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PHOTOIONIZATION OF P~KALI-METAL VAPORS 

Yuan-tseh Lee 

Inorganic Materials Research Division, 
Lavrrence Radiation Laboratory, 

Department of Chemistry, 
University of California,· Berkeley, California 

ABSTRACT 

June 1965 

The vapors of potassium, rubidium, and cesi~. have been 

photoionized with liglLt absorbed in the discrete region of the 

atomic spectrum. The energy threshold for the ionization process 

has been determined and the ions produced identified by mobility 

measurements. The data give lower limits for the dissociation 

. + + + energles of K2 , Rb2 and Cs2 o Each of these molecular ions has 

a bond energy approximately 50% greater than that of the corresponding 

neutral molecule. In addition, lower limits for the electron 

affinities of the alkali atoms and values for the mobilities of 

+ + . + + 
Rb , Rb2 , Cs and cs2 in their present vapor are given. 
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I. INTRODUCTION 

l 4 
It has long been ~nov:n.J..- that the va:pors of cesi'JJTl and rubidium 

can be photoionized by the light that is absorbed in the discrete region 

of the atomic spectrw"rl and has energy less than the atomic ionization 

energy. The very thorough investigations of Mohler and Boeckner37 ?.on 

cesium vapor showed that the ionization definitely involves the line 

absorption by cesium atoms 7 that the rate of ionization is proportional 

to the first po-v1er of the absorbed light intensity7 that the phenomenon 

is independent of temperature 7 and apparently is not an artifact of the 

space-charge detector used to measure the ionization currents. Further-

more 7 they showed that the pressure dependence of the q_uantu.'n yield 

of ionization can be ·represented by the expression. 

l A + B 
cp p 

where A and B are constants 7 and P is the pressure of cesium vapor. TI1ese 

observations suggested that the mechanism of the ionization process is 

Cs + hv ~ Cs*(nP) 

· Cs* -> Cs + hv 
Cl.. 

Cs* + Cs ~ Cs~ + e 

(l) 

(2) 

It is clear that if this analysis is correct 7 a measurement of the 

longest wave length at which reaction (2) occurs can be used to calculate 

a lower limit for the dissociation energy of .cs;. According· to Iviohler and 

Boeckner? sensitized ionization first occurs at 3888 A 7 which succ;ests 

+ the dissociation energy of Cs2· is. at least 0. 7 eV. Similar experiments 
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4 
by :Freudenberg indicate, hovrevel", 

+ 
that the dissociation e::1ergy o~ Cs2 

is as high as l. 05 eV. Both these values are larger than 0. 1+5 eV, the 

dissociation energy of the neutr:::.l cesium diatomic molecu1e, and sugc;est 

that the one electron bond in cs; is stronger than the two electron 

bond in Cs
2

. Thi's uniqHe order of bond energies for the diatomic aH::ali 

6 
molecules was predicted in 1935 by James. More recently, spectroscopic 

vrork by Barrow and coworkers 7 ,B has been interpreted to mean that the 

diatomic molecule ions of lithiR~, sodium, and potassiR~ do indeed have 

greater bond energies than the diatomic molecules. 

Besides reaction (2), there is another process that can lead to 

photoionization at ener£ies less than the ionization energy: 

·:+ .J.. 

Cs + Cs ~ Cs' + Cs (3) 

If this were the exclusive process,. the difference between the 

atomic ionization energy and the appearance energy for ions vrould be a 

lower limit for the electron affinity for cesium. Thus t~e qualitat:i.ve 

interpretation of the experj.ments of Mohler and Boeckner is in some 

doubt. 

Our purpose of this study is to reinvestigate the photoioniza~ion 

of cesium to resolve the disagreement in·'the earlier vrork, to identify 

the ions formed, and to extend 'these measurements to the other alkali 

metal vapors. 

The special features of collisions bet-vreen excited atoms and mole-

cules are t'r'eated in general in Sec. II. The experimental arrangements 

and the results of the study of photosensitized ionization of alkali 

molecule-ions are descr:i.bed in Sec. III. In Sec. IV, the chemical 

... 
.. 

' )'": 
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bonding of allmli molecule-ions is considered. The study of transport 

phenomena of molecule and atomic ions of rubidium and'cesium. is given 

in the last section . 

.. 

'' 
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II. COLLISIONS OF EXCITED ATOMS ANTI I~OLECULES 

When any molecule passes another at any distance at any relative 

velocity, if there is a significant exc,hange of energy, momentwn or 

mass, a 11collision" is :>a:i.d. to take place. The best de scription of a 

particular collisi()n is to give the relative velocity v before the 

collision and. perpe.ndicular distance b between the center of the second 

molecule and the line of the velocity v through the center of the first. 

vie may call this a ( v, b) collision. For a ( v, b) co)-lision, there is 

a probability P(v,b) that a given process may occur on such a calli-

sion. The values of P( v, b) must be expected to vary differently '..rith 

v and b for different transition processes. For statistical purposes 

we resort to an artifice which gives a convenient index nu.:"!lber with ' 

which to describe the statistical average over all values of b. VIe 

· can calculate easily the total nwnber of collisions of relative velocity 

v within a distance Q, f;ay, denote it by Z( v, TTQ
2

) dv and, by equating 

.this to the total nwnber of collisions actually knovm by experiment to 

2 
produce the given proce.ss, evaluate 7TQ , and call it 11the effective 

velocity cross-section for a given process 11
• Like-':-.rise, an 11effective 

temperature cross..:section for a given pr6cess 11 Vlhich is usually denoted 

by (} and Simply Called !!effective CrOSS Section II Carl be easily evaluated 

on the basis of the Naxwellian distribution of velocities along the lines 

of classical kinetic theory. In this section the statistical index 

nu;rnbers, 11effective cross. section 11
,

11mean life of excited 'state 11
, and 

11mean time between colli.sion 11 will be used to discuss the special features 

of the collisions of exeited atoms. 

r ;.... 



1' 

-5-

A. Collision Probabilities of 
Excited Atoms 

For an atom -v;hich -vras excited at time t=O to some excited state 

of mean life -r 1 the probability that the excited atom Hill :r'emain at 

time t is 2-t/-r. In a collision process which is characterized by mean 

time of collision T1 th~ probability that the excited atom Hill not 

have made a collision at time t is 2-t/T. The probability that the 

atom undergoes collision within the time t and t + dt is 

So the probability that an atom vrill collide in the time between t and 

t+dt while still in the excited state must be. 

-t/T 
0
-t/-r.dt 

2 .r. T 
= 2-(T+-r)t/T-r dt 

T 

By integrating this equation from t=O to t= oo} we can obtain the pro-

bability that an atom -vr:Lll collide -v;hile still excited as follm-ring: 

'!" 
=- --T+ T 

= T + T 

[ .2- ( T+-r )t/T-r f · 
0 

This simple relation is often used to evaluate the cross section of 

the collision process involving excited atoms. Forexample 1 in quenching. 

collisions} the quenching Q, is defined as the ratio of the intensities 

of resonance radiation with and without foreign gas. Here} "collision" 
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means the excitation energy of an atom is transferred to a molecule as 

the consequence of the encounter of the excited atom with the molecule. 

Since every quenching collision removes the excitation energy of an 

atom) in the absence of radiation diffusion and collision byoadening) 

-r T 1 
Q, - l - 'I+-r = T+-r = 1+-r/T 

= 
1 

1+-rZ 

This is the famous Ster·n-Volmer formula) vrhere Z = l/TJ the number of 

collisions for each excited atom in unit time) and can be related to 

a cross section .a by 

where n 1 is the number of molecules per unit volume and m1 ) ~ are 

the masses of molecule and excited atom. 

B. Types of Collisions 

.Among the collision processes of excited atoms) there are many 

processes which are in common with normal atoms) such as upward excita-

t.ion) or ionization by photons) electrons) atoms or molecules; · We are 

considering those processes which are specific to excited atoms. 

' 
According to the consequences of the collisions of the excited 

·atom, the collisions bet:vreen excited atoms and molecules can be divided 

into two groups: physical and chemical quenching processes. In the 

first group we have the following: 

·1. Photon emission--line broadening. 

The pressure dependent line broadening is the consequence. of the 

collision of excited atoms. The line broadening due to the inteyaction 

~ .. / 
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'ivi th atomic perticle s m:3..y be considered to arise from the followinG 

cause. Elastic scattering of the atoms both before, after, and during 

the radiation process is to be expected; but the interaction potential 

of the excited and unexcited atoms 1vith their neighbors is, of course, 

different. Tne radiative process takes place in a time short compared 

with the scattering process, so that, as with the Franck-Condon principle 

in diatomic molecules, the radiative transition is nearly vertical. 

Since the t'..ro interaction potentials are "not parallel", a distribution 

of vertical transition energies Hill be found; this implies a dis-

tribution of radiated frequencies. 

Excited atoms in metastable states for which dipole radiation 

is foroidden have very long mean life times (inverse of transition 

probability), approxiF~tely 10-3 -1 sec, or nearly 105 - 108 tL~es ' 

larger than those of ordinary excited states. Although dipole transi-
. 

tion is not possible, a metastable atom may radiate during a collision 

with another atom, provided that a suitable state of the quasi-molecule 

can be found and if radiation from quasi-molecule states is to be 

allowed. This phenomenon is known as collision induced radiation. It 

is not an effective process of the destruction of metastable states. 

For He 2
1s in collision with ground state He atoms, the appropriate 

quasi-molecule states l l are 2 ~ and 2 ~ , of which the latter can radi-u g 

Burhop and Marriott,9 using the 21s ground-state t . . l~ a 1vely pass to ~ . 
' g .. 

10 
potential energy curves calculated by Buckingham and Dalgarno"'" calcula-

ted a mean quenching cross section of a = 0.9x1o-25 cm2 at 300°K. This 

very low value is due to the barrier vlhich appears in these potential 

energy curves,· but even if thi's v1as absent the mean cross section Hould 
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only be 5>)10 em . 

2. Collisions of the f;econd ldnd. 

1021 Kl · : ·l .,.., l. ' ll · b . f l . In -" · eln anc .hosse_._s~<a., on tne c!.SlS o ~ 1ermodynanuc 

reasoning, inferred that if ionizing and exciting collisions (colli-

sion of the first tind) tal~e place in an assemblage of atons and 

electrons, inverse processes must also take place, nai·nely, collisions 

between excited atoms and electrons in which the excita"cion energy 

is transferred to the electrons in the form of kinetic energy. They 

call such collisions "collisions of the second kind". ·Now the ex-

pression "collision of the second kind" is generally used in a much 

broader sense, includj_ng all collision processes in ivhich the follow-

. 12 
ing conditions ar·e fulfilled. 

) 

(a) One of the colliding particles is either an excited atom (meta-

stable or othervlise) or an ion. 

(b) The other colliding particle is either an electron, a· normal atom 

or a normal molecule. 

(c) During the colli~:ion, either all or a: part of the excitation of 

particle (a) is transferred to (b). 

Collisions of the second kind play an important role in the pro-

cesses of energy exchange between atoms ·and molecules. If small quan:-. 

tities of foreign gases are added to the vapor of mercury or sodilpn, 

and the sodium or Hg photoexcited, a reduction of the intensity of 

resonance fluroescence vrill always be observed. Tnis phenomenon is 

~-
called the quenching of the fluorescence, and is du,e to the follm·ring . "' 

causes. During the collision with atoms .or molecules of foreign gases, 

the excited mercury_or sodium atoms transfer their excitation energy 



.. 

-9-

and return to their grou.nci state ,,ri t:nout radiation. T:'1e efficiency of 

quenching is quite diffErent for different gases. In Fig. II-1, 2-l'C 

shovm the results of the study of the quenching of fluore·scence of 

r.;) 17. 
mercury vapor. :J It is obvious that rare gases -He, A:r -have little 

quenching .effect, and altl:ough a nitrogen molecule possesses only smC~.ll 

quenching efficiency, a:Lr, CO_, 0
2 

and ~ possess very high quenching 

efficiencies. 

The detailed theon:tical· anci experimental studies of these and 

similar phenomena lead to the following important results. Tl1e pro-

bability of transfer of excitation energy into kinetic energy of colli-

sion pairs is very small. The closer the energy levels of colliding 

atoms or molecules to the energy of the excited atom, the larger the 

probability of transfer of energy by a collision of the second kind.' 

From these reasons, the rare gases have only small efficiency in the 

quenching of resonance ·fluorescence of mercury since the excitation 

energy of He(63P
1

) is kno-vm to be 4.9 eV, but the lm·rest excitation 

energy of helium' · ,. is about 20 eV. From the same reasons we can under:.. 

stand why molecules always have larger quenching efficiency than atoms. 

In the case of atoms the only possible energy levels correspond to, 

electronic excitation, and there are relatively feH cases in Hh:i.ch 

aifferent atoms have very close energy levels. On the contrary, for 

molecules, besides electronic ene·rgy levels, there are vibration2,l. and 

rotational energy level:.;, and the multiplicity of energy levels is much 

larger. The especially high quenching effic:i.ency of ~ can be explained 

by the following facts.· The dissociation energy of F"-2 is L~. 3~- eV, and 

the excitation energy of Hg (.63p l) is close to 4.9 eV, so that during 
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the collision of the second kind bet-vreen Hg (63P
1

) and ~_. the latte:r 

can accept the energy which is larger than its' dis~ociation energy 

~Vith large probability. In fact) Franck -vras able to shoH the disso-

ciation of ~ by observing the appearance of atomic hydrogen, while 

the mixture of F'2 and mt~rcury vapor ivas illuminated by the resonance 

line of mercury. 

If we experimentally determine the pressure dependence of quenching) 

we can calculate the effective cross-section of energy transfer during 

a collision of the second kind as vras sho,,m above. These calcul2.tions 

lead to the following n~markable conclusions. Generally speal.:::ing) the 

effective cross section of a collision of the second kind is several 

times larger than a gas kinetic cross section ( -vrhich is usually 

determined by the phenor.1ena of diffusion) viscosity) etc.). Especially 

if there is a resonance bet~Veen the energy of the excited atom and the 

excitation energy (in e:;.:treme cases) dissociation energy and ionization 

energy), we can always find a sharp increase in the cross section. In 
\ 

the above example of qUE!l)Ching of fluorescence of mercury vapors) the 

effective quenching cro:>s section of air is J.. 8 times the gas ldnetic 

cross section, and that of H
2 

is 5.5 times the kinetic cross section. 

Resonance phenomena in collis.iohs of the second kind can be sho-vm 

clearly from the experir:1ent of "sensitized fluorescence" conducted by 

B tl d J . 14 Th . h . . eu er an osepny. ey 1.fere able to s Oiv that) other things being 

equal) the process was most probably for the smallest energy defect. 

The excitation of numerous Na levels by Hg (63p
1

) and to a lesser extent 

Hg (63P
0

) is shown in Fig. II-2. Arnong those excited states of a· sodiu.rn 

atom lying between 103 and 113 Kcal/mole (
2n

5
/

2
;
3
/

2
_states with principle 
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2 
quantum munber from 6 to 9; s

1
/ 2 states with principle q1.;anttm1 

2 
nuJnber 7 to 10); the 9 s

1
/

2 
state of sodiUi1l Has observed to be excited 

i-:ith the greatest probability. The excitation energy of this term is 

112.49 Kcal/mole compa.reci to 112.04 for Hg (3P
1

). The "resonance" 

nature of the collision .is apparent. 

If the excitation energy of the excited atom is higher than the 

ionization potential of the co.lliding particle; the transfer of energy 

may cause the ionization. ~~is is called Penning ionization and will 

be discussed Hith other ion producing processes later. 

In the chemical q1.1e'nching processes l·re have the following: 

(3) Formation of mo.lecules 

In the presen~e of a third body; collision of an excited atom 

with another atom may cause formation of a molecule. For metastable 

atoms, collision-induced radiation can be relatively unlikely, and the 

molecule formation process has been invoked to eA~lain high-pressure 

deactivation of He (2
1s) in helium. The three-body combination process 

fOr He (23s) in collision -vrith tvro ground state helium atoms has been 

reported by Phelps,
15 who observed the resulting He

2
(33z:). This molecule 

.has a lifetime of at least 0.05 sec. 

(4) Molecule ion formation. 

(5) Electron transfer - ion pair production. 

(4) and (5) are the. t1~o-body processes which are found responsible. for 

the ion produ~~tion of the present study of the photosensitized ionization 

of alkali metal vapors. These tHo processes together vrith Penning ioni-

zation vrill be described in the next paragraph. 
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C. Ionization Processes 

l. Penning ionization: X-¥.· + Y = X + Y+ + e 

If the excitation energy of /' is higher than the ioni~~aU.on energy 

of Y, this. type· of reaction can be a priori expected. A~though tl1e im-

portant role of this process in ionization phenomena in gaseous mix-

tures has been known fOr a long time, the knov:ledge of these Pl"Ocesses 

is so far very limited. 

Recently many' expE:riments have been carried out on Penhing ioniza-

tion, including the singl_e collision beam experiment by Huschlitz and 

Shollette. 
16 

Only He 238 21 8 Ne 3 involved in all of these ) 
p are ex-

periments. From these experim~ntal results) comparison Tiay be made 

betvreen the Penning ionization and the momentum transfer cross sect;i.on 

crd) usually U...'1kno·vm experimentally) but calculable. It is found the 

crp/ crd - 0. 2, a factor c:ornparabl~. with the e.lectron ejection coefficient 

s, for metastables incjdent upon metal surfaces. Orders of magnitude 

of ap may be _::stimated thus. 

A similar process of colli.sion between excited atoms, 

-X- -Y.- + 
X + X ~X+ X + e, has a higher cross section, which is of the 

order of l0-14 cm2 . 17 

The importance of the Penning ionization in gas discharges can be 

shown from the analysis of a binary mixture of helium and argon by Biondi. 

If vre start with pure helium at a given discharge current and nec;lect. 

the effect of collisions between excited atoms) the discharge current is 

the result of direct ionization; 

He+ e + + kinetic energy ~ He + 2e 
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Simple energy consid.ere.tions indicate that in order to produce an 

electron-ion pair the bombarding electron must have s.n energy in excess 

of 25 eV. 

If, hov1ever, some argon is introduced, Penning ionization J::ay 

tal~e place : 

-x-
He + e + k.e. -> He (metastable) + e 

He~~- (metastable) + A --t He + A+ + e 

Here the energy required to produce an electron-ion pair is that to 

produce a heliu.'n metastable, or 2: 20 eV. Thus for a given degree of 

ionization (discharge current) a smaller discharge voltage is required 

when argon atoms are present. 

Hith pure helium, in order to maintain the discharge current there 

must be a sufficient number of electrons in the high field energy tail 

of the· distribution to create heliu.'n ions ahd electrons. Hm-1ever, 

vlith argon present, the same rate of ionization can be maintained by 

e"lectrons which have only enough energy to create metastable heliwn 

atoms. As a result the electron distribution is substantially altered 

over the energy range ·in which the excited levels of helium lie. 

Thus, as argon is added to helium the helium lines emitted decrease 

markedly as a result of the dmvnward shift in the tail of the electron 

distribution. The net result is that the argon/helium ratio infe:ned. 

from the ratio of chare.cteristic line intensities is much greater th.s.n 

the true argon/helium ratio. 

2. Molecular ion formation. 

rm.. f t . f l 1 . XY+ . "- . X·X· Y XY+ + .we orma ·lon o · nto ecu ar lon . ln a reac vlon . + • -> e 



by a two body collision is made possible by the fact that thE: electron 

released carries avray .the heat of reaction in the form of ldnetic energy 
' -l-

and thus stabilizes the moleculs.r ion X.Y'. 

This particular case of chemical ionization is sometin:es called 

the Hornbeek-Molnar process as a credit to their first· thorough exa.rnina-

tion of the formation of molecular ions of noble gases in a mass spec-

trometer in 1951. The proper explanation of this ionization process 

was in fact given as early as in 1928 by Franck) 18 and 1-ms verified by 

Mohler and Boeckner in the study of the formation of cs; in 1930. 19 

As is true for other elementary reactions occurring in highly 

energized systems) our knovrledge of this process is still verY. limited. 

Full understanding, is required by recent developments of radiation 

. ' 
chemistry) gaseous electronics) plasma physics) and reaction kinetics': 

in flames. More attention has been paid recently to these fields. 

Precise measurement of the appearance potential of each of the 

molecular ions produced is one of the most important things in the study 

of this pro.cess. 
" 

The studies of this process have been concentrated on 

noble gases so far, but the information obtained Ls only limited to the 

appearance potentials. _The appearance potentials of Bix independent 

studies of homonuclear and heteronuclear molecular ions of noble gases 

are listed in Table II-1. 

All of the e'xperiments in Table II-1 'vrere carried out in a mass 

spectrometer .. In the first five columns) the measured appearance 

potentials are involved 11ith uncertainty of errors of 0.1 eV or more) 

which is related .to the energy spread of electron beam. In th.e last 

· colum..'1 the appearance potentials Here measured by using the retarding 

J. 
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Table II-1; Appearance Potential of Molecular Ions 
of Noble Gases 

App~,.; a:ca.n c e 9otentia l J.n Vo~_t 

2. 3. 4. c:· r Ions l. ,.,). o. 

+ 
23.18+0.2 23.4 23.08[33PJ 23.3±0.1 He 2 .,.0.7 

+ 
20.86+0.3 Ne 20.9±0.2 2 

-0.7 
+ 

14.7±0.1 14.94±0.02 .A:r2 15.05+0.2 
-0;7 

+ 
13.23+0.3 13.0±0.1 13. 20±0. 02 .. Kr2 13.2 

-0.7 

Xe2 
+ 

11.6 1'1. 2±0.1 11.7 
+ 

HeNe 22.6 23.4±0.1 

He 
+ 

A 17.9±0.3 
+ 

He K 19.9±0.1 
+ 

16.8±0.1 Ne Ar 
+ 

16.6±0.1 Ne Kr 

Ne Xe 
+ 

16.0±0.3 
+ 

Ar K:r 14.0±0.1 
+ 

Ar Xe 13.5 13.5±0.1 

K:r Xe 
+ 

12.2 12.3±0.1 

1. J. A. Hornbeck, J. P. Molnar, Phys. Rev. 84, 62 (1951). 

2. F. H. Field, J. 1. Franklin, Symposium_ on Mass Spectrometry, Oxford 
1961. 

3. V. vl. Kaul, R. Taubert, Z. Naturforsch. 17a, 88-89 (1962). 

4. F. J. Comes, Z. Naturforsch. l7a, 1032-33 (1962). 

5· M. S. B. Munson, J. 1. Fran..l{lin, F. H. JTield, J. Phys. Chem. 67, 1~)1~2 
(1963). . 

6. C. E. Melton, N. H. Hamill, J. Chem. Phys. 41, 1471 (1964). 
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':pOtential method. In th:Ls experiment, the investigators '·rere able to 

resolve some of the excited states vrhich contribute the formation of 

molecular ions. Recent developments in the field of electron energy 

selection, electrostatic electron energy selector, or the retarding 

potential method, will enabJ.e the workers in this field to carry out more 

. ' + 
In colurnx1 4, the appearance potential of He2 , precise measurements. 

23_. 08 eV, is not the datu .. 'll of direct mea,surement. Comes' measurement 

gave 23.1±0. 3 eV. There are six excited states of helium lying vrithin 

his experimental error. There ar~ 31 S[22.92 eVL 31 P[2).09 eV], 

3'D[23.08~ev], 33s[22.'f2 eV], 33P[23.0l eV], 33D[23.08 eV]. By comparison 

of the curve form of the He2 + ion current as a function of voltage 1:-Ti th 

the known excitation•function of He, Comes excluded all three singlets. 

Since among those three triplets, 33P has the highest probability of ' 

excitation, he concluded that 33P is respon~ible for the appearance of 

u + .n.e2 . 

In those heteronuclear ions, appearance potentials are higher than 

the ionization potenti~ls of one of the atoms. These facts indicate that 

the molecular.ion.· formation process may effectively compete with ,Penning 

ionization. 

/ 

More information about the nature of this process and chem;Lcal bonding 

of molecular ions would be obtained if the kinetic energy of· the ejected 

electrons were rn~~surod.. Preliminary experiments in th(t$@ ci.i:rcctiorL~ \·t0:rCll' 

. 20 
reported to have been commenced. 

Molecular ion formation processes play many important roles in a highly 

. d t R tl B d d G 't ·21 ' d. ~ t energlze sys em.. ecen y, og anova an el-sl snovre tua- an additional· 

maximum appeared close to the threshold,on the optical excitation functions 

of some lines of heliUm if hydrogen, krypton, or mercury vapor 1-1as added 
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to the ~e.lilun. No addit Lonal l!laximu.rn was observed w:1en neon Has added. 

Further study of Bogdano·ra and Bochkova
22 

discovered that the pl'Ocess 

which produced the adc~it:Lonal maximum is a process of "delayed" excita-

tion of atomic levels in'rolving appearance and subsequent decay of 

molecular ion formation. Since dissociative recombination leads to the 

selective excitation of 1ttoms, the additional maximuin is not observed on 

the optical excitation f1mctions of all the helium lines. The role of 

the impurity (H
2

, Kr, Hg) is secondary, as v1as confirmed by direct 

measurements-it leads to the appearance of slow electrons that facilitate 

the dissociative recombination. 

This process is one of the practical methods to determine the lm·rer 

bound of dissociation en~C:rgy of some of the molecular ions, since the 

lov1er bound of the dissociation energy of molecular ion is related to 

the difference between the ionization potential of the atom and the 

appearance potential of the molecular ion. The detailed energy cycles 

will be found in Sec. III. 

3. Electron transfer--ion pair pioduction. 

-X- + 
Tne ion pair production processes, X + Y -?X + Y-, are usuaJ.ly 

observed in collisions betvreen atoms of high kinetic energy. Since the 

lowest ionization potential of the ato.m of a naturally occurring element, 

3.893 eV for Cs, is .higher than the highest electron affinity of a normal 

atom, 3.7 eV for Cl, electron transfer from normal atom to neutral atom 

cannot be expected in the collision processes of thermal energy. 

In the collisions o;f excited atoms, electron transfer is energetically 

possible if the difference betv1een the ionization potential and exc it::ttion 

energy of the atom is smaller than the electron affinity of the collision 
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partner. Recently, ~1elton and Hamill23 reported experi:nental study oi' 

the electron transfer ·from excited krypton atom to sulfur dioxide and 

the dissociative electrcm transfer from excited krypton to carbon 

tetrachloride to produce CJ. .·and CCL. 
) 

In this particular type of collision process, becc::u.sc the Gtronr.; 

Coulomb interaction distorts the potential energy curves in such a Hay 

that the pseudo-crossover occurs at a suitable and calculable nuclear 

separation, the cross section can be calculated for the simple systems 

' 24 
by application of the Le.ndau-Zener formula. 

Theoretical calcule.tion of the reverse processes, recombination 

+ of positive ar.:,;. negative ions, have been carried out on H-, H by 

Bates and Lewis., 25 and on H-, Li+ by Bates and Boyd. 26 The experimente.l 
/ 

studies of these collisions will give the most rigid test of the pseudo-

crossover theory. Tne only rate coefficients that have been measured in 

the laboratory are those for iodine and for bromine ions. 

In our experiments, electron transfer processes are observed from 

highly excited potassiu~n, rubidium, and cesium .atoms to normal potassium, 

rubidium, and cesium atoms. From the difference between the ionization 

potential and lm·rest excitation energy vrhich is necessary to unde1·go 

an ion pair production process, .the lower bounds of the electron affinity 

of potassi~~, rubidi~~, and cesium were estimated.· 
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III PHOTOSE~JSITIZC:D IONIZJl.'riON OF ALKfl.LI iviETAL VJ\.PORS 

A. Experimental Arran~ements 

In photosensitized ionization, if the mean tiJ;,e bet\·:ccn collisions is 

muGh shorter than the mean li:'G -!~::1.r:e of spontaneous radia\io:1 of the C):-

cited species,, -"~:1e rate of production of ions is proportj.on3.l to tl1e rate 

of production of excited species by resonance absorption, and the latter 

is always limited by the intensity of effective light 1.rhic)1 can be ob-

tained conventionally. This condition held in.the work to be described. 

The block diagra_'TI. of the apparatus is given in Fig. III-1. The 

photoionization experiments were carried out in a quartz cell vhich con-. 

tained platinum parallel plate electrodes of 3 X 15 em dimension sepa-

rated by 3 em. Light from a 500 vratt Osram lamp passed through a 

chopper, a Hilger D285, monochromator, and a collimating lens and slit 

system. The parallel li,;sht beam of 0. 2 X 1 em cross section passe<i be-

hreen the parallel plate electrodes and onto a. photomultiplier used to 

monitor the light intensity. Care was taken to prevent scattered light 

or photoexcited atoms from striking the electrodes. In virtually all 

experiments the sli t-widbh of t·he monochromator was 0.1 mm, i-rhich gave 

a band pass of 10 A or less throughout the spectral region investigated. 

During the experiments, the pressure of the alkali metal vapor was 

controlled by the temperature of the appendix tube, vhich was heated by 

a separate oven controlled by a thermister and a proportional control 

amplifier, and the ionization c'ell was maintained at a temperature at 

least 50°C higher than the condensation temperature of the vapor. 

In the cell containing alkali metal vapor, because the electrodes 

are always covered with adsorbed alkali metal, there '..,ras a. substantial 

thermionic electron emission. In a nevr cell this thermal electron 

~ ~ d ~ .L"0-9 1 2 t ~oooc currenv amounve vO amp em a ~ for cesium, and became larger 
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as the cell aged and an oxide film bcGar:. to coat ti::e electrod2~>. Si;,ce 

this thermal electron current is ahrays larger than tbe expected _;.'l'ot.o-

12 -13 ionization current of 10- to 10 - a'lrp., the latter "\·:Cl.s d~tected 'Jy 

chopping the light and ·using ::::.. :.:...:.·-.-..~o;·r 'bane~ 1.ridtn preamplifier follmred 

by a Princeton Applied Research lock-in amplifier. 

In preliminary experiments, in order to measure the photoionization 

current directly by using a vibrating-reed electrometer, an attempt \vas 

made to suppress the thermionic electron emission from the collector by 

surrounding the lat. ter vli th a fine grid. But due to the high thermionic 

electron emission from the grid itself, we were not able to reduce the 

background current to the order of the magnitude of photoionization 

current. 

B. Construction and Filling of the Cell 

The main chamber of the photoionization cell was made of a 6 c1n o.d. 

X 16 em long QUartz tube. Both ends vere sealed with 1/16 inch optical 

QUartz plates as the windovs of the cell. ·A side arm of 12 rrJD. o. d. 1vas 

connected to the main chamber. The length of the side arm was 22 em 

from the center of the chamber. Besides the electrodes, the only non-

QUartz parts were the four Kovar-glass seals of the electrode leads. 

Two 3 X 15 em platinQm sheets with a thickness of 0.005 inch were 

mounted to nickel frames and each of the latter vms supported by tHo 

0.060 inch Kovar rods. Before the assemblage, these electrodes were 

heated in the hydrogen oven at a temperature of 1000°C. This treatment 

markedly reduced the thermal emission of ,electrons from the electrode 

surfaces and was essenti:3.l to the suppression of space charGe effects 

and improvement of signal to noise ratio. Immediately before fillinc;, 

-6 the reaction cell ivas prepared by· evacuation to less than 10 torr and. 

baking at 350°C for at l·aast 24 hours. An· a1npoule of the alkali metal 
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\.ras opened in an evacuated side tube isolated fro:r:1 tte cell by .?. liquid 

nitrogen trap, and the metal refluxed so that it could act QS a getter 

for traces of oxygen 1;eme.ining in the cell. Finally a sx;,ple of the metal 

was distilled into an ap:;e::-:c.i~·: •.:.·..:~,.:; '.,'hose temperature could be controlled 

independently of the temf;erature of the photoionization cell. 

The'side view of the cell and the filling system is given in Fig. 

III-2. 

The potassium, rubidiu..'l'l and cesium used in this research '.vere ob-:-

tained from commercial suppliers and had a purity of 99.8% or better. 

· C. I.j_ght Source 

A 500 watt;_Super Pressure Osra..rn lamp vras used in most of the experi-

• 
ments. It. is similar to General Electric AH-6, operated at 100 atms and 

gives a continuous spectru..'l'l ranging from visible down to 2900 A accom~ 

panied by broadened mercury lines. Since the light source of the Osram 

lamp is concentrated in the very small volume of a sphere of 0.5 em dia-

meter, the intensity of light emitted from the unit area is much larger 

than from a 1000 watt AH-6. 

In order to study the threshold of photosensitized ionization, i·re 

prepared ~lectrodeless microwave discharge lamps of rubidiu..'l'l and cesium. 

-They consisted of a 10 mm o. d. X 10 em qu~rtz tube with an end windovr 

containing alkali metal and krypton. The enhancing effect of the emj_ssion· 

of resonance lines from a.lkali metal vapor by introduction of noble c;u.s 
' 

I 27 
is well known. Before introducing alkali metal and l<:rypton, the quartz 

tube was cleaned by repeated discharge with fresh krypton of 2 mm Hg and 
1. 

then thoroughly evacuated and baked out. The most satisfactory results 

were observed between 1. 5 mm Hg to 2. 0 mm Hg. The lamps '"ere usually 

fired in a microwave resonant cavity •-lith the consumption of 50 '"atts of 
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povrer. The intensity o:::· light emitted is several times larger than that 

from an ordinary spectroscopic lamp of comparable pmver) and the stability 

of the lamp is better too. Ordinarily the light emitted from a resonance 

lamp is concentrated. in the :f:'L~st few resonance lines. In our lamps 

the intensities of the first three :::-esonance lines are stronger than 

that ·Of the equivalent }Jart of the 500 watt Osram lamp. 

A similar electrodeless He lamp -vras used to excite the Cs atom into 

the 8P
1

/ 2 state) since the strong helium line 3888.6A coincides with 

one of the doublet components of the third. member of the principal series 

in cesium) 3888.6A (6 s
1

; 2 -8 P
1

;
2

). The advantage of thi,:; sou:cce is that 

it gives a strong excitj_ng line exhibiting no self-reversal. 

D. .'Identification of Different Ions 

' 
In order to obtain information about the nature of the sensi tizecl 

ionization process) it is n~cessary to identify the collected ions. 

\\fe attempted to identify the ions produced photolytically by use of a 

radiofrequency mass spectrometer. This experiment failed: hor,;ever) 

because of the copious field emission of electrons from the spectrometer 

electrodes. A more comrenient way to distinguish betwee~ cs; and Cs +) 

for example: is by measurement of the mobilities of the photo-ions. 

' 28 
According to the recent work of Chanin and Steen: the mobilities of 

+' + 
Cs2 and Cs in cesil.un vapor are 0. 21 and 0. 075 em/volt-sec respectively 

at a density of 2. 69XJ..o19 atoms/cc. The mobility of the atomic ion Cs +'is 

small because of the ;La1·ge cross-section fo:r resonant cha:rge exchange 

collisions in the parent vapor. Consequently: reaction (2) 

:1.· -1-

[M .. +M :-> ~ · +e'] should produce ions of relatively high mobility: vrhile 

·)(- + -
reaction (3) [M +:t'4--7 N +N ] should give ions of lov.r mobility. 
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In the mobility m•::asurements, photo-ions vrere produced . , " ln a \·JeJ..J.. 

localized thin rectangular band parallel to the electrodes. Since the 

vridth of the io.n--produc:i.n:;; -~eg:i.on is only about l/20 o:~ the mi.gration 

distance of the ions, by chopping the light beam 1-1ith a sui table frequency, 

the mobility can be calculated from the measured phase sl1ift bebreen the 

exciting light and the collected plate current. 

At a cesium pressure of 0.1 torr, a temperature of )00°C, and a 

field strength of 7 volts/em, the migration velocity of the ions are 

such that the phase angle between the exciting light and the collected 

plate current is measurable if the chopping frequency is l.l.~XJ..O) /sec. 

The interpretation of the phase shift in terms of absolute mobilities 

is difficult, however, because of the presence of the space -chm·ge 

lL~ited thermal emission from the negative plate. Any positive ions 

produced in the gas ne"'J.tralize some of the space charge during their 

migration to the collecting electrode and cause an increased electron 

current which amplifies the ion signal and reduces the apparent phase 

angle bet-...reen the exciting light and the ion current. Therefore, the 

measured phase angle b•::tween the exciting light and current always 

corresponds to an absolute mobility that is too small by some unlmown 

factor that depends on space charge effects. 

From highly excited states, it is quite probable that the bra 

reactions (2) arid (3) compete. Consequently the collected ion current 

might be.the composition of two signals with different phase shifts. 

In order to prevent the cancellation of amplitude_and to keep a simple 

relation behreen the composition ar.d the phase shift of the composite 

signal, care was taken to carry out the experiments under conditions such 
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that the difference be·t.we·en the phase shifts of x; and X+ \·.'as about 90 a. 

E. Experimental Results 

1. Threshold·. energies of photosensitized ionization. 

For potassium, rubidium, and cesium, sertsitized photoionization 

was observed for. at least nine vrav.elengths that correspond in each case 

to discrete li:r1es in the principal series absorption (nS-mP1; 2 ,
3
; 2 ) of 

the atom.· More lines could be resolved by using a smaller slit-l·.ridth 

in the monochromator. l',or each of the alkali metal vapors, the sensitized 

ionization threshold corresponded to the excitation of the (n +2 )P 

state, vrhere n is the principal quantum number of the valence electron 

in the ground state of the atom. The vravelengths at the sensitized 

ionization threshold, the corresponding en.ergies, the true ioni.z:;l.tion 

.energies of the atoms, and the difference between atomic ionization 

energies and sensitized ionization threshold energies, are su:nmarized 

in Table III-1. 

Our data confirm the results of Mohler and Boeckner that the tl1resho1cl 

vravelength for cesium i.s 3888 A. \>Je vrere unable to detect any ionization 

produced by absorption of the 4555 A line of Cs, in contrast to Freuden-

berg. From the following cyclic relations, it is obvious that the 

difference between the atomic ionization potential and the sensitized 

ionization threshold will give us the lovrer limits for either the bond 

energy of the molecule ion or the electron affinity of the atom, depend-

ing on the mechanism of reaction of the excited species, since for 

. * ' * + -reaction (2) [M '+M -d·1,_,.,. +e] and (3) [M +M -d-1 +M ] to occur, DE must be 
c.. . 

larger than or approxiJna tely equal to zero, and at the threshold the 

value of 6E '1-:ill be the lmre st. Tne energy required. for the reaction to 
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Table III-1. T:1e vravelengths a.t the sensit:L::::ed. io!1iz3.t:i.o11 

Chemi-ionization 

· t~resholds 1 the corresponding energi~s: t~e 
atomic ionization energies and the difference 
between atomic ionization energies and sensitized 
i')nization thl'es::O.old energ:!.es of potassium_, 
rubid.iurn 1 and cesiu:n. 

K Rb Cs 

threshold, A 31+47 3591 3889 

Threshold energy, eV 3-59 3.45 ).19 

Atomic . . ~. lOnlZavlOn e:J.ergy, eV !+. 34 1+.18 ).89 

Difference, eV 0.75 0.73 0.70 

proceed in the fonrard reaction is noted on the side of the arrovr. 

Energy of 
excitation, 

hv 

Energy of 
excitation, 

hv 

-x-
M + M 

M +X 

* M + M 

I 
M+M 

------> + I'/2 + e 

l 
Dissociation 
energy of 
molecule-io~1 . + -------------> M + M + e 

Atomic 
ionization 
energy 

L\E 

A.tom:lc 
ionization 
energy 

> 

> 
f 

.V, + 
M + M + e 

Electron affinity 
of atom 

Our data show that the bond energy of the molecule ion or the electron 

affinity of the atom is at least 0.75, 0.73: 0.70 eV for potassium: 

rubidiu.m: and cesium respectively: but probably not higher than 1.15: 
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1.21 or 1.25 eV, since no photosensitized ionization was observed from 

the excitation of the (n+l)P states. 

2. Nature of Photosensitized Ionization Process. 

Measurement of the phase angle as a f1.mction of the \'lave length of 

the exciting radiation does provide information about the nature of the 

sensitized ionization pr:Jcess, even though absolute mobilities are not 
l 

determined at this: stage. Figure III-3 shows that the phase angle between 

.the light and the collected current is the same for the th:cee loHer 

absorption lines of Cs. Thereafter the phase angle increases as 

' successively higher states m:·e excited, and reaches a constant maximum 

at the series limit and beyond. Since the measured phase angle corre-·· 

sponds:to the migration time of the ions and is inversely proportional 

to the mobility of the ion, one interpretation of these data is that ex-

citations to the states below 12P lead predominately to molecular ions, 

and that states above 12P lead to increasing amounts of positive and 

negative atomic ions via process (3). If this interpretation is accepted, 

+ the data show the bond energy of Cs2 is at least 0.70 eV, but probably 

not higher than 1.15 eV, and the appearance of atomic ions at the l2P 

level indicates the electron affinity of cesium is at least 0.19 eV. 

It should be noted that Mohler and Boeckner3 ~~ere abl~ to measure 

crT, the product of the collision cross section for ionization and the 

lifetime of the excited states of the cesium atom, as a function of 

excitation energy. They found crT is constant for states up· to llfP; and 

then increases abruptly for higher states. Tneir ionization efficiency 

curves measured from saturation currents indicate that the quantum yield 

of ions increases abruptly for states above l3P. Both these observations 
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EA?erimental conditions: 6.67 volts/em, 339 C, 0.15~"l1 

Ionization from the 8P state could be detected, but its 

phase could not be measured. 
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suggest that a second :Lonization process has i.ts onset some\·Jhere e,bove 

the 12P level. 

Measurements of the phase angle as a function of wavelength >·re:..·e 

also performed with rubj.dium vapor, and the results are shmm in FJ.g. 

III-4. As l·ras true for cesium) the first four states that chemi-ionize 

give a high-mobility ion) in this case prestLmably Rb~. Excitations to 

states above lOP lead to ions of lm·rer mobioity in an amount t'Dat in-

creases with excitation energy. The bond energy of Rb2 is thus at least· 

0.73 eV) but probably not higher !than 1.21 eV) and the electron affinity 

of Rb is at least 0. 20 eV. 

The mobility experiments were repeated using potassiurn vapor, and 

the data collected 'are shovm in Fig. III-5. Because of the J.m-1 vola-

tility of potassium, it was necessa:ry to use moderately high tempen1tures 

(390°C) in the ionization 'cell. .·At these temperatu~es) the vrindm·rs of 

the cell tended :to discolor) and this in turn reduced the .lic;ht · :Lntcnsi ty 

and made the measurements difficult. 
l 

For this reason it ,,ras not possible 

to measure the phase angle associated. with excite.tions near to and above 

the ionization limit. Ear the other lines) the phase angle incn:;ascs and 

the mobility dec:reases as the excitation energy inc:reases. There is a 

plateau of constant mobility for the lower states, as 'i'las observed for 

rubidium and cesium. This suggests that in potassium vapor~ bo;th molt:cuJ.a:r 

ions and positive-negative atomic ion pairs are produced from excitations 

to the 8P state and higher levels. The excitation to the 7P level must 

at least produce molecul:tr ions) and therefore it is lD:ely that the 0!7:-

citations to the 6p level also lead to molecular ions, and perhaps atomic 

ion pairs as well. 
. + 

Thus the bond energy of~ is at least 0.75 eV and 
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probably not higher thatt L 25 eV. The lmver limit of bond energy is 

very close to the value of 0. 76 eV estimated fron spectroscopic 't~ork of 

Robertson and Barro'..;. The lm·1er limit of the electron affinity of 

potassium may be 0.35, 0.49, or 0.75 eV, _,_. 
negauJ.VC 

' 

ions are first produced from the 8P, 7P, or 6P state respectively. 

Table III-2 lists the dissociation energies of the aJ.l-::ali r~etal 

molecules and molecule ions. The spectroscopic work of Bar:cmv yields the 

ionization e:: . .-;.z,y of the alkali molecule directly, and this quantity 

must be combined with the ionization energy of the atom and the disso-

ciation energy of the molecule to give the dissociation energy of thG 

molecule ion. Our ovm measurements combined with the atomic ionization 

energies give the lower limits for the bond energies directly, and are 

not subject to possible uncertainties in the bond energies of the mole-

cules. The data make it clear that, contrary to the assertion of 

Pauling, the bond energies of tl1e all-::ali molecule ions are greater than 

those of the alkali molecules. 

The atomic ion and molecule ion can also be distinguished from 

the measurement of the ion current as a function of electric field . 

..i.. + 
This is given for Rb2 ' and Rb in Fig. III-6. Since the space charge 

multiplication of the signal is not constant during the migration of the 

ion toward the electrod.e, the quantitative analysis is difficult. The 

+ more rapid increase of ion.current of Rb2 as a function of electric field 

+ is credited to the greE:.ter mobility of Rb2 . The detailed discussion of 

the mobilities of alkali metal ions in their parent gases vrill be given 

in Sec. V. The decrease of ion current at higher electric field is due 

to the decrease of the space charge multiplication effect. 
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Table III-2. . Dissociation Energies of Alkali Molecules (eV) 

De(~) 
+ De(M ) 

·'2 

L:L 1.12a b 
.l. 55 

Na 0.73c l.Olb 

K 0. 51)+ c 0.75 ~ 1.25 

Rb o.49c 0.73 1.21 

Cs o.45c 0. 70 ~ 1.15 

D. Wagman, VJ. Evans, R. Jacobson,. T. Munson, J. Res. Nat. Bur. 

Standards, 55, 83 ( 195.5). 

Reference 33 
/ 

' 

G. Herzberg, Spectra of Diatomic Molecules, 2nd. Ed., D. Van 

.Nostrand Co., New York, 1950. 

.,· 
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3. The 
+ + 

ratio of M /Iv~ as a function of the excitation e21e.rrz::r . 

It is possible to estimate the l"atio M+ /II; as a function of 

the excitation energy of the coiliciing atoms. Tnis can be done if 

it is assmned that at the threshold of chemi-ioniza:(;ion) 

-'-
produced) and beyond. the ionization limit only M' is formed) for then 

the phase ¢ of the signal due to M+ relative to that of M
2 

-:· can be 

established. If we define the phase detection angle 8 such that the 

+ 
Jf~ signal is a maximUJl1. v;rhen 8 = TI/2) vre have 

I~ ex: sin 8 
2 

Ir.r- ex: sin(8-¢) 

It-'-
1 

ex: [sin 8+A sin(8-¢)] 
OL.a 

where I is the detected signal) and A is the relative &.'nplitude of· 

the signal due to M+. To maximize the detected signal) He chose a 

detection artgle 8 such that 
m 

0 = cos8 + A cos(8 -¢) 
m m 

cos 8 
A m 

= -cos(8 -¢) 
m 

Thus measurement of 8 and knowledge of ¢ allm·rs 
m 

.J.. 

relative amounts of M and IV~ produced by a given 

calculation of the 

excitation. The 

result is subject to the assumption that the response of the detector 

+ + 
is the same for IV~ and M ) and this may not be strictly true because 

of space charge effects. The attendant error is probably less than 5096) 

+ 
and vrould correspond to an overestimate of M production. Tne rc:::;ults 

for the Rb and Cs systems are given in Table III-3. T.11e incr.ease in 
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Table III-). Fractional Yields of Jvlonatomic Ions 

/ 

0 

0.031 

0.031 

0.16 

0.24 

0.32 

0.40 

0.52 

100 

0 

0 

0 

0.17 

0.)0 

0.33 

0.43 

0.50 

100 
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the importance of the atomic pair process ::::elative to J;:olec<J.e · iqn 

· formation is an intere:3ting and peri-laps unique dc:·:lonstration o:f.' 110H 

electronic excitation (mergy affects the relative Cl"OSS sections of 

competing reactions. A complete explaCJation of this behavior mt~st 

involve a knovrledge of the potential energy curves for the alkali 

molecules> and this is not yet available . 

. / 
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IV. CHEMICAL BONDING OF ALIC\LI MOLECULE IOl~S 

A. Evaluation of Bond Energy of Molecular Ions 

The direct spectrosco:pic investigation of nolecule ions is 

extremely difficult, and not much information has been obtained so far 

from the spectroscopy of molecule ions themselves. The bond energy of 

molecule ions is usually estimated by the following methods. 

( 1) Determination of the l01;rer bound from the difference bet1.reen the 

ionization potential of atoms and the appearance potential of 

molecule ions in atomic gases or vapors. 

This method is used in this work and was mentioned in Sec. III. 

From the 6yclic relation on page 29. it follO'.·TS that) 
/ 

+ + D (M2 ) > I(M) - A.P.(M2 ) 
0 -

+ 
1;rhere A.P. is the appearance potential of X2 ,.or the minimum 

excitation energy to produce molecular ions. 

(2) Analysis of scattering data 

An estimate of the interaction energy of an ion and an atom co.n be 

obtained from the scattering cross sections of the atomic ions by 

atomic neutrals. The general practice is to analyze the scattering 

data in terms of some potential function, such as the Morse potential, 

and determine disposable parameters from the scattering data. The 

process of obtaining a potential curve from scattering data involves 

several uncertainties so that this result cannot on its 01m merit 

be regarded as reliable. 

(3) From the energy cycle 

D
0 

(M;) = D
0
(M;) + l('M·X·) 
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·X· ~-:· 

M
2

, M might be ele~tronically excited or in the ground state. 

·:·:· 
The term value of M must be related to that_of ivl

2
. 

The p + dissociation energy of .~.1e 2 quoted in Herzber,;'s faJ:1ot:s 

"Spectra of Diatomic Molecules" ;.ras found from the e:1ergy cycle 

~ 2 ~ * 3 ~ 
D (He' ( Iu)) = D (He( Iu)) 
. 0 2 0 

The last tvo terms Oj:' the right member of· the above equation arc 

knovrn vi th high accuracy. The first term vas obtained by 'means of 

a linear Birge-Sponer extrapolation of the spectroscopic data. 

+ + + The dissociation energy of Li
2

, Na
2 

and K
2 

listed in Table III-2 

vere deduced from this type of energy cycle. As was mentioned in 

Sec. III, D
0

(M;), of lithiu.rn, sodiuin and potassium vere evaluated 

from knovn D 
0 

(rli
2
), I (M) together vi th Barrow's recent spectroscopic · 

Of course the dissociation energy detenlined 

in this method is subject to the uncertainty of any of the three 

members on the right hand side of the equation. 

( 4) QuantuJn mechanical calculation 

Hith the help of electronic <;:omputors Ab initio quantum mechanics 

has nov progressed to the point where one can hope to make statements 

about the dissociatic'n e11ergy of simple molecules i-.'hich are more, 

accurate than the experimental statements. The variation principle 
'· 

states that a variational calculation of the energy E ·1· ·(R) provides ca c 

a rigorous upper limit for the molecule at the separation R. It 

follo,.;s that the q_uantity DeLE 
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where E (oo) is the sum of the experi~ental atomic energies, 
exp 

provides a rigorous lower bound to the dissociation energy. 

All of these four methods have been used to determine the 

dissociation energy. 

a) Do 1.5 ± 0.3eV29 

b) De = 2.16ev30 (De = Do + 0.1) 

c) + 2 + 3.leV31 Do (He
2

( Lu)) = 

d) DeLB = 2.24ev32 

The 3.1 eV obtained by method 3 is believed to be too high~ 

·:\· 3 ....: 
since.Do (He

2
( L~)) is obtained by the Birge-Sponer extrapolation of 

spectroscopic data. l l .... ' . h 33 The estimates of this type are ge~era-~y ~oo nlg . 

32 
Re:1.•:m, BrOime and Matsen estinated from similar quantu.;'ll mechanical 

+ calculation on more complex systems that the dissociation energy of He2 

should be no more than 0.3 eV greater than their calculated lover bound 

2.24 eV. 

B. Genera]. Picture of Alkali Molecule-Ions 

From our expe,:r·imental study on potassium, rubidiu..."ll and cesium, 

together with Barrov's spectroscopic work on lithium, sodiu...~ and 

potassium, it is apparent that the dissociation energies of aH:ali 

molecular ions, as listed in Table III-2, are at least forty to fifty 

percent higher than that of corresponding diatomic molecules. Although 
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these experimental findings cannot be explained by any of the simple 

concepts of chemical bondi~g, the ·quantum mechanical calculations on 

lithiu.rn molecule ion and lithiurn ~olecule lead to the sa:ie e:onclusion. 

The·calculatio~ of James 34 in 1935 indicated that the bond energy of Li; 

should be g;reater than that of Li
2

, and on the basis of an analysis of 

this re.sult, James predicted that a similar relation shoulcl hold for tbe 

other alkali molecules and their ions. A more recent calculation on Li2 
?5 

is the SCF LCAO MO six-electron treatments of Faulkner.~ This 

calculation as in the other molecular orbital calculations gave .... ravncr 

poor results (0.33 eV) for the computed Dissociation ener,sy [rationalized 

dissociation energy,= E (co) - E 
1 

(R )], mainly because of the error , calc ca e 

in E ("'). Hm.rever, the calculated total molecular enerc;y is 0. 9920 calc 

of the experimental total molecular energy, which is good agreement. The 

calculated first ionization potential of Li
2

, which is expected to be 

the ~ost accurate of the physical constants calculated, is given bv 2o· 
" g 

orbital energ~ and is 0.48 volt less than the experimental first ionization 

potential of atomic lithiu.rn. + This indicates that the bond energy of Li2 

is 0.48 eV greater than that of Li
2

, which is in good agreement Hith the 

experiment. 

No direct information about the bond lengths of alkali molecular 

ions has been obtained so far, but we can figure out some qualitative 

features from the knowledge of the electronically excited alkaii diatomic 
' 

molecules, since the electTonically excited molecules can be c~nsidered 

as a sys~em of molecular ions and a loosely bound electron. Barro~V's 

spectroscopic study indicated that in the electronically excited alkali 



diatomic molecules the internuclear distances are larger and the force 

constants are smaller than those of the ground state neutral molecul~s. 

The sarne things can be expected for molecular ions. 

C. Discussion 

From the fact that the one-electron bond in the hydrogen 

molecule-ion is about half as strong as the electron-pair bond. in the 

·hydrogen molecule (Do= 60.95 Kcal/mole for H;, i02.62 Kcal/mole for H2 ); 

and, since the same n~rnber of atomic orbitals is needed for a one-electron 

bond as for an electron-pair bond, Pauling suggested that, in general, 

molecules containing one-electron bonds -vrill be less stable than those 

in which ~ll the stable bond orbitals are used in electron~pair bond. 

formation. Conseq_uently he proposed that the internuclear distances of 

alkali molecule-ions are about 0.3 A greater than for the corresponding 

normal states and that the bond energies ar~ about 60 percent of those 

for the corresponding electron-pair bonds. Surprisingly, this simple 

basic concept of bond order, which has been proved to be useful in the 

systematic understanding of the chemical bond, leads to an erroneous 

conclusion on the dissociation energies of these simple alkali molecule

ions. This special phenomenon of alkali molecule-ions apparently is not 

a general feature of molecule-ions. As ve can see clearly from Table IV-1, 

the dissociation energies of these molecuie-ions at the other end of the 

periodic table agree q_ualitatively with vhat we expect from bond order. 
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! . 

Table IV-1 D~ssocintion energies of some of the diatomic ions 

0+ 
\ 

.-.~c) + 15d) Dissociation 149 02 117 F~ 76a; H' .) ( . Ne
2 2 -2 

-'- 97b) 58c) + 19e) energy (D) Cl~ Cl Ar2 2 

(Kcal/mole) + 64 b) . 46c) Kr; 18e) Br2 :Sr2 

+ 
I2 54 b) I2 

.,,c) 
Xe + l2f) 

.)0 
X 

No. of Valence 

electrons 

bonding 8 8 8 8 8 

Anti bonding 3 4 5 6 7 

B6nd Order 2 l/2 2 •1 1/2 1 1/2 

a) R. P. Iczkovrski and J. L. Margrave, J. Chem. Phys . .lQ_ 403. 

b) Calculated from A. P. data in F. H. Field and J. ·L. Franklin "Electron 

Impact Phenomena" 
/ 

c)' s. w. Benson, "The Foundations of Chemical Kinetics" Appendix c. 

d) Calculated from A. P. data in Table II-1, column 5. 

e) Calculated from A. P. data in Table II-1, colum .. Yl 6. 

f) Calculated from A. P. data in Table II-1, colurr-..'1 " .). 
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J 
34 . b t ' .._, l d .P b ' .._ 'h ' ames attrl u eQ vne unusua or er o.~. onQ s vrengL.,.s t.o 

the repulsions involving the inner shell electrons that are more 

..... 
important in Li

2 
than in Li~; The integrals associatec, Hi th this 

repulsion involve exchanges of inner and outer shell electrons, and thus 

do not have a simple classical interpretation. 

Sinanoglu and Mortensen36 discussed the importance of core 

polarization by valence electrons on the bond energy of Li 2 . The 

calculated core polarization energy for the 2S· electron i:1 lithium atom 

is about 0.102 eV, and the core polarization energy betveen one lithium 

core and a o2S electron in Li
2 

is about 0.062 eV. They concluQed that 

core polarization lowers the total energy of the Li 2 molecule and its 

separated atoms by essentially the same amount (Li 2 ; 4 X 0.062 = 0.248 eV, 

2Li; 2 X 0.102 =: 0.204 eV) and thus does not make an import.2.nt contribution 

to the bond energy. .+ In Ll
2

, the core polarization energy is not known. 

The average distance between the o2S electron and one of the lithiwn cores 

+ 
in Li 2 is larger, hovever, than the average distance bet·h'een the 2S 

electron. and the li thiu.'l' core in the li thiwn atom. l·ie can the::.·efore 

expect that the core polarization energy between the o2S electron and 

+ . 
one of the li ': .. ·: u.rn cores in Li

2
, as in the case of Li2 , is not larger 

than the core polarization energy for the 2S electron in the lithiu.rn 

atom. This means that the contribution of core polarization to the t)ond 

energy cannot exceed 0.1 eV, and is too small to account for the hicher 

+ 
bond energy of Li2 . The general conclusion dr.2.vn from the moQel of core 

polarization, that expl:icit inner-outer shell intersctions are not important 

.,. 34 vrould seem to be in conflict vrith the conclusions of v ames. 
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.... 
In recent theoretical calculations on some excited states o;,~ He2 ~ 

Brovrne3T establfshed from the computed potential energy cu1~ves that those 

states that originate from the interaction of· a bare heliu1n nucleu·s and 

' ' . 

a neutral helium atom are bound, and those states that sep~.rate ii1to a 

pai::' of ground state helium iOns, and into He+(lS) + He+(2S) are not bound. 

The comparison of the potential energy curves of these bound. states·with 

·the curves resulting from classical polarization leads to the con.c;Lusion 

that these bound states are primarily· due to polarization effects rather 

than to the traditional. chemical mechanism. A sir.liiar conclusiqn ha's 

.+ 
also been reached about LiH , the bond energy being explained as a result 

+ of polarization of H,>by Li . In ordinary molecule ions, such as those 

given in Table IV-1, the polarization interaction between ions and atoms, 
I • ' 

which can be roughly estimated :from the polarizability of the atom and 

the interatomic distance using the classical polarization interaction 

equation, is much smaller than the bond energy vrhich can be expected from 

the bond· order and the known dissociation energy of corresponding neutral·. 

molecules. This means that polarization interactions only play a 

secondary role; and chemical mechanisms contribute primarily to the 

dissociation energy of these molecules; For alkali molecule ions, due to 

the large polarizability of the alkali atom, the classical polarization 

energy is 18.:rger than 'the "bond energy" that can be expected from bond 

order. + For example, in.a system of Cs and Cs, the polarization interaction 

energy is 0. 7 eV at an interatomic distance of 4.8 A, vrhich is the r 

., + 
approximate bond length of Cs2 and is 0.3 ~:l'onger than that of.Cs2 ~ On 

the other hand the:bond energy that can be expected from bond,order is 
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less than 0.3 eV. The classical polarization interaction n-light not give 

an accurate estimation for the polarization interaction bet1-1een atom and 

ion in a short distance, but it shews that in alkali molecule-ions the 

factor which is considered to be secondary in the simple model of the 

chemical bond, is comparable to or even more important than the primary 

factor on which the simple model of the chemical bond was built. 'I'his 

situation is also true for other metallic molecule ions of bond order 1/2, 

such as alkaline earth molecule-ions and molecule ions of zinc, caruni<~~. 

and mercury. + 39 The dissociation energies of Be2 (2.7 eV ) 

are also higher than those of Li
2 

and Cs2 . The explanation of the 

complicated molecular energy in terms of simple concepts is difficult, but 

the classical polarization energy betl-leen ion and atom at a diste.nce ' 

eQuivalent to the bond length can be considered as the approximate lower 

limit of the dissociation energy. In those extreme cases of metallic 

molecule-ions of bond order 1/2, there is reasonable agreement bet1.,reen 

classical polarization energy and dissociation energy. 
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V. MOBILITY OF RUBIDI1J1'-1 AND CESIUM 
IONS IIiT THEIR P1-lHENT Vf\.PORS 

The mobility of aU:.?..li metal io:;.s in foreign gases, especially in 

noble gases, has been thoroughly investigated both e::-..'J)erimentally and 

theoretically. But due to experimental difficulties, the mobility of 

aD~ali metal ions in their parent· vapors has not been studied as 

tho::::-oughly. 
..!.. + 

Recently the mobility of Cs' and Cs2 , has been reporte~ 

by Chanin and Steen, but there are rrany features that ren1ain to be 

i::westigated further.. The mobility of Rb + and Rb;-: in their mm vapor 

is still not available. In this section the study of the mobility of 

cr;;siu."'Jl and rubidium ions vrill be discussed. 

A .. E:·cperimental Arrangements 
/ 

As i·ras mentioned in Sec. III, in the cell containing alkali met~l 

vapors there is a constant floVT of therm.oelectrons from the collector 

electrode .to the repeller electrode. Due to the space charge effect, 

the thermionic emission of electrons from the collector electrode idll 

.be enhanced by the existence of positive ions bebveen the t1w electrodes. 

In our experlinent it is found that the positive-ion induced electron 

current is alVJays much higher than the positive ion current itself. 

Since the emission of one electron from tne collector· electrode has the 

same effect as the colleetion of one positive ion, the collected pl~~te 

current corresponds to the observation of positive ions in the space 

betvreen the electrodes rC~.ther than to the response to arrivals of po::;itive 

ions at· the collector electrode. 

In our experiment, J;he mobilities of ions 'lvere measured. by the 

phase shift between the exciting light and the collected plate current. 

In order to make the measured phase shift equivalent to the time of 

-· 
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migration of ions, it is nccessary to isolate the collector so t[}o.t it 

can respond to the colle·:::tion of positive ions but uill not respond to 

the existence of positiv:: ions in the space bet1.,reen the collectol' and 

repeller electrodes. This is achieved by inse~-ting a very fine tungsten 

screen ·with high transmi:3sion in front of the collector electrode. 

This fine tungsten scree~ forms a good equipotential surface and 

separates the space bet1.;een repeller electrode and collector electrode 

into a large migration r<::gion, i.e., the space bet'l·.reen the repeller 

electrode and the tungst,:;n screen, and a small detection region, i.e., 

the space between the tu~gsten scree~ and the collector electrode. 

1-r.nen the positive ions a:re produced in the migration region, the thermo

electric current between tungsten screen and repeller electrode 'l·.rill 

be enhanced by the exist0nce of positive ions which are migrating toi·fard 

the tungsten screen, but due to the shielding effect of the tungsten 

screen, the thermionic electron emission of collector electrode will 

not be affected by the existence of positive ion in the migration 

region. The collector electrode 1vill first respond to the positive 

ions 'l·.rhen positive ions get through the tungsten sCl'een and arrive at 

the detection region, and thus we have a vH~ll defined migration distance 

for the ions. The end effect of tne detection of positive ions in the 

detection region due to finite distance betvreen the tungsten screen and 

collector electrode can be compensated by changing the migration di::;tance 

for positive ions. This can be achieved bysimply moving the oven, and 

thus changing the distance bet1:reen the exciting liGht and the collector 

electrode. 

The construction of the cell for mobility mee.surement is ::d .... 'T!ile.r to 

that of the cell mention,~d in Sec. III. 'l'he nc'\·r electrode J..:-~ a 200 rne::;h 
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tungsten screen and. the ~~. 0 X· 5. 5 ,em· collector elect:a:·od.e is sun~ound.E.:d 

by a guard. ring •·;hich is in the same plane as the collector elect1·od.e 

ar.d is 1 rnin m·my from each side of the collector electrode. The out-

.side dimension of the gmtrd. ring is 5. 0 X 9. 0 ere.. 

The filling of the c:ell and. the e)..1)erimental p1·ocedure are the same 

as before. In the phase angle measurement, the phase shifter of the 

lock-in amplifier 1·:as ad~justed so that the phase shift beti·reen collected. 

plate current and r:.ference signal 'tlaS either n7T or (n +'l/2)Tr. 'rhese 
,. 

t 1:ro cases give maxim:um and zero reading of the ar11plifier output, and , 

can also be identified eitsilY: and accurately "by using the oscilloscope 

to observe the vrave form of the output of sy-nchronous detector of 

lock-in amplifier. The readings of the phase. shift are taken from the 

phase shifter of the lock-in a.iT1plifier and are converted. into degrees. 

The monoatomic positive ions.? Rb+ and cs··-, -vrere produced' by di:r·ect 

photoionization and the 'diatomic molecule ions, 

produced by photosensitized ionization. As -vras mentioned in Sec. ·III, 

the photosensitized ioni:::at ion from lmr lying excited. states Hill 

produce diatomic molecule ions exclusively through reaction (2). To 

produce diatomic ions He excited atoms into the (n + 3)P state, since 

(n + 2)P state, is considerably lo1ver. .Under our typical ezpcr:I.mcnt1:1l 

conditions) O.l rnm Hg and )00°C) most of the excited atoms coll].dc vtith 

normal atoms -vrhile still excited) and since mean life time of spontaneous 
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ra.diaJcion of (n -i- 3 )P state of Rb ar..d. Cs is about l0-7 sec, 

time of conversion from excited ator.'ls into molecule ions is no r:orc 

than 10-7 sec. This 
J, 

is 10-~ times smaller than the of 

ions in the cell, l0-3 sec,. and can be neglected. in the )~lability 

measurements. Consequen'cly, 1·re can safely consider the t:iJ:le of production 

of molecule ions to be the se.m.e as the time of illwnination of exciting 

light. 

B. Vapor Pressure and. F:raction of Diatomic 
lvlolecu_Lcs of r~ubiQj_t.JJTl an.zi CesiLli1l 

1. Va:por pressure. 

Since there a:::-e reliable vapor pressure equations for both 

rubidium and cesium., the vapor pressure can be calculated. from the 

measured tempe:rature of the appendix tube. No attempt '..ras made to 

measure vapor pressure directly in our e~~eriments. 

·The most reliable vapor pressure equation for cesiUill over a \·,ride 

l.q 
temperature range· is derived by Kvater and Meister· .. from the measure-

ment of temperature dependence of optical density of resonance doublet 

by the hook method. The equation is given as: 

log P(Cs) = -
3529 + log T + 3.6572 'r 

Kvater and Meister 1 s optical density measurement l·rere carr'ied out in 

the temp'erature range from 336°K to 553 °K, but since the boiling point 

calculated from this eg_uatio:r.., 9~·1 °K,. agrees very 1vell vrith the e>.."pcri-

42 
"". ent<>lly r.~easu:--ea", 91.'3 ± 5 o:.r, b 1· th. t. . l . 1 1 ,,, ~ •• .!. , _\. v.re can e leve - lS equa -lon lS rc.""l;J.c) c 

43 . 
Taylor and Langmuir used a surface ionization method and 

carried out the vapor pressure measurement in the temperature ro.:1c;e 

from 239 °K to 346°K, which is just belml" the temperature range of Kvate:r· 

and Meisters. This experiment is believed to be the most reliable 
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• • . 1 • , . h • ' • ~ " • . . ' . (mi. )- Q0_. o~,·\··) measu.remem~ ln ."C"1ls ranGe, ana -c. elr aa-ca 1 or J..lC}_Ula ceslu.m _ · . 

agree very well -vrith the Kvater and llieister equation. Hm·.'ever their pro-

posed equation for liquid cesi~~= 

log P( Cs) ::: 11.0531 - 1.35 log T - 4041/T 

i·Till give a vapor pressure of 565 rrm Hg at the boiling point, Hhj.ch is 

27% lm;er than the expected 760 rnm Hg. This demonstrates that although 

Taylor and Langmuir made an accurate measurement, the proposed equation 

cannot be applied 1-ri thout substantial error beyond their eA.'}Jerimental 

range. 

The follm·Ting vapor pressure equation for rubidium 1-ras derived by 

44 
Goldberg from the measurement of optical density in the temperature 

log P = - 3611.4/T + log T + 3.61914 

The extrapolation of this equation to boiling point also gives good 

results. At the boiling :point (969.2°K) this equation gives P = 757.5 mln 

Hg, -vrhich very nearly coincides 1-rith the expected pressure P = 760 mm Hg 

and demonstrates the validity of this equation from 348°K to the boiling 

point. 

Vapor pressure of rul)idium and cesium calculated· from :these 

equations are given in Fig. V-1. 

2. Fractions of diatomic molecules of rubidium and cesium in their 
vapors. 

Rubidium and cesi~~ vapors are mainly composed of monatomic SJJecies. 

Th , . . . . h b +. ..... ' .... ...h lei f .,_, . e ala-comlc specles ave een es ..,lma..,ea a.., no more .., .an -i" o· ..,ne 

saturated vapors. In order to facilitate the discussion of our e:meri-

ment<;tl results, vrhich \·rill be given in V-C, vre are going to consider the 

equilibrium constant for formation of diatomic molecule and the con-

centration of diatomic species in the vapor as a function of temperature. 

.. 
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Evan, Jacobson_, a!1 e:~tensive 

mechanical calculation of the thermodynamic :9rope;:ties of' tl1c alkali 

metals in the naturally :>ccurring isotopic mixtures. In their 

Calculation Of the therm:>d.ynamic functi021S Of diatomic gases, the 

rotational and vibrational constants given in Table V-l ,,:ere used to 

calculate the thermodynamic functions for a rigid-rotator \·rith moment 

of inertia, I, equal to l1/[87lCB
8

(l-:ae/2) J, 46 
and sym.rnetry nu.rnber 2, 

and for an independent harmonic oscillator lvith a fundamental frequency 

of (ro -2X .ill ) • Then corrections were made to include the effects of e e e 

rotational stretching, vibrational harmonicity and rotational-

vibrational interaction . 

. The results of their calculation of the equilibriQm constants of 

forrnation of Rb2 and Cs
2 

in the temperature range from 4oo K to 700 K 

are given in Table V-2 and Table V-3. The fraction of diatomic molecules 

under the pressures of 10%, 50%, and 100% of the saturated vapor 

pressure have been calculated by using the equilibrium constants and 

vapor pressure equations given in B-l. These are also tabulated in 

Table V-2 and V-3. 

./ 

.. 

_1 
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Table V-1 Holecular Constants a--of ALJ;:ali l"Ietals 

Li2 
"\T K2 Rb La2 2 

3 
2.672r-: 3.073,-- 4.127 

b 
10 r,cm 3.923 

) 0 

-1 0.67272 0.15471 0.05622 0.02315b B ,em e 
-1 

0.00073 a , em 0.00702 0.000219 0.000058 e 
-1 

351. 43~ ill , em 
e ) 

159.23 92.64 57.28 

x m ,em e e 
-1 

2.592 0.[26 0.354 

lOSD -1 Q/' 58.4 3.3 )em 9oo. 
0 

8 -1 10 i3,cm 23. 0.5 o-.8 

a Values from Herzberg, except as noted. 

b 

c 

Estimated by a Badger's rule extrapolation. 

Estimated from a=6B 2 I m [(x m IB /1
2

-1]. 
e e e e e 

0.096d ' 

1 "'e .) 

-------

c 

Cs 0 
L 

4.h65 
b 

0.01272 
b 

0.000035 

41.990 

0.08005 

o.47e 

-------

d Given erroneously as 0.96 by Herzberg; see Tsi-ze and San-Tsians 

and Kusch. [Phys. Rev. 52, 91 (1937): ibid 49, 218 (1935)]. 

c 

I 

e These values are for D = D - 11213. e o 
3 2 Estimated from D = 4B I m . 

e e e 



"'(oK\ .L • ) 

4oo 

500 

6oo 

700 

T(°K) 

4oo 

500 

6oo 

700 

Table V-2. Eq_uilibri"u.m constants of formation of 
Rb0 ,_ and their fraction in the vapor. 

"Kf Fraction of Rb0 under diff'e1."e~1t 

log "rr.f .. 

( PRb~~ pressures (~'a o'f sattlration) .!\..t. 

l = 101~ 50% 100}~ .C) ~~ I 

\ """':,•b{._) 
. 1\o.. 

.· 2. 7389 
? -2~ 

;5.6oXJ..o-4 l.l2Xl0-3 5 . .1+9X..l0- l.l2Xl0 
I 

2.jjX.l0-3 4.65Xl0-j 1. 4528 2. ;34XJ..o 4.65Xl0-4 

0.589 3_.88 1. 22Xl0 - 3 6.10XJ..0-3 _? 
1.22Xl0 -

2.47XJ..0-3 1.24X.lo-2 _0 

-0.032 0.929 2.47Xl0 c. 

Table V-3. Erluilibriurn constants of formation of 
C:32 and their fraction in the vapor. 

Kf Fraction of Cs under different.· log Kf '0 ( J.cs
2 pressures ( ~~ of saturation) 

~= -p- 10% 50% 100% 
""·· Cs

2 
. 

2.3396 2.19Xl0
2 7.86X1o-5 3-93Xl0-

4 7. 86x~o-4 

1.1570 1. h4XJ..O 
_h 

3. 78XJ..O . 1. 89Xl0-3 ).78X.lo-3 

0.363 2. :n 1. 09Xl0 - 3 5- ~-5Xl0-3 1. 09Xl0 -2 

-0.206 0.622 2.37XJ..0-3 1.19Xl0-2 
2.)7Xl0 -2 

-r 

.). 

f, 
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C. Results a.nd Discussion 

Conversion of atoin:Lc ions into molecule-ions. 

In the measurement of the r:1igration velocities of ator::k ions of 

rubidiwn and cesium in their parent vapors, the mobility apl)earecl to 

be constant over a sub:>tantial range of ion lifetime. But Hhen the 

time behreen production anci collection increased._. the apparent mobility 

+ of M increased.. The time that these atomic ions migrated under con-

stant velocities after they were p:roduced 1vas found to be approximately 

inversely proporti01;al to the density of diatomic molecules in the i:r 

parent gases. This inc:rease of migration velocity Has not observed for 

the diatomic molecule-:i.ons. 

Both the increase o:f migration velocities and their dependence on 

the density of diatomic molecules strongly suggested that the atomic 

ion is conve:rted into :fast moving molecule ions through two body p:rocess 

since this type of reaction is exothermic in alkali metals and c:c1.n be 

expected to be very rapid according to the general theory of ion-molecule 

reactions/ 

On the basis of this scheme, we have'estimated the rate of conversion 

under the assumption that the change of migration velocity, as wr:.ls :i.ndi-

cated from the measured phase shift, was first observed when half of 

the atomic ions were converted into molecule-ions .. The density of the 

diatomic molecule was estimated theoretically, as 1vas mentioned be:i:'ore. 

Since in alkali meta.l vapo·s the diatomic molecules are in equilib:r).wn 

v.rith the a toms, and' under our experimental conditions the concentration 
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of neutral diatomic species is very much higher than that of atomic ions, 

the density of diatomic species is essentially not affected by the ion 

molecule reaction. 

J:f ive assume the concentration of atomic ions + is U'i ] . i·.rhen it' is 
0 

produced at time t = 0, and if I·Tc consider the concentration o:f diatomic 

molecules [M
2
]is constant, vTe can integrate the equation 

into the :follm·ring 

log 

d [!v]+ J 
dt 

f111+ J . 
[M' ] = - k [M2 }c 

0 

ivhere [M-:- J is the concentration of M+ at time t. 

From the measur/ed time, t
112

, :for 50% conversion arid. the knoHledge 

of [M
2
], the rate constant 

k = 
log l/2 
[ )f ]-'-
.Ll "l/2 

= 
log 2 

[M ]tl/2 

can be calculated.. The c:~lculated.. k ahd the experimental conditions are 

given in Table V-4. 

The rate constants o:f t1vo-body ion-molecule reactions can be 

estirr~ted theoretically by finding a critical impact par&~eter b such 
0 

that,the orbits b < b
0 

collapse into the_~enter of the :force field, 

until l:L:nited. by repulsive forces. Using Langevin's classical formulation· 

. . 47 
Giow~ousis and Stevenson obtained the relation 

2 l/2 , __ ') (ex e ) 
A- ,_7f --

!-l 

vrhere ex is the polarizability of molecules and !-l is the reduced mass.· 

The rate constants calcul:J..ted from this equation must be regarded as 

approximate upper limits, since it is not necessary that all of the ions 

•.. 

... 
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tl1at collapse into the ce:Tter of the fo!--ce field. ~·till react ·hr:;.::.n tl~e 

molecules. Neither experimental nor theoretical dato. on the polarizo.liili ty 

of diatonic rubidium and cesj:u.m. ;;1olecules are availc~ol·2: lYut f'ror;: the 

theol·etl· cal s+urlv of. t"'e 1 . ' 'l' . n T • w ~ •• po~arlzaol l~Y or ~l2 , 
'.1-lv see1r1s to lx: r·eo.son::tble 

to assume that the polari:cabilities of rubiciiu.vr. and cesh:un molee:ules are 

10-24 3 l 0-24 3 approx:i.Jnately 110 X ern and 90 X .i.. em , \·rhicl1 are o.borrt tc11 

percent higher than the sum of atomic polarizabilities. These v~:.lucs 

·will give approximate upp<:r limits of the rate constants, 2.9t~ X 109 and 

0 
2. 62 X 107 cc/molecules. S<~C for rubidium and cesiw":l, ·Hhich ~lre ~lbo:..lt 

3.5 times higher than our estimated rate constants. 

Element (M) 

experimental 
condition 

T(° C) 
P(mi"nHg) 

Table 

time of 50% 
conversion (sec) 

rate constant 

V-4 
/ 

k [cc/molecules. :;-e·c] 

The rate 

M+ + M2 

constant 

-> M~ + 

Rb 

360 
0.193 

M 

of 

of 

0 Lo x 10-3 • '+ 7 

the reaction 

rubidium and cesium 

Cs 

)lJ.2 

0.199 

0.88 X 10-9 
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2. Mobilities of rubidiw1 arid cesiwn ions in their parent v2:oors. 

Tl1e me2.sured "'talues of t11e d.l'"'ii't ... velocit~r, ..... i,.·r.: versus tl:e electric 
.L 

field to pressure rati'?, <ere shovm in Figs. V. 2, and 3. The pressu.re 

Po is the normali::ed pres[mre, i.e. P0 == 273 P/T, \•There T is the gas 

temperature. For compari:wn of p1·esent data ~-rith the drift velocity 

48 
versus E/P behavior preclicted by h'annier, lines of slope unity at 

0 

low E/P 
0 

and one -half. at high E/P 0 . are shmm in Fig. V .l and 2. Hcmnier 

pointed out that for the lmv-field case the dominant ion-atom interaction 

is either the polarization interaction or resonance charge transfer, 

interaction. Accordingly collisions between ion and atom are characterized 

by a constant mean free tj.me and lead to a drift velocity varying directly 

with E/P0 . For the l}igh-f'ield case the short-range repulsion and 

resonance charge transfer becomes dominant, collisions are characteri:~'ed 

by a constant mean free path and lead to a drift velocity varying with 

(E/Po)l/2. 

Our data shmv that bc•th rubidh;un and cesiwn ions in the ranee of .b 

our measurement are in the range of transition from slope ope-half to one.· 

Figures V. 4 and 5 shm-rs a plot of the corresponding normalized 

mobility values. 
·19 

The mobility J-L refers to a gas density of 2.69 X 10-r-'-
o . . 

atoms/cc (equivalent to 760 Torr at 0°C). -'The zero-field mobility values 

for the ions observed in the present study as determined from Fig. V-3 

and 4 are 0.20 cm/v.sec for Cs+, 0.12 cm/v-sec for Cs+, 0.29 cm/v·:>(!C 

for Rb+, and 0.18 cm/v.sec for Rb+. 

gas 

1 
2 

For Rb; and cs; in the lmv-field case, the interaction >.J'Hh parent 

atoms is mainly the long-range polarization intero.ctio!1 V(H) -
2 

O~e --:-rz , -vrhere a is the polarizabili ty of the gas a tom and r i~; the 
r· 

distance bet>·,reen the molecule-ion and the atom.· The normalized mobility 

.. 
• 

• 

• 
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P = 0.19 rrilll Hg 
T = 3L~8°C · 

.110'), ~ ..... 

E/ D ·( u 0 

0 

0 

0 
0 

0 
f, 

0 \.. n~ -:-1>·"'· ; ..... 
. " ~;;J 

20() 300 

Fig. V-2. The variation of' the d.rif't velocities of' Rb+ 
and Rb2+ i'd.th E/P

0 
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molecule -ion and gas e..toTn }1. e,r1G. does not cler:>end ori ten1peratt..lre as 1.·J.? ... s 

I.!. a 
shovm by Dargarno, McDm·re:Ll and. "l·hlliams '-' ':Tho found. 

~0 = 35-9 
kf.l 

-t· .1- ., 
Our zero field. mobility ve.lues for Rb

2 
and. Cs~ correspona to the 

24 3 
polarizability of 54.6 X 10- em for 

_?4 3 
cesiwn atom snd. 39.8 X 10 - em 

for rubid.iu.111 at;:.· These are in good. agreement uitn the kr:m·rn 

l -24 3 5Q 
polariz.ability of cesium !2 - 52.5 X 10 em and. l'Ubic',ium 

+ 
Otlr value of the normalized. mobility of Cs2 is 

52 ' + 
in good. agreement with Chanin and. Steen's, but the mobility of Cs :Ls 

considerably higher than their value of 0.075 cm/v·sec. 
/ 

+ + For Cs and Rb , due to resonant charge exchange interaction, the· 

normalized mobility is smaller than that of heavier diatomic !nolecule-
1 

ions. At ,present, experimental values of the charge transfer cross-

section are not available a.t the 10\·r energies of interest in mobility 

measurements. , Thy.s in ord·8r to calculate the mobility, the hic;h-ion-

energy data must be extrapolated dmm to low energies. This cxtr:.:.-

polation involves several difficulties, arising from the errm·:~ in the 

high energy values as \Yell as tl1e magnitude ... of the enert;y r~tnc;c over-

vrhich the extrapolation mu:3t be performed, and so does not offer reli2.ble 

values. By using an appro:dmate form of the charge-cxchan,ze cross 

53 section, Sheldon has extj~apolated four sets of independent experimental 

+ 
data of Cs and subsequentiy calculated the corresponding mobilities . 

This extrapolation vras perJ'ormed ,asswning a variation of the cro::s cection 

Q with relative ion-atom energy of the form 

. 2 
Q = (A - B lnE) 
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\·.rhere A and B are constants. The calculated l'lOrrr.alized. lnobilities of 

+ . 2, 
Cs in cesiu."Yl vapor are 0.036, 0.055; 0.074, and 0.088 cr:1 ;volt-sec. 

Using the same procedure, vre extrapolated. the recent experimental data 

of Iv'Jarino 
54· 

et al. and calculated the normalized mobility of 0.0606 
2 . 

em /volt· sec. 

Theoretically, reson:mt charge exchange cross sections can be 

estimated. by interpolating in terms of their ionization potentials. 55 

The ratio of re~~:Jnant charge exchange cross sections bet'l-;reen Cs and Rb 

thus estir.lated is about 1.2. By considering their masses, 'l·.'e c~:.n ex-J:)ect 

the mobility ratio in the lmv-field limit to be about 1.5; this is in 

good agreement vrith our experimental results. From the same consideration, 

the mobility ratio between Xe + and Cs + would be about 4. The mobility 

+ ? 56 
or" Xe in xenon is knoHn to be 0.6 em-/volt sec. Cs

+, 
Our result of 

in cesium vapor ·will give a ratio of 5. It is a better agreement than 

the result of Chanin et al. 52 Their result gives a ratio of 8. 

-1.. + 
No comparison of the measured mobilities of Rb' and Rb

2 
in their 

parent vapor can be made with other experimental result::: for there is no 

such measurement reported so far. 

)f 

• 
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Quenching curve for Eg resonance radiation. 

Intensity of· emission~ di·\ridE:d b~r f:ceg_uenc~r cu1c. stJ.tistic~tl 

"\·;reight, in arbitrary units, for levels o:.;:~ ]';~'... c::-:c~.tcd by 

3 3 mercury 6 p 
1 

and 6 P 
0

, as a function o!, ene":gy of "t,he 1-!c!. 

level. 

Fig. III-l Schematic diagram of the experimental arrangeme.:1t. 

Fig. III-2 Sid.e vie"l\1 of the photoionization cell and. alko.li l!:etal 

filling system. 

Fig. III-3 ·Phase angle (arbitrary units) as a function of photo-

excitation energy for the cesium system. Eh.-perimental 

condit;i.ons: 6.67 volts/em, 339°C, 0.15 m.rn Hg. Ionizo.tion 

from the 8p state could. be detected, but its phase could. 

not be measured. 

J:i'ig. III-4 Phase angle (arbitrary units) as a function of photo-

excitation energy for the rubidium system. Experimento.l 

conditions: Voltage as indicated, 339°C, 0.125 rmn Hg. 

Ionization from the 7P state could be detected, but its 

phase could not be measured. 

Fig. III-5 Phase angle (arbitrary units·) as a function of ·photo-

excitation energy for the potasshli11 system. E}:perimcntal 

conditions: 2.67 volts/em, 300°C, 0.068 mi'Yl He;. 
-1 

Fig. III-6. Ion current (arbitrary scale) as a function of electric 

,. 
field. Exp2rimental cond:Ltions: 300°C, 0.03 mm Eg. 

Fig. V-l. The variatiorl of vapor pressures of Rb and Cs '.-!ith tem_pcr2.ture. 
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Fig. V-2. Th$ variation of the drift velocities of Rb+and Rb2 'diU: 

Fig. V-3 

Fig. V-4 

Fig. V-5 

EjP0 . 
. + ~f.-

The variation of the drift velocities of Cs. and. Cs,.._ ':lith 
c 

EjP0 . 

"+ + 
The variation of the normalized mobilities of Rb and. Rb · 

2 

1vith E/Po· 

The variation of the normalized mobilities of Cs + and. cs; -vrith 

EjP0 . 
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