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PHOTOIONIZATICN OF ALKALI-METAL VAFORS

Yuen-tseh Lee
Inorganic Materials Research Division,
Lavrence Radlation Laboratory,
Department of Chemistry,
University of California,  Berkeley, California

ABSTRACT

Jﬁne 1965

The wvapors of potassium, rubidium, and cesium have been
photoionized with light absorbed in the discrete region of the
atémic 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

3

+ t 4 -
energies of K2 s Rb2T and Cs2 » Each of these molecular ions has

a bond energy epproximately 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

+ + o+ +
R, Rb2 , Cs and ng in their present vapor are given.



I. INTRODUCTION

. ‘ 1-k4 ) s

i It has long been known that the vapors of cesium and rubidium

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

of the atomic spectrum and has energy less than the atomic ionization

N

energy. The very thorough investigations of Mohler and Boeckner f\“on
cesium vapor showéd that the ionization definitely involves the line
abso“ptlon by cesium atoms, that the rate of ionization is proportional
to the first power of the absorbed light intensity, that the phenomenon .
is independent of temperature, and apparently is not an artifact of f
space-charge detector used to measure the ionization currents. Further-
more, they showed that the pressure dependence of the quantﬁm yield

,of ionization can be represented by *the expression.

where A and B are constants, and P is the pressure of cesium vapor. These

observations suggested that the mechanism of the ionization process is

Cs + hv — Cs*(nP)
Cs*¥ »Cs + hv . (1)

Cs* + Cs —>Csé + e , (2)

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

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

L a lower 1limit for the dissociation energy of ng' Aécording'to Mohler and

3 e : .
Boeckner,” sensitized ionization first occurs at 3888 A, which suggests

. c s + .
the dissociation energy of Csé 1s at least 0.7 eV. Similar experiments
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v

. b . o o -
by Freudenberg indicate, however, that the dissoclatlon energy-oi Cs

o A

is as high as 1.05 eV. Both these values are larger than 0.45 eV, the
dissociation energy of the neutral cesium diatomic molecule, and suggest
- 3 . + . de 4o 4. k| 4=
that the one electron bond in 052 is stronger than the two electron
bond in-CsQ. Thi's unique order of bond energies for the diatomic alkalil
: : 6 . :
molecules was predicted in 1935 by James. More recently, spectroscopic
7,8 . - i s
work by Barrow and coworkers has been interpreted to mean that the
diatomic molecule ions of lithium, sodium, and potassium do indeed have
greater bond energies than the diatomic molecules.

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

photoionization at energies less than the ilonization energy:

K3 - - ’ . . . N
Cs + C8 —Cs + Cs (3)

If this were the exclusivé process,. the d;fferencé'between the
atomic ionization energy and the appearance energy for ions would be a
lower limit for the electron affinity for césium. Thus the gualitative
interpretation of the experiments of Mﬁhler and Boeckner is in some
doubt.. | |

Our purpose of this study is to reinvestigate the photoionization
of cesium to rgsolve thévaisagreement,in”the earlief work, to identify
the ilons formed, and to extend these measﬁrements to the other alkali
metal vaporé. :

The special featﬁres of collisions between excitéd-atoms énd mole-
.cules are tfeatedvin general in Sec. IT. The experimental arrangements
and the résults of the'studj of photoseﬁsitizéd.ionization of alkali

molecule-ions are described in Sec. III. In Sec. IV, the chemical



bonding of alkall molecule-ions i1s 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 AND MOLECULLS -

Wheﬁ any méiecule passes another at any distance at any relative <
~velocity, if there is a significanﬁ exchange of energy, momentum or
.m;ss, a ”collisionQ is said to take place. The best description of & :
-particular collision is to give the relative velocity v before the
collision and perpéndicular distance b between the center of the second
molecule and the line of the -velocity v through the center of the first.
We may call this a (v,b) collision. For & (v,b) collision, there ié»
a probability P(v,b) that algiven pfocess may occur on such a colli-
.éidn. The values of P(v,b) must be expected to vary differently with
v and b for different transition processes. For statistical purposes
we resort to an artifice which gives a conveniént index number with '
which to describe the statistical'average over all values of b. We
" can calculate easily the total nﬁmber of collisions of relative velocity
v within & distance @, say, denote it by Z(v, WQZ) dv and, by eguating
this to fhe total number of collisions actually known by experiment to
produce the given process, evaluate ﬂQ?, and call it "the effective
velocity cross-section for a given process'. Likewise, an "effective
temperature cross<section for a given prdécess' which is usuélly denoted
by o and simply calléd "effective cross section" can be easily evaluated
‘on the basis of the Maxwellian distribution of velocities along the lines
of classical kinetic thebry. In this section the statistical index
‘numbers, "effective érosé sebtién”,”mean life of excited'stafe”, and - /
"mean time between collision"»will be used to‘discﬁss the speciél features

of the collisions of excited atoms.



+ - A, Collision Probebilities of - .
’ Excited Atoms

For an atom which was excited at time t=0 to some excited state
of mean life 7, the probability that the excited atom will remain at
s .-t/ - e L
time t is [/ . In a collision process which is characterized by mean
time of collision T, thes probability that the excited atom will not
. S 74 e
have made a collision at time t is £ . The probability that the

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

-t/T -(t+dat)/T -t/T dt
2 -2 = 2 =

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

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

/T ,-t/v dt -(T+7)t/TT dt
2 1 —-T—-=2 —T—

By integrating this equation from t=0 to t= «, we can obtain the pro-

bability that an atom will collide while still excited as following:

- \/“”ff(m+r) t/Trdt

T
O" -
_ T ~(T+1)t/Tr >
- - T 4 T ['e X ]
- 0
= e
B

This simple relation is often used to evaluate the cross section of
the collision process involving excited atoms. For example, in guenching.
collisions, the gquenching § is defined as thd ratio of the intensities

of resonance radiation with and without foreign gas. Here, "collision”



!

means the excitation erergy of an atom is transferred to a molecule as
the consequence of the encounter of the excited atom with the molecule.

Since every gquenching collision removes the excitation energy of an

atom, in the absence of radiation diffusion and collision broadening,

-1 T T _ 1
Q ~‘ T Ter T Tt Lt/T

1+12 °
Tais is the famous Stern-Volmer formula, where Z = l/T, the number of

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

a cross section .o by

. 2n, 0
. Z = l

I3

Y Jorr kT (~%—-+—£e)
R~

where n, is the number of molecules per unit volume and m,, m, are

1

the masses of molecule and excited atom.

B. Types of Collisiors

Among the collision processes of excited atoms, there are many

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

tion, or ionization by photons, electrons, atoms or molecules. We are

considering thoée prééeéses which are sﬁecific to excited atoms.
According to'the ¢onsequences of the collisions of.the excited

‘atom, the collislons between excited atomé and molecules can be divided

intd two groups: physical and chemical quen;hingAproqesses. In‘the

first group we have the folloﬁing:

"l. Photon emission--line broadéning.

The pressure dependent line broadening is the consequence of the

\

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



with atomic particles may be considered to arise from the following

(]

cause. Elastic scattering of the atoms both before, after, and durin
the radiation process is to be expected; but the interaction potential
of the excited and unexcited atoms with their neighbors is, of course,
: *
different. The radiative process takes vlace 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 two interaction potentials are '"not parallel', a distribution
of vertical transition energies will be found; this implies a dis-
tribution of radiated frequencies.
Excited atoms in metastable states for which dipole radiation
is forvidden have very long mean life times (inverse of transition
o . - B
probability), approximately 10 5 -1 sec, or nearly lO5 - 107 times
larger than those of ordinary excited states. Although dipole transi-
tion i1s 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.
l1a - . . : \ .
For‘He 278 in collision with ground state He atoms, the appropriate
. . 1 . A1 . . -
quasi-melecule states are 2 Zﬁ ang 2 Zg, of which the latter can radi-
£ . o 1o - C el 9 1 .
atively pass to Zg' Burhop and Marriott,” using the 278 ground-state
. : N : 10
potential energy curves calculated by Buckingham and Dalgarno calcula-
ted hi . =25 2 . . .
ed a mean quenching cross section of ¢ = 0.9X10 em at 300°K. This
very low value is due to the barrier which appears in these potential

energy curves, but even 1f this was absent the mean cross section would



ing conditions are fulfiiled.

8-

OMJbeSﬁEQEC&{

2. Collisiomnsof the second kind.

11

In 1921 Xlein and Rosseland, on the basis of thermedynamic

. > ’ . . . 0 N . N . . 7 .
reasoning, inferred that if ionizing and exciting collisions (colli-

sion of the first kind) take place in an assemblage of atoms and
electrons, inverse processes must also take place, namely, collisions -

between excited atoms and electrons in which the excitation'energy

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

@]

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

much

j&¥)

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

broader sense, including all collision processes in which the follow-

12

3

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

stable or otherwise) or an ion.

(v) The other colliding perticle is eitﬁérvan electron, a normal atom
or a normal molecule.

(¢} During the collision, either alllor a.part of the excitationvof
particle (a) is transferred to (b).

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

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

tities of.foréigﬁ gases aig added to the vapor.of mercury 6r sodigﬁ,
and the sodiﬁm.or Hg phpfoexéited,_a reddctidnvof the intensity of
resonance fluroescence will always ﬁe.observéd. This phenomenon is
called the quenching of the'f;uoreéceﬁcé, and 1is dug to the following
causes. . Dﬁring the collision ﬁith atoms‘ér molecules of foreign gascs,

thé excited mercury or sodium atoms transfer their excitation energy



and return to their ground state without radiation. The efficiency of
quenching is quite different for different gases. In Tig. II-1, are
shown the results of the study of the guenching of fluerescence of

£ ' 13 .
mercury vapor. It is obvious that rare gases — He, Ar -- have little
quenching effect, and although a nitrogen molecule possesses only small
quenching efficiency, air, CO, O2 and H2 vossegs very high qgenching
efficiencies.

The detailed theoretical and experimental studies of these and
similar phenomena lead to the followingvimportant results. The Pro-
bability of transfer of excitation energy into kinetiec energy of colli-
sion pairs is very small. The closer the ehergyllevels 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, thelrare gases have only small efficicncy in the
quenching of resonancé fluorescence of mercury since the excitaﬁion
enérgy of He(63Pl) is known to be 4.9 eV, but the lowest excitation
energy of hellum®.- is about 20 eV. From the same reasons we can under-
stand why mdlecules always have largér guenching efficiency than atoms.
In the case of atoms the only possible energy levels correspond to.
electronic exditation, and there areArelétivsly few cases in which
aifferent atoms have very close energy levels. On the contrary, for
molecules, besides électronie energy levels, there are vibrational ahd

rotational energy levels, and the multiplicity of energy levels is much
larger. The especially high quenching efficiency of H2 can be explained
by the following facts.” The dissociation energy of H, is L.3h eV, and

the excitation energy of Hg (63Pl) is close to 4.9 eV, so that during
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the collision of the SeCOnd kind between Hg (65Pl) and HE’ the latter .
can accept the energyAwhich is larger than its‘diséociation energy
with large probability. In fact,.Franck wa.s able to show the disso-
ciation of Hé by observing the appearance of atomic hydrogen, while
the mixture of Hé and mercury vapor was 1lluminated by the resonance
line of mercury.

il

If we experimentally determine the pressure dependence of quenching,

we can calculate the efiective cross-section of energy transfer during
a collision of the second kind as was shown a2bove. These calculations
lead to. the following remarkable conclusions. Generally speaking, the
effective créss section of a collision of the second kind is several
times largef than a gas kinetic cross section (which is usually
determined by the phenonena of diffusion, viscosity, eth). Especially
if there is a resonénce between the energy of the excited atom and the
excitation energy (in extreme cases, dissociaticn erergy and lonization

A

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

the above example of quenching of fluorescence of mercury vapors, the

effective quenching cross section of air is 1.8 times the gas kinetic
2

Resonance phenomena in collisions of the second Xind can be shown

cross section, and that of H, is 5.5 times the kinetic cross section.

clearly from the e*periment of "sensitized fluorescence' conducted by
_Beutler and Josephy.lu They were able to show that, other things being
equal{ thé process was ﬁost probably for the smallest energy defect.

The excitation of numerous Na levels by Hg (65P1) and to a.lesser extent

Hg (65PO) is shown in Fig. II-2. Among those excited states of a sodium

atom lying between 103 and 113 Kcal/mole (2D5/2.5/2,states with principle
. s o .
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and 63PO, as a function of energy of the Na level.

A}



72 7

-

\ , 2 . o ,
guantum number from & to 9 S /2 states with principle gquantum

2 o .
number 7 to 10), the 9°S svate of sodium was observed to be excited

1/2
with the greatest probability. The excitation energy of this term is
112.49 Kcal/mole compared to 112.0Lk for Hg (BPj). The "resonance”
nature of the collision is apbarent.

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

iy

ionization potehtial of the colliding particle, the transfer.oi energy
may cause the ioniiation. This 1s called Penning ionization:and will
be discussed with other ion producing processes later.

In the chemical guenching pfﬁcesses we have the following:
(3) Formation of molecules

In the presence of a third body, collision of an\excited atom
with another atom may cause formation of a molecule. For metastable
atoms, collision-indu;ed radlation can be relatively unlikely, and the
molecule formatién process has been invoked to explain high-pressure
deactivation of He (218) in helium. The three-body combination process
for He (258) in collisioﬁ with two ground state helium atoms has been

15

reported by Phelps, who observed the resulting He2(552£). This molecule
hhés a lifetime of at léast 0.05 sec.
(L) Molecule ion formation.

(5) Electron transfer - ion pair production.

(%) anda (5) ére thg‘two-bodyvprocesses which are found responsible for
the ion produrtion of the pfesenﬁ_sfud& of the photosensitizea icnization
of alkali metal vapors. These two processés together with Penning ioni-

zation will be described in the next paragraph.



C. JIonization Processes

. . —V S
1. Penning ionization: X + Y =X+ Y + e

Y3
e

If the excitation energy of X is higher than the ioniration energy
of Y, this type of reaction can be & priori expected. Although the im-
portant role of this process in ionization phenomena in gaseous mix-
tures has been known for a long time, the knowledge of these processes
1s so far very limited.

Recently many experiments have been carried out on Penhing ioniza-
tion, including the single collision beam experiment by Muschlitz and
ey 16 e p3a . ola o 3 .

9 . g B Ll (=N L Lal PG
Shollette Only He 23S, 278 Ne “P are involved in all o ese ex
periments. From these experimental results, comparison may be made

between the Penning ionization and the momentum transfer cross section

'oa, usually unknown experimentally, but calculable, t is found the

-

dP/ca ~ 0.2, a factor comparable with the electron ejection coefficient
£, for metastables incident upon metal surfaces. Orders of magnitude

of Op Mmay be =stimated thus.
A similar process of collision between excited atoms, -

* ¥ S ’ ' :
X +X =X+ X + e, has a higher cross section, which is of the
y Qas P

order of ZLO"lLL cm?.l7

L

The importance of the Penning ioﬂization ih gas discharges can be
"shown from thé analysis of a binary mixture of helium and argon by Biondi.
If we start with pufe helium at a given discharge‘currént and neglect
the. effect of collisions between excitgd»atoms, the discharge current is

the result of direct ionization:

- ' + -
He + e + kinetic energy — He + 2e

P
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Simple energy consideretions indicate that in order to produce an
electron-ion pair thé bombarding electron must have an energy in excess
of 25 eV,
If, however, some argon is inﬁroduced, Penning ionization may
take place:
- * -
He + e + k.e. » He (metastable) + e

1y

¥ + -
Hc- {metasteble) + A —He + A + e

’

Here the energy required to produce an electron-ion pair>is that to
procduce a helium metastable, or > 20 eV. Thus for a given degree of
iohization (diséharge current) a smallér discharge voltage is required
when argonjatoms ére ?resent.

With pure helium, in order to maintain the discharge current theye
must bé‘a sufficient numbér of electrons in the high field energy tall
of the distribution toc create helium ions ahd electrons. However,v
with argon present, the same rate of ilonization can be maintained by
electrons which have only enough energy to create metastable helium
atoms. As a result the electron distribution is substahtially altered
over the energy range -in which the excited levels of heliuwm lie.

Thus, as argon is added to helium the helium lines emitted decrease
" markedly as a result of the downward shift in the tail of the electron
distributiqn. The net result is that the argon/helium ratio inferred
from the ratio of characteristic line intensities is'much greater than
the true argon/helium ratio.

2. Molecular ion formetion.

. + . ) +
The formetion of nolecular ion XY 1in & reaction X+ Y = XY + e

\
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by a two bod& collision is made possible by'thé fact that the electron

released carries away,the heat of reaction in the form of kinetic energy
. v o -

and thus stabilizes the moleculsry ion XY .

This particular case of chemical ionization is sometimes_called
the Hornbeck-Mdlnar process as a credit to theilr first ' thorough ékamina-
tion of'the formation of molecularAions of noble gases in a.mass spec-
trometer.in 1951. The proper explanétién of this ilonization process
was in faéﬁ given as early as in 1928 by Franck,l8 and was verified by
Mohler and Boeckner in‘the study of tﬁe fofmatién of Cs; in 1930.19.

As is true for oﬁher'elementary reactions occurring in highly'
eﬁergized systems, our knowledge of this process is still very limited.
Full undérstandiﬂgfis required by recent developments of radiation
chemistry, gaseous electronics, plasma physiés, and reaction Xinetics~
in flames. More attentioﬁ hasbbeeﬁ paidvrecently to these fields.

Precise measurement of the éppéarance pﬁtentiél of each of the
molecula; ions produced is one of the most impoftanﬁ thingé in the study
of this process. The studies of this ﬁrocess have been concentrated on
noble gases so far, but the information obtained ié only limited to the
appearance potentials. The appeérance potentials of six independent
studies of homohuclear and heteronucleafﬂmolecularvions of noble gases
are listed in Table II-1.

All of the éxperiments.in Table II-1 were carried out in a mass
spectrometer. In the first five columns, the measured appearance
potentials are involved ﬁith uncertainty of érrors of 0.1 eV or more,
which is related to the energy spread of electron beam. In the lasf

.column the appearance potentials were measured by using the retarding



Table II-1. Appearance Potential of Molecular Ions

of Noble Gases

Appearance Potential in Volt

Ions 1. 2. 3. L. - 5. 8.
He, 23,18+0.2 23 L 23.08[3°P]  23.3%0.1
'.'O- 7
+
Ne, 20.86+0.3. 20.9%0.2
-0.7
+
Ar, 15.05+0.2 14,720,131 14.9L420.02
-0:7 ,
KrET 13.2%+0.3 13.2 13.0%0.1  13.20%0.02.
-0.7
ot B o
Xe, 11.7 11.6 11.2%0.1
+ .
HeNe 22.6 - 23.4hx0.1
, + '
He A 17.9%0.%
+
He K 19.9%0.1
+
Ne Ar - 16.8%0.1
+ .
Ne Xr . 16.6%0.1
e, 4
Ne Xe 16.0%0.3
Ar Kr _ 1k, 00,1
+
Ar Xe 13.5 - 13.5%0.1
+
Kr Xe 12.2 ' 12.3%0.1
J. A. Hormbeck, J. P. Molnar, Phys. Rev. 8k, 62 (1951).
F. H. Field, J. L. Franklin, Symposium on Mass Spectrometry, Oxford
1961. .
V. W. Kaul, R. Taubert, Z. Naturforsch. 17a, 838-89 (1962).
F. J. Comes, Z. Naturforsch. 17a, 1032-33 (1962).
M. 8. B. Munson, J. L. Franklin, F. H. Field, J. Phys. Chem. &7, 15i2
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potential méthod. In thi; experiment, the investigators were able\to
resolve some of thé excited states which contribufe the:formation of.
molecular ions.‘ Recent developments in the field of electron energy
selection, electroétatié elect;on energy seie;tor, or the retafding
pdtential methéd, will enable the workers in thisAfield to carry out more
precise measuremeﬁts.. In column é, the appearance potential.of He2+,
23.08 eVQ is not the datum of direct me%suremént. "Comes’ measurement
gave 23,1%0.3% eV. There are six excited sﬁates of helium lying within
his experimental error. There are 518[22.92 evl, 51P[25.O9 evy,
‘3'D[25.08Jev],'553[22.72 ev], 35P£25.Ol eVl, 55D[25.08 eV]. By comparison
bf the curve form of the He2+ ion currentvas a function of voltage with‘

the known excitations function of He, Comes excluded all three singlets,

Since among those three triplets, BBP hasAthe highest probability of
excitation, he concluded that 55P is respohsible for the appearance orf

In those heteronuclear ions, appeafance_potentials aie higher than
the lonization potentiais of one of the atoms. These facﬁs indicate that’
the molecular.ion formetion process may effectively compete with'Penning
ionization. |

More ipformation about the nature of;%his précess and chemical bondiné
of molecular ions would'be_obtaihed if the kinetic energy of»the ejected |
electrons were measured.. Preliminary experimenté in these dircetions waré'
reported to h;ve Been commenced.zo | |

Molécularrion formation processes play many important foles in a highly

-

energized system. Recently, Bogdanova and Geitsi showed that an additional’
maximum appeared close to the threshold, on the optical excitation functions

of some lines of helium if hydrogen, krypton, or mercury vapor was added
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to the helium. ‘No additlonal maximum was observed when neon was added.
Further study of Eogdaﬁova and Bochkova22 discovered that the process
which produced the additional maximum is a process of "delayed' excita-
tion of atomic levels involving appearance and subseguent decay of
molecular ion formation. Since dissociative recombination leads to the
selective excitation of atoms, the additional maximum is not observed on
the optical excitation functions of all the helium lines. The role of
the impurity (HQ, Kr, Hg) is secondary, as was confirmed by direct
}Easurements~it leads to the appearance of slow electrons that facilitate
the dissoclative recombination. |

This process 1s one of the practical methods to determine the lower
bound of dissociation energy of some of the molecular ions,‘since the
lower 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. Electfon transfér;-ion pair‘pfoduction.
, . + _ ,

The ion pair production processes, X + ¥ ->X + Y , are usuvally
observed in collisions between atoms of high kinetic energy. Since the
lowest lonization potential of the atom of a naturally occurring element,
3.893% eV for Cs, i$ higher than the highest electron affinity of a normal
atom, 3.7 eV for Cl} electron transfer from normal a£om to neutral atom
cannot be expected in the collision processes of thermal energy.

In the collisions of excited atoms, electron transfef is energetically_

possible if the difference between the ionization potential and excitation

energy of the atom is smaller than the electron affinity of the collision
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partner. ZFecently, Meiton_and Hamill 7~ reported expérimental'stuay of
the electron transfer from excited krypton atom to sulfur dloxide énd
the dissociative electron transfer from excited krypfqn to carbon
tetrachloride to produce Cl - and CClé.

In thi; particular type of collision process, because the strong
Coulomb interaqtion distorts the potential energy curves in such a way
" that thevpseudo-crossover occurs at a suitable and calculable nuclear
separatioﬂ, the croés section can be calgulatgd for the simple systems
by application of the Landau42§ner formula.

Tpeoretical calculétion‘of.the reverse processes, reconmbination

-

of positive ari negative ions, have been carried out on.H , H by

o .2 -t . 26 :
Bates and Lewis, > and on H, Li by Bates and Boyd. The experimental
s

studies of theée collisions will give the most rigid test of the pééudo-
’:crossovef theory. The only rate coefficients that have been measured in
the laboratory are those for iodine and for bromine ions;

In our experiments, electron transfef précessés are ébserved from
highly excited potassium, rubidium, and cesium atoms to normal potassium,
rubidium, and cesium atoms. Froﬁ the difference bétﬁeen the ibnization
potential and lowest excitation ehefgy thch is neceésary ﬁo uﬁdergo
an ion pair production‘process,,the lower bounds of the electrgn affinity

of potassium, rubidium, and césium were estimated.-
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ITII DPHOTOSENSITIZEZD IONIZATION OF ALKALI METAL VAPORS

A. Experimental Arrangements

In photosensitized'iénization, iT the mean time beiwcen collisions
much shorter than the mean life time of spontaneous radiaﬁion of the ox-
cited species, the r@te of production of ions is proporticnal to the rate
of production of excited species by resonance absorpﬁion, and the latter
is always limited by the intensity of effective light which can be ob-~
tained conventionally. This condition held in. the work to be described.

The block diagram of the apparatus is given in Fig. III-1. The
photoionization experiments were carried out in a quartz cell which con-
tained platinum parallel plate electrodes of 3 X 15 cm dimension sepa-~
rated by 3 cm. Light from a 500 watt Osram lamp passed through a

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

system. The‘parallel light beam of 0.2 X 1 cm cross section passed ge—
tween the parallel plate electrodes and onto a photomultiplier used to
monitor the light intensity. Care was taken to prevent scattered light
or photoexcited atoms f?om striking the electrodes. In virtually ali
experiments the slit-width of tﬂe nonochromator was O.1 mm, vhich 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 temperaturé of the appegdix tube, wnich waé heated by
a separate oven controlled by a thermister and a ?roportional control
amplifier, apd the ionization cell was mainﬁainea at a temperature a
least 50°C higher than the condensation témperature of the vapor.

In £he ceil contéining élkali metal vapor, because the electrodes
are always covered with adsorbed alka%i metal, there was a substantial

thermionic electron emission.  In a new cell this thermal electron
2

current amounted to 10 9 amp/cm” at 300°C for cesium, and became larger
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as the cell aged and an oxide film begen to coat the electrodes. OSince.
this thermal electron current is always larger than the expected photo-
ionization current of 10~ to 10 amp., the latter was detected dy

chopping the light and using o ...rrow band width preamplifier followed

O]

by a Princeton Applied Research lock~in amplifier.

In préliminary experiments, in order to measure the photoionization
current dire;tly by using a vibfating—reed electrometer, an attemét was
ﬁade to suppress the thermionic ‘electron emission from the collector by
surrounding the latter with a fine grid. But due to the high thermionic
electron emission from the grid itéelf, we were not able to reduce the
background current to the order of the magnitude of photoiopiiation
current.

’

. B. Construction and Filling of the Cell. ,

The main chamber of the photoionization cell was made of a 6 cm o.4d.
X 16 cm long guartz tube. Both ends were sealed with 1/16 inch optical
quartz plates as the windows of the cell. A side arm of 12 mm 0.&. was
connected to the main chamber. The length of the side arm was 22 cm
from the center of the chamber. Besides tﬁe electrodes, the only non-
quartz.parts were the four Kovar-glass seals of the electrode leads.

Two 3 X 15 cm platinum ;heets with a thickness of 0.005 inch were
ﬁounted to nickél frames and each of £he latter was supported by two
0.060 inch Kovar rods. Before #he assemblage, these electrodes were
heafed in the hydrogen oven at.a temperature of 1000°C. This treatment
markedly reduced the thermal emission of electrons from the elecirode
surfaces and wés essential to thé suppression of space charge effects
and improvement of_signal to noise ratio. Immediately before filling,
the reaction cell was prepared by evacuation to less than 107~ torr und

baking at 350°C for at least 24 hours. An ampoule of the alkali metal
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vas opened in an evacuated side tube isolated from the cell by 2 liguid
nitrogen trap, and the metal refluxed so that 1t could act as & getter
for traces of oxygen xremzining in the cell.

could He controlled

0]

was distilled into an apyendix tube whose temperatur
independently of the temrerature éf'the photoionization cell.

The side view of the cell and the filling system is given in Fig.
i1152.

The potaésium, rubidium and cesium used in this research were ob-

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

- C. Light Source

A 500 wett,Super Pressure Osram lamp was used in most of.thg‘expgri—
ments. I% is similar to General Electric AH-6, operated at 100 atms and
gives a-continuous.spectrum ranging from visible down to 2900 A accoms
ranied by Broadened_mercury linés. .Since thé light soufce of the Osram
lamp is concentrated in the very smail»volume‘of a sphere 05‘0.5 cm dia-
meter, the intensity of light emitted from the unit area ié much larger
than from a 1000 watt AH-6.

In order to study the threshéld of photosens%tiéed ionization, we
prepared electrodeless microwave discharge lamps of rubidium and cesium.
They consisted of a 10 mm o.d. X 10 cm quartz tube wiﬁh an end window
coﬁtaining alkali mefal and krypton. The enhancing effect of tﬁe emission
of resonance lines from alkéli metal vapof by‘interuction of noble gos
is well knowﬂ.27 Before introducing alkali metal and krypton, the quartz'
tube was cléaned.by repeated discharge with fresh krypton of 2 mm Hg and
ﬁhen fﬁbroughly evacuated and baked out. The most séfisfactory results
were observea betwéen 1.5 mm Hg to 2.0 mm Hg. The lamps were usually

.

fired in a microwave resonant cavity with the consumption of 50 watts of .~
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power. The intensity oi light emitted is several times larger than that

Y

from an ordinary spectroscopic lamp of comparable power, and the stability
of the lemp is better too. Ordinarily the light emitted from a resonance
lamp 1s concentrated in the first few resonance lines. In ocur lamps

B

the intensifies of the first three resonance lines are stronger than
that .of the eéuivalent part of the 500‘watt Osramvlamp.
A similér electrodeless He lamp was used to excite the Cs atom into
the 8Pl/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 51/2—8 Pl/Q)' The advantage of this source is that

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

D. Identification of Different Ions

‘In order to obtain information about the nature of the. sensitized

,

ionization process, it is necessary to identify the collected ions.
We attempted to identify the ions produced photolytically by use of a
radiofrequency mass spectrometer, This experiment failed, however,

because of the copious field emission of electrons from the spectrometer
+
2

for example, 1s by measurement of the mcbilities of the photo-ions.

electrodes. A more convenient way to distinguish between Cs. and Cs ,

According to the recent work of:Chahin dﬁd Steen,28 the mobilities of
Cs;'and Cs+ in cesium vapor are 0.21 and O.é?5,cm/volt-sec'reSpectively

' at a density of 2.69x1ol9 atoms/éc. -The mobility of the atomic ion Cs+‘is
| small becaﬁse of the large crossésection for resonant charge exchange
‘collisions in the parent vapor. Consequently; reaction (2)

* + '
(M +M 7>M2 +e] should produce ions of relatively high mobility, while

. > + .
reaction (3) [M +M- M +M ] should give ions of low mobility.
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In the mobility measurements, photo-ions were produced in a well
localized thin rectaﬁgular.band parallel to the electrodes. Since the
width of the ion-producing Tegién is only about 1/20 of the migration
distance of the lons, by chopping the light beam with a suiteble freguency,
the mobility can be calculated from the measured phase shift between the
exciting light and thg collected plate current.

At a cesium pressure of 0.1 torr, a temperature of BOOéC, and a

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

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

plate current is measurable 1f tThe chopping frequency is l.MXlOB/sec.
The interpretation of the phase shift;in terms of absolute mobilities
is difficult, howéver, because of the presence of the space-charge
limited thermal emission from the negative plate. Any positive iogs
produced in the gas neutralize some of the space charge during their
migration to the collecting electrode and cause an increased electron
current which amplifies the ilon signal and reduces the'apparent phase
angle between the exciting light and the lon current. Therefore, the
measured phase angle between the exciting light and current always
corresponds to an absolute mobility fhat is too small by some unknown
factor that depends on space charge effects.

‘From highly excited states, it is quite probable that the two
reactions (2) and (3) compete. Consequenfly the collected lon current
might be.the composition of two signalslwith different phase shifts.
In order to prevent ths cancellation of amplitude and to keep a'simple

relation between the composition and 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 between the phase shifts of Xé and X was about 90°.

E. Experimental Results

1. Threshold: energies of photosensitized lonization.

For potassium, rubidium, and cesium, sensitized photolonization :
was observed fOr;at least nine wavélengths that correspond in each case
to discrete lines in the principal series absorption <ns—mPl/2,5/2) of
fhe atom.” More lines could be resolved by using a smaller slit-width
in thé monochromator. For each of the alkali metal vapors, the sensitized
' ionization threshold corresponded to the excitation of the (n+2)P
state, where n is the principal guantum number of the valence electron .
in the groupd stéte of the atom. The wavelengths at the sensitized
ionization threshold, the corresponding eﬂérgies, the true lonization

B

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

~

zed

(=X

energies and sensitized ionization threshold energies, are swmna:

B

in Teble III-1.

Our data confirm the results of Mohler and Boeckner that the threshold
wavelength for cesium is 38388 A. We were unable to deteét»any ionizatién
produced by absorption of the u555AA line qf Cs, in‘contrast to Freuden-
berg. Froﬁ the following cyclic relations, it is obvious that the
difference between thé atoﬁic ionization potential aﬁd the sensitized
ionization threshold will give us the lower limits for either the bond
energy of the molecule ion orvthe electron affinity of the atom, depend-
ing on the mechanism of reaction of the excited species, since for
reaction (2) [M +M '-eM;Jre] and (3) [M M - M+ ] to occur, AE must be
larger than or approximately equal to.zero, and at the'threéhold‘the

value of AR will be the lowest. . The energy reguired for the reaction to
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Teble III-1. Tae waveleng

t
“taresholds, the corresponding energie

hs 2t the sensitized icnization
g the

s, th
atomic ionization energies and the difference
between atomic ionigzation energies and sensitized
ionization threshold energies of potassium,
rubidium, and cesiun.
X Rb Cs
Chemi-ionization threshold, A 3hL7 3591 3889
Threshold energy, eV , 3.59 3.L45 5.19
Atomic ionization energy, eV b, 3k h.18 3.89
Difference, eV 0.75 0.73 0.70

proceed in the forward reaction is noted on the side of the arrow.

% AN
M + M >
Energy of . A
excitation,
hv
M+ X >
Atomic
ionization
energy
% AND
M +M >
Energy of A
excitation,
hv .
M-+ M - >
Atomie
ionization
energy

M, + e
Dissociation
, energy:of.
A2 molecule-ion
M+ M +e
+ - 1
M + M
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,

rubidium, and cesium respectively, but prcbably not higher than 1.19,



1.2 or 1.25 eV, since no photosensitized ionization was observed {rom
2 A

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

2. Nature of Photosensitized Ionization Process.

Measurement of the vhase angle as a function of the wave length of‘.
the exciting radiation does pro&ide information about the nature;of the
sensitized ionization process, even though absolute mobilities are not
vdetermined at this:stage. Figure III-3 shows that thg phase angle bétween
-the light and the collected current is tﬁe same for the three lower:
absorption iines of Cs. Thereafter the phase angle increcases as

. \ .
successively higher states are excited, and reaches a constant maximum
at the series limit and beyond. Since the méasured phase .angle corre--
spondécto the migraﬁion time of the ions and 1s inversely proportional'
to‘the mobllity of the ion, one.interpretatioﬁ of these data is that'ex-
- citations to the states beiéw‘lQP lead predominately to molecular lons,
and that stafes‘above 12? lead to inéfeasing amounts of positive and
negative atomic ioﬁs via process (3).‘ If this interpretation is accepted,
the data show the bond energy of C32+ is at least 0.70 eV, but probably'.
net higher than 1.15 eV, éhd the appearance of atomic ions at the 12P
level indicates the electron affinity of cesium is atvleast 0.19 eV.

It should be noted that Mohler andlBoeckner5

were able to measure
0T, the product of the collision cross section for ionization ahd the
lifetime of the excited states of the cesium atom, as a function of
e;citation enérgy. They fouﬁd 0T is constant for states up to ;MP; and
then increases abruptly for higher states. Their ionization efficiency

curves measured from saturation currents indicate that the quantum yield

of ions increases abruptly for states above 13P. Both these observations’
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suggest that a second ionization process has its onset somewhefe above
the 12P level.

Measurements of the phase angle as a function of wavelength were:
also performed with rubidium vapor, and the results are shown in Irig.
S III-k. As was true for cesium, the first four states that chemi-ionize

give a high-mobility ilon, in this case presumably Rbg. Excitations to

states above 10P lead tc ions of lower mobloity in an amount that in-

o

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

.

0.73% eV, but probably not higher 'than 1.21 eV, and the electron alf'nLty
of Fb is at least 0.20 eV.

The mobility experiments were repeated using potassium vapor, and
the data collect cd*er shown in Fig. III-5. Because of the low vola-
tility of potdssium, it was nccessary to use moderately high temperat uree
(390°C) in the ionization'cell...At these tempefatures,vtﬂe windows Qf

the cell tenaed to alscolor, and thls in turn reduced the light intensity
and made the measurements é¢ifficult. For tnLe reason it was not pO""lblO
to measure the pbase angle associated with excitations near to and above

the ionization limit. For the other liﬁes, the phase angle increases and

the mobility decreases as the excitation energy increases. There is a

e

rlatean of constant mobility for the lower states, es was observed for
rubidium and cesium. This suggests that in potassium vapor, boih molecular
ions and positive-negative atom1c ion palvs are produced from cxcm*' lons
to the 8P state and higher levels. Tbe excitation to the TP level must

at least produce molecular ions, and therefore it is likely that the ex-

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

&

. . . - o, . =
ion palrs as well. Thus the bond energy of K2 is at least 0.75 eV and
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probably not higher thaa 1.25 eV. The lower limit of bond energy is
very closeto the value of 0.76 eV estimated from spectroscopic‘wo}k of
Robertson and Barrow. The lower limit of the electron affinity of
potassium may be O.B?, 0.49, or 0.75 eV, depending on whether negative
ions are first produced from the 8p, 7P, ér 6P state respectively.

Table III-2 lists the dissociation energies of the alkalil metal
molecules and molecule ions.  The spectrosgopic work of Barrow yields the
lonization en =gy of the alkali molecule directly, and this guantity
must be combined with the ionization energy of the atom and the disso—
ciation energy of the molecule to give the dissociation energy of the
molecule ion. Oﬁr own measurements combined with the atomic ilonization
energies give the lower limits for £he bond energies directly, and are
not subject to possible uncertainties in the bond energies of the mole-
cules. The data make it clear that, contfary to the assertion of |
Pauling, the bond energies of the alkali molecule ions are greater than
those of the alkall molecules.

The atomic ilon and m§lecule ion can also be distinguished from
the measurement of the ion current as a function of electric field.

This is given for Rb, and Rb in Fig. III-6. Since the space charge
multiplication of the signal is not "constant during_the'migrafion of the
ion towafd the electrode, the guantitative analysis is difficulb. Thg
more rapid increase of ion current of Rbg as a funétion of electric field

is credited to the greater mobility of sz. The detailed discussion of

|

the mobilities of alkali metal ions in their parent gases will 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(i,) ()
Li - 1.12% 1.55°
Na | o.7§c : ) 1.01°
Ko 0.514° 075 - Les
R - h | vo.ugc : S 0.73 ~ 1.21
Cs _ ; 0.145° ©0.70 ~ 1.15

R4

* D. Wagman, W. Evens, R. Jacobson, T. Munson, J. Res. Nat. Bur.
Standards, 55, 83 (1955).

Reference 3% ' | ' v o g

C

G. Herzbefg, Spectra of Diatomic Molecules, ‘2nd. Ed{, D. Van

Nostrand Co., New York, 1950. .
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ratio of M ng as a function of the excitation energv ;

. . ‘ . . T - s
It is possible to estimate the ratio M /Mé as a function of

the excitation energy of the colliding atoms. This can be done if

is

it is assumed that at the threshold of chemi-ionization, only DC
produced, and beyond the ionization limit .only M is formed, for then
. . + e P o
the phase ¢ of the signal due to M relative to that of NE can ve
established. If we define the phase detection angle © such that the

o+ : o g
Mé signal is & maximum when @ =II/2, we have

IM; m/sin @)

I+ o« sin(6-¢)

. Itotal

s

« [sin ©+A sin(6-¢)]

where I is the detected signal, and A is the relative amplitude of
: . .

o

. . : Y L. . - :
the signal ‘due to M . To maximize the detected signal, we chose a
detec¢tion arigle @m such that

RE? =0 = cos®_ + A cos(é -¢)
{J®——'m- m@.

cos ©
m . 1

A= fcosi@m—¢5

L

Thus measurement of € and knowledge of ¢ allows calculation of the

H

he

’ S 4 :
relative amounts of M and M2 produced by a given excitation. The
‘result is subject to the assumption that the response of the detechor
. + T y s . . ;
is the same for M2 and M , and this may not be strictly true because
of space charge effects. The attendant error is probably less than 50

a v' . i - . + e ) I}
and would correspond ©to an overestimate of M production. he resulis

for the Rb and Cs systems are given in Table III-3. The increase in



Table III-3. Fractional

Yields of Monatomic Tons

Ro' /(R0 + Roy) | os'/(os” + Csy)
8p 0 -
9P 0.0%1 0

10P 0.0%1 0
11P 0.16 o)
12P 0.24 0.17
13P 0.32 0.30
1Lp 0.40 0.33
1OP - 0.43
167 0.52 0. 50
% 100 100




the importance of the atomic pair process relative to molecule ion

- formation is én interesting and perhaps unigue demonstration oi
electronic excitation ecnergy affects the relative cross scctions of
competing reactions. A complete explanation of this behavior must

involve a knowledge of the potential energy curves for the alkalil

molecules, and this is not yet available.



extremely difficult, and not much information has been o

by

IvV. CHEMICAL BONDING OF ALKALI MOLECULE IONS

A. Evaluation of Bond Energy of Molecular Tons

"The direct spectroscopic investigation of molecule ions is

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

molecule ions is usually estimeted by the following methods.

(1)

Determination of the lower bound from the difference between the

I

ionization poténtiai of atoms and the appearance potential of
molecule ions in atomic gases or vapors.
This metheod is used in this work and was mentioned in Sec. III.
From the ¢yclic rélation on page 29 it follows that,
’ +

D (Mp") > T(M) - AP (1p")

where A.P. is the appearance potential of X;, or the minimum
exciﬁétion energy to produce molecular ions.

Analysis of scattering data

An estimate of the interaction energy of an ion and an atom can be
obtained from the scattéring cross- sections of the atomic ions by
’atomic neutralé. The general practice is to analyze the scattering
data in terms of some potential function, such as the Morsé potential,
and determine disposable paraﬁeters from the scattering data. The
process of obtaining a potential curve from scattering data involves
several uncertainties so that this result cannot on its own merit

ve fegarded as reliable.

From the energy cycle

. -+ .
M =
Do(u2) ‘DO(Mg



follows that the guantity De

ol

an

M M might be electronically excited or in the ground state.
g .

27
The term value of M must be related to that of MQ'

. s .t ¢ 3rheann
' The dissociation energy of he2 guoted in Herzberg's Tfamous

"Spectra of Diatomic Molecules" was found from the energy cycle

D_(Hey (Prl)) = D_(1e (1)

The last two terms oF the right member of the above equation are
knovn with high accuracy. The first term was obtained by means of

a linear Birge-Sponer extrapolation of the spectroscopic dsta.

. . '

I + o c s -
The dissocilation energy of Lis, Na2 and X, listed in Table III-2

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

.
-+

2), of lithium, sodium and potassium were evaluated

Sec. III, D (M
(@]

from known Do(MQ)’ I(M) together with Barrow's recent spectroscopic

determination of I(Mﬁ); Of course the dissociation energzy determined
[

H

in this method is subject to the uncertainty of any of the three
members on the right hand side of the equatibn.
Quantum mechanical calculatioh

With the help of electronic cqmpﬁtors Ab-initio quantum mechanics
has now progressed to the innt where one can hope to make statements

about the dissocietion energy of simple molecules which are more

accurate than the experimental statements. .The variation principle
states that a variational calculation of the energy E c;id(R) provides
- (=3

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

LB
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where E exD (o) is the sum of the experimental a

b ~

“

provides a rigorous lower bound to the dissociatio

1]
=t
@
5
©
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All of these four methods have been used to determine the

dissociation energy.

a) Do 1.5 ¢ O.3eV29

30 (pe = Do + 0.1)

31

b) De = 2.16eV

¢) Do (HeZ(gzﬁ)) = 3.1eV

a) Dpe® = 2.2Lev? o

1o
11805

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

. o3+ . . . . . : .
since Do {He.("Zu)) is obtained by the Birge-Sponer extrapolation of

_ 2
spectroscopic data. The estimates of this type are generally too high.
Rearan, Browne and Matsen32 estimated from similar quantum mechanical
' +

calculation on more complex systems that the dissociation energy of He2
should be no more then 0.3 eV greater than their calculated lower bound

2.24 ev.

B. General Picture of Alkali Molecule-Ions

From our experimental study on potassium, rudbidium and cesium,

oy

together with Barrow's spectroscopic work on lithium, sodium and
potassium, it is apparent that the dissociation energies of alkali
molecular ions, as listed in Table III-2, are at least forty to fifty

percent higher than that of correspondihg diatomic molecules. Although
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these experimental findings cannot be explained by any of the simple
concepts of chemical bonding, the quantum mechanical calculations on

lithium molecule ion and lithium molecule lead to the same conclusion.

3k R R

The-calculation of James in 1935 indiceted that the bond energy o Lie

should be greater than that of Li_,, and on the basis of an analysis of
t , .

2)

this result, James predicted that a similar relation should hold Tfor the

other alkali molecules and their ions. A more recent calculation on Li2
2
3 Tnis

is the SCF LCAO MO six-electron treatments of Faulkner.
calculation as in the other molecular orbital calculations gave rather
poor results (0.33 eV) for the computed_Dissociation energy [rationalized

(=)

(R_)], mainly because of the error

dissociation energy,= )
' : 2 cal e

E
calc
in Ecalc (w). However, the calculated total molecular energy is 0.9920
of the experimental total molecular energy, which is good agreement. The
calculated first ionization potential of Li2, which is expected to bve
the most accurate of the physical constants calculated, is given by 20
orbital energy, and is 0.48 volt less than the experimental first ioniz
potential of atomic lithium. This indicates that the bond energy of Li

is 0.48 eV greater than that of Li which is in good agreement with the

53
experiment. ”

No direct information about the bond lengths of alkaii moleculaf
ions has been obtained so‘far, but wé'can figure.out someAqua;itativé
features from the knowiedge of the elect?onically excited élkali diatomic
molecules, since the electronically excited molecules can be cbnsidered

as a system of molecular ions and a loosely bound electron. Barrow's

spectroscopic study indicated that in the electronically excited alkali
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diatomic molecules the internuclear distances are larger and the force
constants are smaller than those of the ground state neutral moclecules.
The same

things can be expected for molecular ions. -

. i 188107
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

2

N
r =

102.62 Keel/mole 1

o

. : +-
‘hydrogen molecule (Do = 60.95 Kecal/mole for H

23 ‘2);

nd, since the same number of atomic orbitals is needed for a one-electron

4]

bond as for an electron-pair bond, Pauling suggested that, in general,
molecules containing one-electron bonds will be less stable than those

in which 21l the stable bond orbitals are used in electron-pair bond

’

5 -

forﬁation. Consequently 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 are about 60 pércent 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 understénding of the chemical bond, leads to an erroneous |
conclusion on the dissociation energies of these simple alkali molecule-
ions. This special pﬁenomenon of alkali molecule-ions apparently is not

a generel feature of molecule-ions. As &e can see cieerly from Table IV~l,

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

~ periodic table agree qualitatively with what we expect from bond order.
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- Taeble IV-1 Dissociation energies of some of the diatomic ions

. s + : + a) o 2 C) . =a)
Dissociation O2 1k9 O2 117 F2 76 F, 37 Ve, 15
e : . + e
energy (D) - _ : 012 97b) 012 SOC) Ar2 19 )
(Keal/mole) Br; 6,2 Br, 15¢) Kr, 18¢)
+ rb) ‘ '\/C) + 3 ’ f)
12 SL I2 230 Aex *2
No. of Valence '
electrons
bonding 8 8 8 o 8 8
Antibonding 3 4 5 6 T
Bond Order . 21/2 o : 11/2 1 1/2

a) R. P. Iczkowski and J. L. Margrave,.J. Chem. Phys. 30 L03.

b) Calculated from A. P. data in F. H. Field and J. L. Ffanklin "Electron
Impact Phenomena' P |

c) S. W. Benson, "The Foundations 6fVCheﬁical Kineticsf.Appendix C.

d) Calculated from A. P. data in fable II—l,'célﬁmn 5. |

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

f) Calcilated from A. P. date in Teble II-1, column 3.
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James attributed the unusual order of bond strengths to

the repulsions involving the inner shell electrons that are more

oo
important in Li2 than in Ligg The integrals associated with this

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

do not have a simple classical interpretation.
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Sinanoglu and Mortensen36 discussed the impor
polarization by valencé electrons on the bond energy of Lig. The
calculated core polarization.energy for the QSaéleCtrdn in lithium atom
is about 0.102 eV, and the core poclarization enérgy between one lithiunm
coré and a 025 electron in L12 is about 0.062 eV. They concluded that

core polarization lowers the total energy of the Li2 molecule and its

- separated atoms by essentially the same amount (Li2; 4L X 0.062 = 0.248 eV,

2Li; 2 X 0.102 = 0.204 eV) and thus does not make an important contribution
4 e - -1 " -+ s ot - : B

to the bond energy. In Li,, the core polarization erergy is not known.

The average distance between the 025 electron and one of the lithium cores

+
in L12 is larger, however, than the average distance between the 28

electron . and the lithium core in the lithium atom. We can. therefore

-

expect that the core polarization energy between the ¢2S electron and

one of the 1it" lwm cores in Li as in the case of Li2, is not larger

+
2!

‘than the core polarization energy for the 25 electron in the lithium

atom. This means that the contribution of core polarization to the bond
energy cannot exceed 0.1 eV, and is too small To account for the higher
+
o

bond energy of Li The general conclusion drawn from the model of core

polarization, that explicit inner-outer shell interactions are not important

)

. ' . s . . . n >
would seem to be in conflict with the conclusions of James.
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In recent theoretical calculations on some excited states of He,,

37

Browne established from the computed potential energy curves that’those

states that originate from the interaction of a bare helium_nucléus and

'a neutral helium atom are bound, and those states that separate into a

Rl .

Co . '+ - . . .
pair of ground state helium ions, and into He (18) + He (28) are not bound.

The comparison of the potential energy curves of these b@und.statés-with

‘the curves resulting from classical polarization leads to the conclusion
that these bound states are primarily due to polarization effects rather
than to_the traditional chemicdl mechanism. A simiiar;cbnclusiqn ha's
4 . , . o o

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

} -. . "v o+ i . k) - " v‘ "‘.

of polarization of H-by Li . In ordinary molecule ions, such -as these

given in Table IV-1, the polarization interaction between ions and atoms,
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 thé bond energy which can be expected from
the bond order and the known dissociation energy of corresponding neutral -
molecules. This meansvthat»pqlarizationrinteractions only play a
.secondary role,; and chémical.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 larger than the "bond energy" that can be expected from bon
order. - For example, in.a -system of Cs and Cs, the polarization interaction

energy is 0.7 eV at an interatomicvdiétance of h.B A, wvhieh is the

27

the other hahd'the‘bond energy that can be expected from bond .order is

. : . o o o
approximate bond length of Cs2 and is 0.3 A longer than that of Cs On

.

Wy
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less than 0.3 eV. The classical polarization interaction might not give
an accurate estimation for the polarizatibn interaction between atom and
ion in a short distance, but it shows that in alkali molecule-ions the
factor which is considered to be sécondary in the simple model of the
chemical bond, is comparable to or even more importent than the primary
factor on which the simple mocdel of the qhemical bond was built. This
situation is also true for other metallic molecule ions of bond order 1/2,
such as alkaline earth moclecule-ions and molecule ions of'zinc, cadmium,

Oy

. + -, L
and mercury. The dissociation energies of Be2 (2.7 eV39) and.hgg(O.Q eV

are also higher than those of Li2 and ng. The éxplanation of the
compiicated moleculgr energy in terms of simple concepts is difficult, but
the classical polérization energy between ioﬁ and atom at a distance
equivalent to the bond length can be considered as the approximate lower
limit of the dissociation energy. In those extreme cases of metalliq

molecule-ions of bond order 1/2, there is reasonable agreement between

classical polarization energy and dissociation energy.
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V. MOBILITY OF RUBIDIUM AND CESIUM
IONS IN THEIR PARENT VAPORS

The mobility of alkali metal ions in foreign gases, especially in
noble gases, has been thoroughly investigated both experimentally and

theoretically. Bﬁt due to experimenta difficulties, the mooility,of'
alkali metal ions.ig their pérent‘vapors has not been étudied as
thoroughly. Recently the-mobility of Cs+ and ng} has been réporte@
oy Chaninvand Steen, but there are many féatures that remain to be
investigated further.‘ The mobiiity of Rb+‘and Rb+, in thgir own vapor
is still not available. In fhis section‘thé study of the mqbility of
cesium and rubidium ions will be discuséed.

'

A. - Experimental Arrangements
ik £

P
s

As wés mentioned in Sec. ITI, in the cell contéining alkéli metai
ﬁapors’there is a constant flow of thermoelectrons from the collector
electrode .to the repeller eleéﬁrode. Due to'the épace charge effect,
the therﬁionic emiésion of electrons froﬁ the collector electrode will
.be enhanced byvthé existence of positive ions'betweén the two electrodeét
In our experimenﬁ.it is found that the positive—ion‘iﬁduced eleétrén
cﬁrrent is always much higher than the positive ion current itself.
Since the emission of one electron from-the collecﬁor'elecﬁrode hzs the'

same effect as the collection of one positive ion, the collected plate

(=N

current_corr65ponds'to‘the observation of positive ions in the spacc
between the eléctrodes rather than to the response to arrivals'éf.positive
. lons at the collector electrode. |

In our experiment,-the mébilities of ions Weré 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 lons, it is necessary to isolate the collector sc that 1
can respond to the collection of positive ions but will not respond to

the existence of positivz lons in the space between the collector and

repelier electrodes. This is achieved by inserting a very fine tungsten

scfeen with high {transmission in front of the collector electrode.
This fine tungsten screen Torms a good equipotential surface and
separates the space betwsen repeller electrode and collector electrode
into a large migration reglon, i.e., the space between the repeller

electrode and the tungsten screen, and a small detection region, i.e.,

the space between the tungsten screen and the collector electrode.

When the positive ions are produced in the migration region, the thermo-
electric current between tungsten screen and reépeller electrode will
be enhanced by the.existence of positive ions which are migrating tovard
the tungsten screen, but due to the shielding effect of the tungsten
screen, the thermionic electron emission of collector électrode willv
not be affected by the existence of positive ion in the migration
region. The collector electrode will first respond to the positive
ions when positive ioms get through the tungsten screen and arrive at
the detection region, and thus we have é well defined migration distance
for the ions. The end effect of the detection of positive ions in the
cdetection region dwe to finite distance between the tungsten screen aﬁd
collector electrode can be compensated by changing the migration distance
Tor positive ions. This can be achieved by simply moving the oven, and
thus changing the distance between the ekciting light and the.céllector
electrode.

The construction of the cell for mobility measurement iz similor to

that of the cell mentioned in Sec. III. The new electrode ig a 200 mesh
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tungsten screen mounted on 4 5.0 X .0t nickel frame, which is placed 3.5

o

e avay from the repéller elecirode and. >

P = e o
gileccrode.. The tungeten lzs

N _—— iy o, P-4 e - -y P R S 1 - .
BU% transmisgion. The repeller eleactrcode has the same cimensicon &s

tungsten screen and the 2.0 X'5.5 cm collector electrode i1s surrounded
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by & guard ring which is in the same plane as th
ard is 1 mm away from each side of the collector electrode. The out-

.0 cm.

\Ne}

side dimension of the guard ring is 5.0

'

The T edure are the same

illing of the cell and the experimental proc
as before. In the phase angle measurement, the phase shifter of the
)

lock-in amplifier was adjusted so that the phase shift between collected

plate current and fefercuce signal was either nm or (n +1/2)7. - These

two cages give meximm and zero reading of the amplifier OhuOLb, and »
can also_be:identified easily and accurately by usiné the oéc1ll§scope
to Cbsefve the wave form of the_output of ‘synchroaous deieétor>of
lock;in amplifier. fheireadings'of the phase shift are ta&en’from the
phase shifter of the lock;in amplifier and are converted into degrees.
The monoztomic positive ions, Rb© and Cs+, were jroduced\by direct’
: . o o -
photoiqnization an§ the diatomic molecule'ions,.Rb2 and‘CSE;‘were
producéd oy photosensitized iopiZation. As was mentioned in Set. III,
the pnOuosen51tlzed ionization from lév lying excited states will
produce diatomic molecule ions exclusively through feaétion (2).. To
produce diatomic ions we excited atoms into the (n + 3)P state, since '
thgryield of molecule ions from the sensitized ionizationvthrcsnoi@, |

(n+ 2)P

0

tate, is considerably lower.v Under our typical evperimental
conditions, O.1 mm Fg and )OO C most of the exc** d atoms .collide

normal atoms while still excited, and since mean life time of spontancous



radiation of (n + 3)P state of Rb and Cs is about 10 ' sec, the mean

7 .
- . 03 - . - . . . . )
than 10 sec. This ig 10  times smaller than the migration time of

ions in the cell, lO—D sec, and can be nsglected in the mobility
measurements. Consequently, we can safely consider the time of production
of molecule ions to be the same as the time of illumination of exciting

1 4o

.Ligh C.

B. Vapor Pressure and Fraction of Diatomic
0

Molecules of Rubiaiwn and Cesium

1. Vapor pressure.

Since there are reliable vapor pressure eguations for both

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

’

measured temperature of the appendix tube. No attempt was made to
measure vapor pressure directly in our experiments. |

The most reliable vapor pressure equation for cesium over a wide
. k1 .
temperature range 1ls 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:

AN

log P(Cs) = - 529 log T + 3.6572

T

Kvater and Meilster's optical density measurement were carried out in

o g =/ = . . ) e .

the temperature range from 336°K to 553°K, but since the boiling point

calculated from this equation, 941°K, agrees very well with the experi-
. 2 1 o7, 1}2 . . . . - PR

mentally measured, 943 = 5°K, = we can believe this equation is relilable

Z

. o ' N . .. )
up to 9h3°K. Taylor and Langmuir used a surface ionization method und

carried out the vapor pressure measurement in the temperature range

‘ Ovr . . . o Nl
from 239°K to 346°K, which is just below the temperature range of Kvater

and Meisters. This experiment is believed to be the most reliable
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measurement in this range, and their data for liduild cesium (4 302 °K)

ct
ey
[N
H
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agree very well with the Kvater and Meiste guetion. However the: pro-

Hi

posed eguation for liduid cesium:
log P(Cs) = 11.05%1 - 1.35 log T - kok1/T

-

mm Hg at the boiling point, which is

\Jl

will give e vapor pressure of 56
27% lower than the expected 760 mm Hg. This demonstrates that although
Tayldr and Langmuir made an acéurafe measurement, the'prqposed equation
cannot be applied without substential error beyond theilr experimental
rénge;

The following vapor pressure equation for rublidium was derived by

i

Ll g :
Goldberg from the measurement of optical density in the temperature

range from 348°K to 553 °K.
log P = - 3610L.L/T + log T + 3.6191h
The extrapolation of this eguation to bolling point also gives good

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

Hg, which very nearly coincides with the expected pressure P = 700 mm Hg

Crr o

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

.

point.

Vapor pressure of rubidium and cesium calculated from these

-~

equations are given in Fig. V-1.

2. TFractiorms of diatomic molecules of rubidium and cesium in their
Vapors. '

Rubidium and cesium vapors are mainly composed of monatomic species.

as - . - . P ) : V] .
The diatomic species have been estimated at no more than 1% of the
£ : f

saturated vapors. In order to Tacilitate the discussion of our experi-

T

mental results, vhich will be given in V-C, we are going to consider the

eguilivbrium constant for formation of diatomic molecule and the con-

Lo
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centration of diatomic species in the vapor as a fuaction o
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calculation of the thermodynamic Tunctions of diatomic gases, the
rotational and vibrational constanﬁs given in Table V-1 were used to
calculate the thermodynamicrfunctions for a rigid rotator with moment

. - L6 o X
of inertia, I, equal to n/[8ﬂ'CBe(l¢Qe/2)], and symmetry number 2,
and for an independent harmonic oscillator With a Fundamental frequency
of (aé-QXéa%). Then cerrections were made to include.the effects of
rotational stretching; vibrational harmonicity and fotational—
vibrational inﬁeracﬁioﬁ.v

The results of,their caleulation‘of fhe.equilibfium.conetants of

s

formation of Rbé and Cs_ in the temperature range from 400 K- to 700 K

2
are given in Table V-2 and Table V-3. The fraction of diatomic molecules
under the pressures of-lo%, 50%, and 100% of the saturated vapor

pressure have been calculated by using the equilibrium constants and

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

Table V-2 and V-3.
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Table V-1 Molecular Constants - of Alkali Metals

o

i Na X RI
Li, i Xy b, Cs,,
6 %0 5 .0p* 5 P . 15 °
10 r,cm 2 0725 3 0(86 3.92% u.1_7 L.+o5
- .. b 2
B ,cm 0.67272  0.15471L 0.05622 0.02;15 0.012{Q°
-1 ' ‘ c _c
o ,cm 0.00702  0.00078 0.000219 0.000058 0.000035
w ,em 551.&55 59.2% 92.6k 57.28 41.9590
- a
x 0, em 2.592 0.726 0.354 . 0.096 - 0.08005
108130,cm’l 986. - 58,4 8.3 . 1.5 0.47°
.1o8s,cm‘l 28. 0.5 0.8 = emmmeen aeceean

a Values from Herzberg, except as noted.
b Estimated by a Badger's rule extrapolation.
. 2 1/2
¢ Estimated from a=6B "/ [(x w /B ) / ~17.
e’ e el e
d Given erronecously as C.96 by Herzberg; see Tsi-ze and San-Tsiang
anc. Kusch.

[Phys. Rev. 52, 91 (1937): ibid k49, 218 (1935)].

. ‘ b, 2
e These values are for De = Do - 1/26. Estimated from De = hBe)/u% .



Table V-2. FEouilibrium constants of formation of .
Rb, and their fraction in the vapor.

CUKE Fraction of Rb, under different
T(°K) log Xf fPRb\\ pressures (% oFf saturation)
= =% 109 50% 100%
\ “Eb"/

‘ = ] 2 ‘u = 'u ‘ “5
Loo .2.7389 5.49X10 1.12X10 5.60x1.0 1.12X10
500 1.4528  2.3L4X10 b 65X107°  2.35x107° k. 65x1077

-5 -2

600  0.589 3,58 1.22x107°  6.10X107°  1.22X10
: ~ -5 b -2 7\ _2

700  -0.03%2 0.929 2.47x0 1.24X10 2,470

Teble V-3. Eguilibrium constants of formation of
: C and their fraction in the vapor. .

Xf Fraction of C o Gifferent.
T(OK) log Kf P raction O¢l spuna%* Ql%lcrgn B
e / Cs, vressures (% of saturation)

\_ P2 10% 50% 100%
e ey 2 ffan =5 R I

L0oo 2.3396 2.19X10° . 7.86X10 3.93X10  © 7.36X10
. o B B .
500 1.1570 1. 44X10 3.78X10 1.89xX10 ¥ 5. 78X10 7
- ’ =3 -2
600  0.36%  2.31 1.09X107°  5.L45X107°  1.09X.07°
. . ] B
700 . -0.206 0. 622 2.37x107°  1.19X107°  2.37x107°
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C. Results and Discussion

1. Conversion of atomic ions into molecule-ions.

In the measurement of the migration velocities of atomic ions of
rubidium and cesium in their parent wvapors, the mobility appeared to

'

be constant over a substantial range of ion lifetime. But when

421
Ce

time bétween production and collection increased, the apparent mobility
of Nﬁ increased. Thé time that these atomic ions migrated under con-
stant velocities after they were producéd was found to be approximately
inversely proportional “o the density of diatomic molecules in their
parent gases. This increase of migration velocity was not observed for
the diatomic molecule-ions.

Both the incredse of migration velocities and their dependence on
the density of diatomic molecules stronglj suggested that the atomic

ion is converted into fast moving molecule ions through two body process

+

. +.
- M. - M. 4
M""\’Ig)lg-r'M

since this type of reaction is exothermic in alkali metals and can be
exﬁected to be very raﬁid according to the general theory of ion-ﬁolecule
reactions./

On the basis of this scheme, we havé’estimated.the rate of conversion

under the assumption that the change of migration velocity, as was indi-

iy

cated from the measured phase shift, was first observed when halfl o
the atomic ions were converted into molecule-ions.. The density of the

diatomic molecule was estimated theoretically, as was mentioned before.

Since in alkali metal vapos the diatomic molecules are in eguilibrium

with the atoms, and under our experimental conditions the concentration



of neutral aiaﬁomic species is very much higher than'ﬁhat of atomic ions,
the densiﬁy of diatomic specieé is essentially not affected by the ion
molecule reactipn.

Tf we assume the concentration of atomic ions is [M+]O,when it is

produced at time t = O, and if we consider the concentration of diatomic

molecules [Mé]iS'constant, we can integrate the equation

a +
- = v
3% kM ] M2]_
into the following

log ] - k [ngt

. \ . + -
where [M ] is the concentration of M at time t.

From the measured time, tl/Q’ for 50% conversion and the knowledge
P _ -

/

x - L]

~of [M,], the rate constant o

log 1/2 _ _log 2
[M ]31/2 [M ]‘Cl/g

W =

can be calculated. The cglculatéd,k ahd the experimental gonditions are
~given in Table V-L.
Thevrgte constants of two-body ion-molecule reactions can be ‘ .
estimaﬁed theoretically by finding a critical impact parameter bo such
that, the orbits b < bO collapse into thefﬁentgr of the force field,
until limited by repulsive forces.. Uging_Langevin‘; classical formulation

: e
Gioumousis and Stevenson = obtained the relation

where @ is the polarizability of molecules and u¢ is the reduced mass. , .
The rate constants calculated from this equation must be regarded as

approximate upper limits, since it is not necessary that all of the ions
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molecules. Neilther experimental nor theoretical data on

of diatomic rubidium and cesium molecules are available, but irom the

theoretical study of the polarizability of Li,, 1t seems to be reasonabl

to agsume that the polarizabilities cof rubidium and cesiwn molecules are

o 24 3 - ) [ ,
approximately 110 X 10 cr” and 90 X 10 em”, which are a
percent higher than the sum of atomic polarizabilities. These values

9

5

will give approximate upper limits of the rate constants, 2.94% X 107 and
9 : .
2.62 X 10”7 cc/molecules-scc for rubidium and cesium, which are about

4

3.5 times higher than our estimated rate constants.

Table V-4 The rate constant of the reaction

.

-+ . L . . . .
M o+ M2 - Mg + M of rubidium and cesiunm .

Element (M) Rb Cs
experimental
condition
T(° C) 360 342
P{mmilg) 0.193 : 0.199
time of 50% 5 .
conversion (sec) 0.49 x 10” 0.67 x 107~

rate constaent

kX [cc/molecules-=ec] 0.79 x% 107" 0.88 x 1072
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neasured vaelues of the drift velocity, w., versus ihe eleciric

=
-
+
@]
.

i

field to pressure ratio, are'shown in Figs. V.2, and 5. The pressure
Po is the normalized pressure, i.g. PO = 275 P/T, vhere T is the gas
temperature. For comparison of present data with the drift velocity
versus E/Pb behavior predicted by Wannier, lines of slope unity at

low E/PO and one-half at high E/PO are shown in Fig. V.1l and 2. Wannier

pointed out that for the low-field case the dominant ion-atom interaction

~

is either the polarization interaction or resonance charge transfer

(0]

interaction. Accordingly collisions between ion and atom are characterized
- by a constant mean free time and lead to a drift velocity varying directly

with E/Pr. For the high-field case the short-range repulsion and

0
resonance charge transfer becomes dominant, collisions are characterized
by a constant mean free path and lead to a drift velocity varying with
1/2 ‘

E/P .
(z/2,)

Our datae show that both rubidium and cesium ions in the range of
our measurement are in the range of transition from slope one-half to one.-

Figures V.4t and 5 shows a plot of the corresponding normalized

L ] y LRI 4 -\ : o - '}'19

mobility values. The mobility My refers to a gas density of 2.69 X 10

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 em/v.sec for Cs*, 0.29 em/v.sec

- + . . +
for Rb , and 0.18 cm/v.sec for Rb .

4
i

, in the low-Tield case, the interaction with parent

For Rb; and Cs

gas atoms is mainly the long-range polarization interaction V(R) =

1 O 2 :
L e . el o L
-5 L where ¢ is the polarizability of the gas atom and r is the

distance between the molecule-ion and the atom. The normalized mobility
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irst apvroximsvion 1s simply relst

iy

in tThe

molecule-ion and gas atom U and does notT

shown by Dargarno, McDowell and Williams 7~ who found

=
o]
I

. I T 4 ot T e e
Our zero field mobility velues for R 2 nd Csé correspond to the

2Lk 3 . -2k 3
polarizability of 54.6 X 10 er” for cesium atom and 39.8 X 10 en
for rubidium at:-. These are in good agreement witn the krnown

| -24 3 50 . s
polarizability of ce31um 12 ~ 52 X 10 cm and rubidiwm

L 2L 3 o +
Lo £ 5 X 10 cmj.51 Our value of the normalized mobility of C LS

[N

= , 4.
i

. L - 2 N .
in good agreement with Chanin and Steen's,j but the mobility of Cs 1is

considerably higher than their wvalue of 0.075 cm/v -sec.

e

/

For Cs+ and Rb+, dué to resonant charge exchange interaction, the
normalized mobility is smaller than that of heavier ?iatomic molecule-
ions. At present, experimental values of the cherge transfer cross-
section are not available ‘a the low energies of interest in mobiiity
measurements. .Thus in 5rder to calculqte the mobility, the high-ion-
energy data must be extrapolated dowvn to low energiés. This extru-

polation involves several d¢f‘1cul*1co, arising from the errors in the
high energy values as well as the magnitude/of the energy range over
which the extrapolation must be performed, and so does not offer reliable

values. By using an approximate form of the charge-exchange cross

section, Sheldon”” has extrapolated four sets of independent experimental

.

- - ot o - « 4.
data of Cs and subsequently calculated the corresponding mobilities.

This extrapolation was periormed assuming a v~r1@tlon of thé cross section

Q with relative ilon-atom energy of le form



the result of Chanin et al.

where A and B are constants. The calculated normelized mobilities of

K¢

+ . . . - - '
Cs  in cesium vepor are 0.036, 0.055, 0.07k, .

m

nd 0.088 e /volt. sec.
Using the same procedure, we exfrapolated the recent eipérimeﬁtél datsa
of Marino et al.5' and;calculated the normalized mobility of 0.0606
cmg/voltisec. ‘ |
Theoreticélly, resonant charge exchange cross sections can be

estimated by interpolating in terms of their ionization potentials.
The ratio of rescnant charge exchange cross sections betwéen Cs and Tb
thus estimated is about 1.2. By considering their masses, we can expect
the mobility ratio in the low-field limit to be abqut L.5; this 1is in
good a&reement with our experimental results. From the same consideration,
the mobility ratio?ﬁefwéen Xe+ and Cs% would be about h; The mobility

. + . , ' 2 56 o L ey
of Xe 1in xenon is known to be 0.6 cm /volt sec. Our result of Cs
in cesium vapcr will give a ratio:of 5. It is a better agreement‘than

52

Their result gives a ratio of 8,

=L

- . ' s : L s
No comparison of the measured mobilities of Rb and R02 in their
parent vapor can be made with other experimental resultz for there is no.

such measurement reported so far.
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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
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