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Recently there has been considerable interest in the :';'~,::5:'-';::' 
:" ........ . 

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

- ,,' : ' 
elementary reactions of charged species. Perhaps the simplest ".~":.':<,.::- .: ~"'~' :. " , :.: "" 

.~:=._::. j.:.::-.:.: -such process is the resonant transfer of charge -from an atomic ;;:.:,~,~'.;"'''' .. ~ 

,:::",' ion to its parent atom. -- While there -have been several measure-:-.,\:;,\:,.:'-

<,:,.:,:/... -.';:: 'ments of the total resonant charge transfer cross section -- ::,,',;;:.:;:':;'" 
. ' " ~ .. 

'--'.' - between alkali metal ions and atoms, most of the resul ts"'~' >·::·i?"::.: 
.. ,:.:", ~ , ~,;. "'; : ': 

" , 
, ):.; -' pertain·to rather high relative kinetic energies. In this 

," .' . : " ~ :.'., , 

'" : ." , 

" ',., .. , 
" . 

. ',,' 

EXPERIMENTAL 
'. ,,' 

In this work, we used a crossed ion~molecular beam 

, .-
. I"" :.' .', ., erated, momentum selected by the. magnet M, and allowed to 

. ,.,' 

:, . ~.' surface ionization detector which was mounted on a ro-tatable 
'-, . 

'could be rotated through 90° so as to detect the primary·~on· 
" ,'. ..,.,':}' 

~." beam, or the slower ions formed by charge transfer •. A fixed. "': .,:; -., 
'. f- t 

'. ,,' • ¥, 
:-., .. ,: . .-: " .' '~. Faraday cup G and a fixed surface ionizer W were provided -to ......... -:-::.-::~:, :~ .. -:.. l 
"~ -:'.. monitor the intensity of the primary. ion beam and th~ atomic.:::;~ .. :·,,-:-.. ::_;.:r:::.:.<·. t, 
. '. 

'. 
-' . . ' 

" 

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

silicone-oil diffusion p~ps 'equipped with liquidni trogen 

. , ,~ . . , 
, " . ' 

. ". ' 
,'" . 

.. " , 

cooled baffles, and the source was' separately evacuated by ~ ,':-.::" _. 

,:. ',: . '.. . ~ . 
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.. 
. similar pump.- The main. chamber was ringed by a liquid 

. ,'cooledcopper cold shield ds. . The background pressure under:, 

operating conditions was 1-3 x 10-7 Torr. 

A. Ion Beam Source 

Ions were formed by allowing the alkali metal vapor to 

diffuse through a porous tungsten button which was 

approximately 1200°0. The alkali metal vapor pressure was 

controlled by regulating the temperature of its containing 
\ 

.reservoir by a Hallikainen Thermotrol unit equipped with a 

, :" 
", ." ' 

... ,'.,'.:; ,: . platinum senser. The ions were extracted from the tungsten.": 
," . ,:' 

.button with an accelerating potential of 500 V, and then . 
,,;, " .' 

" ' ..... 
, .~ .. , . . , .... 

, .' ...... . focused with a series of cylindrical lenses onto the entrance. 
. ;\:~ .'. . .'<-,: ,'.' .. ,' slit 'of the magnetic mass spectromet~r. The pole pieces of : ':::":-:-':'.:/.~,;~<::": 

.• ' :.. the magnet were designed to give high order f'ocusing of' an "'::~;:;'\;;;::;i 
....... ion beam wi th an angular spread of th~ order of 10°. At the ".' , :'," " 

. ".:: .; ..... '., exit slit of the mass spectrometer there was an einzel lensI:.:;::·:.L·;:::::~::..':YI 
. .. . : ;',r ;) ~.' .' .. : -:: :.< '~'~ ~.;':.(, ;.~ i 

. " ':;.'. . -: to provide final collimation of the ;·beam. The mass spectrometer .. (:,·::::::·:':':'i 
.,. ~ :::.... . . and the collision. chamber were maini~1ned at ground potential, '. ':'::.!):,:;-::.::::~:<-' 

...... , ....•...• ' . and the potential of' the tungsten button determined the energyi'JkZ~:,',;! 
_; ...... '::. .... '{ of the ions in the collision region. The final energy spread.···.; .(',' .:: .. -:.,'.}.: 

'~.':'''''-:.<:.:.>'::' .. -',: of the b~am (full-width at half maximum) was 2.8% at energies: .. ~;.·::.:::;;::;··:;J 
'; <?f.-';'::'..,. above 50 .eV, and fncreased to 4% at 10 eV, while the angUlar·.·::··.-.;':::· :.,.>:~::: i 
'.. .: ':~~:. ':,:,',. ' ... , .: , .... ; . .' ~ .'.. .; 

... .' 

.. " .. 

spread of the beam was approximately 2° .:: ...... .'. :~,<\ .:·1 
. .' , . ~:,::~ t 
'.. . .": . 

B. Neutral Beam Source 
" \' .. .. , . . .-

'I.' '. '. 

The atomic beam source consisted of a reservoir and a 

.rectangular Lavl;Ll nozzle slit, all machined from nickel. The' ,,: ':.:' . 

" .. ,-, 

. . . . . , , .. , " 
'. ' .. 

,': .-:'., ", .. 
, I ~ , ,~. . ,~I:' , "J 
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reservoir was mounted on quartz insulators, heated by alumina 

insulated tantalum wire, and was equipped with an iron-

.', . 
'i. "\:.,.' 

.:. OJ 

,'" ",:' 
, ....... . · " 

'", J • 

, , :', f. 

" .. '.' ',' 

'. " '. .. ,',;; .' 

. '~: . . 
. .' .' , . ," ... ,.,", " 

,':., ,', 

... ' ···:·A;··!'~"· 
.: ,'" '. :' . . . :,'; ,: :':' '. <'.' .. ' constantan thermocouple for determination of the oven temperature;';'.:,' 

.. ",'. which was recorded continuously during a run. The exit nozzle ,«\;~ .. ::.~:. 
.•.. was machined from S(8" thick nickel, had an entrance aperture ··,:'}:\·;f::f~,:;. 

, '. 
, ' • ! ~ 

! • "'. 

/ ... 

...... ,' ..... . 

. ... . 

.. 

, .. ' 

. ... 
" " 

, . '. 
..... 

, " ... 
~ ", "~ 

" 

'",' 

" .' 
. ',' 

. " 

. . . 

. ; ~ .. 

of 1/4" x 1/2" and converged to an exit slit whose dimensions :.'. : .. 
4 .• ~:. ,t .:.':.:.' ", ",: • 

• ~ ": ", I' ;.~. '," , 

were 0.004" x 0.250". Following the oven sequentially there. (.<>':::>'. 
was a flag that could be used to block the beam, a wide liquid ;;<.:/~'~{:,;:!~.:.':' 

, ~ •.. " • .~..! . . 

ni trogen cooled slit to condense unwanted parts of the beam, :>?'~Y·:·:.-:·'; 
, .. ,I t •• ..•. . 

a heated slit to define the beam, parallel plate electrodes 

deflect charged particles, and a final slit attached to the 
to:',;jf . 

. '. "::. '.~ '.' ' .. ' . 
, "" 

grounded cold shield to prevent penetration of the deflecting 
l ~ • ,. 

".'~" :-~'~'~"~I'.: 
'., . 

',t" ' 

field to. the scattering center. The approximate oven. temp- : ... >;/".;:. . .-:: .... :: ... 
. eratures used and the corresponding vapor pressures were 66SoK .. \::??:: .. ' .. , 

.... ~. ' •.. ~).:.\~.~ .~ .
and 3.5 Torr for potassium, 610 0 K and 3 Torr for rubidium, and. J.~ .. : .. : ... ::.: I 

·:·:>Kit' ! 585°K and 2.5 Torr for cesium • 

The full-width at half maximum of the atomic beams used l:.:..::..:·~.: ';':. I 
· .: ,:. ~, I , ,," .... t 

.. :.: '.' I 
I 

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

'in this research was 5°. The angular distribution of the 

neutrals was measured with a surface ionization detector con-
· ,'. r 

sisting of a heated 0.003" dia tungsten wire s'uspended vertically··.·: .. :.,:. 
. ; .. ' 

' ..... .'.' " 

with a 0.020" ta.ntalum spring behind a slit2mm high •. The wire .. --.:.;: .... ;., 

was biased. at 25 V with respect to the ion collector can so as 

: . 
. . ' :i" 

.' . '," 

.' . ~ :'" " 

. to insure the collection of all ions, and to suppress all electron <::'" r· 
/: 

f 
emission from the wire. The ion collector can had long entrance :.:.... (: 

~,' 

l' 

and exit'channels to insure complete ion collection while ~ 

allowing the atomic. beam to pass through freely. Atoms that 

'passed through the defining slit of the detector and did not· 

hit the hot wire passed out of the. detector without striking 

, 
.' t 

...... 
,.' .: .. " ,', 

1 ~.-

' .. '" . 
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• ':.~;: .~:.~ '1·' ',.. 

.' -' .. 
.. ~ .... . " . -; ,:', '; .' . ." ~. ~:; ": 

the ion collector or its shield. A similar hot wire dete,ctor,:'\)">',:~ 
.~ . 

mounted in a fixed position opposite the atomic beam source 
" '" ••. ;. <', • 

' ••• i' 

)' ",' 

. . '-"- . 
,'" was used to monitor the centerline intensity of the beam. 

" . " .! . 

" '0, .. :' 
';. :' "" 
'I"~ " ... , .. ' . " 

,': , ...... 

.... - " 
, , 

... 

'. ~ -.. 

. -; ~ .. :. ': - ; 

, .. 

.. .. ':. ~ :". ~ 
, " 

. ' . :" .: .:,. 
". ' 

. , 

..... 

" '., 

. " .. 

. . " 

... ' 
. .. .:.: ", . 

, . 

Experiments were also performed to measure the vertical 

intensity distribution of the atomic beam, which waS found to 

" be uniform to within approximately 1% over the region tra-' 

versed by the ion beam. 

C. Detection System 

Fo"r measurement of the primary beam attenuation and SlO'~':',:~');:\::'),\,/.,:: 
ion collection current, there was a Faraday cup," detector 

" surrounded by a shield w~ich had a 1" , diameter aperture 

located 1.072" from the scattering center. The resulting 

acceptance angle of the cup was ±2So, measured, from the" scat-',;~',::,:,,:;J'\::\.;,'·;, , 

tering center • 

The movable Faraday cup detector was connected to a 

Keithley Model 417 High-speed Picoammeter and a Moseley 2D-2~ 

X-Y recorder. The electrometer-recorder combination was 

calibrated against a Keithley picoampere source with an overall'·:,::.':'J::ii-/\:~:': ' 

accuracy of to. 4%. A Cary Mod e1 . 31 vibrating reed e1ec trometer Y':;':';'>,': 
was used to monitor the primary'ion current at the fixed ' " :: ' 

. ".:;::',.:/. ,-
. .' : \' ~ ... ~ ::-.:': , '; . 

Faraday cup, and also to measure the intenSity distribution of,"'>;!"':')':' 
':,:,;::".'./-::: ':>,;: ' 

the ,neutral beam. The values of the input reSistors of the 

, e~ectrometer were measured to 0.1%. The fixed neutral beam 

monitor was connected toa Keithley, mode:J.:'610B electrometer. ' ' "" 

.. :, 
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•• ~,~ • 0" ': ..... ' " , : .. 
" ... 

" 0 0' 

.. .. . : ..... ... ,' .. " 

. \ 

" ... D~ Experimental Procedure 
.... ' ,~ 

. ... : {., ';:'" 

. : .. , .. 
". '.' 

." .. '. ',., . The ion' and molecular beams were turned on and allowed . ::;' ':., 

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

l ~ : ' .: '.' I' '. 

: .. '. ~ \,.:' ,:/,~ . 

:~':::)/.:.~:':(/, : 

. .. ....•. ·to reach stable operating conditions well before experimental . 
. .:.~ . . . :. ~ . , ": . ,,:,; " ", 

.. "';_". .... data were collected.. . Most of. the c'ross sections were deter-' 
", ,;'. ': h 

" .,' 

':. ,: 
mined by measuring the attenuation of the ion beam. In these 

'.' '. ,: . 
• . . '.!', '. ,',. 

, .. ' 0 ~.:., , 

0" ~ .. , '0 

· .' 
• .'''',0 ' 

· . 
. ' . . '. 

· ,';, .. .. 

::::~::n::: ::: :::b::U:::a::: t C~:i ::" t::C:::r e:::1: r the;:;}";::~~ 
• ion current reaching the cup was biased .out, and the electrom-'/.~;:·.:'!/·;:. ", 

. eter sensitivity increased so that the attentuat10n of· the ..·'.;.'~Mt:: 
..' . ,: ion beam, which. was . usuall~ 1%,· would be a large frac·tion of '. ';;i.;' :; ... 

" " ' ...... ".:: ,~'. " 
" ,. 

~ "." 

• ,.J ... 

: 
" :.' • 'J •• 

• 

J 

· " "~". . . 
'. ''';"; 

... 
... ' 

"':"". ~;; . 
the full scale current. The electrometer output was recorded ... ..... ~:/::.;;.: :'. 

. I .. <~~:~,: I~\:~ .' 
as the neutral beam flag was ,opened and closed at intervals ~ , , 

.. ;'.' ... : .... : .. , 

of several seconds. After a numbe.r of cycles had been recorded .... :.·.:':.:--.::.: 

the electrometer bias current was turned off and the total 

~rimary ion current was determined. The small background 

::::::g d::r t:h:a:::c::~ r:: :::o:::::a:h:e::r::: t m::s::~d ?Y;.:;::.:,J:r 
Faraday cup as the beam flag was opened and closed. To m~ni-· '.,: ' .. ,':. .. 

mize this background, adjustments were made to the potential·i:'::;·:·::·{.·.~··;: 
, :' " .' ~ .• :,'.' .;\ :"" . 

": . " . " " . o'f the deflecting plates at the neutral beam exit, and the 
. I .' ',:,1 '~ • .-

. . ~ .. .. 
, '. ~ :-,>.~'; {1 ~.: :" .... , .: " t 

. ,,". ", ! 

:"'. ::.::,~ '; .,. r 
·.Ul.:,\. f 

.":,', I', ..... \ f 

neutral beam monitor was turned off' during all ion current 

measurements. The background was always a small fraction of 

even the smallest Signals measured. 
.' . , ~ 

To perform the slow ion collection experiments, the Faraday' ., 

. cup was rotated into the path of the neutral beam •. Because· 

of surface potentials, it was necessary to apply a negative . .\ 

... 
.. . 

}' . 
. ~ . 

i: 
~. 
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,. .. ~ 
I •• ~:. ~ ~', ';"" . t 

,.'.'.,~.,. '. . '1 

,
. ,.'~.",:':!:'.: .:,' ".' . t 'potential of up to 6 volts in order to collect the slow ions 
; .... :.,,:.; .. :., r 

.completely. .This bias voltage was sufficient to deflect the .. :.:: ;:,:}',:';':- r 
", " "i:,)';':'; .', ~'- f 

, .' . ' .... ,~ . 
. ', . 
. ":.! 

. .',' 

.'. ' .. . -.:j . .. :.<., 
','.' ' 

primary beams of lowest energy" and consequently the charge .' .... ;: .. ,.; I 

,. , ::::::::o:e:::::i::n::e c::::n:::i:: ::::::::t:~ the lowest ·a~-i\.;·1 
The slow ion current was measured with the beam flag ·i':JJc;'·;;~}(: i 

. alternately open and closed, while t)le fixed Faraday cup was'r;'!;(;'!.'::' I 
:u'sed to· monitor the primary ion intensity. After each series .':";~'.~'~::'" 

~ ;.' '. 
:11:'. 

' .. ' 
'~ . '. ~ . , ... : ... ; 

.~ ..... ~ ~ 

.- . , '. ... " ~ .' " .... 

, "II: .. : .. ';' .. 

.. ;, ..... 
;.' ~: ' ... 

.... 
~ , . .' ',' . ' .. 
" .... 
,,. .'~ 

I:: ,.' 

',' ". 
'.' " ".' .'., 

; .' ' . 

.. .. ' 
: '. 

: ";,,, 

, ... ' ~ .. 
. ': 

~ : .. :,,':>.: .:,:. 

. ." '/:, . 

" , ". 

.... . ~ .;' . 
. : ,..> 

, ·T ~;;;;,;y :.::/. 
. of slow ion current measurements, the Faraday cup F ·was lifted·:.'i<:~:',':::j,':(:' 

out of the path of the neutral beam and the neutrallD9nitor.Ol:·,;~.j;;>: 
current recorded. The background current to the ion collecto'r .»';';:,,' .. '. 

due to the neutral beam alone was also measured and found t~<:~'),~.lij';' 

be le;: ::::u::% t:: ::: t::::::o:o:r s ::a:e:::::d ::~m, the .>:.:?;i:~;~;/ 
.: ....... ; .'~.:.:.~ : ... ~./". ::~\.: .... :' 

output of tl1e electrometer which measured the surfa~e ioni- ":'::'.;:,,:;::.~t:~<~ ... >,-
zation current was connected to the Y-input of the recorder" . ·:.::.',,'.:··.>r;'·'· 

I '... " .:: ~ , 1 

and the X-input was taken from ~ helipot voltage divider . '1".':".':-'>';:>:<:', .. 
driven by the sprocket used to rotate the lid of the main .,.P~/;):/::;X:·;,· 
chamber on which the detector was mounted. 

( ..... ~::~:-> .. ~.~i.~· .. '.' 

This distribution':::-':'::'·:<:,:,'. 
. , < ",~"');'.::4'~:~'.'~ '.~:>; 

.1.', 

was measured several times during the period in which data . ~, . 

: ... :~: ... ,:~~' :~ .. , ~;"'. 

was collected to insure that the integral of the' distribution~.·:,:·/};:~!.\/·. 

normalized to the fix~d. monitor signal remained constant. The ,,:':.::.~:-r: .. : .. ~\':'.>~ 

::::s:~:r r:::. distribution curve was calculated by USing;~;\'Ct ,j 
.':' ,. ,'I ' 

','.' ..•. 1"' • 

To convert the measured surface ionization current· to an 
. .' :.~ 1 

. . ~ " " :\ .. 
atom flux we used the surface ionization coefficients of 0.977·' ::, ';' .. :' I 

" . ,.' . '. . j 

for Cs" 0.859 for Rb, and 0.690 for K" as calculated from the 
.. ";:" . .: ..... 

: .. ' ... 
", :'. :'. ": ... 

Saha-Langmuir equation using 4.58 eV for the work function of ."'; .:,.;'.::.' 
.. .... 
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· . ' , , " .: : .' .' ,'. ' the tungsten wire as a function of heating 
· . . .~' .'. . ~,' . ... ' -:,'~ 

. 1 ' 
from the Jones-Langmuir tables • 

:. ,', :,., . 
. " . ;. ... ': . . To calculate the cross section the quantity needed is 

the integral. of the neutral particle density along the 

.. : "', ,::' 
• • " , I ~ " 

" .... '. 
" .. '.' .' 

': ,', " .. . . 
. : " . . ':. ':.~ " . 

I '. ' ... " ' , 
I ,,' ":'::"', 
r. .~." .. '::~ . ' .... ' ...• , ... 

:", '. :~ . '" ' ... '.-
.. " '." 

.... ',:' 

. ,' ..... . . ,' .,' ..... " .. : . 

, primary ion path. The hot wire neutral detector measures 

. the flux at a position somewhat'removed from the scattering 

center. The atom flux at the sca.ttering center along th~ .. ' ', .... , . 

:::e:: ::o::~ c:~:U::::d d:::: t;t::i::t:::::l g:::t::: ::::u-))](;;'};(;;·:.· 
lated by dividing the flux by the average atomic velOCity • 

· :".::.',;';:;, .. ,', ';"'The latter was determined in separate 'experiments by using 

, ", ' .. ' :"';'\',:, ,','.', '" 'velocity' ~na1yser. The numb~r density-velocity distribution' 
. ,-. ":,' .' .. ' 

," . 
I' • . '. . .... ~ . 

! ':,,' " ':, 

· .~ 

" " 
· .; '.' . " 

. .. ! .' 

, '. 
. '. . , 

':' . 
',.' " 

; ... ' ':. " ... : ,.~ :.. . " 
," I 

'.' :';:'. 
, ',' 

)' ',.; 
'. .... ~ , 

" .... : 
, . , 

.. ". 6',' .• 

" '" . , . ~ . 

,4 .: ','J .' • 

. ~ ',' .. 
· . . 
'Gi,: .. '" 

.............. ;: 
• " ',,!, .• ~:.\;.' . 

velOCity was 31 :t 2% higher than the average velocity of atoms''',-::r/'':':' 
, .... -/?:;):: ..... : ," 

in the oven. This shift toward higher velocities is somewhat '/i:f:.:':~·~· . 
••••• '":', •• 4 

greater than that found b~ Hundhausen and Pau1y3 for a potass1~':':;::;,'::, . 
,' .. ',':';;:)}:.'::'" ", 

atom beam operating under conditions similar to ours. . .. : ....... :. ,',': 'J;':: 

A source of error in t~e density determination is the "', '. I,:··~·,::·':~:·>::.-~,·.:,' , 
.:- -! .... ,' ~' 

!. , .~ ::-:' 

. possible presence of diatomic molecules of the alkali metals' .,:<;·;:::',i . 

in the beam. These would most probably be recorded as one,:'.·~;,:[" 
, ' ,".: '.~. ~> ~,: '!'" .: " , ': ,: . ' equivalent charge by the surface ionization detector, but 

would have a charge transfer cross section much smaller than,'\'",<,:")~:,~:::::, 
.. , .. ~ :-" :. .., ' 

the atoms since the process would be several te~ths of an 

electron volt eXothermic. Calculations based' on the thermo-
4 dynamiC data of Wagman et ale suggest the fractional concen-

tration of diatomic molecules at the oven temperature and 

" " , , •••• f 

,', : ,," 
.. , 
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pressures we used is approximately 1.5%. One might expect 
',!; ... ' 

.. the concentration of the diatomic molecules in the beam to "";':{;.::~ 
be at least as great, due to the observed tendency of heavl.er, ,~",:,,\ ", 

"molecules to concentrate near the center of nozzle beams" ". on:·_)Y}}t~;;_,:.' 
the other hand, measured frac'tional concentrations of K2 in :·.?·;·.'f~(:',\::', 

::::: :::m i:
e
::: ::: ::::: r:::::e::::es::::a:e:: :~::e:~d to ,_C~lf';})~ 

,be only 1-2 X 10:-3 ,which is negligible for our purposes ~ It, U:'~'::":'Y;:·".:: 

::u:::i:;l:r::: ~ molecul es in the beam constitute an 1mportant;,~;~t,,[;? 

A possible'source of error in the attenuation measurement~;"';\{:,O::' 

, is the elastic scattering of ions without charge transfer, 

which wquld cause the apparent charge transfer cross section 

to be too large. This error was largely eliminated by using 
, : ',) .:." ... \ .: 

. : ........ .' .. ' . 
( ..... ,: . 

an ion 'collector that i~terc.~pted an angle of ± 50° in the cent~~.:::'/,;: 
, ;. 

, . ",' 

of, mass ',system. ". According to. an,· estimation based; on. classical' ~:-:>:~~';.;':" 
..... . - <":"!', r~:':. :'00 

dif'ferential scattering cross sections calculated 'by Mason ahd, :;\;'~::'.' 

Vanderslice, 6 th~~,.elastic scattering at angles greater than ',:;.:,,:':';'>~';'>~' 
:!: 50· is only appr'o",imately 2% of the measured total cross ."~:[;;~'I',' 
section. In the attenuation measurements the elastic contri-:"-'::::":'~;';', 

. . . bution makes the obser~ed cross section too large, whereasit .. ·.: .. :··~::,'::~ :,:,:'.", 

; " 
',. " makes the cross sections derive4 from charge collection too 

small • The two methods gave' results which were almost .... . . 

identical, and the same wi thin expe,rimental seatter. ' '. '," 

. ,'. ~ .' t' " 

..... ' .. ' 

, '. 
, .. ... :. ~ . 
~ ,,' . ','. 

, . 
", 
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RESULTS AND DISCUSSION 

. , .. ' 

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

. •·· .. l."· 

" ':!',i";:"'f ", 

o· 

.. :-:. ,~, ','.: .. ' , The numerical values of the total charge transfer ':;~':i':~;f:;':::?:'· 
,: '~"~': /'. ' ..... cross sections are given as a function . ~f. energy in Table I •. ·.::I):~:;?:\,.::; ... 

. .'. \ .' ,.. ',' :';' .....•. '.' 
; :.': .' t' • 

,,:.:'~~' ::',., Figures 2-4 show a comparison between our results and those .. :\~,:"'~ 
t' •• ~ .. :;: . 

. ~ ' .. ' of Marino, Smith, and Caplinger7 (MSC) j Perel, Vernon, and. .:;.,/0:;:';;; ..... 

. ~. ,... . ::~::: i::~~i ~u::e:u:::~::::i ~~~ ~N:~~ ~::::s::::n arei.:;{~}:;;:, 
.<> the theoretical predictions of Smirnov,ll and Rapp and 

. .•.. . .' 
...... ::.:--. . Francis .12 The form of the graphs was suggested by the '. ,: ..... ~~. '. ; .. 

. :' .. : . ,:/. ". :.... kn~wnll,12 expectation that the square root of the 

...... ~.~.<:'.'.:;,., .. : ..... ~: 'transfer cross section decreases linear+y with the 
......... 

. ~ ...... :~: :':' > . of the velocity over limited ranges. 
~ ,.' .,.. : I : , . + 

: ... ::,': ., For the Cs, -Cs system, the agreement between our values' '.~:~:"~:.:(:~,:-;'>:" ' 

'.: ..... ' '8 .:.\7;-~::.'.<f;/:~·::,- . 
:.: :;.'.,'.; . y '.;-:': '" of (1 . at our high ve'loci ty 'limi t with those of Perel et ale ..; .. ::/, ... \~.:: .. ;,:J.:" 

, ','; ..... } . at their low. velocity limit is quite good. Both sets of ·:·!·.:.~.:~·Yh·:::: . 
• . • 1, ••• :;.~ ~,.'::;:.,;')~;.~:.~;~~.~:.... • 

'j' ,. 

" .,' 

" 

". i 

II .. ~:.' 

'. I " '., ' 

,(1' '> ' .. 

,. " 

.'.:. results .give cross sections 20% s~ller than th~se reported ... (:::;:::i:;): .. t\·;.::~!,·:·~ " 
.. by Marino et al., 7 and approximateiy ' the same amount larger::;~J~::;·>:::·'Y.:.;::· 

than those determined by Kushnir and Buchma. 9 Smirnov IS· . .• ;~~ti{·i/~:< . i 
theoretical cross section 11 is only 20% smalle'r than our .,::>.:.:?::./:).: .. :;., I 

. results at low velocities, and is in nearly exact agreement· : ... \.'.(:<~':":. I 
10 '. ,:y:,.'" t 

with the measurements of Chkuaseli et ale at high velocities.(,···\:::::·{:;::::" ~ 

. The cross sections reported by eNG. have been reduced by 15% . :.' .: ... , ' " 

to compensate for their miscaiculation of the neutral atom··;/};':f}/· i 
density. The theoretical prediction of Rapp and Francis 12 is . ~ 

. 
smaller by nearly a factor of twb than our cross sections in 

the low velocity range. 

" 

" . . ..... . 
" " ,< 

., .... : .... /.:::. 
,\'.:·t·· . 

.' " . 
• ',1. , .. 

. . . . .. .. ' 
, '., ':~~':'" . 
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+. . 
For the Rb -Rb. system,. the·agreementbetween the present 

: ,," 

experiments and those of Perel and co~orkersais very good in'.':::" 
. ,": ' . 

the overlapping range of veloci:ty. The theroetical cross- .: :. : :.' : . ~ , .. ,'.'. 

section of Smirnovll is .too· small by no. more than 25% in the 

\;1- i 
I 

low velocity range, and intersects the high energy data of 
. .. .;. ~ ~" ':. '; :.' , 

Perel et al. S and Chkuaseli and coworkerslO at velocities of' 
" '. 

'approximately 107 cm/sec. The: slope of the (11/2, ~ In v curve':',::;, , , 
, I 

i 
; .... ~, >:', >" ~.- .. 

"',": ",.::' 
. ~.: . predicted by Smirnov is rather close to that found in the 
. ,",' 

present work. ',~ : ... 

" " . 

As Fig. 4 shows, our resonant charge exchange cross . ",,' • :;::,1 
";. . " I 

::::~::1::: ::e s::~:o:~s t:e l:a::_:::::::n:a:::::::::, W:::a:::t1; ••. : .·0 •. 1 

made with a low, incorrect ionization energy for potassium, 

still gives results 30% smaller than our experimental values. 

i 

It should be remarked that if the surface ionization coefficient ' , : 
I 

. of ,potaSSium on tungsten were higher than the value of 0.690 
. , 

we used to analyse our data, the true cross sections for charge 

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

range of velocities in the experiments of Chkuaseliet ale does 

. not overlap with ours, so a comparison of the two sets of. 

results.is difficult. Other. reported cross sections for the 

potassium systeml~ ~,~~ are so" badly scattered 'and show 'such 

peculiar veloCity dependence that their reliability, is 

questionable. 

Several theoretical approachesll ,12 to the resonant charge 

'," . 

:.~:'. ':: 'I 
.. 'I 

."': 
! 
I 
I, 

"I 

j 
. 1 

, I 

, i 
, 
i 

~: . .! 

. '.- " i 
: I 

.. i 

.. , I,,: I 
! 
i 

? :.': . " . • .. '.. ..' : 4 ~ • .' • .., • • • .' • ~. ~ • 

• ' transf,er problem show that the 'tota.l cross section is' largely 
i 

determined by the Variation with internuclear tlistance of the" , ."j 
, I 

. ,',,' I 
.... ,; 
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energy separatio'n of the lowest symme'tric and antisymmetric ' 

states of the molecule-ion. The approximate charge transfer 
2 ' 

cross section is expressed as a = 1/2 ~ bc ' where bc is a 

critical impact parameter, in this case equal to the distance' ,', 

'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 j\, <' 

for the cesium system, for the, ribidium system 13.5 'to 15.5 ft." 
o 

and 10.5 to 12.5 A for the potassium system. In the high 

energy work of Chkuaseli et al,lOthe smallest cross sections' 

correspond to minimum internuclear separations of 9.5, 8.5, 

and 7.5 K 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 , 

. ~ (' . 

.... ,. 

nodeless atomic wavefunctioris which are scaled by the exact 

experimental atomic ionization energies. There calculation 

thus involves a major simplification, but no adjustable 

- parameters. This procedure lead's to cross sections considerably 

smaller· than those measured experimentally. 

In his analysis of the problem, Smirnov notes that the 

:' : splitting between the symmetric 'andantisymmetrlc states cannot, 

b~ calculated in a perturbation power series in reciprocal 

". ',' 
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..... 

internuclear separation, and proposes .. a method .which relates 
"' .. ' 

, 
! 

I 
\ 

I 
'I 

the splitting to the radial. atomic wave function. His calcu- '::. i; 
f 
t 

u.t 
'.. .! lation is still basically a two state analysis, and he uses 

simple nodeless atomic wavefunctions which are larger, for,a 

given experimental ionization energy, than those of Rapp and 

... ;.\ ....... . .. I· 
" ': ,: .... \' 

.' I.", L 

." r 
! Francis. Consequently, Smirnov I s cross sections lie noticeab;ty ' .. >. 

7: . 

closer to the experimental values. In the alkali atoms there . ",', 

.~ 

are low lying excited states which inake the two state approxi-:' "";' ! 

<" .• ,.. , mation used by Rapp and Francis and Smirnov somewhat dubious 

Nevertheless, the agreement::.-'/:.:.<: ! 
"~< '~'.,'" '.:~ 

at the higher collision energies • 

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!. Resonant Charge Transfer Cross Sections. a 

. '.'~':.' 10 '. 4.09 5.05 . ' .,'.: '. '" 

· . ~. '10 . 4.01 
, , '. . 
. - . '.: .. ' io:'" 4.35 

.' ... .,'.' . '12,' ,.' ., ' 

" . 
".' 12·' '. 

4 • 02 . .,;. . 5 • 53 ' " 

'4.07 . :. '.',,,'. 

~lab ·aXlo14 VXl05 .E1ab · aXl014 . VXl05 · .. ; 

. (eV) . (cm2 ).. . (-cm/ sec) ... ' (eV) (cm2 ) (cm/ sec) 

.. ' ':, ·12 

. 17 

. 3.23 

. 3.16. 
., : 20 '3 .• 21 

22' . .,: 3.11 
.' . 

25.'. 3.11 

' . 

. 

.' . 

6.81 20 

8.12 35 
.f .. 

8.80 50 

9.24,,' ,': :'. 60 
9.85",'(::.::', 60· 

2.08 

1.97 

1.95 

1.93 

1.91 

1.27 

1.69 . 
" ' 2.01 " 

. 2.21 

2.21 
' .. ~ ..... :. '15. 3.94.: 6'.18 .;'. 30·; :3.03":·:":10.8 ",','.,'> 80 . 1.87 2.54'.,.' 

. :·:'.·.~.::,lT;· :' .. 4.01" .' .6.58 .. <.:.":. '35 '.~ 3.08··'..,·.11.6'::·.::·,·'.·':.100::·· 1.85 ~" ·2.8S:>:·'.· 
. . i '.- " .. ': '. . ,'. ".,. \ '. '.' '. . ': " ,,' ' 

, .'::":~",;.:". ·.:2.0 . ',:.3 .. 89 .... . 7~.14 .. ', .. ' 40':' . 3.00' ': .. :'.12.4. \'125 :.: 1.79 .. r.'.' 3.19.·, 
...... ··.20·3.84· ... · ~'.'~" '.'45 :':3.02"::'13'.2·' . 150: 1.76··:··.·: 3.49 . 

: .... :. :,··;·'.25'3.71", ~ 7.98" .:::::.':" 50' 2.95 .... : 13.9 :::::.::,:::« 200 ..... 1.72 ..... :. 4.02.:'> 

· ' •. '~.·.30 . . ':3.67 '. 8 ,75.:. 60 ...• 2,88 ' •.••..••••.• 15, 2/.t ',;200 ••.•. 1,72": <1,.02' 

.:< ......... 35 .. 3.57. 9.44, ... ; 70,.2.79. :.16 • .5 .... \ .. ;250.:,;.1:.66 .... 4.50.: . 
..... :, ":. 40" .. 3.53.;· . 10.1;·:··'.:100'· 2.69 ,:···19.7,:····'.:·.\:.· 320. " 1~62 .... ··.:5.09·:· .. · 
· .- . . : .'.. .. " .' ... : .. '. .'. . . . 
. .' 45· .. 3.44 ····10.7 '.140 ". 2.55"· 23.2 .. : .... ~:. 400';.,1.58 :'., 5.70,,''': 

, . . : '. . . , . , " ~, . '. ,';" '.' , . '" " :-' . , .... . 
::':" . :.': 60 3.28,: . 12.4'" .... / l: ~QQ_~ __ ~!~~_~~_~r!~ .".' .\: 500 :" . 1 ~ 54 .. :';' " 6 ~ 38 .... -: 
· : .; ' . . ~,' ; . ,." .. ' '. ~ 3 .' " ... ','~ ",,'" :",' \',:" '. " ""', ' 
...... 70. .3.30 ,13.3,.,:.. .... 5. 2.93 : .. : 11,p':.'~:, .. '.:r; .. ' .. "'.' .~': ,:. :; ..... 

'. '.' .' ,:::.,'. 50';"'2 81'" '13 9':···':····;\:·:,"··· '. ·\·.: .... ·:·»·:,:;i>:·· ,':. 80· 3.16 . 14.3 '. •. • . ' .. ' ,'..'. '.'.. . ":., .':.' 
':~.:: .". "100 .. 3 14 16 .. 0 . ':.':'.' .......... :. 6. O· .. ,::' .. 2. 81 :.~·.<.·.·.:·15. 2 . .':,"':::":'::::';:"'<".;.:,., ,:: ........ ; ...... : .... :'. ,'. . •.. ,' .... ,': ... '.' " ;, ... : .... " 
: :, . '. . ........ :'.'<\ ;,>:~'.<': . 

. ' '.' 140 .'~ 3.18 18.9 ....... , .. :,': ....... 70.< ..... ·. 2.7.7 ···;.·~'···:.16.5·::··.:.::.: .. · .... ··.· .. : .. · .... ", ........... :.,: ............. ', ...... ;. ' ...... . 
.... ::. ----~------- .. ------ . -'~. ·r;,:··:·':~···,.·· 

..... 60" ·3.32 .. 12.4 '.;. 100'.:2.59 .. ' 19.7·': ' .. ' . ..... . ',: 
. , . . "',' . '. ':'" .: ': . .', ' " . f! ,~' , . , 

.':' .:':. 70 3.25 .. 13.3'. 140.·:. 2.50 ... ·23.2·... :Y' .... ; . 

... ,80 3.23 14.3' . '·200 2.45 : 27.8 '- '. ':',' . 
· . ~ ~. 
· .'." 100'·· 3.13 15.9 

. . .' 140' .3 • 03 . 18. 9 

',/': 200 2.94 20.1 

" ·a. Data above dotted line were taken by the beam attenuation method." 
those below by the charge collection method. ..': .... 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mISSIon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor • 






