a le d  c e lls  u s in g  C o rn in g  7 0 5 6 , a b o ro s i l ic a te  g la s s  w ith  
m u c h  lo w e r  h e l iu m  p e rm e a b il i ty  th a n  P y re x .18 A n  e x c e lle n t 
re v ie w  o f  th e  re su lts  o f  m a n y  g ro u p s  u s in g  v a r io u s  g la s se s  
a n d  c o a tin g s  fo r  p u m p in g  a n d  fo r  s to ra g e  c e lls  is  g iv e n  in  
R e f. 19.

W e h a v e  c h o se n  to  c o n tin u e  w o rk in g  w ith  P y re x , d u e  to  
its  ro b u s tn e s s , w o rk a b ility , a n d  e a sy  a v a ilab ility . M o re o v e r, 
th e  p re se n c e  o f  R b  w h ic h  su re ly  c o a ts  th e  c e l l  w a lls  to  so m e  
d e g re e  c h e m ic a lly  a lte rs  th e  su rfa c e  a n d  in h ib its  w a ll  r e la x 
a tio n  re la tiv e  to  b a re  P y re x ;14,19,20 se e  S ec . V II  A . In d e e d , in  
R e f. 14 th e re  w a s  o n ly  o n e  c e l l  te s te d  w h ic h  c o n ta in e d  R b, 
a n d  th a t  c e l l  h a d  th e  lo n g e s t  T 1 o f  a ll  in  th a t w o rk  b y  a la rg e

FIG. 1. Pyrex valved spin-exchange cell for generating hyperpolarized 3He. 
The spherical cell body shown here has a volume of = 5 0  cm3. The capillary 
allows the o-rings in the valve to sit outside the ovens involved both with 
the initial bakeout see Sec. IV and with optical pumping see Sec. VI .

m a rg in . T  1’s in  th e  h u n d re d s  o f  h o u rs  h a v e  b e e n  o b se rv e d  in 
H P  3H e  s to ra g e  c e lls  w ith  m a c ro s c o p ic  c o a tin g s  o f  R b  a n d  
C s m e ta l .21 T h e s e  d e v e lo p m e n ts , c o u p le d  w ith  th e  d isc o v e ry  
o f  a p re v io u s ly  u n k n o w n  re la x a tio n  m e c h a n is m  in v o lv in g  
m a g n e tic  su rfa c e  s ite s22 a n d  so m e  tr ia l-a n d -e r ro r  te s tin g , 
h a v e  le d  to  o u r  c o n s is te n t  a c h ie v e m e n t o f  tw o  b e n c h m a rk s , 
T ^ 4 0  h  a n d  P N = 4 0 % , fo r  la rg e -v o lu m e  P y re x  3H e  sp in - 
e x c h a n g e  ce lls .

III. CELL FABRICATION

O u r c e lls  a re  m a d e  o f  s ta n d a rd  b o ro s i l ic a te  g las s  
P y re x  , b u t  w e  h a v e  a lso  e x p e r im e n te d  w ith  q u a r tz  a n d  

a lu m in o s i lic a te  g la s se s . T h e  c e ll  b o d y  is e ith e r  sp h e ric a l 
( ^ 4 . 5  c m  i.d .)  o r  c y lin d r ic a l  w ith  ro u n d e d  e n d s  ^ 3  c m  i.d . 
x  5 .5  c m  l o n g .  T h e  ty p ic a l  to ta l  v o lu m e s  a re  5 0  a n d  35 
c m 3, re s p e c tiv e ly ; se e  F ig . 1. R e ce n tly , w e  h a v e  g o n e  e x c lu 
s iv e ly  to  sp h e r ic a l c e lls ,  as i t  is e a s ie r  to  p ro d u c e  a su rfa c e  o f  
u n ifo rm  th ic k n e ss , th u s  m in im iz in g  le n s in g  o f  th e  in c id e n t  
la s e r  lig h t. T h e  sp h e ric a l c e lls  g e n e ra lly  y ie ld  lo n g e r  T  1’s 
a n d  h ig h e r  p o la r iz a t io n s , a lth o u g h  th e  re a so n s  fo r  th is  a re  n o t  
c lea r . W e  u se  3 2  m m  h e a v y -w a ll  tu b in g  w h ic h  is  “ r e b lo w n ” 
to  th e  sp e c if ie d  in n e r  d ia m e te r  ( i.d .) , c re a tin g  a  f re s h ly  e x 
p o s e d  in n e r  su rfa ce . T h e  c e lls  a re  sh a p e d  b y  b lo w in g  th e  
g la s s  o n  a la th e ; c y lin d r ic a l  c e lls  re q u ire  th e  a d d it io n a l  u se  o f  
a  g ra p h ite  sh a p in g  p a d d le  o n  th e  o u te r  su rfa ce . A  c a p illa ry  
tu b e , v a lv e , a n d  s te m  a re  th e n  a tta ch e d .

T h e  v a lv e  is  a r ig h t-a n g le , h ig h -v a c u u m , a ll-g la ss  
v a lv e .23 P e rp e n d ic u la r  to  th e  v a lv e  is  a tta c h e d  a  th re a d e d  
g la s s  s id e  a rm ,24 th ro u g h  w h ic h  p o la r iz e d  g as  is d isp e n se d  
a n d  b y  w h ic h  th e  c e ll  is a tta c h e d  to  a s e p a ra te  g a s -h a n d lin g  
sy s te m  (se e  S ec . V )  fo r  f illin g  w ith  3H e. T h e  v a lv e  is  a t 
ta c h e d  to  th e  c e l l  v ia  a 10 c m  le n g th  o f  g la s s  c ap illa ry , w h ic h  
c o n s is ts  o f  a  6 c m  le n g th  o f  0 .5  m m  i.d . tu b in g  in  se r ie s  w ith  
a  4  c m  le n g th  o f  1 m m  i.d . tu b in g . T h e  w id e r  e n d  is  a tta c h e d  
to  th e  c e l l  b o d y  a n d  h e lp s  to  p re v e n t  th e  R b  m e ta l  f ro m  
c lo g g in g  th e  c a p illa ry ; th e  n a r ro w  p o r t io n  is  a tta c h e d  to  th e  
v a lv e . T h e  g as  m u s t  p a ss  th ro u g h  th e  c a p il la ry  d u r in g  c e ll  
f illin g  a n d  d isp e n s in g , so  i t  c a n n o t  b e  im p ra c tic a l ly  n a rro w . 
T h e  c a p il la ry  a llo w s  th e  v a lv e  to  b e  k e p t  o u ts id e  o f  th e  o v e n  
d u r in g  o p tic a l  p u m p in g  a n d  su ita b ly  le n g th e n s  th e  tra n s it  
t im e  o f  a  3H e  a to m  f ro m  th e  c e l l  b o d y  to  th e  ^  1 c m 3 vo l-



1590 J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Jacob, Morgan, and Saam

to high-vac 
system

section baked 
in oven

retort

d b  C
cells N V  1stemj reservoirs

1
ln 2
trap \ ,valve

^capillary  

side arm

FIG. 2. The glass manifold with two cells attached, as it appears just before 
being connected to the high-vacuum system (Fig. 3 -  The top of the retort is 
flame sealed after a Rb ampule is dropped in. The cells are attached to the 
manifold at a 55° angle out of the page. Constrictions in the manifold and 
stems allow for easy pull off. Manifolds are labeled by numbers and cells by 
letters, starting with the furthest upstream; see Fig. 6.

u m e  n e a r  th e  v a lv e . B e c a u se  o f  th e  u n k n o w n  re la x iv e  c h a r 
a c te r is t ic s  o f  th e  v a lv e  m a te r ia ls  a n d  th e  fa c t  th a t  th e  v a lv e  
c a n n o t b e  b a k e d  o u t  w e ll, i t  is  a s su m e d  th a t  a ll  3H e  a to m s 
th a t  e n te r  th e  v a lv e  v o lu m e  re la x  c o m p le te ly . T h e  c a p il la ry  
p la y s  a  m e a su ra b le  ro le  in  w a ll  r e la x a t io n  o f  o u r  lo n g 
life t im e  c e lls .  B y  m e a su r in g  T 1 b e fo re  a n d  a f te r  m a n e u v e r 
in g  a  b e a d  o f  R b  in  th e  c e ll  to  b lo c k  th e  c ap illa ry , w e  h a v e  
e s t im a te d  its  c o n tr ib u tio n  to  b e  T cap=  0 .0 0 2 - 0 .0 0 4  h _1 a t  8 
a tm  p re s su re ; se e  th e  A p p e n d ix .

A  4  c m  le n g th  o f  6 m m  s ta n d a rd -w a ll  tu b in g  (th e  
‘‘s te m ’’) is  a tta c h e d  o p p o s ite  to  th e  c a p illa ry  a n d  c o n n e c ts  
th e  c e l l  to  a  g la s s  m a n ifo ld  fo r  in it ia l  e v a c u a tio n  a n d  b a k in g ; 
see  S ec . IV. A f te r  th e  c e l l  is  f lam e  s e a le d  a w a y  f ro m  th e  
m a n ifo ld , th e  s te m  a c c o m m o d a te s  a  N M R  c o il  fo r  m o n ito r 
in g  th e  p ro d u c tio n  a n d  d e c a y  o f  H P  3H e; see  S ec . V I.

T h e  m a n ifo ld  is  b a s ic a lly  a  lo n g  tu b e  p r im a r i ly  1 2  m m  
o u te r  d ia m e te r  o .d . P y re x  c o n n e c tin g  th e  h ig h  v a c u u m  s y s 
te m  o n  o n e  e n d  to  a n  o p e n  v e r tic a l  r e to r t  o n  th e  o th e r  en d . 
T h e  r e to r t  a c c o m m o d a te s  a  p re -s c o re d  1 g  a m p u le  o f  9 9 .9 3 %

25

FIG. 3. The oil-free high-vacuum system used for cell fabrication. The glass 
manifold (Fig. 2) is attached via the compression-seal fitting at right. The 
construction is stainless steel with packless bellows-sealed valves. Nitrogen 
purge gas is provided as needed through the connection to the large-bottle 
manifold.

c o n ta m in a n ts  f ro m  e n te r in g . T o a c c o m p lish  th is , th e  c e lls  a re  
b a k e d  u n d e r  v a c u u m  u s in g  a n  o i l- f re e  h ig h -v a c u u m  sy s te m ; 
se e  F ig . 3. T h e  c o n s tru c t io n  is  s ta in le ss  s te e l w ith  c o p p er-  
g a sk e te d  o r  s w a g e d  c o n n e c tin g  se a ls  a n d  p a c k le s s , b e llo w s -  
se a le d  v a lv e s .26 T h e  v a c u u m  p u m p  is  a  tu rb o -m o le c u la r  d rag  
p u m p  b a c k e d  b y  a  d ia p h ra g m  p u m p .27 W ith  th e  c e l l  m a n ifo ld  
a tta c h e d , th e  sy s te m  re a c h e s  a  b a s e  p re s su re  o f  4  10 8 
m b ar, m o n ito re d  a t  th e  in le t  b y  a  c o m b in a tio n  c o ld -c a th o d e /  
P ira n i  fu ll- ra n g e  g a u g e .28 C o n n e c te d  o p p o s ite  th e  g a u g e  is  a  
re s id u a l  g a s  a n a ly z e r  (R G A ),29 w h ic h  a lso  fu n c tio n s  a s  a  
h e l iu m  le a k  d e te c to r. T h e  g a u g e  a n d  R G A  a re  d o w n s tre a m  
f ro m  th e  38 m m  s ta in le s s  s te e l r ig h t-a n g le  m a in  v a lv e . U p 
s tre a m  o f  th is  v a lv e  a re  la rg e - a n d  sm a ll-b o ttle  g a s -h a n d lin g  
m a n ifo ld s , a n  a d d it io n a l  d ia p h ra g m  ro u g h in g  p u m p ,30 a n d  a  
p o r t  fo r  c o n n e c tin g  th e  sy s te m  to  th e  g la s s  m a n ifo ld  v ia  a
12 .7  m m  o -r in g  c o m p re s s io n -s e a l  f ittin g . A  0 - 1 .3  b a r  c a p a c i-

p u re  R b  m e ta l . T h e  c e l ls (u su a lly  tw o  a t a  tim e ) a re  a t-  ta n c e  m a n o m e te r31 a n d  a  so lid -s ta te  p re s su re  s e n so r32 a re
ta c h e d  o r th o g o n a lly  to  th e  m a n ifo ld  b y  th e ir  s tem s; see  F ig .
2 . T h e  m a n ifo ld  in c lu d e s  tw o  sm a ll  re s e rv o ir s  u s e d  in  th e  R b  
d is t il la t io n  p ro c e s s  b e tw e e n  th e  r e to r t  a n d  th e  c e lls . A  u - tu b e  
l iq u id  n i tro g e n  (L N 2) tra p  is  lo c a te d  b e tw e e n  th e  h ig h - 
v a c u u m  p o r t  a n d  th e  c e lls . T h e  L N 2 tra p  p ro v id e s  a d d itio n a l 
c ry o p u m p in g  o f  th e  m a n ifo ld , l im its  b a c k s tre a m in g  c o n ta m i
n a tio n , a n d  p re v e n ts  R b  f ro m  m ig ra t in g  to  th e  h ig h -v a c u u m  
sy s tem .

T h e  c e lls  a re  fa b r ic a te d  a n d  a tta c h e d  to  th e  m a n ifo ld  b y  
o u r  c h e m is try  d e p a r tm e n t’s g la s s  b lo w e r. T h e  c o m p le te d  
m a n ifo ld  is  a n n e a le d  a t 5 6 0  ° C  w ith  a  so a k in g  tim e  ( t im e  fo r  
w h ic h  th e  g la s s  is  h e ld  a t  th e  m a x im u m  te m p e ra tu re  o f  10 
m in . T h e  m a n ifo ld  is  th e n  a llo w e d  to  c o o l s lo w ly  fo r  a b o u t 
4 5  m in . U p o n  re m o v a l  f ro m  th e  a n n e a lin g  o v e n , th e  o p e n  
e n d s  a re  c o v e re d  w ith  a  se lf -se a lin g  w a x  f ilm  to  h e lp  p re v e n t  
a m b ie n t  m o is tu re  o r  o th e r  c o n ta m in a n ts  f ro m  e n te r in g  a n d  
a d so rb in g  to  th e  in n e r  su rfa c e s  o f  th e  m a n ifo ld .

IV. CELL PREPARATION
T h e  p u rp o se  o f  c a re fu l  c e l l  p re p a ra tio n  is  to  re m o v e  im 

p u r i tie s  a d s o rb e d  to  th e  su rfa c e  o f  th e  g la s s  a n d  to  p re v e n t

u s e d  fo r  f in e  a n d  c o a rse  m o n ito r in g  o f  u p s tre a m  p re ssu re s . 
H ig h -p u r i ty  n itro g e n , u s e d  a s  a  p u rg e  g as , is  a v a ila b le  
th ro u g h  th e  la rg e -b o tt le  m a n ifo ld ;  th e  a tta c h e d  g a s -h a n d lin g  
m a n ifo ld s  a re  g e n e ra lly  u se d  fo r  m a k in g  p e rm a n e n tly  se a le d  
sp in -e x c h a n g e  c e lls  a n d  w ill  n o t  o th e rw is e  b e  d e s c r ib e d  h e re .

T h e  c o m p le te d  m a n ifo ld  w ith  c e lls  is  a tta c h e d  to  th e  
v a c u u m  s y s te m  a t  th e  m a n ifo ld  p o rt. T h is  is  d o n e  w h ile  p u rg 
in g  th e  sy s te m  w ith  re s e a rc h -g ra d e  n i tro g e n  g a s  to  h e lp  p r e 
v e n t  w a te r  v a p o r  a n d  o x y g e n  f ro m  e n te r in g  th e  m a n ifo ld  a n d  
v a c u u m  sy s te m . T h e  v a lv e  s te m s , w ith  l ig h tly  g re a se d  
e th y le n e -p ro p y le n e  a lk a l i-m e ta l  r e s is ta n t  o - r in g s ,33 a re  th en  
se a te d  a n d  th e  c e ll  v a lv e s  a re  c lo se d . A n  a m p u le  o f  R b  is 
o p e n e d  in  th e  flo w  o f  N 2 f ro m  th e  r e to r t  a n d  is  d ro p p e d , o p e n  
e n d  d o w n , in to  th e  re to r t .  T h e  p u rg e  g a s  is  tu rn e d  o ff, a n d  th e  
r e to r t  is  f lam e  se a le d  sh u t. W ith  th e  m a n ifo ld  n o w  se a le d  
f ro m  th e  e x te rn a l  e n v iro n m e n t, i t  is  e v a c u a te d  w ith  th e  
r o u g h in g  p u m p , o p e n e d  to  th e  tu rb o  p u m p , a n d  te s te d  fo r  
le a k s  w ith  th e  R G A . M in o r  le a k s  c a n  o f te n  b e  r e p a ire d  o n  th e  
sp o t, w h ile  m o re  se r io u s  p ro b le m s  m a y  h a v e  to  b e  s e n t  b a c k  
to  th e  g la s s  b lo w e r. F in a lly , w ith  th e  m a n ifo ld  s e a le d  a n d  
le a k  tig h t, L N 2 is  a d d e d  to  th e  D e w a r  su rro u n d in g  th e  trap .
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T h e  m a n ifo ld  is  th e n  b a k e d  c o n tin u o u s ly  a t  a b o u t  4 0 0  
° C  fo r  2 - 4  d a y s . W e  n o w  u se  a  h o m e -b u ilt,  in su la te d , s tee l-  
w a lle d  o v e n  d e s ig n e d  e s p e c ia lly  fo r  th e s e  m a n ifo ld s . W e p r e 
v io u s ly  w ra p p e d  th e  m a n ifo ld  in  h e a tin g  ta p e  a n d  a lu m in u m  
fo il. T h e  o v e n  h e a ts  s ta b ly  a n d  u n ifo rm ly  w ith in  a fe w  d e 
g re e s  , a v o id in g  h o t  sp o ts  th a t  c a n  d e v e lo p  f ro m  th e  u se  o f  
h e a tin g  tap e ; i t  a lso  g re a t ly  re d u c e s  se tu p  tim e  a n d  th e  r is k  o f  
d a m a g in g  th e  d e lic a te  m a n ifo ld  d u e  to  o v e rh a n d lin g . T h e  
c e lls  a re  a tta c h e d  to  th e  m a n ifo ld  a t  a 5 5 ° a n g le  f ro m  v e r tic a l 
see  F ig . 2  to  a llo w  th e  v a lv e s  to  p ro tru d e  la te ra lly  th ro u g h  

a  c u t  o u t  in  th e  o v e n  (to  a v o id  d a m a g in g  th e  o -r in g s) . T h e  
o v e n  is  b la n k e te d  b y  2 5 -m m -th ic k  c e ra m ic  f ib e r  in s u la t io n ,34 
w h ic h  is  c o v e re d  w ith  h ig h - te m p e ra tu re  s ilic a  c lo th .35 T h is  
b la n k e t  k e e p s  th e  v a lv e s  n e a r  ro o m  te m p e ra tu re , e v e n  th o u g h  
th e y  a re  o n ly  a fe w  c e n tim e te rs  f ro m  th e  o v e n . H e a t  is  p r o 
v id e d  b y  a  1.8 kW , 120 V ac  c e ra m ic  s tr ip  h e a te r36 lo c a te d  on  
th e  o v e n  floo r, w h ic h  is  c o n tro l le d  b y  a  2  kW , 120 V ac  so lid - 
s ta te  d im m e r  sw itc h . A  5 0  V ac in p u t  is  su f f ic ie n t to  m a in ta in  
th e  b a k in g  te m p e ra tu re . T h e  r e to r t  a n d  d is t i l la t io n  re se rv o irs  
a lso  p ro tru d e  o u t  o f  th e  o v e n ; th e s e  a re  w ra p p e d  in  h e a tin g  
ta p e  a n d  a lu m in u m  fo il, w h ic h  c a n  b e  re m o v e d  a s  n e c e s sa ry  
as R b  d is t il la t io n  p ro g re s se s . T e m p e ra tu re s  a re  m o n ito re d  
w ith  ty p e -E  th e rm o c o u p le s  p la c e d  b o th  in  th e  o v e n  a n d  o n  
th e  m a n ifo ld  u n d e r  th e  h e a te r  ta p e  a n d  fo il.

A f te r  a b o u t  2 4  h  o f  b a k in g , th e  R b  m e ta l  is  liq u if ie d  fo r  
th e  f irs t t im e  b y  b r ie f  e x p o su re  to  a flam e , w h ic h  a llo w s  a n y  
t ra p p e d  g a se s  to  e sc a p e  a n d  b e  p u m p e d  aw ay . A f te r  a llo w in g  
th e  re to r t  to  c o o l, R b  is d is t i l le d  f ro m  th e  r e to r t  to  th e  f irs t 
re se rv o ir . F irs t ,  th e  fo il  a n d  h e a t  ta p e  a re  u n w ra p p e d  f ro m  th e  
r e to r t  to  3 c m  b e y o n d  th e  f irs t d is t il la t io n  re se rv o ir ,  a n d  th is  
se c tio n  is  a llo w e d  to  c o o l. T h e  R b  is th e n  ‘‘c h a s e d ,’’ i.e ., 
h e a te d  a n d  e v a p o ra te d  w ith  a c o o l m e th a n e - o x y g e n  flam e  
n o t  so  c o o l th a t  c a rb o n  d e p o s its ,  w h ic h  in h ib it  v is ib ility , a re  

le f t  o n  th e  g la s s  , d r iv in g  i t  in to  b u t  n o t  b e y o n d  th e  f irs t 
re se rv o ir . T h e  id ea  h e re  is  to  v o la t i l iz e  a ll  o f  th e  R b  th a t  is 
e v e n tu a lly  to  b e  c h a s e d  in to  th e  re se rv o ir ,  le a v in g  le s s  v o la 
t ile  c o n ta m in a n ts  in  th e  re to r t .  T h e  f lam e  is  n o t  h e ld  in  o n e  
sp o t  o n  th e  g la s s  lo n g  e n o u g h  to  p ro d u c e  a n y  o ra n g e  so d iu m  
g la re ; th is  a v o id s  so f te n in g  o f  th e  g la s s  o r  its  re a c tio n  w ith  
R b . E ffe c tiv e  c h a s in g  re q u ire s  3 0 - 4 5  m in  a n d  b e n e f its  f ro m  
so m e  p ra c tic e . W h e n  c o m p le te d , c o n ta m in a n ts  e .g ., R b  o x 
id e s  a n d  R b O H ) a n d  a b o u t  1 0 % - 2 0 %  o f  th e  R b  m e ta l  a re  
le f t  b e h in d  in  th e  re to r t ,  w h ic h  is  th e n  f lam e  se a le d  a w a y  
f ro m  th e  m a n ifo ld .

A f te r  1 2 - 2 4  h  o f  fu r th e r  b a k in g , R b  is  c h a s e d  to  th e  
s e c o n d  re s e rv o ir  b y  a s im ila r  p ro c e d u re . T h e  c e lls  a re  a l 
lo w e d  to  b a k e  fo r  y e t  a n o th e r  1 2 - 2 4  h  b e fo re  th e  o v e n  is 
tu rn e d  o f f  a n d  a llo w e d  to  c o o l c o m p le te ly . R b  is  th e n  c h a s e d  
in to  th e  c e lls , s ta r tin g  w ith  th e  o n e  c lo s e s t  to  th e  r e to r t  c e ll 
‘‘A ’’). T h e  c a p il la ry  is  k e p t  h o t  d u rin g  th is  s te p  so  th a t  i t  w ill 
n o t  b e c o m e  c lo g g e d  w ith  R b . A f te r  1 0 0 - 3 0 0  m g  o f  R b  is 
d is t i l le d  in , th e  c e ll  is f lam e  s e a le d  f ro m  th e  m a n ifo ld . T h e  
p ro c e ss  is  re p e a te d  fo r  th e  re m a in in g  c e ll  s , w o rk in g  d o w n 
stre am .

W e h a v e  fo u n d  a d if fe re n c e  in  c o n v e n ie n c e  o n ly , a n d  n o t  
in  c e ll  q u a lity , w ith  th e  in tro d u c tio n  o f  th e  b a k in g  o v e n . W e 
a lso  f in d  n o  d if fe re n c e  in  th e  c a s e  w h e re  th e  R b  is d is til le d  
in to  a ll  o f  th e  c e lls  in  o n e  s te p  b e fo re  th e y  a re  e a c h  s e a le d  
fro m  th e  m a n ifo ld . W e  n o te  th a t  th e  a m o u n t o f  R b  d is t i l le d  in

FIG. 4. Gas-handling system used to fill cells with 3He. This system is 
completely separate from the high-vacuum system Fig. 3 used for bakeout 
and Rb distillation. Cells can be refilled indefinitely with no change in the 
3He wall-relaxation time. The valves and bottle are all mounted to two 
vertical plates on a relay rack. The dashed line marks the boundary between 
the upper and lower plates. Open squares represent auxiliary ports. The 
collection bottle is used to save 3He that would otherwise be discarded after 
cell filling.

d o e s  m a tte r ;  a m o u n ts  s ig n if ic a n tly  le s s  th a n  a b o u t  100 m g  
g e n e ra lly  r e s u l t  in  c e lls  w ith  p o o r  w a ll  c h a ra c te ris tic s . T h e  
re la tio n s h ip  b e tw e e n  R b  a n d  w a ll  re la x a tio n  is  d is c u s se d  fu r 
th e r  in  S ec . V II  A . T h e  b a k in g  tim e  a n d  te m p e ra tu re  h a v e  n o t  
b e e n  o p tim iz e d  e x p e rim e n ta lly , b u t  th e s e  s e e m  re a so n a b le  
b a s e d  o n  th e  id e a s  th a t  1 w e  w ish  to  b a k e  as h o t  a s  p o s s ib le  
w i th o u t  a p p ro a c h in g  th e  a n n e a lin g  p o in t  o f  th e  g la s s  a n d  2 
th e  b a se  v a c u u m  p re s su re  a n d  R G A  sp e c tru m  c h a n g e  v e ry  
l it t le  a f te r  a d a y  o r  so  o f  b a k in g . O u r  a b ili ty  to  c o n s is te n tly  
p ro d u c e  q u a li ty  c e lls  h a s  c o m p e lle d  u s n o t  to  e x p e r im e n t  
m u c h  w ith  o u r  b a k e o u t  p a ra m e te rs  o r  o th e r  a sp e c ts  o f  th e  
fa b r ic a t io n  p ro to c o l.

V. CELL FILLING SYSTEM

A  se p a ra te , h o m e -b u il t  v a c u u m  a n d  g a s -h a n d lin g  sy s te m  
is  u se d  to  fill a n d  re fil l  c e lls ;  see  F ig . 4 . T h is  sy s te m  is 
s im ila r  to  o n e  b u i l t  p re v io u s ly  b y  S a a m  a n d  C o n ra d i.5 I t  is 
c o n s tru c te d  o f  6 .4  m m  o .d ., 4 .8  m m  i.d . s ta in le s s  s te e l tu b in g  
w ith  w e ld  a n d  sw a g e  fittin g s . T h e  p a c k e d , n o n ro ta t in g -s te m  
v a lv e s37 a re  la b e le d  b y  le tte rs , as sh o w n  in  F ig . 4 . T h e  sy s 
te m , b u i l t  v e r tic a l ly  o n  tw o  la rg e  a lu m in u m  p la te s  a f f ix e d  to  
a  re la y  ra c k , is  d iv id e d  in to  a n  u p p e r  g a s -h a n d lin g  a n d  p u r i 
f ic a tio n  m a n ifo ld  a n d  a lo w e r  v a c u u m  m a n ifo ld ; th e s e  a re  
c o n n e c te d  a t tw o  p o in ts  b y  v a lv e s  I a n d  G  . T h e  v a c u u m  
m a n ifo ld  h a s  a d ia l  g a u g e  a n d  a th e rm o c o u p le  g a u g e  to  
m o n ito r  p re s su re . B e lo w  v a lv e  (M ) is  a  u - tu b e  L N 2 tra p  fo l
lo w e d  b y  a  150  L /m in  ro ta t in g -v a n e  m e c h a n ic a l  p u m p . T h e  
p u m p  h a s  a M ic ro m a z e 38 tra p  a t  th e  in le t  to  fu r th e r  in h ib i t  o il 
b a c k s tre a m in g .

T h e  u p p e r  m a n ifo ld  is  e s se n tia lly  a fill p a th  f ro m  th e  g as 
b o ttle  to  th e  ce ll. W h e n  n ew , th e  le c tu re  b o t tle  c o n ta in s  25  
a t m L  o f  re se a rc h -g ra d e  3H e  (9 9 .9 9 %  p u re )  m ix e d  w ith  2%  
n itro g e n , a t  a to ta l  p re s su re  o f  5 5 .4  ba r. T h e  3 c m 3 v o lu m e
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b o u n d e d  b y  th e  b o ttle  v a lv e  a n d  v a lv e  J )  is  th e  c h a rg in g  
v o lu m e  u se d  fo r  a  n e w  b o ttle . A s  th e  g a s  is  u se d  u p  a n d  th e  
b o ttle  p re s s u re  d e c re a se s , th e  12 c m 3 c h a rg in g  v o lu m e  u p  to  
v a lv e  H  is  e m p lo y e d . T h e  g a s  is  c o n d u c te d  th ro u g h  a  
p u r if ie r39 b o u n d e d  b y  v a lv e s  B a n d  C  , a n d  th e n  to  th e  c e ll 
th ro u g h  a  1 m  le n g th  o f  1.6 m m  i.d . s ta in le ss  s te e l (ss) c a p 
i lla ry  tu b in g . T h e  f le x ib le  ss c a p illa ry  p ro v id e s  s tre ss  re lie f  
fo r  th e  c e l l  a n d  a  lo w  d e a d  v o lu m e  fo r  f illin g . T h e  c e l l  is 
p la c e d  in  a  s e c u re  w o o d e n  b o x  m o u n te d  to  th e  s id e  o f  th e  
re la y  r a c k  w ith  its  g la s s  c a p il la ry  a n d  v a lv e  p ro tru d in g . I t  is 
a tta c h e d , u s in g  th e  c o m p re s s io n -s e a l  f ittin g  o n  th e  s id e  a rm , 
to  th e  ss c a p il la ry  tu b e  v ia  a  c u s to m -b u il t  te e  c o n n e c to r . T h e  
o th e r  o u tle t  o f  th e  te e  is  e x h a u s te d  to  r o o m  a ir  th ro u g h  a  flo w  
m e te r  a n d  o n e -w a y  p re s s u re - r e l ie f  v a lv e . B e c a u se  o f  th e  lo w  
c o n d u c ta n c e  o f  th e  ss c ap illa ry , a  N 2 p u rg e  l in e  w ith  p u r if ie r  
is  p ro v id e d  a n d  u se d  in  a d d it io n  to  e v a c u a tio n  to  k e e p  th e  
sy s te m  c le an . T h e  tw o  id e n tic a l  g a s  p u r if ie rs  d is c u s se d  h e re  
a re  d e s ig n e d  fo r  u se  w ith  n i tro g e n  b u t  a re  a lso  a d e q u a te  fo r  
u se  w ith  n o b le  g a se s .

In itia lly , th e  c e ll  w ith  its  v a lv e  c lo s e d  is  a tta c h e d  to  th e  
te e  c o n n e c to r  w ith  th e  c o m p re s s io n  s e a l lo o se . A  N 2 p u rg e  is 
p a s s e d  th ro u g h  th e  c a p il la ry  a t  0 .2  l /m in  fo r  2 0  m in . A f te r  th e  
p u rg e , th e  c o m p re s s io n  se a l is  tig h te n e d , v a lv e  A  is  c lo sed , 
a n d  th e  fill l in e  is  e v a c u a te d  th ro u g h  v a lv e  G  . T h e  sy s te m  
re m a in s  u n d e r  v a c u u m  fo r  te n s  o f  m in u te s  to  h o u rs . A  se ries  
o f  a t  le a s t  th re e  b a c k f ill /e v a c u a te  se q u e n c e s  c lo s in g  v a lv e  
(G ), f illin g  th e  ss c a p il la ry  a n d  c e l l  s id e  a rm  w ith  p u rg e  gas, 
th e n  r e -e v a c u a tin g  is  c o m p le te d  to  h e lp  re m o v e  r o o m  a ir  
th a t  m a y  h a v e  e n te re d  w h e n  th e  c e ll  w a s  a tta ch e d .

W h e n  th e  e v a c u a tio n  p ro c e d u re  is  c o m p le te , v a lv e  G  is 
c lo se d , a n d  th e  c e ll  v a lv e  is  o p e n e d  in  p re p a ra tio n  fo r  filling . 
T h e  c e lls  a re  f ille d  in  a  se r ie s  o f  c h a rg e s . A t th e  s ta r t  o f  e a c h  
ch a rg e , a ll  v a lv e s  e x c e p t  th e  c e ll  v a lv e  a re  c lo se d . T h e  b o ttle  
is  o p e n e d  to  th e  c h a rg in g  v o lu m e  a n d  c lo s e d  a g a in  im m e d i
a te ly . T h e  v a lv e s  H  , C  , a n d  B a re  su c c e ss iv e ly  o p e n e d  
u n til  th e  p re s su re  m e a su re d  b y  th e  0-200 p s ig  d ia l g a u g e  
e q u ilib ra te s . V a lv es a re  o p e n e d  g ra d u a lly , so  th a t  th e  g a s  c an  
b e  m e te re d ; th is  is  p a r tic u la r ly  im p o r ta n t  in  o p e n in g  v a lv e s  

C  a n d  B , s in c e  th e  p u r if ie r  is  e f fe c tiv e  o n ly  a t  f lo w  ra te s  
b e lo w  0 .2  l /m in . In  o u r  sy s te m , s ta y in g  b e lo w  th is  r a te  is 
a s su re d  b y  w a tc h in g  th e  p re s su re  g a u g e  a n d  k e e p in g  th e  r a te  
o f  c h a n g e  in  p re s s u re  b e lo w  a b o u t 2  p s i/s .  A t  e q u ilib r iu m , a ll 
v a lv e s  e x c e p t  th e  c e l l  v a lv e  a re  c lo s e d  a g a in . T h is  p ro c e d u re  
is  r e p e a te d  u n til  th e  d e s ire d  c e l l  p re s su re  is  r e a c h e d ;  w e  ty p i
c a lly  fill c e lls  to  8 a tm  a b so lu te  p re s su re  . W h e n  th e  d e s ire d  
f in a l p re s su re  is  r e a c h e d , th e  c e ll  v a lv e  is  c lo se d , a n d  a ll 
o th e r  v a lv e s  in  th e  f illin g  p a th  a re  c lo s e d  to  p re se rv e  th e  g a s  
c o n ta in e d  th e re in  fo r  fu tu re  u se . T h e  f illin g  p a th  f ro m  th e  
b o ttle  to  v a lv e  B is  e v a c u a te d  a n d  p u m p e d  o n  o n ly  o c c a 
s io n a lly , su c h  a s  w h e n  th e  3 H e  b o ttle  is  r e p la c e d . T h e  r e 
m a in in g  3H e  is  c o lle c te d  in to  a  la rg e  b a lla s t  v o lu m e  a n  o th 
e rw ise  e m p ty  g a s  c y lin d e r)  fo r  re c y c lin g .

VI. THE POLARIZER

T h e  p o la r iz e r  c o n s is ts  m o s tly  o f  a n  a lu m in u m -fra m e  c a r t  
(a p p ro x . 2 m  lo n g , 0.6 m  d e ep , a n d  1 m  h i g h  w ith  a  to p  
su rfa c e  fo r  m o u n tin g  o p tic a l  c o m p o n e n ts  a n d  sh e lv in g  b e 
low . T h e  c a r t  h a s  a  b u ilt - in  4 5  c m  d iam . H e lm h o ltz  p a ir  2 0 0

tu rn s  o f  14 A m e ric a n  W ire  G a u g e  w ire  p e r  c o il  , w h ic h  p ro 
d u c e s  a  3 0  G  f ie ld  w h e n  d r iv e n  in  p a ra l le l  w ith  12 V  a t 8 A .

A  w e ld e d  a lu m in u m  b o x  c o v e re d  w ith  f ib e rb o a rd  in s u la 
t io n  se rv e s  a s  a n  o v e n . I t  is  lo c a te d  a t  th e  c e n te r  o f  th e  
H e lm h o ltz  p a ir  a n d  is  h e a te d  b y  a ir  fo rc e d  th ro u g h  a  
f i la m e n t-h e a te r  p ip e40 a t ta c h e d  to  th e  ca rt. T h e  te m p e ra tu re  is  
m a in ta in e d  to  a  fe w  te n th s  o f  a  d e g re e  w ith  a  re s is t iv e  te m 
p e ra tu re  d e te c to r  a n d  c o n tro l le r .41 A  c ra d le  a t  th e  c e n te r  o f  
th e  o v e n  h o ld s  th e  c e ll  b o d y ; th e  c a p il la ry  p ro tru d e s  o u t  o n e  
s id e  o f  th e  o v e n  to  a v o id  h e a tin g  th e  v a lv e . T h e  to p  p la te  a n d  
th e  to p  h a l f  o f  th e  s id e  p la te  a b o v e  th e  c a p illa ry  a re  w e ld e d  
to g e th e r  a n d  c an  b e  re m o v e d  a s  a  u n it  fo r  in te rn a l  a cc ess . 
R o u n d  w in d o w s  (5  c m  d ia m e te r )  a re  lo c a te d  o n  fo u r  s id e s—  
fo r  la s e r  en try , la s e r  e x it, o n  to p , a n d  la te ra lly  o p p o s ite  th e  
c ap illa ry . T h e  la t te r  tw o  a re  fo r  m o n ito r in g  f lu o re sc e n c e  f ro m  
th e  c e l l  d u rin g  S E O P . W in d o w  g la s s  (6 .4  m m  t h i c k  is  u se d  
th ro u g h o u t, d o u b le  p a n e d  fo r  e x tra  in su la t io n  e x c e p t  a t  th e  
la s e r -e n tra n c e  w in d o w . L a s e r  tra n s m itta n c e  th ro u g h  th is  
w in d o w  c o u ld  b e  im p ro v e d  b y  a  fe w  p e rc e n t  b y  u s in g  an  
o p tic a l  flat, a n tire f le c tio n  c o a te d  fo r  7 9 5  n m .)  T h e  o v e n  te m 
p e ra tu re  is  ty p ic a lly  se t fo r  160° C , a lth o u g h  b a s e d  o n  th e  
c h a ra c te r is tic  t im e  w e  o b se rv e  to  p o la r iz e  c e lls  F ig . 5 , th e  
a c tu a l  c e l l  te m p e ra tu re  is  1 7 0 - 1 8 0  ° C , w h e re  th e  sa tu ra te d  
v a p o r  d e n s ity  o f  R b  is  a b o u t  2 .5 - 4 .5 X  1 0 14 c m -3 ;42 se e  Sec. 
V II  B . T h e  te m p e ra tu re  d if fe re n c e  is  c a u s e d  b y  th e  la rg e  la 
s e r  p o w e r: th e  N 2 g a s  in  th e  c e l l  h e a ts  u p  d u e  to  in c re a s e d  
c o ll is io n a l  d e e x c ita tio n  o f  R b  a to m s .43

T h e  la s e r  a n d  o p tic s  t ra in  a re  m o u n te d  o n  a n  o p tic a l r a il  
to  o n e  s id e  o f  th e  c o ils  a n d  o v e n . T h e  la s e r  is  a  7 9 5  n m , 4 0  
W  d io d e  a r ra y 44 w ith  a  fu ll  w id th  a t  h a lf  m a x im u m  lin e w id th  
o f  a b o u t  1.7 n m . T h e  la s e r  is  r e s o n a n t  w ith  th e  7 9 5  n m  D 1 
tra n s it io n  in  R b . I t  is  m o u n te d  to  a n  a lu m in u m  b lo c k  w h ic h  

is  w a te r  c o o le d  b y  a  c lo s e d - lo o p  re f r ig e ra to r45 w ith  b u ilt- in  
te m p e ra tu re  c o n tro l to  a  fe w  te n th s  o f  a  d e g re e . C y lin d r ic a l 
o p tic s  a re  u s e d  to  c o ll im a te  th e  fa s t  a n d  s lo w  a x e s  sep a ra te ly . 
A  7 6  m m  d ia m . m ic a  q u a r te r -w a v e  p la te 46 c irc u la r ly  p o la r 
iz e s  th e  l ig h t  ju s t  b e fo re  i t  e n te rs  th e  o v e n . R u b id iu m -v a p o r  
a b so rp tio n  is  m o n ito re d  b y  a  P C  p lu g - in  m in ia tu re  
s p e c tro m e te r47 w ith  0 .3  n m  re s o lu tio n  c o u p le d  b y  a  fib er 

o p tic  to  th e  l ig h t  e m e rg in g  f ro m  th e  la s e r  e x it  w in d o w . W h e n  
th e  la s e r  is  a t  th e  p ro p e r  f req u e n c y , th e  c o m p u te r  d isp la y s  th e  
la s e r  l in e  w ith  a  c e n tra l  d ip  c o rre sp o n d in g  to  a b so rp tio n  b y  
th e  v ap o r. L a s e r  f lu o re sc e n c e  is  v isu a lly  m o n ito re d  w ith  
s u rv e illa n c e -sy s te m  c a m e ra s  a n d  a  sm a ll  T V  m o n ito r . T h e  
c a m e ra s  a re  s e n s it iv e  in  th e  n e a r  in f ra re d  a n d  a re  e q u ip p e d  
w ith  in te r fe re n c e  f i lte rs48 fo r  th e  R b  D 2 re s o n a n c e  7 8 0  n m  . 
T h e  D 1 a n d  D 2 s ta te s  a re  m ix e d  a f te r  a  R b  a to m  a b so rb s  a  
p h o to n ;9 m o n ito r in g  D 2 f lu o re s c e n c e  th u s  e f fe c tiv e ly  se p a 
ra te s  f lu o re s c e n c e  f ro m  la s e r  sca tte r. T h e  b e a m  p ro f ile  can  
th e n  b e  m a tc h e d  to  th e  c e ll  d im e n s io n s  b y  a d ju s tin g  len s  
p o s itio n s .

T h e  3 H e  p o la r iz a t io n  is  m o n ito re d  b y  a  h o m e -b u il t  100 
k H z  p u ls e  N M R  sp e c tro m e te r ;49 th e  m u lt i- tu rn  c o il  in d u c 
ta n c e  L**  8 0 0  /jlH , q u a li ty  fa c to r  5 0 ) is  p la c e d  a ro u n d  
th e  s te m  o f  th e  c e l l  in s id e  th e  o v e n . T h e  a lu m in u m  w a lls  o f  
th e  o v e n  a re  g ro u n d e d  a n d  p ro v id e  a d e q u a te  r f  sh ie ld in g . 
F ig u re  5 sh o w s  sa m p le s  o f  a  f re e - in d u c tio n  d e c a y  F ID  , 
p o la r iz a t io n  tra n s ie n t  ( “ sp in  u p ’’), a n d  ro o m - te m p e ra tu re  d e 
c a y  tra n s ie n t  ( “ sp in  d o w n ’’) fo r  3H e  in  a  ty p ic a l  8 a tm  cell.
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FIG. 5. (a) Typical 3He polarization transient for cell 8A at 8 atm in a 30 G 
magnetic field. The curve is a best fit to Eq. (1), yielding the characteristic 
spin-up time of 10 h. Although the oven temperature was set to 160 °C, the 
spin-up time corresponds to 170-180 °C. The temperature increase is due to 
the laser heating of the cell. (b) Subsequent room-temperature decay tran
sient at 30 G for the same cell, measuring the combined wall and bulk 
relaxation rates. The line is a best fit to a single exponential decay. One 
deduces a wall-relaxation time for this cell of »=■ 150 h, since the bulk time is 
*“ 100 h. Inset: A typical 3He FID acquired at 30 G (100 kHz); the initial 
FID amplitude provides the data for spin-up and spin-down measurements.

VII. EXPERIMENTAL RESULTS
A. T1 measurements

A ll  m e a su re m e n ts  o f  th e  lo n g itu d in a l  re la x a tio n  t im e  T 1 
f o r  o u r  c e lls  w e re  m a d e  a t  r o o m  te m p e ra tu re  a n d  a t  30  G, 
u n le s s  o th e rw is e  in d ic a te d . T h e s e  a re  re le v a n t  c o n d it io n s  fo r  
H P -g a s  p ro d u c tio n , s in c e  h ig h  f ie ld s  a re  n o t  n e c e s sa ry  to 

g e n e ra te  th e  p o la r iz a tio n , a n d  a  3 0  G  H e lm h o ltz  p a ir  is  in 
e x p e n s iv e  a n d  p o r ta b le . V ery  lo w  flip  a n g le s  ( < 5 ° )  w e re  
u s e d  to  g e n e ra te  a  F ID  a t a p p ro p ria te  t im e  in te rv a ls  w ith  
n e g lig ib le  lo ss  o f  p o la r iz a t io n . T h e  in it ia l  h e ig h t  S  o f  th e  F ID  
w a s  re c o rd e d  a s  a  fu n c tio n  o f  t im e  a n d  fit to  S  ( t ) 
=  S ( 0 ) e x p ( —t/T 1) to  e x tra c t  T j .  (T h e  th e rm a l e q u il ib r iu m  
s ig n a l is  n e g lig ib le  fo r  o u r  c o n d itio n s .

W e  h a v e  re c e n tly  d is c o v e re d  th a t  T 1 a t  3 0  G  is  d ra m a ti

c a lly  re d u c e d  (fa c to rs  o f  2- 20) so le ly  b y  in te rv e n in g  e x p o 
su re  o f  a  c e ll  to  a  la rg e  m a g n e tic  f ie ld  o f  o rd e r  0 .1  T  o r 
g re a te r  . T h e  o r ig in a l  T 1 c a n  b e  re s to re d  b y  d e m a g n e tiz in g  o r 
d e g a u s s in g  th e  ce ll, i.e ., ro ta tin g  i t  a t  a b o u t  1  H z  in  a  f ie ld  
w h ic h  is  g ra d u a lly  re d u c e d  to  z e ro  f ro m  a b o u t 1 T. (M a g n e 
t iz a tio n  a n d  d e g a u s s in g  w e re  c o n v e n ie n tly  d o n e  in  a  1  T  
iro n -c o re  e le c tro m a g n e t.)  T h e  e ffe c t, te rm e d  ‘‘T 1 h y s te re s is ,” 
is  d u e  to  m u lt i-d o m a in  m a g n e tic  s ite s  a t  o r  n e a r  th e  g la s s  
su rfa ce . T h e s e  s ite s  b e c o m e  m a g n e tiz e d  in  a  la rg e  f ie ld  a n d  
h a v e  a  s ig n if ic a n t re m a n e n t  m a g n e tiz a t io n  w h e n  th e  c e ll  is  
r e tu rn e d  to  3 0  G , le a d in g  to  a  s tro n g e r  in te ra c t io n  w ith  c o l
l id in g  3 H e  sp in s  a n d  a  sh o r te r  T 1 . T h e  e f fe c t h a s  b e e n  o b 
se rv e d  in  b o ro s il ic a te , a lu m in o s ilic a te , a n d  q u a rtz  g la s se s  
a n d  is  c o r re la te d  w ith  th e  p re se n c e  o f  th e  R b  n e c e s sa ry  fo r 
S E O P . In d e e d , th e  e ffe c t  sh o u ld  b e  o b se rv a b le  to  so m e  d e 
g re e  in  a lm o s t  a ll  s p in -e x c h a n g e  c e lls . T h e  d e ta ils  o f  T 1 h y s 
te re s is  a re  d is c u s se d  in  R e f. 22 .

W e  h a v e  c o n s is te n t ly  p ro d u c e d  c e lls  w ith  T 1 ’s in  e x ce ss  
o f  4 0  h . T h e  m e a su re d  T j ’s a re  g e n e ra lly  ro b u s t  a n d  r e p ro 
d u c ib le  ( to  10%  o r  s o ,  a lth o u g h  th e  c e l l  is  r e f il le d  se v e ra l 
t im e s  a n d /o r  re p e a te d ly  e x p o se d  to  th e  4 0  W  la s e r  a t  te m 
p e ra tu re s  o f  1 6 0 - 2 0 0  ° C . T h e  re su l ts  o f  T 1 m e a su re m e n ts  on  
m a n y  o f  o u r  c e lls  a re  sh o w n  in  F ig . 6. T h e  w a ll  r e la x a tio n

FIG. 6. The wall relaxation rate T w at 30 G plotted vs 
cell designation for 19 of approximately 30 3He spin- 
exchange cells fabricated in our laboratory. These cells 
all contain Rb, except for 12A and 12B, which contain 
potassium. The manifolds are numbered chronologi
cally; ‘‘A’’ and ‘‘B’’ refer to a pair of cells made on the 
same manifold Fig. 2 . The bulk 3H e -3He relaxation 
rate of 0.010 h_1 for 8 atm has been subtracted for each 
cell. Prior to being magnetized at 1 T or after degauss
ing, most cells have T 0.01 h _1 or smaller, meaning 
a measured T 1 50 h.
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ra te  T  w is  sh o w n  fo r  e a c h  c e ll  b e fo re  e x p o su re  to  a  h ig h  fie ld  
u n m a g n e tiz e d  , m a g n e tiz e d , a n d  d e g a u s se d . T h e  b u lk  c o n 

tr ib u tio n  (0.010 h _1 a t  8 a tm 11) h a s  b e e n  s u b tra c te d  f ro m  th e  
d a ta . T 1 h y s te re s is  o c c u rs  to  so m e  d e g re e  fo r  a ll  c e lls  o v e r  a  
b ro a d  r a n g e  o f  in it ia l  u n m a g n e tiz e d  life tim e s  a fe w  h u n d re d  
m in u te s  to  ten s  o f  h o u rs  , in d ic a tin g  th a t  th e  v a r ia tio n  in  
ra te s  f ro m  c e ll  to  c e l l  m a y  b e  d u e  to  d if fe re n c e s  in  th e  s ize  
a n d /o r  c o n c e n tra t io n  o f  m a g n e tic  s ite s . In  a n y  c a se , i t  is  n e c 
e ssa ry  to  a v o id  e x p o su re  o f  m o s t  c e lls  to  la rg e  m a g n e tic  
f ie ld s  th e  o n se t  o f  T 1 h y s te re s is  o c c u rs  a t  a fe w  h u n d re d  
g a u s s22) o r  to  d e g a u s s  th e m  b e fo re  th e y  a re  u s e d  fo r  SE O P.

In  a d d itio n  to  its  c ru c ia l ro le  in  o p tic a l  p u m p in g , th e  
p re se n c e  o f  a lk a li  m e ta l  in  S E O P  c e lls  in h ib its  w a ll  r e la x 
a tio n  w h ile  s im u lta n e o u s ly  g iv in g  r is e  to  T 1 h y s te re s is .22 A l 
m o s t  a ll  o f  th e  c e lls  re p re s e n te d  in  F ig . 6 c o n ta in  R b  (ce lls  
12A  a n d  12B  c o n ta in  p o t a s s iu m .  W e  a lso  m a d e  se v e ra l o th 
e rw ise  id e n tic a l c e lls  c o n ta in in g  n o  a lk a l i  m e ta l.  P re p o la r 
iz e d  3 H e  w a s  th e n  in tro d u c e d  in  o rd e r  to  m e a su re  T 1 o n  b a re  
P y re x . F o r  th e s e  c e lls  T 1 w a s  ty p ic a lly  le s s  th a n  10 h , a n d  n o  
h y s te re s is  w a s  o b se rv e d . T h e  R b  m a y  b e  c h e m ic a lly  n e u tr a l 
iz in g  p a ra m a g n e tic  s ite s  o r  in h ib itin g  p e rm e a tio n  o f 3 H e  in to  
th e  g la s s ;  se e  S ec . II  a n d  R e fs . 14 a n d  15. A t  th e  sa m e  tim e , 
th e  R b  in tro d u c e s  T 1 h y s te re s is , p re su m a b ly  b y  c re a tin g  
m a g n e tic  s ite s . O u r  c u r re n t  w o rk in g  h y p o th e s is  is th a t  th e  R b  
a c ts  as a re d u c in g  a g en t, c o n v e r tin g  iro n  io n s  a n d  o x id e s  to  
m u lt i-d o m a in  m e ta ll ic  iro n .

B. Polarimetry

U sin g  o u r  b e n c h m a rk  T 1 o f  4 0  h , th e  m e a su re d  R b - 3H e  
sp in -e x c h a n g e  ra te  a t  180 ° C ,50,51 th e  sa tu ra te d  v a p o r  p re s 
su re  c u rv e  fo r  R b ,42 a n d  E q . 1 , th e  th e o re tic a l  l im it  o f  a t 
ta in a b le  3H e  p o la r iz a t io n  is  a b o u t 8 0 % , g iv e n  ( P Rb) 

100%  . W e  e s t im a te  a n d  o th e r  r e se a rc h  g ro u p s  h a v e  sh o w n  
d ire c tly 52) th a t  ( P Rb) c a n  b e  m a in ta in e d  a t  n e a r ly  100%  u n 
d e r  th e s e  c o n d itio n s  w ith  a d io d e - la s e r  a rra y  su c h  as th e  o n e  
w e  u se ; y e t  th e re  a re  n o  re p o rts  in  th e  l ite ra tu re  o f  3 H e  p o 
la r iz a t io n s  a b o v e  a b o u t  5 0 % . T h is  p o la r iz a t io n  d e f ic it  r e 
m a in s  u n e x p la in e d  a t  p re se n t.

W e m e a su re  th e  a b so lu te  p o la r iz a t io n  o f  H P  3 H e  b y  
c o m p a r in g  th e  N M R  s ig n a l f ro m  th e  3 H e  c e l l  to  a  p ro to n  
s ig n a l p ro v id e d  b y  a w a te r  sa m p le  in  th e rm a l e q u ilib r iu m . 
T h e  w a te r  sa m p le  h a s  a  g e o m e try  s im ila r  to  th e  3 H e  c e l l  a n d  
c o n ta in s  a su ff ic ie n t a m o u n t o f  d is so lv e d  C u S O 4 to  re d u c e  
th e  p ro to n  T 1 to  le s s  th a n  100 m s. T h e  c o m p a r is o n  is  d o n e  a t 
a  c o m m o n  N M R  freq u e n c y , h ig h  e n o u g h  fo r  su f f ic ie n t p r o 
to n  s ig n a l. S in c e  th e  p ro to n  p o la r iz a t io n  c a n  b e  c a lc u la te d , 
a n d  th e  sp in  d e n s i tie s  o f  b o th  sa m p le s  a re  k n o w n , th e  3 H e  
p o la r iz a t io n  c a n  b e  d e te rm in e d  b y  m e a su r in g  th e  ra tio  o f  
N M R  s ig n a ls  f ro m  th e  tw o  sa m p le s . T h e  p o la r iz a t io n  is  in 
d e p e n d e n t  o f  a p p lie d  f ie ld  fo r  h y p e rp o la r iz e d  g a se s . In  th e  
lo w -f lip -a n g le  l im it, th e  s ig n a l ra tio  S 3 / S 1 is  g iv e n  b y 49

S  3 ___ P  3 n  3 73

S1 P 1 n  1 -y2 ,
2

FIG. 7. Two FIDs acquired at 32.5 MHz using the exact same NMR equip
ment and settings; only the field is different. The flip angle is <  10° in both 
cases. The peak-to-peak voltage of the first full oscillation is marked by the 
solid horizontal cursor lines. a Four averaged water proton signals ac
quired at 0.763 T. (b) A single acquisition at 1.00 T from an 8 atm 3He cell 
with 50 dB of signal-line attenuation relative to (a . Using Eq. (3 , the 
field-independent 3He polarization is 50 4%. The transverse coherence 

time is dominated by field gradients and is longer in (b) because of the better 
field homogeneity in the electromagnet at higher fields.

c a lc u la te d  f ro m  th e  p re s su re  m e a s u re d  w h e n  i t  is  filled . 
W h e n  so lv e d  fo r  P 3 u s in g  w a te r, E q . 2  c a n  b e  e x p re s s e d

. 4, f  S 3
P 3 =  ( 3 .7 6 x  W - 4 ) - - ^ ,  

3 P  S 1 3

w h e re  P  is  p o la r iz a t io n , is  g y ro m a g n e tic  ra tio , n  is  sp in  
d en sity , a n d  th e  su b sc r ip ts  ‘‘3 ’’ a n d  ‘‘1’’ r e fe r  to  3H e  a n d  
p ro to n s , re sp e c tiv e ly . T h e  sp in  d e n s i ty  fo r  th e  3H e  c e ll  c a n  b e

w h e re  f  is  th e  c o m m o n  N M R  f re q u e n c y  in  m e g a h e r tz , a n d  P  
is  th e  c e ll  p re s su re  in  a tm o sp h e re s  a t  ro o m  te m p e ra tu re . F o r  
o u r  c e lls , S 3 / S 1 is  ty p ic a lly  4 0 - 5 0  d B . F ig u re  7  sh o w s  a  p a ir  
o f  F ID s  a t  3 2 .5  M H z  o n  th e  sa m e  o sc i llo sc o p e  v o lta g e  sca le . 
T h e  3 H e  F ID  is  a  s in g le  a c q u is i t io n  f ro m  a n  8 a tm  c e ll  w ith  
5 0  dB  a tte n u a tio n  in  th e  s ig n a l lin e ; th e  p ro to n  F ID  is  fo u r  
a v e ra g e d  s ig n a ls  w ith  n o  s ig n a l- lin e  a tte n u a tio n . U s in g  E q .
(3 ) a n d  fa c to r in g  in  th e  s lig h t d if fe re n c e  in  th e  tw o  F ID  a m 
p litu d e s , th e  3H e  p o la r iz a t io n  is  P 3 =  5 0 ± 4 % .  T h e  u n c e r
ta in ty  c o m e s  f ro m  th e  m e a s u re m e n t o f  th e  p ro to n  F ID  h e ig h t  
a n d  f ro m  sm a ll lo sse s  in  tra n s p o r tin g  th e  c e ll  f ro m  th e  p o la r 
iz e r  to  th e  e le c tro m a g n e t.

C. Overall performance

W e n o w  ro u tin e ly  fa b ric a te  S E O P  c e lls  th a t  re a c h  a  ‘‘4 0 /  
4 0 ’’ b e n c h m a rk : 3H e  p o la r iz a t io n  3=40%  a n d  a  re la x a tio n  
l ife t im e  T 1 4 0  h . T h e  m a x im u m  p o la r iz a t io n  is  a c h ie v e d  in  
1 2 - 2 0  h  in  a b o u t  0 .5  a t m L  o f  g a s , a lth o u g h  p o la r iz a t io n s  as 
h ig h  a s  2 0 %  a re  a c h ie v e d  in  3 - 5  h . T h e  sy s te m  c a n  b e  le f t  to  
ru n  o v e rn ig h t  u n a tte n d e d  in  o rd e r  to  a c h ie v e  m a x im u m  p o 
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la r iz a tio n . T h e  a p p a ra tu s  d e s c r ib e d  h e re  c o s t  $ 3 5 - 4 0 k  to  
b u ild ; a b o u t  $ 1 5 k  o f  th a t  to ta l  w a s  sp e n t o n  th e  h ig h -v a c u u m  
sy s tem .

A  fe w  o th e r  re s e a rc h  g ro u p s  a n d  a t  le a s t  o n e  c o m p a n y , 
A m e rsh a m  H e a lth  A H  , h a v e  p u t  so m e  e f fo r t  in to  h ig h - 
v o lu m e , h ig h - th ro u g h p u t  d e v ic e s  to  g e n e ra te  H P  3H e . W ith  
th e  e x c e p tio n  o f  G e n tile , e t  a l .,19 th e re  a re  fe w  d e ta ils  o f  
th e s e  sy s te m s  d e s c r ib e d  in  th e  o p e n  l ite ra tu re . R e c e n t  p a p e rs  
f ro m  th e  U n iv e rs i ty  o f  V irg in ia  g ro u p  d e sc r ib e  th e  A H  s y s 
te m  w h ic h  a lso  u se s  S E O P  b u t  is  n o t  y e t  c o m m e rc ia lly  
a v a ila b le  a s  c a p a b le  o f  u p  to  35%  p o la r iz a t io n  in  1 a tm  L  
o f  g a s  a f te r  se v e ra l h o u r s .6,53 O u r  sy s te m  is  ro u g h ly  c o m p a 

ra b le , a lth o u g h  o u r  sp in -e x c h a n g e  ra te s  a re  ty p ic a lly  s o m e 
w h a t lo w er. W e  n o te  th a t  w h ile  w e  h a v e  y e t  to  u se  o u r  s y s 
te m  fo r  h u m a n  s tu d ie s , th e  g ro u p  a t  W a sh in g to n  U n iv e rs i ty  
h a s  o b ta in e d  th e  n e c e s sa ry  F D A  e x e m p tio n  fo r  a  sy s te m  v e ry  
s im ila r  to  o u rs .

G ro u p s  a t  th e  N a tio n a l  In s t i tu te  o f  S ta n d a rd s  a n d  T e c h 
n o lo g y  N IS T  in  G a ith e rsb u rg , M D  a n d  a t  M a in z  U n iv e rs i ty  
in  G e rm a n y  h a v e  e m p lo y e d  th e  te c h n iq u e  o f  m e ta s ta b ili ty  
e x c h a n g e  o p tic a l p u m p in g  M E O P  .8 T h e  M a in z  g ro u p  c an  
p ro d u c e  1 a tm  L  o f  55%  p o la r iz e d  3H e  in  a b o u t  2  h .54 A s  

w ith  a ll  M E O P  sy s te m s , th e  g a s  m u s t  b e  c o m p re s s e d  f ro m  a  
fe w  T o rr u p  to  a tm o sp h e r ic  p re s su re  w ith  m in im a l p o la r iz a 
tio n  lo ss . A  tw o -s ta g e  t i ta n iu m  p is to n  c o m p re s s o r  is  e m 
p lo y e d  fo r  th is  p u rp o se . T h e  d is a d v a n ta g e s  o f  th is  sy s te m  a re  
its  s iz e , c o m p le x ity , a n d  n o n p o rta b ility . O u r  s y s te m  is  p o r 
ta b le  e n o u g h  to  h a v e  b e e n  re c e n tly  d r iv e n  f ro m  S a lt  L a k e  
C ity  to  R ic h la n d , W A , fo r  c o lla b o ra t iv e  M R I  e x p e r im e n ts  a t 
P a c if ic  N o r th w e s t  N a tio n a l  L a b o ra to ry . A t  N IS T , a  c o m p a c t  
a n d  p o r ta b le  d e v ic e  fo r  g a s  c o m p re s s io n  in v o lv in g  a  m o d i
fied  d ia p h ra g m  p u m p  h a s  b e e n  d e v e lo p e d . F o r  M R I  a p p lic a 
tio n s , i t  is  e x p e c te d  to  p ro d u c e  1 a tm  L  o f  2 0 %  p o la r iz e d  
g a s  in  a b o u t 2  h .19 W e  a c h ie v e  s u b s ta n tia l ly  h ig h e r  f in a l p o 
la r iz a t io n  th a n  th e  N IS T  sy s te m  a t  th e  e x p e n s e  o f  c o n s id e r 
a b le  p u m p in g  tim e .

VIII. CONCLUSION

W e h a v e  d e v e lo p e d  a  su c c e s s fu l  p ro to c o l  fo r  fa b r ic a t io n  
o f  la rg e -v o lu m e , v a lv e d  3 H e  sp in -e x c h a n g e  c e lls  fo r  M R I 
f ro m  in e x p e n s iv e  a n d  e a s ily  w o rk e d  P y re x  g la ss . W e  h a v e  
id e n tif ie d  a n  im p o r ta n t  m e c h a n is m  fo r  w a ll  r e la x a tio n  th a t 
h a s  b e e n  d ire c tly  c o n f irm e d  e x p e r im e n ta l ly  b y  s tu d ie s  o f  T 1 
h y s te re s is , a n d  w e  h a v e  c o n f irm e d  th e  im p o r ta n c e  o f  R b  
m e ta l  (in  a m o u n ts  o f  o rd e r  100 m g  o r  m o re )  fo r  lo n g  w a ll-  
re la x a t io n  tim es .

W e h a v e  y e t  to  re a c h  th e  u l tim a te  g o a l o f  u n d e rs ta n d in g  
th e  p h y s ic s  o f  th e  c e ll  fa b r ic a t io n  p ro c e s s  a t  e a c h  s tep , b u t  
w e  h a v e  d e ta i le d  h e re  so m e  p ro g re s s  a w a y  f ro m  c e ll-m a k in g  
‘‘v o o d o o .’’ T h e  f illin g  o f  c e lls  h a s  b e e n  se p a ra te d  f ro m  th e  
r e s t  o f  th e  p ro c e s s  a n d  is  d o n e  o n  a  s e p a ra te  g a s-h a n d lin g  
sy s te m . C e ll p ro p e rt ie s  a re  d e te rm in e d  a n d , so  fa r  a s  w e  
k n o w , f ix e d  b y  o n e  o r  m o re  o f  th e  e a r l ie r  s te p s  g la s s  b lo w 
in g , e v a c u a tio n , b a k in g , a n d  R b  d is t il la t io n  . O n c e  s e a le d  
fro m  th e  h ig h -v a c u u m  sy s te m , c e lls  c a n  b e  re f i l le d  in d e f i
n i te ly  w ith  n o  s ig n if ic a n t c h a n g e  in  th e ir  w a ll  p ro p e rtie s . 
B a se d  o n  th e  c o m p a ra t iv e  p re v io u s  e x p e r ie n c e  o f  o n e  o f  us
B . T. S . w ith  se v e ra l c e l l- fa b r ic a tio n  sy s te m s , w e  c a n  m a k e

a n  e d u c a te d  g u e ss  th a t  th e  im p o r ta n t  e le m e n ts  o f  c e ll  p r e p a 
ra t io n  in c lu d e  th e  c le a n , o i l- f re e  tu rb o -m o le c u la r  p u m p , th e  
u - tu b e  L N 2 tra p  in c lu d e d  o n  th e  g la s s  m a n ifo ld , a n d  th e  
m u lt i- s ta g e  d is t il la t io n  o f  th e  R b  m e ta l  in to  th e  c e lls . O u r  
v a c u u m  sy s te m  d o e s  n o t  q u a lify  a s  U H V  a n d  is  n o t  e n tire ly  
m e ta l  se a le d , a lth o u g h  th e  s ta in le s s -s te e l c o n s tru c tio n  a n d  
g o o d  v a c u u m  p ra c tic e  e .g ., k e e p in g  a ir  a n d  w a te r  o u t  o f  th e  
sy s te m  a t  a ll  p o s s ib le  t im e s  p re su m a b ly  h e lp  to  fu r th e r  m in i
m iz e  c o n ta m in a n ts  in  th e  m a n ifo ld .

T h e  d is c o v e ry  o f  T 1 h y s te re s is  h a s  o p e n e d  th e  d o o r  to  
le a rn in g  m o re  a b o u t  c e l l  fa b r ic a t io n  b y  f in a lly  p ro v id in g  a  
c o n c re te  le a d  a s  to  th e  m e c h a n is m  in v o lv e d  in  g la s s -su rfa c e  
r e la x a tio n  o f  3H e. T h e  d e te c tio n  o f  m a g n e tis m  in  R b -c o a te d  
g la s s  w ith  a  s e c o n d  m e th o d  e le c tro n  sp in  re s o n a n c e  E S R  
o r  v ib ra t in g -sa m p le  m ag n e to m e try , fo r  e x a m p le  w o u ld  c o n 
f irm  th e  e f fe c t an d , in  c o n ju n c tio n  w ith  fu r th e r  N M R  m e a 
su re m e n ts , p o te n tia l ly  a llo w  b e tte r  d e te rm in a tio n  o f  th e  
c h e m ic a l  id en tity , s iz e , c o n c e n tra tio n , a n d  m a g n e tic  m o m e n t 
o f  th e  m a g n e tic  s ite s . I t  m a y  e v e n tu a l ly  p ro v e  p o s s ib le  to  
e lim in a te  th e  s ite s  a lto g e th e r , p e rh a p s  im p ro v in g  T 1 s t i ll  fu r 
th e r  a n d  m a k in g  c e lls  e v e n  m o re  ro b u s t  in  h ig h -f ie ld  e n v i
ro n m e n ts , su c h  a s  in  o r  n e a r  a  M R I  m a g n e t.

M o r e  d e ta i le d  s c h e m a tic s  a n d  p la n s  o f  a n y  o f  th e  a p p a 
r a tu s  d e s c r ib e d  h e re  c a n  b e  o b ta in e d  b y  c o n ta c t in g  th e  a u 
th o rs .
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APPENDIX: TRANSIT TIME OF 3He IN THE 
CAPILLARY

A s d is c u s se d  in  S ec . III , th e  v a lv e  o n  o u r  re fil la b le  3H e  
s p in -e x c h a n g e  c e lls  is  s e p a ra te d  f ro m  th e  c e l l  b o d y  b y  a  g la s s  
c a p il la ry  tu b e  se e  F ig . 1 , so  th a t  th e  p o te n tia l ly  re la x iv e  
c o m p o n e n ts  o f  th e  v a lv e  a re  iso la te d  f ro m  th e  b u lk  g a s . H e re  
w e  c a lc u la te  T  cap, t h e 3 H e  re la x a tio n  ra te  d u e  to  th e  c a p illa ry  
a n d  v a lv e . T h e  a n a ly s is  h e re  is  b a s e d  in  p a r t  o n  n o te s  f ro m  
d is c u s s io n s  w ith  b o th  H . L . M id d le to n  a n d  M . S. C o n ra d i. 
W e  a s su m e  a  c a p il la ry  o f  le n g th  L, ra d iu s  r, a n d  c ro ss  se c tio n  
A =  i r r 2 . W e  a s su m e  th a t  th e  d if fu s io n  tim e , b o th  a c ro s s  th e  
c e l l  a n d  b e tw e e n  th e  c e ll  a n d  th e  v a lv e , is  sh o r t  c o m p a re d  to  
th e  p o la r iz a t io n  l ife t im e  T 1 , th a t T 1 is  d o m in a te d  b y  w a ll 
re la x a tio n , a n d  th a t  th e  c e l l  h a s  a  u n ifo rm  re la x iv i ty  tj, so 
th a t  th e  w a ll- re la x a tio n  r a te  T  w is  g iv e n  e v e ry w h e re  b y

S
r w=  v v  , (A 1 )

w h e re  S /  V  is  th e  su rfa c e  to  v o lu m e  ra tio , e q u a l to  2 / r  fo r  th e  
c y lin d r ic a l  c ap illa ry . W e  c o n s id e r  th e  c a s e  in  w h ic h  th e  m a g 
n e tiz a t io n  M 0 in  th e  c e ll  b o d y  m a y  b e  c o n s id e re d  c o n s tan t. 
W e  n o te  th a t i t  is  q u ite  p o s s ib le  th a t  in  th e  c a p il la ry  is  
la rg e r  th a n  in  th e  b o d y  d u e , fo r  e x a m p le , to  th e  lo w  c o n d u c 
ta n c e  d u rin g  th e  b a k e o u t  o r  to  th e  c a p illa ry  c o m in g  f ro m  a
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d if fe re n t  b a tc h  o f  P y re x  . W e  d e a l w ith  th is  p o s s ib le  d if fe r 
e n c e  b e lo w . In  th e  cap illa ry , th e  d if fu s io n  e q u a tio n  fo r  3H e  
m a g n e tiz a t io n  M  (x ) in  o n e  d im e n s io n  is

8 M ( x )  d 2M ( x )
- D --------—  +  Q ( x ) ,

t d x
A 2

w h e re  D  is  th e  d if fu s io n  c o e ff ic ie n t o f  3H e  a to m s  in  th e  c e ll 
a n d  Q  (x ) is  a  so u rc e  te rm . U n d e r  s te a d y -s ta te  c o n d itio n s  
w ith  Q  ( x ) =  — F wM  (x ) a n d  u s in g  E q . (A 1 ) w e  o b ta in

d 2 rjS  2 rj

^  MI -x ' > = D V M ( x , - D 7 -  ■

T h e  g e n e ra l  so lu tio n  to  E q . A 3  is  

M ( x )  =  C  s i n h q x )  +  K  c o s h q x ) ,

w h e re

q 2 2 / D r .

A 3

A 4

A 5

W e a s su m e  th a t  th e  v a lv e  a t  x  0  in s ta n tly  re la x e s  a ll  sp in s  
w ith  w h ic h  it  c o m e s  in  c o n ta c t.  T h e  b o u n d a ry  c o n d it io n s  a re  
th u s  M ( 0 )  =  0  a n d  M ( L ) =  M 0 . H e n c e , w e  m u s t  h a v e  K  

0 , a n d  th e  p a r tic u la r  so lu tio n  is

M x
M0

s in h  q L
s in h  q x . A 6

T h e  f lu x  o f  m a g n e tic  m o m e n t  J  (x ) th ro u g h  a  p la n e  o f  
c o n s ta n t  x  in  th e  c a p il la ry  is  th u s

J x D
d M ( x )

d x

D M 0q

s in h  q L
c o sh  q x (A 7)

a n d  th e  to ta l  m a g n e tic  m o m e n t  p e r  u n i t  t im e  f lo w in g  in to  th e  
c e ll  a t  th e  c a p il la ry  o p e n in g  is

A J { L ) =  -  7Tr2D M 0q  c o th ( q L ) . (A 8)

H e n c e , th e  e f fe c tiv e  r e la x a tio n  ra te  d u e  to  th e  c a p il la ry  a n d  
v a lv e  is

A J  L  r 2D q  c o th  q L
cap M  qV c Vc

(A 9)

w h e re  V c is  th e  c e l l  v o lu m e . In  o u r  c a se , 57 is  u su a lly  sm all, 
a n d  in  th e  l im it  q L  1

r 2D
- r .  (A 10)cap V cL

N o te  th a t  in  th is  l im it, F cap is  in d e p e n d e n t  o f  a n d  a  m o d e s t 
in c re a s e  in  in  th e  c a p illa ry  c o m p a re d  to  th e  c e ll  b o d y  
w o u ld  b e  ir re le v a n t.

B a se d  o n  T 1 4 0  h  fo r  a  s p h e r ic a l c e ll  4 .5  c m  in  d ia m 
ete r, w e  e s t im a te  5 10 6 c m /s . F o r  a n  8 a tm  ce ll, D  
=  0 .2 3  c m 2/s  fo r  3H e  a t 2 9 5  K .55 U s in g  r  =  0 .0 2 5  c m  a n d  L  

6 c m  fo r  th e  n a rro w  p o r t io n  o f  th e  c a p il la ry  a n d  E q . A 5  , 
w e  o b ta in  q L  =  0 .2 5 . U s in g  E q . (A 1 0 ), w e  c a lc u la te  F cap 
^  0 .0 0 8  h _ 1. T h is  n u m b e r  is  a  fa c to r  o f  2 - 4  g re a te r  th a n  th e  
m e a su re d  ra n g e  fo r  F cap g iv e n  in  S ec . III  fo r  o u r  c e lls .  T h e  
d isc re p a n c y  h a s  a t  le a s t  tw o  p o te n tia l  so u rc e s : th e  a d d itio n a l 
4  c m  o f  1 m m  i.d . c a p illa ry  in  o u r  c e lls  w a s  n o t  in c lu d e d  in  
th is  c a lc u la tio n , a n d  th e  v a lv e  m a y  n o t  b e  p e r fe c tly  re la x in g  
[i.e ., w e  m a y  h a v e  M ( 0) > 0] .
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