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. ' Charge Transfer Between Positive Alkali Ions and Atoms. * -  

i t  
W a  R m  Gentry, Yuan-tseh ~ee,' and Bruce H. Mahan . , - I 

. I )  *~epartment of Chemistry and Inorganic Materials Research 
. . Division of the Lawrence Radiation Laboratory, 
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. .. . . The total cross sections for resonant charge . . . 

, . *  - 

. + 
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. . ' ' . . . . I .  ' 
. . $,.., : ; ;. ., . . I . .  

5 ,- . . .  . 
.. . . 

energy in the range from 10 to 500 eV for the CS+-CS, . 
. . . . 1 .  * ,  

' ~ b + - ~ b ,  and K+-K systems. The agreement with certain . . . 
I .  . 
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. . and with theoretical cross sections of Smirnov la , .. b-.. . 

' r  . , 
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. . 

Recently there  has been considerable i n t e r e s t  i n  the . . . .  .--- , . 
, . 

. . . . 
elementary reac t ions  of charged species. Perhaps the  simplest :",' r .  1. ' 

.v . 
.t . . 

such process i s  the  resonant t r ans fe r  of charge from an atomic . ,  
li/ .-- . . 

2 4  . 3 1  

, ,  
. ion t o  i t s  parent  atom. While there  have been several  measure-, ,  

t'. , 

\ I .  

, , .." . ...... . I ]  

' *  ments of t he  t o t a l  resonant charge t r a n s f e r  cross  sect ion 
( I 

L .. 

between a l k a l i  metal ions and atoms, most of the  r e s u l t s  
. .  

p e r t a i n . t o  r a the r  high r e l a t i v e  k ine t i c  energies.  In t h i s  . .  .,. . . 
<. * . 

. . . . I  . '.{ paper we present  measurements of t o t a l  charge t r a n s f e r  cross  , .: . . . , 
1 , ,,. . '  . , , ,, 

sect ions  i n  the  cesium, rubidium, and potassium systems f o r  .. 
4 8 .  . . ,' ....... 

primary ion energies i n  the  range of 10 t o  500 eV. L! : * 
1 .  

I,' . 
L 

- 1  

1 - 1  ,.. . .  
EXPERIMENTAL , 

. < . .  , . . . 
a ,.* 

,* / - 4  . * . 
. *  ) . . - . "  . . In  t h i s  work, we used a crossed ion.-molecular beam . . . . . . .  

3 ? I  

4 . ( '. %. . . technique. The apparatus i s  shown schematically i n  Fig. 1. - , .  / .  
* '  . 

, . 
' Ions were formed i n  the  source S by surface ionizat ion,  accel- a ' , .  ': 

. .  , 
erated,  momentum selected by the  magnet M, and allowed t o  ' 

pass through a beam of  a l k a l i  atoms from an oven source 0. I . .A' . . . .  . ' .  
1 - . .  i s . .  . 

The i n t e n s i t y  p r o f i l e  of t he  atom beam was determined with a . , . ,.. ; % I  

I -  

$ .  surface  ion iza t ion  de tec tor  which w a s  mounted on a rotatable 
. , . . .  

. l i d .  Also mounted on the  l i d  was a Faraday cup de tec tor  F which'": 
. . . . bould be rota ted through 90° so a s  t o  de t ec t  t he  primary ion. . .  

. . 
5 . .  . . ' ,  ; ,' beam, o r  t he  slower ions  formed by charge t r ans fe r .  - A f ixed 

, , . .,, 
,. . , ; ' I . . . .  . . .  ;'. , .. . . . . . , . .  . . .  

....... .. . ., , 

, .. Faraday cup G and a fixed surface ion izer  W were provided t o  ', .'.'';. ':,::, I 

. . %. . 
. . .  . : . - , : I . , : '  . I 

. . . .  ., . . i 
. . ; . . .  
, . monitor the  i n t e n s i t y  of  the  primary, ion beam and the   atomic:^^'.^^.:::':'^.. .. 1 

. '  . .  
. . 

I 

, . ! 
- .  . . beam respectively.  The vacuum tank was pumped .by two 6" . . . . .  . . 

s i l i cone -o i l  d i f fus ion  pumps equipped with l iqu id  ni t rogen r 
. I  

. . . . .  . .  . . cooled baf f les ,  and t h e  source was separate ly  evacuated by a 
i 



s imi l a r  pump. The main.chamber was ringed by a l iqu id  nitrogen 

cooled copper cold shie ld  CS. The background pressure under . . 

operat i& conditions was 1-3 x Torr. 

A.  Ion Beam Source 

Ions were formed by allowing the  a l k a l i  metal vapor t o  ' . -  . 
I 

d i f fuse  through a porous tungsten button which was heated t o  ' , ,I1 

I .. I 

. . I I 

approximately 1200°C. The a l k a l i  metal vapor pressure was . 

control led by regulat ing the  temperature of  i t s  containing - ,  

. . 
r e se rvo i r  by a Hallikainen Thermotrol u n i t  equipped with  a . . 

. 8 t  

. ' 

platinum senser.  The ions  were extracted from the tungsten . . 

button with an acce le ra t ing  po ten t i a l  of 500 V, and then 

focused with a s e r i e s  of  cy l ind r i ca l  lenses  onto the  en t rance .  ' ' . ~ 

sl i t  of  the  magnetic m a s s  spectrometdr. The pole pieces  of  : . ' ,  . ... 
s I ,  

t he  magnet'were designed t o  give high order focusing of  an . . .-+ 
I I 

> : ,  
i on  beam with an angular spread of the  order of  l o 0 .  A t  t he  , . 

, I I .  . . 
,. - e x i t  s l i t  of t he  mass spectrometer t he re  was an e inze l  l ens  I . 

s "  J7; , , ). 
. ' %  

t o  provide f i n a l  coll imation of the  beam. The mass spectrometer .'::: . ., " . !  

, . , l ' s .  ,. . .  and t h e  c o l l i s i o n  chamber were maintained a t  ground po ten t i a l ,  . . . . .  
. _ $  

-. and the  po ten t i a l  of t h e  tungsten button determined t h e  energy . . 
I .I  

of  t h e  ions  i n  the  c o l l i s i o n  region. The f i n a l  energy spread ' . '  % 

. . of  the  beam (full-width a t  ha l f  maximum) was 2.88 a t  energies 
z r  

t . ' , .  above 50 eV, and i'ncreased t o  48 a t  10 eV, while the  angular  . . 

spread of  the  beam was approximately 2'. 
< .  

. . 
. > 

Be Neutral Beam Source 

. , The atomic beam source consisted of  a reservoi r  and a 

rectangular  Lave1 nozzle s l i t ,  a l l  machined from n icke l .  The 



L . . * 

reservoi r  was mounted on quartz insu la tors ,  heated by alumina , .  

insula ted tantalum wire, and was equipped with an iron- ) . .  . 
. . . . .  . . 

. I constantan thermocouple f o r  determination of  the  oven temperature ' 

I 

. +  ' 

which was recorded continuously during a run. The e x i t  nozzle :I - 
u 

) L A . .  . 
was machined from 5/8" th i ck  nickel ,  had an entrarice aperture : ': 

of  1/4" X 1/2" and converged t o  an e x i t  s l i t  whose dimensions . . ' 

. 
t $ .. 

d .  . . ,. were 0.004" x 0 .2501'. Following the  oven sequent ia l ly  there  , -..: . . 
& P ,; was a  f l a g  t h a t  could be used t o  block the  beam, a  wide l iqu id  , .. , . ,. . -. . . nitrogen cooled s l i t  t o  condense unwanted p a r t s  of t h e  beam, , I  I .  

I 

' 0 

a heated s l i t  t o  def ine  the beam, p a r a l l e l  p l a t e  electrodes t o  , ,  ". 
. !  

I I '?.A ' I 

. , def l ec t  charged p a r t i c l e s ,  and a  f i n a l  s l i t  attached t o  the  . I S  ._-. .I. . ' . . . 
. . 

grounded cold sh ie ld  t o  prevent penetra t ion of the  def lec t ing  ''-,, '-1 

f i e l d  to, t h e  s c a t t e r i n g  center .  The approximate oven temp- * 

,. 4 , ' I .  

- era tures  used and the  corresponding vapor pressures were 665OK ? . 
9 '  . 

a r;.. and 3.5 Torr  f o r  potassium, 610°K and 3 Torr  f o r  rubidium, and , . - , .  . . . . .  . . .. , . . .  
, ' ,  , ,;:,!,.'. 

. .. 
' 5 8 5 O ~  and 2.5 Torr  f o r  cesium. 

., . ,.> .,,; ..- '. 
. . I ,  . ..\a: * . .",! . . : . , . .  '(..'., . .  . . : . ., . . .  , I , : i ,  '9' :'. ' ..,- . - .  The ful l -width  a t  ha l f  maximum of t h e  atomic beams used . .;.-. .,.. . .-... :,.. 

,. . , . . . . . . >:. b. > 

. .. . . - 
i n  t h i s  research was 5O. The angular d i s t r i b u t i o n  of t he  .-. 

.. 
, .  % 

neut ra l s  was measured with a surface ion iza t ion  de tec tor  con- . .. I _ . . 
I .  

. . 
I .  I 

s i s t i n g  of a heated 0.003" d i a  tungsten wire suspended v e r t i c a l l y '  

with a  0.020" tantalum spr ing behind a  s l i t  2  mrn high. The wire . ;, 

, was biased. a t  2 5  V with respect  t o  the  ion co l l ec to r  can so a s  I 

t o  insure  t h e  co l l ec t ion  of a l l  ions, and t o  suppress a l l  e lec t ron  - .  
I .  

emission from the  wire. The ion c o l l e c t o r  can had long entrance 
. , 

and e x i t  channels t o  insure  complete ion co l lec t ion  while , 
, 

. . .  
, , allowing the  atomic. beam t o  pass through f r ee ly .  Atoms t h a t '  . . '. . '  i 

passed through the  def ining s l i t  of  t h e  de tec tor  and d i d  not  I. I 

I .  

. h i t  the hot wire passed out  of the  de tec to r  without s t r i k i n g  I . . I 
I . .  . t 



. * . . 1' . 
the  ion c o l l e c t o r  o r  i t s  shie ld .  A similar hot  wire de tec tor  . , . .  . 
mounted i n  a  fixed pos i t ion  opposite t he  atomic beam source . 

I .  

8 .  
; .' # 

. w 

was used t o  monitor t he  cen te r l ine  i n t e n s i t y  of the  beam. 
1 '  

I .  

~ xpe i imen t s  were a l s o  performed t o  measure the  v e r t i c a l  , , & : a  . 
. *.- , . 

i n t e n s i t y  d i s t r i b u t i o n  of the  atomic beam, which was found t o  t : '  - 
' L 

. 
. , be uniform t o  within approximately 1% over the  region tra- , . . ' , ,  

versed by the  ion beam. 

C. Detection System 
, I  . 

I .  . . For measurement o f  the primary beam a t tenua t ion  and slow , ;,, , . 1 w . 
ion co l l ec t ion  current ,  t he re  was a  Faraday cup .de tec tor  , 

. I  ' , .  . , 

surrounded by a  sh i e ld  which had a  l n . d i a m e t e r  aper ture  
.. , 

located 1.072" from t h e  s c a t t e r i n g  center .  The r e s u l t i n g  ! . , , .  . . 
*, . 

t . '  
' . 
' 1  acceptance angle of  t h e  cup was t 2 5 "  measured from t h e  sca t -  ,,. a s : : ; d  

b .  . 
t e r i n g  cen te r ,  

: 9 ' .  
. . I  . 

. \  
8 .  . 

, ..:. 
t The movable Faraday cup de tec tor  was connected t o  a  , I ,  $ I  . , )  , .  $ @  * . . . 

;a* . - ,  , . . .. Keithley Model 417 High-speed Picoammeter and a  Moseley 2D-24 . .::'-.. . - 
.y: :. ,. . .; : t is. . . X-Y recorder.   he electrometer-recorder combination w a s  . .' , .. ' I  I . 

, ,:. 4 

. ca l ibra ted  aga ins t  a  Keithley picoampere source with an  overall:^^^^.^^..\:':.' 
. . . , ..':,,.; .: ".'. 

. .  . . . .'! ,. . ' . . 

I I 

accuracy of  t o .  4%. A Cary Model , 3 l  v ib ra t ing  reed electrometer ','. .: ,*. ; . . ,. . . , i  - , ' .  . 
: , ... . * :  

. was used t o  monitor t h e  primary ion cur ren t  a t  the  f ixed . . . .... . .. .., . 

I .  

Faraday cup, and a l s o  t o  measure the  i n t e n s i t y  d i s t r i b u t i o n  of . . " .  ' 'r ' 

. L t he  n e u t r a l  beam. The values of the  input  r e s i s t o r s  of the  , v 

electrometer were measured t o  0.1%. The fixed n e u t r a l  beam 

monitor was connected t o  a Keithley modeIL610B electrometer.  . 



. . .  Dm Experimental Procedure - .  11 . ,- . . . . . . .  . .  . . . . . I . . .  The ion and molecular beams were turned on and allowed 8 .  . 
I .  . . . . . . " t o  reach s t a b l e  operat ing conditions well before experimental ; ' ' 

. \ . . 
data  were col lected.  Most of  the  cross  sect ions  were deter-' 

, . . 
, . . . .  

, . ,  . 
mined by measuring the  a t tenuat ion of  the  ion beam. I n  these L, . .  I , , - 

.., I ,  . . . .  .: experiments, the  movable Faraday cup was located exact ly  . : .  
6 . '  : !. . . .  " ' , . 
. I .I. I .  . . -. opposite the  ion beam 'source e x i t  s l i t ,  the  major p a r t  of  the  . , . 

, '  . r+ . .  . , . , .  . 
I . . ion cur ren t  reaching the cup was biased ou t ,  and the  electrom- '*d.s ', : 

I I '  

. e t e r  s e n s i t i v i t y  increased so t h a t  t h e  a t ten tua t ion  o f  t h e  ,, ', '. 
* .  ," :, 

, . I ,  

I , .  

I . !  .' ion beam, which.was usual ly  15, would be a la rge  f r a c t i o n  of  . '.. , . . 
, . 

. I .  . . . 
' the  f u l l  s c a l e  current .  The electrometer output was recorded . .  I. . 

, . $ 4  ;. ' 

as the  neu t r a l  beam f l a g  was opened and closed a t  i n t e r v a l s  
* .. . . . .  . . 

. of  severa l  seconds. After  a number of  cycles had been recorded,, , 
. . '  

. . the  electrometer b i a s  current  was turned o f f  and the  t o t a l  , .. . . > 
. I . . .  4 .  

primary ion  current  was determined. The small background 

cur ren t  due t o  p a r t i c l e s  from the  neu t r a l  beam was measured by s :  a 

I . .  9' 

n ;. . . .  . 
shu t t ing  o f f  the ion beam and recording the  current  t o  the  . , , . I  

I .j. . - 1 

Faraday cup as the  beam f l a g  w a s  opened and closed. To mini- ' ,. . , : 
' , . . 

mize t h i s  background, adjustments were made t o  the p o t e n t i a l  ' ' > .  
I .  

of t h e  de f l ec t ing  p l a t e s  a t  the  neu t r a l  beam ex i t ,  and the  
I .. 

. . . . . .  n e u t r a l  beam monitor was turned o f f ' d u r i n g  a l l  ion cur ren t  ...... ,,, 
rn 

I 

measurements. The background was always a small f r a c t i o n  of Is . .  . .  

. h . .  even the  smallest  s igna l s  measured. , . 
. . . .  

. 8 To perform the  slow ion co l l ec t ion  experiments, t he  Faraday . , , : 
- 

cup w a s  ro ta ted i n t o  the  path of  the  neu t r a l  beam. Because I 

i . , .  ! . ! 

of sur face  po ten t ia l s ,  it wae necessary t o  apply a negative t 



. , ' .. ..: 

. > ' I  .. 
po ten t i a l  of  up t o  6 vo l t s  i n  order t o  c o l l e c t  the  slow ions 

. ' .  @ :.: . , : .. 0 .  
1 .. . 

' : . . ._ . completely. .This b i a s  voltage was s u f f i c i e n t  t o  d e f l e c t  the  ',:. .: , , 
. . , : .  . b. 

a .  . '. I :.: I . . 1 

primary beams of lowest energy, and consequently the  charge . . . .  
. n 

. b .  . . .  . . 
, '; 

. . c o l l e c t i o n  experiments could not  be performed a t  the  lowest - .  .. . . \  I . .. 
- 4 ' .  < 

. l * ,  , a .  

energies reached ' in the  a t tenuat ion experiments. .. . 
# .  , . . * I .  

. I *  . 
, . .  

The slow ion current  was measured with the beam f l a g  . , . .  

. . - . .. , . 
I .  ,:,, ' ,. . . ' a l t e r n a t e l y  open and closed, while tbe  fixed Faraday cup was . .  !;*,.- 
. -. 

used t o  monitor t he  primary ion in t ens i ty .  After  each s e r i e s  .,I"-' ! 

! .*,*, :; , ., 
9 . .. .,. , 

of  slow ion cur ren t  measurements, the  ~ a r a d a ~  cup F  .was l i f t e d  +,+, 

. -:' . . 
* .  .i . out  of  the  path  of t he  neut ra l  beam and the  neut ra l  monitor : ' * . a  . 7 - . I  1 r )  

.%, , 
current  recorded. The background current  t o  the  ion c o l l e c t o r  . ::..- 

- : ' "  .. 1 

.' ' I 
' .., 4 . . . .  due t o  the  neu t r a l  beam alone was a l s o  measured and found t o  . ' .  .. 

, . , ;, .', . I ,  

I ., ,* 1 . .  j 
be l e s s  than 1 0 s  of t h e  lowest ion s igna l  recorded. , ,. . . i 

' , t i . .  I 
' . '3.  , 
, 1. .  

-, \. 1 To measure t h e  d i s t r i b u t i o n  of t he  neu t r a l  beam, t h e  " . . , , .  . . I .  - . . . I  . - 
, I , I  

output  of  the  electrometer which measured the  surface ion i -  . . .. ' 
. _ *  

I., . 

zat ion current  w a s  connected t o  the  Y-input of  the  recorder,  ... :\ # I  
. . ) I  , . 

, . . I  

, t ' ;  

and the  X-input was taken from a he l ipo t  voltage d iv ide r  '1 
( 5  , 

4 ,: ,-: . - 1;. , . . 
L 1 .  driven by the  sprocket used t o  r o t a t e  t h e  l i d  of the  main . . .. -. 
1 . .  

'.- ' 1 .  . 
I '. chamber on which the  de tec tor  was mounted. This d i s t r ibu t ion '  .,. '.. % .  

' a  
- ,  

. , . *  . . was measured several  times during the  period i n  which da ta  . . 
. . . . ,. ' .. , 

w a s  col lected t o  insure  t h a t  t he  i n t e g r a l  of the  d i s t r i b u t i o n  . . . 
.' -1 , , C normalized t o  the  fixed, monitor s igna l  remained constant .  The 

a rea  under the  d i s t r i b u t i o n  curve was calcula ted by using , . , * , I  . ." , 
I ) .. ' 

Simpson's ru le .  
I '  

To convert the  measured surface  ion iza t ion  currenb t o  an a 

. . atom f l u x  we used the  surface  ion iza t ion  coe f f i c i en t s  o f  0.977 
.! f o r  Ce ,  0.859 f o r  Rb,  and 0.690 f o r  K, as calculated from the  

Saha-Langmuir equation using 4.58 eV f o r  the  work function of I S  

A 



. I .' . , 
' 

: ..tungsten, and a temperature of 1860°K. The temperature of . * . ,  

. 1 , .  # 

. .  '. the tungsten wire as a function of heating current was taken ':%%, . . . .  
* .  

. . .  . . . .  
\_‘ from the Jones-Langmuir tables. 

1 
. . .  . ,,L.'. 

% . .  
4 .  ' . . . .  To calculate the cross section the quantity needed is , 

. . I  

. . .  . , 8 ,  . 
, * '  

I .. 
:, --' 
,#'. . ' . . . . . . . .  . 

". *. the integral, of the neutral particle density along the 
I ' .  

' ' r,: . . . .  - . ' " . . . .  . . . . . . .  . . ' I  , ' .  
. . 

. , ;. .<. , 

(. , *. ' .  
primary ion path. The hot wire neutral detector measures 

# ,  !. . .  ,, . , 
!,, ' 2  . ' .  . . ' :'.a . * 4 . 

. .the flux at a position somewhat removed from the scattering , I -  ': ,;. 
. , 

. , . . 
I . I  .' I .  

t ', .'.. . . .  center. The atom flux at the scattering center along the ) .  , . 
' .. $2 *., .' 

ion path was calculated from straightforward geometric con- !:,. - .  . . .  
2:. ' 

'; . 2 
. 8 . ; '  ., 

',$ , * . ; . :  ,- . .. siderations. The atom density in the neutral beam was calcu- - !. ,, % .  ,I , ,  

_,- 
,.; ' , 

. .  > .  . lated by dividing the flux by the average atomic velocity. '. . .. ,I 
. . 

. . a . b  , . . . ' , ,  'The latter was determined in separate experiments by using a ., a .. '.. .......... 
a. 1 . I .  

'a , . '; . .  
I ,  , velocity analyser. The number density velocity distribution ' , . I  ' ..' . . 8 :. .' ., , . . 

' ., \ - in these Mach 3 beams was found to be very nearly symmetric , :  
, - 2 .  ' . '... . . 

I .  . , ..'.,. . I , A ,  3 . . 
about the most probable velocity, and the number average . . . ,. . 

, 
.. . . : ..:: ), .: . . . ,  , I ,  . 

. . . .  . , 

. veiocit~ was 31 f 2% higher than the average velocity of atoms ::.: :. 
. . , ,.. . . .  

. . .  . , .' '. '. . -  . ' 83'a'!,'bA,,..,. . - . .  . . . .  
*. - ' ,  , . 

in the oven. This shift toward higher velocities is somewha't ..':!.:--.-. ,.. -. ,.. : 

. ' I - .  

greater than that found by Hundhausen and pauly3 for a potassium ", ; ' 
... . . '  
, .  

' . atom beam operating under conditions similar to ours. 
I ,  

r v .  
I .  3 

a I . # '  A source of error in the density determination is the 
. ,  . , , .I . 

, L.7  ,' . . possible presence of diatomic molecules of the alkali metals - . 
, L  .) ' .  \ I  

in the beam. These would most probably be recorded as one \ .  ,' 
L 

, s .  - 
equivalent charge by the surface ionization detector, but , ,, 

. . . . ,  
8 a _  

would have a charge transfer cross section much smaller than . . 
, . 

the atoms since the process would be several tenths of an 

electron volt exothermic. Calculations based on the thermo- . . 
dynamic data of Wagman et a14 suggeat the fractional concen- 

tration of diatomic moleculee at the oven temperature and 



0 .  

.. -8- UCRL-18138 ' . +  , 
* 2  . . 

I .  ' .  
, -  , . .. ' 

b 

. .I : : pressures  we used i s  approximately 1.5s. One might expect' 
. . ,. 
, . 

. the  concentrat ion of the  diatomic molecules i n  the beam t o  . . 
I . , . *  . . 

I I 

. .a . . 
be a t  l e a s t  a s  g rea t ,  due t o  the  observed tendency of heavier . ,  . - .  . .  . .  . .  

1 ,  

. molecules t o  concentrate near the  center  of nozzle beams.' On' -. :  
. 

L 

d" 

t h e  o ther  hand, measured f r ac t iona l  concentrations of K2 i n  a , , , ' , . .  . 
' <  

" \ ,  '" 
, 78 I 

potassium beams from ovens apparently s imi l a r  t o  ours and ' I  . 
. $ .. . . . 

1 '  .; 
, ; . l . . ~ , , ' ~  

? ! , ' #  , ..: , operated i n  t h e  same temperature range have been quoted5 t o  ,::,, ,. , ,  

3 
. 'L, .' .!. ' 

~ . .  -. 

be only 1-2 X 10- , which i s  negl igible  f o r  our purposes. It ~ ' ' : ~ ~ ' ' ' ' , '  . . . , , t , .  " I * . ' .  I .  . . 
. 

i s  unl ikely  t h a t  molecules i n  the, beam c o n s t i t u t e  an important .,. , . c  , . 
> .' 
L , .. " ,  source of e r ro r .  , , a  . 3 .', 8 

, I '  

A poss ib le ' source  of e r r o r  i n  the  a t tenua t ion  measurements 
. I  . 

i s  t h e  e l a s t i c  s c a t t e r i n g  of ions without charge t r a n s f e r ,  I ,  

, .  . 
,':. 

which would cause t h e  apparent charge t r a n s f e r  cross sec t ion  . 

d ,  " , .i t o  be too la rge .  This e r r o r  was la rge ly  eliminated by using 1 
4 . . 

an i o n . c o l l e c t o r  t h a t  in tercepted an angle of 2 50' i n  the  center.: i . . . . . . 
. . 

of  mass system:., According t o  a n  est imation based: on. c l a s s i c a l  
0 :  

- c :,?':, . ' 

. 8  di f fe ' ren t ia l  s c a t t e r i n g  cross  sec t ions  calcula ted 'by Mason ahd . -. .. : 
! , . ,  . ' ,  . 

~ a n d e r s l i c e ,  the'. e l a s t i c  s ca t t e r ing  a t  a n g h a  g rea t e r  than ' 8 '  
1 I 

c . .  
P .  

, ! . * 

5 50" i s  only appr'oximately 2% of  the  measured t o t a l  c ross  &. I . ,".  . . 
. I  I .  

sec t ion .  I n  the  a t tenua t ion  measurements the  e l a s t i c  cont r i -  ' ' 

. I  . . . . :  
but ion makes the  obserLed cross  sec t ion  too large,  whereas it 

, makes the c ross  sec t ions  derived from charge co l l ec t ion  too ' . . 
.. . 

small. The two methods gave r e s u l t s  which were almost I 

i den t i ca l ,  and the  same within experimental s c a t t e r .  . . 
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., . . . ,  RESULTS AND DISCUSSION ' . . . . .  . . . . .  . '  1 '  

* ' : 
.:,: ..:: ' .. 
, .-, . . . .  .' ' .  . . . . . . "  . , 

I . .  1 

. . . . .  , . , ..,*:'.;<~ ! . , .. 
a .  The numerical valuas of the  t o t a l  charge t r a n s f e r  , ,> ,',:) I .,....... :: G: ~ , , 

, '2, - . . . , ,. . 
l . 1 .  . . . . .  . . " c r o s s  sect ions  a r e  given a s  a function of energy i n  Table I. *.;: 

3 .  

I .  

. - f 7  * Figures 2-4 show a comparison between our r e s u l t s  and those . ,- .. 
7 of Marino, Smith, and Caplinger (MSC),  Perel ,  Vernon, and ' . " '  . *a ' 

8 9 ' , ! . I  .,. . 
. s - .  Daley (PM),  Kushner and Buchma (KB) ,  and Chkuaseli, a . 3  . .  I . . f.  . 

. . +.: ' a  

' Nikole i shvi l l i ,  and ~ u l d a m a s h v i l l i ~ ~  (CNG)  . Also shown a r e  . ' a d '  .. 's , a - t 

11 the  theo re t i ca l  predic t ions  of Smirnov, and Rapp and 
. .: 12 

. ,. , 5 + , . : : e '  : , 
. . ,..;,..;, ('!' .. . . .  . . .  Francis.  : . . . . ........ ' A  

The form of the  graphs w a s  suggested by the  we l l -  . . . . . . .  , ,  . .. .; .,:,; '*:. ..,. 
......... . ; I, ',.y , 

. . 
, I ,  ;*. .  ,;, ............ 

. : . , . .- , . known 11'12 expectat ion t h a t  the  square root  of the  'charge :I,.!. :;. L .  - . . .  
, .. . , ., ...:. 

......... 
. I  I 

. . - , a  

. < 

t r a n s f e r  c ross  sec t ion  decreases l i n e a r l y  with the  logarithm # r  

3 .*: .: . , .. ,..::,: 
of  the  veloci ty  over l imi ted  ranges. * . I . s  ' ,  

* .  ; . ".. - . I' . . .  . . . ...... + . I '  . , . . . . .  
L 

For the  C s  - C s  system, the  agreement between our values' .: -:'h;,, , 
I i 8 , .: 1. ! .: 

of a a t  our high ve loc i ty  l i m i t  with those of Perel  e t  a 1  , , :,: ,', . . . .  . . . .  ....I... 

4 .:.. : - , .  - .  - . . 
a t  t h e i r  low ve loc i ty  l i m i t  i s  qu i te  good. Both s e t s  of . , v e .  ; , . : 

. . . ,:,; ;,;..;,,:,:+ . . . '. Y",.., ': . 
. I , .  , I r e s u l t s  g i v e  cross  sect ions  206 smaller than those reported . .  .;,;,;;;;; .....a;. ,;I ,:,,:;; ,;?;. .! 

7 .,, .,:,. ' . . . . .  ,I . 
by Marino e t  a1 . , and t h e  same amount l a r g e r  , y.1 .  : . ~ ~ ~ . o " ' ,  .;, .?.: ' :' .. I..,. v: 

9 
. \ , ,  . 
, : .y I.,. . . . . . . . .  than those determined by Kushnir and Buchma. Smirnovls , ,  \, 

, ,"',.>.. 
t h e o r e t i c a l  cross  section1' i s  only 20$ smaller than our . .L 

t . I  . . .  ,; .:;, .4.: . " '  ~: \. " . ' 

. . . . . .  . . I . . '  
\ . .  r e s u l t s  a t  low ve loc i t i e s ,  and i s  i n  nearly exact agreement - . ' , ' ' ,  : , , .  ; .  

.' ' . . 
I L.. 

with the  measurements of Chkuaseli e t  a1.l' a t  high ve loc i t ies{  :.\ ;::; 
, * . . '  _ i .  

The cross  sec t ions  reported by CNG have been reduced by 15% . _ l  . I .  % . . . . . . . . .  .. . . A / . . .  
. .;: .; :, .! . . . . . . . . .  .. ' , :. :' . - t o  compensate f o r  t h e i r  miscalculat ion of t h e  neut ra l  atom. .::'., . . . . . . . .  . .  . . ! ' .  . . ., . ' *  

densi ty .  The t h e o r e t i c a l  predic t ion of Rapp and  ranc cis" i s  . . . . 

m i i l e r  by near ly  a f ac to r  of two than our c ross  sec t ions  i n  . . 
' I .  

I 

t he  low veloci ty  range. 



-r For the  Rb -Rb system, the agreement between the present 

experiments and those of Perel and coworkers8 i s  very good i n '  

t he  overlapping range of velocity.  The theroe t ica l  cross-  

sect ion of smirnovl1 i s  too small by no more than 25% i n  the  

low veloci ty  range, and i n t e r s e c t s  t h e  high energy data  of 

~ e r e i  e t  and Chkuaseli and coworkersl0 a t  ve loc i t i e s  b f  

appr~ximately lo7 c d s e c .  The slope of the  a - l n  v curve. 

predicted by Smirnov i s  ra ther  close t o  t h a t  found i n  the  

present work. 

A s  Fig. 4 shows, our resonant charge exchange cross  

sect ion f o r  the  K+-K system i s  i n  excellent  agreement with the 

predictions of Smirnov. The Rapp-Francis calculation,  apparently 

made with a low, incorrect  ionizat ion energy f o r  potassium, 

s t i l l  gives r e s u l t s  30% smaller than our experimental values. 

It should be remarked t h a t  i f  the  surface ionization coe f f i c i en t  

of potassium on tungstene were higher than the value of 0.690 ' 

we used t o  analyse our data, the  t rue  cross sections f o r  charge 

exchange would be higher than the  ones we report  here. The 

range of ve loc i t i e s  i n  the experiments of Chkuaseli e t  a l .  does 

not overlap with ours, so a comparison of the  two s e t s  of 

r e s u l t s  i s  d i f f i c u l t .  Other reported cross sections f o r  the  

potassium system 13'14 , a r e  so badly sca t te red  and show such 
/ 

pecul iar  veloci ty  dependence t h a t  t h e i r  r e l i a b i l i t y  i s  

questionable. 
. 

Several theore t i ca l  approaches "'12 t o  the resonant charge 
. . .  

a t r ans fe r  problem show t h a t  the  t o t s l .  cross sect ion i s  l a rge ly  , 

determined by the  va r i a t ion  with internuclear distance of the.  



energy separatio'n of the lowest symmetric and antisymmetric 

states of the molecule-ion. The approximate charge transfer 
2 cross section is expressed as cs = 1/2 r bc, where bc is a 

critical impact parameter, in this case equal to the distance 

. L. 

- . of closest approach for which the charge transfer probability 

first reaches a value of one half. The charge transfer cross 

section is most sensitive to the difference in energy between, 

the symmetric and antisymmetric states at an internuclear 

separation equal to bc. In our work the cross sections reflect- 

the potential curves in the internuclear region of 14.5 to 17 1 
for the cesium system, for the ribidium system 13.5 'to 15.5 A,  
and 10.5 to 12.5 ff for the potassium system. In the high 

energy work of Chkuaseli et al,l0 the smallest cross sections' 

correspond to minimum internuclear separations of 9.5, 8.5, 

' and 7.5 1 for cesium, rubidium, and potassium, respectively. 
The splitting of the symmetric and antisymmetric states 

at large 'internuclear distances is small, and calculations of 

it should be relatively reliable. Rapp and Francis use the 

LCAO method to calculate this splitting, and employ very simple 
, 1 

nodeless atomic wavefunctions which are scaled by the exact 
, 

experimental atomic ionization energies. There calculation 

, thus involves a major simplification, but no adjustable 

4 parameters. This procedure leads to cross sections considerably 

smaller.than those measured experimentally. 
3 

In his analysis of the problem, Smirnov notes that the 

splitting between the symmetric and antisymmetric states cannot . 

. be calculated in a perturbation power series in reciprocal 



, 

internuclear separation, and proposes a method which relates 

the splitting to the radial atomic wave function. His calcu-. 

lation is still basically a two state analysis, and he uses 

. simple nodeless atomic wavefunctions which are larger, f0r.a 

given experimental ionization energy, than those of Rapp and 

Francis. Consequently, Smirnovts cross sections lie noticeably 

closer to the experimental values. In the alkali atoms there 

are low lying excited states which make the two state approxi- 

mation used by Rapp and Francis and Smirnov somewhat dubious 

at the higher collision energies. Nevertheless, the agreement 

between the theoretical cross sections of Smirnov and the 

experimental values is encouraging, and suggests the two-state 

analysis of the charge transfer process may be a useful . 

approximation for the prediction of total cross sections. 
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. . .Table I. Resonant Charge Transfer Cross Sectiono. 

a. Data above dotted line were taken by the beam attenuation method, 
those below by the charge collection method. I I ,  
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Figure 2. The square root of the  charge t ransfer  cross section plot ted 
\ 

as a function of the  logarithm of the  laboratory velocity fo r  
* .  

4- 
' the C s  -Cs system. Circles represent t h i s  research, other 

authors are identif ied i n  the  text. 



I 

Figure 3. The square root of the charge t r q s f e r  cross section plotted - .. I 

as a functlon of the laboratory velocity for the ~ b + - ~ b  system. '-'. 



. . 

v (cm /set) -. . . . 
8 .  

. , . : ' - .  - . . 
Figure 4. The square root of the charge transfer cross section plotted 

4- 
as a Function of the laboratory velocity for the K -K system. ' 
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