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Cross sections for single and double electrón capture by protons 
and electrón capture and loss from hydrogen atom s in lead 
vapors have been measured in the energy range 7.5-40 keV. Our 
results on Pb are com pared with those on Mg reported by other 
workers. Analysis o f electrón capture collisions is complicated by 
the presence o f múltiple pseudocrossings o f potential energy

curves, though it may be infcrred thut the rolo jf  electrón capture 
from inner shells becomes increusii.éiy im p jrtan t at velocities 
larger than 2 x ¡O^cm/s. The double electrón-capture processes 
are best described assuming the validity o f the rule o f  conser­
v a ro n  o f electronic spin in the collisions.

1. Introduction

T h e  in f o rm a t io n  o n  ch a rg e -c h an g in g  coll is ions o f  
h y d ro g en  a to m s  a n d  ions w ith  d if feren t ta rge ts  has been 
reviewed recen tly  by F e d o r e n k o 1). T h is  in fo rm a t io n  is 
res tr ic ted  to  coll is ions w ith  molecu les ,  n o b le  gases, 
a lkal is ,  H a n d  M g. It is o f  in te res t  the re fo re ,  to  s tudy  
these  processes  in ta rg e ts  o f  d if fe ren t e lec tron ic  configu­
r a r o n .

W e have  m e a s u re d  th e  c ross  sec t ions  fo r  single an d  
d o u b le  e lec tró n  c a p tu re  by p ro to n s  a n d  single e lec trón  
c a p tu r e  a n d  loss f ro m  h y d ro g en  a to m s  in coll is ions 
w ith  v a p o rs  o f  lead in the  energy  range  7 .5 -40  keV 
by th e  m e th o d  o f  ana lys is  o f  th e  fast p ro d u c ís  o f  the  
co ll is ions in a m ag n e t ic  field.

2 . Apparatus and measurements

T h e  a p p a ra tu s ,  sh o w n  in fig. 1, is essentia lly  th e  sam e  
as w as used fo r  o u r  s tu d y  o f  coll is ions be tw een H e + a n d  
the  v a p o u r s  o f  M g  a n d  Pb  a n d  w hich  is descr ibed  in 
deta i l  e lsew here2). In brief, th e  a p p a r a tu s  consis ts  o f  an 
a c c e le ra to r  to  p ro d u c e  p ro to n s  o f  energies  be tw een  7.5 
a n d  40 keV, a 20° d o u b le - fo cu s in g  a na lyz ing  m ag ne t ,  a 
v a c u u m  oven  w here  th e  v a p o rs  o f  th e  lead ta rg e t  are 
p ro d u c e d ,  a n d  b eam  m e a s u r in g  eq u ip m e n t .  N eu tra l  
b eam s  a re  p ro d u c e d  by passage  o f  a H + beam  th ro u g h  
a n eu tra l iz a t io n  cell, th e  r e m a in in g  c h a rg e d  part ic les  
being sw ept o u t  by a v o ltage  app lied  to  a p a ir  o f  
deflecting  plates. T hese  p la tes  a re  a lso  used to  d e te r ­
m ine  the  c o n t r ib u t io n  to  the  m e asu red  beam  cu r ren ts  
by u n w a n te d  fast n e u tra ls  ( fo rm e d  by e lec trón  c a p tu re  
on  b eam  co l l im a t in g  slits a n d  b a c k g ro u n d  gas) w hen

* Research supported in part by the United States Air Forcé 
under grant AFOSR-69-1082; m onitored by the A ir Forcé 
Office o f  Scientific Research o f the Office o f Aerospace Re­
search. Fig. 1. Experim ental apparatus.
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cross  s e c t io n s f ro m  H + a re  m easu re d .  T h is  c o n t r ib u t io n  
is su b s t rac ted  as b a c k g r o u n d 2).

T h e  n eu tra l iz a t io n  cell is a  tu b e  72 m m  lon g  an d  
14 m m  in in te rna l  d iam e te r .  T h e  b e a m  en te rs  an d  
leaves th e  cell th r o u g h  ch an n e ls  w h ich  a re  6 m m  long  
a n d  o f  in te rn a l  d ia m e te r s  1.0 a n d  1.2 m m  respectively. 
A rg ó n  gas is ad m i t t e d  to  th e  cell th r o u g h  a  coid  trap .

T h e  in te rac t io n  c h a m b e r  is desc r ibed  in  detail  in 
ref. 2. L ead  o f  p u r i ty  g re a te r  th a n  9 9 .99 9%  was used 
fo r  th e  m e asu rem en ts .

T h e  d if feren t b e a m  c o m p o n e n t s  resu lt ing  f ro m  charge- 
c h a n g in g  coll is ions in  the  ta rg e t  cell w ere ana lyzed  
a c c o rd in g  to  th e i r  d if fe ren t c h a rg e  s ta tes  by a  m agne t ic  
field a n d  co llec ted  o n  a  m o v ab le  d e tec to r ,  w hose  
re sp o n se  is in d e p e n d e n t  o f  th e  cha rg e  o f  th e  im ping ing  
par t ic le s3).

V a c u u m  is m a in ta in e d  by diffusion  p u m p s  o p e ra t in g  
th r o u g h  coid  t r a p s  a t  l iqu id  n i t ro g en  te m p e ra tu re .  T h e  
b a c k g ro u n d  p ressu res  ran g e d  f ro m  4 to  9 x  1 0~ 7 to r r  
w ith  th e  ov en  a t  r o o m  te m p e ra tu re .  T h e  p ressu re  in the  
reg ión  o u ts id e  th e  ta rg e t  cell w as a b o u t  5 x  10~6 to r r  
w ith  th e  ov en  a t  500 °C.

3 . Experim ental procedure and results

T h e  d e p e n d e n c e  o f  the  ch a rg e  f r ac t io ns  F¡ o n  the  
ta rg e t  th ickn ess  n  is given by4)

df* ■

- r 1 =  -  F ¡ I '  °jk  +  I '  okJF k , w ith  X  y ¡  =  l , 
d  n k k j

e n

w h ere  a i f  a re  the  c ross  sec t ions fo r  coll is ions w hich 
ch a n g e  th e  c h a rg e  o f  th e  projec ti le  f ro m  i to  / .  F o r  an 
inc iden t  b e a m  con s is t ing  on ly  o f  n e u tra l  a to m s ,  the 
so lu t io n s  to  eq. (1) can  be e x p a n d e d  in  a p o w e r  series in 
7i a t  low  7i va lúes ,  as:

F ^ n )  =  «oí +  ^ o i ^ +  •••, (2)

F T(n)  =  a 0T +  (xoT tz +  . . . ,  (3)

w h ere  aol a n d  a oT a re  c o n s ta n ts  w h ich  d e p e n d  o n  the  
ta rg e t  th ickn ess  o f  th e  b a c k g ro u n d  gas an d  on  cross  
sec t ions fo r  c h a rg e -ch an g in g  coll is ions there in .

In th e  case  o f  an  inc iden t  b ea m  consis t ing  m a in ly  o f  
p ro to n s  we su b s t ra c t  f ro m  the  m e a s u re d  signáis the  
p a r t  d u e  to  u n w a n te d  neu tra ls  as d e te rm in ed  with the 
aid  o f  th e  deflec tion  p la te s2), a n d  th e  so lu t ion s  o f  eq. 
( I )  becom e:

F 0 (n) =  a l0 +  (Tl 0 TZ+ . . . ,  (4)

In th is  w ay, by o bse rv in g  th e  in itial l in ea r  g ro w th  o f  
the  ch a rge  f ra c t ion s  with n,  we can  d e te rm in e  th e  cross  
sec t ions a ox , eroT. <t,0 a n d  (rlT .

T h e  ta rg e t  th ickness  n  is given by the  eíTective leng th  
o f  th e  ta rg e t  cell, th e  v a p o u r  p ressu re ,  a n d  its tem p e ra -  
tu re .  T h e  effective length  w as ca lcu la ted  f ro m  the  
geo m etr ica l  leng th  p lus a  co r rec t io n  to  ta k e  a c c o u n t  fo r  
th e  K n u d s e n  effusion o f  the  v a p o r  th r o u g h  the  holes. 
T h is  co r rec t ion  a m o u n te d  to  less th a n  3 % .  T h e  v a p o r  
p ressu re  as a fun c t ion  o f  t e m p e ra tu re  w as ta k e n  f ro m  
d a t a  given by K im  an d  C o sg a re a 5).

H ysteresis  effects in the  f r ac t io ns  m easu red  w ith  
increas ing  a n d  decreas ing  te m p e ra tu re ,  as obse rved  by

T a b l e  i

Electron capture and loss cross sections for H and H on Pb in 
units o f  1 0 16 cm2/atom .

Energy
(keV)

«TIO ^01 ffoi

7.5 11.30 0.289
10.0 15.60 0.752 0.302 0.687
15.0 11.18 0.586 0.361 1.100
20.0 8.48 0.449 0.253 1.473
25.0 0.332 1.799
30.0 5.90 0.237 0.099 2.092
35.0 0.172 2.360
40.0 3.27 0.116 0.0191 2.571

F j (  7l) =  a , j  +  (7 lX  7T +
Fig. 2. Cross sections «rio and <7oi  for H T and H on Pb and Mg. 

(5) Results for Mg are taken from  refs. 13-15.
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S c h la c h te r e t  a l .6), w e re a v o id e d  by w a i t i n g fo re q u i l i b -  
r iu m  to  be set a m o n g  the  oven , th e  v a p o r ,  an d  the  
th e rm o c o u p le  b efo re  ta k in g  da ta .  A t  each  m e asu red  
po in t ,  th e  t e m p e ra tu re  w as held c o n s ta n t  to  w ith in  
0.25 K.

T h e  m e asu red  va lúes  o f  th e  cross  sec tions a 10, a 01, 
í joT a n d  <t, , a re  p re sen ted  in tab le  1 an d  p lo t ted  in figs. 2 
a n d  3 with the i r  e r ro rs ,  w hich  arise  m ain ly  f ro m  statisti-  
cal unce r ta in t ie s  in the  in itial s lopes o f  th e  Fji j t )  
curves .  N o t  inc luded  in th e  figures is the  q u o te d  9 %  
u n c e r ta in ty 7) in th e  v a p o r  p ressu re  w hich  m u s t  be 
a d d e d  to  the  e r ro rs  m en t io n ed  ab o v e  to  o b ta in  the  
a b s o lu te  accu racy  o f  o u r  results .

A  q ue s t io n  o f  im p o r ta n c e  in o u r  m e a s u re m e n ts  is the  
poss ib il i ty  o f  th e  presence  o f  excited a to m s  in the  
neu tra l  beam , o f  sufficiently lo ng  m ean  life as to  en te r  
th e  coll is ion ch a m b e r .  T h e  m a g n i tu d e  o f  th e  cross  
sec t ion s  fo r  th e  p rocesses  o f  e lec trón  c a p tu re  a n d  loss 
w o u ld  be d if feren t fo r  a to m s  in excited s ta tes  as c o m ­
p a re d  to  tho se  fo r  a to m s  in th e  g ro u n d  State.

T h e  m ín im u m  tim e  o f  fl ight f ro m  the  n eu tra l iza t ion  
c h a m b e r  to  th e  ta rg e t  cell is 7 x  10~8 s a t  40 keV. T h e  
e lec tr ic  field in the  deflection  p la tes  is s t ro n g  en o u g h  
( ^ 6 0 0  V /cm ) to  a lm o s t  com p le te ly  mix levels o f  
difTerent a n g u la r  m o m e n ta ,  a n d  th e re fo re  th e  lifetime

E n e r g y  ( k e V )

Hig. 3. Cross sections rroí and for H and H on Pb and Mg. 
Results for Mg are taken from refs. 14 and 15.

o f  each  level will n o t  d if ier g rea t ly 8) f ro m  th a t  o f  the  
sh o r te s t  lived levels o f  given n. T hu s ,  on ly  a to m s  with 
n ^  7 will have  a  p ro b ab i l i ty  g re a te r  th a n  0.25 to  reach  
th e  ta rg e t  cell. D e n o t in g  respectively by g  an d  n the  
g ro u n d  a n d  excited  sta tes,  a n d  a ssu m in g  th a t  the  
e lec trón  loss cross  sec tions d o  n o t  d ep en d  s t ro n g ly 9) 
on  n fo r  n P  1, th e  effect o f  the  p o p u la t io n  o f  highly 
excited a to m s  on  th e  a p p a re n t  cross  sec t ion a ol will be 
given by:

o-oi = <r*i G +4>n.f),
w here

/  =  (7,'T ~ 0gT. (6) 
a g\

T a k in g  the  v a l ú e s /  to  be th e  largest m e a s u re d 10) an d  
4 fo r  H + on  A r  f ro m  ca lcu la t ion s  by Butler an d  
M a y " )  we find t h a t  </>„/'is a lw ays sm aller  th a n  0.014 
a n d  there fo re ,  th e  m ea su red  lcss  cross  sec t ion  <r0l will 
be essentia lly  eq u a l  to  ag l .

T h e  in f luence o f  the  exis tence o f  h igh ly  excited 
a to m s  o n  the  c a p tu re  cross  sec t ion  a oT will be even 
sm alle r  becau se  th e  c a p tu re  o f  an  e lec trón  f ro m  a  highly 
excited  a to m  w o u ld  lead p referen tia lly  to  the  fo rm a-  
t ion  o f  au to io n iz in g  d oub ly -exc ited  s ta tes  o f  H -  o f  
very sh o r t  lifetimes w hich  w ou ld  decay  leaving th e  
projec ti le  as n eu tra l  agT).

T h e  m e ta s ta b le  2S State o f  H is easily q u en ch ed  by 
th e  electric field set by the  deflection plates. T h e  frac- 
t ion  o f  m e ta s ta b le  a to m s  w hich  survive the  effect o f  the  
field will be

c¡) =  0o  e x p [ - f / T 2s(e ) ] ,  (7)

w here  (j>0 is th e  o r ig inal f rac t ion  o f  m e tas tab le  a to m s  
a n d  1 is th e  t r a n s i t  t im e  in th e  field e. A t  the  h igher  
energy  used in th e  p resen t  w o rk ,  w ith  e % 600 V /cm  
a n d  ta k in g  t 2s(£) f ro m  ref. 8, (j> v  I 0 ~ 3 <¡>0 , a n d  since 
(¡y0 is o f  th e  o rd e r  o f 12) 10- 2 , the  influence o f  m etas tab le  
a to m s  will be negligible.

O u r  results  can  be c o m p a re d  to  tho se  o n  M g 13^ 15) 
since th is  a to m  has  its first a n d  second  ion iza t ion  
p o ten t ia ls  very  s im ilar  to  the  c o r r e sp o n d in g  ones  o f  
Pb. T h e  loss c ross  section  a 0l is seen to  be th e  sam e, 
w ith in  ex p e r im en ta l  e r ro rs ,  fo r  b o th  ta rgets .  T h e  
e lec trón  c a p tu re  cross  sec t ions er10, a 0j  a n d  cr, x are  
larger  fo r  Pb th a n  fo r  M g  a t  high energies  w here  
e lec trón  p ick u p  f ro m  inner  shells b ecom es  increasingly  
im p o r t a n t  because  these processes  a re  energetically  
m o re  fav o u red  fo r  Pb  th a n  fo r  M g, as the  c o r r e s p o n d ­
ing  ene rgy  defects a re  sm aller.  T h ese  p rocesses  are  
seen to  be co m e  m o re  im p o r t a n t  as the  im p ac t  velocity  
rises f ro m  a b o u t  2 x  108 cm /s.  A t  low er velocities, the
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e lec trón  c a p tu re  f ro m  H + is com p l ica ted  by m últip le  
cu rve  c ross ings  be tw een  the  in c iden t  ch an n e l  a n d  th e  
exit  c h a n n e l s  H +  Pb  + * ( M g + *), w here  th e  s ta r  
ind ica tes  th a t  th e  part ic le  is in an  excited State. N o  
e s t im a t io n  o f  these  effects a re  m a d e  since the  po ten t ia l  
e n e rg y  cu rves  o f  the  m o lecu la r  co m plexes  fo rm ed  
d u r in g  th e  coll is ion  a re  n o t  k n o w n .

T h e  d o u b le  e le c t ró n -c a p tu re  cross  section  a lT fo r  
H + o n  P b  has  a m á x im u m  a t  a b o u t  15 keV as c o m ­
p a re d  w ith  a  6 keV fo r  th e  sam e  cross  section  on  
M g 14), th o u g h  the  energy  defects  c losest to  re so nan ce  
fo r  b o th  rea c t io n s  ( th o se  leav ing  th e  ta rg e t  d o u b ly  
ionized a n d  in its g r o u n d  s ta te )  a re  nearly  th e  sam e  
(8.1 a n d  8.3 eV respectively). H o w ev e r ,  th e  process

H + +  P b (3P) -► H “ f , S) +  P b + + ( ‘S) -  8.3 eV

is n o t  a llow ed  since e lec tron ic  spin  is n o t  c o n se rv e d 16). 
T h e  a llow ed  p rocess  o f  c losest ene rgy  b a la n c e  is:

H + +  P b ( 3P) -> H “ ( '  S) +  P b  + + ( 3P) — 15.6 eV ,

w hich ,  d u e  to  its la rger  energy  defect,  m u s t  hav e  a 
m á x im u m  cross  sec t ion  a t  h igh e r  energies  a c c o rd in g  to  
th e  n e a r  a d ia b a t ic  c r i te r io n 17) if  no  cu rvecross ings  are  
involved ,  a n d  in a g re e m e n t  w ith  the  ex per im en ta l  
results.

T h e  a u th o r s  a re  in d eb ted  to  D r  1. Sellin fo r  critically  
revis ing  the  m a n u sc r ip t .
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