Lawrence Berkeley National Laboratory
LBL Publications

Title
Charge Transfer Between Positive Alkali lons and Atoms

Permalink

bttgs:ggescholarshiQ.orgéucgitem40c5242rj

Authors

Gentry, W R
Lee, Yuan-tseh
Mahan, Bruce H

Publication Date
1968-04-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0cs242r3
https://escholarship.org
http://www.cdlib.org/

S Emest 0 La wrence
« Radlatwn Laboratory

< .‘ ST - j
TLow SN P . & 3

% 3

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Submitted to the Journal of ~ UCRL-18138
Chemical Physics _ ' ' . Preprint

UNIVERSITY OF CALIFORNIA

- Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No. W-7405-eng-48

CHARGE TRANSFER BETWEEN POSITIVE ALKALI IONS AND ATOMS-
W. R. Gentry., v'Y‘u‘an-'-tseh Leel,: and Bruce H. Mahaﬁ i

April 1968



UCRL-18138

' Charge Transfer Between Positive Alkall Ions and Atoms. [ f§

*

"W. R. Gentry,* Yuan-tseh Lee, and Bruce H. Mahan

" Department of Chemistry and. Inorganic Materials Research

Division of the Lawrence Radlatlon Laboratory,
- University of California, Berkeley, California.

The total cross éections for resdnant charge
”‘exChange have been measured as a function of ”
.energy in'the“range from 10 to 500 eV for tﬁe,Cs+-Cs;?fif

Rb+-Rb, and K'T-x systems. The agreement with certaiqé?.
.-data obtained at higher energies for these systems,‘ﬁjp

and with theoretical cross sections of Smirnov is‘”

¥ ' : , A '
- Present address: Department of Chemistry, Massachusetts

Institute of Technology, Cambridge, Massachusetts.

Ypresent address: Department of Chemistry, Harvard University, f“;'

.Cambridge, Massachusetts.,j



>'"f7;lelementary reactions of charged species. Perhaps the simplest

. ion to 1ts parent atom. “ While there have been several measure-

B 71_between alkali metal ions and atoms, most'of the results

-';fbeam, or the slower ions formed by charge transfer. - A'fixed

-"'E.Faraday cup G and a fixed surface ionizer W were provided to

-1l | | : ﬁcm.-18138
Recently the;e has been considerable interest 1n the
:Tfisuch process is the resonant transfer of charge from an atqmic-
i**{ments of the total resonant charge transfer cross section : -

pertain to rather high relative kinetic energies. In this:
paper we present measurements of total charge transfer crossf:
" sections in the cesium, rubidium, and potassium systems fori;i

primary ion energies in the range of 10 to 500 eV.

EXPERIMENTAL

In ﬁhis work, we.used a crossed ionrmo;ecular beam.' .
“nrteehnique.' The apparatus is shown schematically in Fig.vl.l ;W
Tons were formed in the source S by surface ionization, accelJf
“*-erated, momentum selected by the.magnet M, and allowed to - s
pass through a beam of‘alkali.atoms from an oven source O. 'ffa

. The intensity profile bf the etom beam was determined with a_?

~ surface ionization detector which was mounted on a rotatable‘i%i
- 1id. Also mounted on the 1lid was a Faraday cup detector F whichﬁp;;f;

"‘could be rotated through 90° so as to detect the primary-ion. ~‘T"e .

monitor the intensity of the primary ion beam and the atomicﬁgﬁ R

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

silicone-o0il diffusion pumps equipped with liquid nitrogen

cooled baffles, and the source was separately evacuated by a- e
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"eL’operating conditions was 1-3 X 10

- reservoir by A Hallikainen Thermotrol unit equipped with a

“’xfnbutton with an'accelerating potential of 500 V, and then -

‘J}f focused with a series of cylindrical lenses onto the entrance
’ K 'islit of the magnetic maes Spectrometér. The pole pieces of;i
: 'f'“Jgithe magnet ‘were designed to give high ordér focusing of an
 ﬁ1%Lfion beam with an angular spread‘ef'the order of 10°. At the ;-

: j".':exit slit of the mass Spectrometer there was an einzel lens '~

B f:to provide final collimation of the beam. The mass Spectrometer;

:* and the potential of the tungsten button determined the energy
"ij;ﬂ:of the ions in the collision region. The final energy spread.:
7" ' of the beam (full-width at half maximum) was 2.8% at energiesWJf'

ag-'above 50 eV, and increased to 4% at 10 eV, while the angular ﬁmu.,,

2 UCRL-18138

_similar pump. - The main chamber was ringed by a liquid nitrogeh;
. ‘cooled copper cold shield CS. - The background pressure under " -

-7 Torr.

. A. Ion BeamvSource
Ions were formed by allowing the alkali metal vapor to
diffuse through a porous tungsten button which was heated téf

appreximately 1200°C. The alkali metal vapor pressure was;

- controlled by regulating the temperature of its containing

- platinum senser. The lons were extracted from the tungsten

B

ffand the collision chamber were maintained at ground'potential'ﬂ

spread of the beam was approximately 2°.
B. Neutral Beam Source

‘The atomic beam source consisted of a reservoir and a

l.rectangular Laval nozzle slit, all machined from nickel. rhef‘ﬁ3~ o



'-e which was recorded continudusly during a run. The exit nozzle .

" was machined from 5/8" thick nickel, had an entrance aperture .
. were 0.004" x 0.250". Following the oven sequentially there

R nitrogen cooled slit'to condense unwanted parts of the beam,

Cac 535°K and 2.5 Torr for cesium.

-3- | UCRL-18138 i

>

“Q'reservoir was mounted on quartz insulators, heated by alumina -

insulated tantalum wire, and was equipped.with an iron-

' -constantan thermocouple for determination of the oven temperaturef

" of 1/4" x 1/2" and converged to an exit slit whose dimensions .
~was a flag that could be used to block the beam, a wide liquidﬂ

| a heated slit to define the beam, parallel plate electrodes to
. deflect charged particles, and a final slit attached to the -
: grounded cold shield to prevent penetration of the deflecting -
. field to, the scattering center. The approximate oven temp- ‘.
;eratures used and the corresponding vapor pressures were 665°K:n

and 3.5 Torr for potassium, 610°K and 3 Torr for rubidium, and

The full-width at half maximum of the etomic beams used! % E¢
in this research was 5°. The engular distribution of the |
neutrals was measured with a surface ionization detector con- :
_ sisting of a heated 0.003" dia tungsten wire suspended vertically

' with a 0.020" tantalum spring behind a slit 2 mm high. ‘' The wire
. was biased at 25 V with respect to the ion collector can so as
.to insure the collection of all ions, and to suppress all electfonﬁkf,
emission from the wire.. The ion collector can had long entrance ffff
and exit channels to insure complete ion collection while )
allowirig the atomic beam to pass through freely. Atoms that‘nw ”g’f.;
passed through the defining'slit of the detector and did not. lll:
©." hit the hot wire passed out of the detector without striking .\ i

L

e . v ...



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

-4 | UCRL-18138

" the ion collector or its shield. A similar hot wire detector';_
mounted in a fixed position opposite the atomic beam source o
was used to monitor the centerline intensity of the beam. =

Experlments were also performed to measure the vertical

intensity distribution of the atomic beam, ‘which was found to

- versed by the lon beam.

C. Detection System

' . For measurement of the primary beem attenuvation and sieﬁ_
ion collection current, there was a Faraday cupfdetector :
~ surrounded by a shield which had a 1" diameter aperture
" located 1.072" from the scattering center. The resulting . -
5,'acceptance angle of the cup was t25° measured. from the”scaté
tering center. | - _ |
5 The movable Faraday cup detector was connected to a
~ Keithley Model 417 High-speed Picoammeter and a Moseley 2D ZA
X-Y recorder. The electrometer-recorder combination was
calibrated against a Keithley picoampere source with an overall
"<accuracy of t0.4%4. A Cary Model 31 vibrating reed.electrometer“
was used to monitor.the primary ion current at the fixed | B
‘Faraday cup, and elso to measure the intensity distrivbution ofi}
the neutral beam. The values of the input resistors of the o
- . electrometer were meaeured'to 0.1%. The'fixed neutral beam s

monitor was connected to a Keithley,mode1*610B electrometer.



, “‘“?ffdata were collected. Most of. the cross sections were deter-
‘33$4mined'by measuring the attenuation of the lon beam. In thesevi

,'ﬁ47~A:experiments, the movable Faraday cup was located exactly
' eter sensitivity increased so that the attentuation of the

. - as the neutral beam flag was opened and closed at intervals

SRR ©  UCRL-18138 v
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. D, Expefimental Procedure

'The ion  and moiécular beams wére turned on and allowed

-to réach‘stable operating conditions weli‘before experimental_lﬁ

e opposite the ion beam ‘source exit slit, the major part of the -

iion current reaching the cup was biased out, and the electrom-ﬁ

'fj'ion beam, which was usually 1%, would be a large fraction of“ §

: 'the full scale current. The electrometer output was recorded S

.f of several seconds. After a number of cycles had been recorded,{g
‘the electrometer bias current was turned off and the total ‘

.i'primary ioﬁ current was determined. The small background

current due to particles from the neutral beam was measured by

: shuttlng off the ion beam and recording the current to the

e gy e g e et . P - g -

' Faraday cup as the beam flag was opened and closed. To mlnif*ﬁ

mize this backgrbund, adjustments were made to the potential ™

PNy g . —

of the deflecting plates at the neutral beam exit, and the

neutral beam monitor was turned off during all ion current
e measuremeﬁts. The background was always a small fraction of

even the smallest signals measured.

i Ay - VS TS A AN

To perform the slow lon collection experiments, the Faraday 1.??

‘eup was rotated into the path of the neutral beam. .Because ” ‘11

" of surface potentials, it was necessary to apply a negative

s e



,":;collection experiments could not be performed at the 1owest o

'7f'f out of the path of the neutral beam and the neutral‘mohitor“,

' '7, was collected to insure ‘that the 1ntegral of the distrlbution :

6 .. UCRL-18138
"1'potent1a1 of up to 6 volts in order to collect the slow ions‘ r
'_completely. This bias voltage was sufficient to deflect the §

primary beams of lowest energy, and'consequently the charge ;f

» energies reached.in'the attenuation experiments.

The slow ion current was measured with the beam flag‘

-alternately opeh and ciosed,»while the fixed Faraday cup was

used to monitor the primary ion intensity. After each series:

~of slow ion current measurements, the Fdraday cup F .was lifted

'ﬁ'icurrent recorded. ‘The background current to the ion collectof?-
due to the neutrai_beam alone was also measured and found to;:
2 be less than 10% of the lowest ion signal recorded. o
To measﬁre the distribution of the heutral beam, the

| output of thHe electrometer which measured the surface ioni- '

- zation current was connected to the Y-input of the. recorder,tf

~ and the X- 1nput was taken from a helipot voltage divider A-yi
. driven by the sprocket used to rotate the lid of the main

" chamber on which the detector was mounted. This ‘aistribution

\ was measured several times during the period 1in which data

normalized to the fixed monitor signal remaingd constantf. The '
area under the disﬁribﬁtion 6urve was calculated by using' ;
Simpson's rule. | |

. To convert the measured surface ionization current to an f*“d::
atom flux we used the surface lonization coefficients of 0.977'Zé;f;”

for Cs, 0.859 for Rb, and 0.690 for K, as calculated from the Jf:

Saha-Langmuir equation using 4.58 eV for the work function of ;ﬁfﬁfﬁ'

A
™
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.. _-tungsten, and a temperature of 1860 K. The temperature'of
. Jthe tungsten wire as a function of heating current was taken

. from the Jones-Langmuir tables,1

. the integral.of the neutral particle density along the
4primary ion'path. The hot wire neutral detector measures‘  
., the flux at a position somewhat removed from the scattering f

” center._ The atom flux at the scattering center along the

Vp{ion path was'calculated'from stralghtforward geometric con- ~

;‘siderations? The atom density in the,neutralibeam‘was caleu-
lated by dividing the flux by the average atomic velocity. '
Z:The latter was determined in separate experiments by ueing a!
'aiﬁv"velocity analyser. The number density velocity distributien-
:f;:in these Mach 3 beams was found to be very.nearly symmetric: |
 :. about the moet probable velocity, and tne number average ,

" velocity was 31 2% higher than the average velocity of atoms.
. atom beam operating under conditions similar to ours.
 possible presence of diatomic molecules of the alkali metals

" in the beam. These would most probably be recorded as one

the atoms since the process would be several tenths of an

-T- " UCRL-18138

. To calculate the cross section the quantity needed is - -

in the oven. This shift toward higher velocities is somewhat

greater than that found by Hundhausen and Pauly3 for a potassium;

A source of error in the density determination is the

equivalent charge by the surface ionization detector, but

would have a charge transfer cross section much smaller'than L

. electron volt exothermic. Calculations based on the thermo-.t‘

dynamic data of Wagman et al? suggest the fractional concen-

tration of diatomic molecules at the oven temperature and
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s pfessures we used is'épproximatély 1?5%.- One might expect

- the éoncentration of the diatomic molecules in the beam to
be at least as gréat, due to the observed tendency of heaviérd

: . molecules to concentrate near the center of nozzle beams. ’ Onlﬁ

 ‘the other hand, measured fractional concentrations of K, in

| potassium beams from ovens apparently similar to ours and
operated in the same ﬁemperature range have béen quoted5 to:

.be.only.l-z x 107>, which is negligible for our purposes. It £

' is unlikely that molecules in the beam constitute an important

" gource of error.

A possible source of error in the attenuation measuremént§5

' f1s,the elastic scattering;df ions without charge transfer, ?

- which wquid cause the apparent charge transfer cross section‘f'L

" to be too large. This error was iargely eliminated by using

an ion -collector that intercepted an angle of ¥ 50° in the centéfiﬁ;f‘

of mass system.", According toianuestimation based: on. cldssicalf'

' differential scattering cross sections calculated by Mason ahd

: Vanderslice,6 the elastic scattering at angles greater than .
+ 50° is only approximately 2% of the measured total cross

section. In the attenuation measurements the elastlc contri;

.~ . bution makes the obseryed cross section oo large, whereas‘ityi

" makes the cross sections derived from charge collection tOOfeﬁ?

'”t‘small. The two methods gave'results wﬁich were almost Lk

identical, and the same within experimentallscattér.-'



L .
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.'cross sectioﬁsvare giveh as a'functioﬁ'af~energy in TableVI,; f
?'Figufes 2-4 shdw a compérison between our results and those‘ 
" of Marino, Smith, and Caplinger7 (MSC), Perel, Vernon, and . !
‘ paley® (PVD), Kushner and Buchma® ('K'B-), and Chkuaseli, |
. Nikoleishvilli, and Guldamashvilli'® (CNG). -Also shown are -

:ft'the theoretical predictions of Smirnov,11 and Rapp and

!‘7j5known
,zftfansfer cross séctibn decreases linearly with the 1ogarithmi

' '"”:” ,of the velocity over limited ranges.

: 7of'o'at our high veélocity 1imit with those of Perel et al. .
th.at‘their low. velocity limit is quite.good. Both sets of

.. results give cross sections 20% smaller than'those-reportéd.

'f‘by Marino Eﬁ_él"? and approximateiyithe same aﬁount 1arger ,

" than those determined by Kushnir and Buchma..9 Smirnov's
. results at low velocities, and is in nearly exact agreement -

" The cross sections reported by CNG have beén reduced by 15% L

" to compensate for their miscalculation of the neutral atom

‘smaller by nearly a factor of two than our cross sections in .~

9- . o UCRL-18138

RESULTS AND DISCUSSION

The nuﬁerical values of the total charge transfer

Francis. > The form of the graphs was Suggesped by the well-
11,12 | '

expectation that the square root of the charge

Fof the Csf-cs,system, the agreemenﬁ between our values
| 8

theoretical cross section11 is only 20% smaller than our

10

with the measurements of Chkuaseli et al.™? at high veloéities,f

12

. . e o s

density. The theoretical prediction of Rapp and Francis is-j}

the low velocity range.




.
’,-.‘

“transfer problem show that the total cross section is largely

'section of Smirnov

. Perel et al.s_and Chkuaseli and coworkers

. present work.

S 4100 0 ucR-18138

For the Rb -Rb system, the agreement between the presentfyffyﬁ

' experiments and those of Perel and coworkers8 is very good in;“

the overlapping range of velocity. The theroetical cross-_
11

Low VelOCitY range, and intersects the high energy data of .~

10 at velocities of-fé

Aapproximately'lo7 cm/sec,. The;slope'of the 01/?._.ln,v,curve§
predicted by Smirnov 1s rather close to that found in the ;Sf

As Fig. 4 shows, our resonant charge exchange cross

section for the K ~-K system is in excellent agreement with the_fy¢

predictions of Smirnov. The Rapp-Francis calculation, apparently

made with a low, incorrect ionization energy for potassium,_

still gives results 30% smaller than our experimental values. - _ :
It should be remarked that if the surface ionization coefficient |
. of potassium on tungsten were higher than the value of 0.690 .

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

exchange would be higher than the ones we report here, The_

range of velocities in the experiments of Chkuaseli et al. does‘

‘not overlap with ours, S0 a comparison of the two sets of

results is difficult. Other reported cross sections for the
13 14

~ potassium system s are_soibadly!scattered'and shOW‘such.':fv;~?fv

peculiar velocity dependence,that their‘reliabilityris

questionable.
ll 12

Several theoretical approaches to the resonant charge“_

determined by the variation with internuclear_distance of . the -

is too small by no more than 257 in the ﬁ:f

™




- smaller-than those measured experlmentally

-11-. ! ~ " UCRL-18138 = .

energy separation of the lowest'symmetric and antisymmetriC»pffﬁi
states of the molecule-ion. The approximate charge transfer f

cross section is expressed as o 1/2 T b2, where b is a

lﬂf‘ critical impact parameter, in this case equal to the distancefffj]i
of closest approach for which the chargentransfer probabllityrf:ﬁpl~'
first reaches a value of one half. The charge transfer cross. R

section is most sensitive to the difference in energy between.iffxmj

the symmetric and antisymmetric states at an internuclear
separation equal_to bc. In our work the cross sections reflecthéf

the potential curves in the internuclear region of 14 5 to 17 Kx?i‘

‘for the cesium system, for the ribidium system 13.5° to 15.5 K
and 10.5 to 12.5 & for the potassium system. In the high o

10

energy work of Chkuaseli et al, " the smallest cross sectionS'fff,?

correspond to minimum internuclear separations of 9.5, 8.5,

"and 7.5 & for cesium, rubidium, and potassium, respectively.

The splitting of.the symmetric and antisymmetric states

at large ‘internuclear distances is small, and calculationSjofffffrl,

‘ it shoulq be relatively reliable. Rapp and Francis use the

LCAO method to calculate this splitting, and employ very simple
nodeless atomic wavefunctions which are scaled by the exact
experimental atomic ionization'energies. There calculation

thus involves a major simplification, but no adJustable

'parameters. This procedure leads to cross sections con31derably

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 .
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internuclear separation, and propOSesua4method,which relates .

the splitting to the radial atomic wave function. His caleu-s o -

lation 1s still basically a two state analysis, and he uses

. simple nodeless atomic wavefunctions which are larger, for. é-%;;h;:

‘given experimental ionization energy, than those of Rapp and’[”l7*"
Francis. Consequently; Smirnov's cross sections lie noticeabiy ;il

- closer to the experimental values. In the alkall atoms there'nf%fi‘

L are low lying excited states which make the two state approxi-viﬁk;'

mation used by Rapp and Francis and Smirnov somewhat dubious
at the hlgher collision energles. Nevertheless, the agreement

between the theoretical cross sections of Smirnov and the

" experimental values is encouraging, and suggests the two- state ﬁ¢;i.;

analysis of the charge transfer process may be a useful

_approximation for the prediction of total cross sections.
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.Table”I.v’Resonant Charge Transfer Cross Sections.®

+

- cstecs’ o wmetern 0 ..kt

lab. ox1014 w10 Figp gxiott - wx10® . Frabp oxaolt 0 wxio0®
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2200311 . 9.24. - 60 _ 1.93 ° 2.21 .
12' 407 Ui 25Y) 3.1 L0 9.85 0 60. ¢ 1.91 ... 2.21 .
| ST 80 1.87 o 2.5470
71,85 ... 2.857 .
“ 1,790 3019
176 U 349
U1z w02t
L1472 40208
166, 4050
1062 750090
51.88 Lo '
1,84

AT 40017 0 6,58 i 35 i 3,080 71146 7
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Slas 3002 132
©T 50 2,95, 1 13.9 i
601 2.88. 0 15.2
L T0 207901645
- - U100 2469 19,7 5
45 344 140 . 2.55 . 23.2 %
.60 - 3.28.. " '

80 .- 3.16

%700 325 1330 . 140 . 2.50 . 28.2
.80 - 3.23  14.3 - 200 2.45 . 27.8° . o

4,100+, 3.13  15.9
140 .3.03 - 18.9

200 2.94 . 20.1 .

—— == ——— ]
. ‘&. Data above dotted line were taken by the beam attenuation method
‘ those below by the charge collection method. :
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‘See text for identification’ .

.

Ion-atom crossed beam apparatus.:

- of symbols .

Figure 1.
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. Figure 2.',The,square root of the charge tranéfer"cross_secﬁion plotted'fy}§;§7
as & function of the logarithm of the lsboratory velocity for = . * -
‘the Cs+-Cs system. Circles represent this research, other _D‘Vi'

authors are identified in the text}
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. as a f‘unctiOn of the 1a.boratory velocity for the K -K system..' .



g 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

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.
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