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PHOTOIONIZATION OF ALXALI-MLTAL VAIORS

Yuan-tsen Lee

Inorganic Materials Research Division,
awrerce Radiation Labeoratory,
Depiartment of Chemistry,

University of Californisa, Berkeley, California

ABSTRACT

June 1965

The vapors of potassium, rubidium, and cesium have been

photoionized with light absorbed in the discrete region of the

aoaa

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 5 Rb2 and 052 » bBach of these molecuwlar ions has

a bond energy approximately 50% greater than that of the corresponding
neutral molecule. In addition, lower limits for the eleciron

affinities of the alkali atoms and values for the mobilities of

N T R + . . :
o , Ro, , Cs and ng in theilr present vapor are given,
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It has long been krown what the vapors of cesiwn and rubidium

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

iy

of the atomic spectrum end has energy less than the atomic lonilzation

energy. The very thorough Investipations of Mohler and Docckner 2 on

cesium vapor showed that the ionization definitely involves the line

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

to the first power of the absorbed light intensity, that the phenomcnon
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is independent of temperature, and apparently is not a
space~charge detector used to measure the ilonization currents. Further-
more, they showed that the pressure dependence of the gquantum yield

of ionization can be represented by the expression.

wnere 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 1s clear that i1f this analysis is correct, 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.. Accordi
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Boeckner;” sensitized lonization first occurs at 3883 A, which sugrects
Ry . COSIT =) 4— . .

the dissociation energy of ng is at least 0.7 eV. Similar experiments



that the one elecciron bound in Cs, is strongey

bond in Cs.. This unique order of bond energies Tor
; o L &

molecules was predicted in 1935 by James. More recently, spectroscopic
7,8
vork by Barrow and coworkers'’  has been interpreted to mean that the

diatomic molecule ions of lithium, sodium, and potassium do indced nave
greater bond energies than the diatomic molecules.
Besides reaction (2), there is another process that can lead %o

photoionization at energies less than the ilonization energy:
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If this were the exclusive process, the difference between the

atomic ienization energy and the appearance energy for ions would bhe a

lower limit for the electron affinity for cesium. Thus the gualitative
interpretation of the experiments of Mohler and Boeckner iz in some
dount.

Our purpose of this study is to reinvestigate the photoioni'apion
of cesium to resolve the disagreement in the earlier work, to identily
e ions formed, and to extend these measurements to the other alkali
metal vapors.

The special features of collisions between excited atoms and mole-

4

cules are treated in general in Sec. II. The cxperimental arrangemoents

and the results of the study of photosensitized icnization of alkali

molecule-~ions are described in Sec. IIL. In Sec. IV, the



bonding of alka
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i molecule-ions

molecule ard atonic

s considered. The study of

ions of rubidium and cesium



. AT T TT T
AT UOTTCULES
PN A..\),A_Ad\./ 120

II. COLLISIONS O I

¥When any molecule passes anobt

Fa)

velocity, 1f therc is a signilfl

)

mass, a collision” is said to take place. The Test deszceripbtion of
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particular collision is to give the relative velocity v D

collision and perpendicular distance b between the center of the sccond

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

We may call this a (v,b) collision. Tor a (v;b) collision, there is

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

sion. The values of P(v,b) must be expected to vary differently with
and b for different transition processes. TFor statistical purposes

we resort to an artifice which gives a convenient index number with

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

“can calculate easily the total number of collislons of relative velocity

v within a distance Q, say, denote it by Z(v, WQ ) dv and, by equating

O

this to the total number of collisions actually known by experiment L
produce the given process, evaluate WQQ, and call it "the effective

velocity cross-section for a given process’. Likewise, an "effective
temperature cross-section for a given process' which is usually denoted
by o and simply called "effective cross section" can be easily evaluated
on the basis of the Maxwellian distribution of velocities along the lincs
of classical kinetic theory. In this section the s
numbers, "effective cross section",'mean life of excited state', and
1!

rean time between collision” will be used to discuss the special featurcs

of the collisions of excited atoms.



A, Collision Probabilities of
Excitea Atoms o
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tom which was cxcited at time =0 to some exclied state
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of meen life 7, the probability that the excited atom will ¥
. -t/ A . . . \
time t is ! . In a collisilon process which is characterized by mean
time of collision T, th2 probability that the excited atom will not
) . R 42, e
nhave made a collision at time t 1is [/ . The probability that the
atom undergoes collision within the time € and £t + dt is
-t/T -(t+dt)/T -t/T dt
,e —l = f e
T
So the probability that an atom will collide in the time between t and

t+dt while still in the excited state must be

~5/T -t/t 4t S(T+7)t/TT dt
£ TF z T

By integrating this equation from t=0 to t= o, we can obtain the »ro-

bability that an atom will collide while still exc¢ited as following:

o N s
P - L/ zf(T.T) L/TT%;
0]

-{T+1 )t/ Tt >
e 1 T)/TJO

T+ T

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

the collision process involving excited atoms. TFor example, in guenchinr

£ 4

collisions, the guenching Q is defined as théd ratio of the intensities

of resonance radiati '

N

lon with and without foreign gas. Here, "collision'
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means the excitatiorn erergy of an atom is transferred (o a molecule as

th tne moleculs

the excited atom wi

nerey of an

Since every guenching collision removes Cthe exciltation ener an
atom, in the absence ol radiation dififusion and collision broadening,
1
3 _ .
QZ*" T o4 /m
/1
1
T 1+Td

This is the famous Stern-Volmer formule, where Z = 1/T, the number of
collisions for each excited atom in unit time, and can be related to

a cross section .o by

2n. 0

Jor wr (2 s

a, m,
4

T
i

[

where ny is the number of molecules per unit volume and m,, m, axre

the masses of molecule and excited atom.

B. Types of Collisions

Among the collisicn processes of excited atoms, there are muiny
processes which are in common with normal atoms, such as upward exciba-
tion, or ionization by photons, electrons, atoms or molecules; We are
considering those processes which are specific to excited avoms.

According to the conseguences of the collisions of the excited
atom, the collisions between excited atoms and molecules can be divided
into two groups: physical and chemical quenghing processes. In the
first group we have the following:

1. Proton emission--line hroadening.

The pressure dependent line broadening is the consequence of thc

collision of excited atoms. The line broadening due to the in
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cause. Elastic scattering of the atoms both be:
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takes place in o time short compared

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

in diatomic molecules, the radiative transition is nearly vertical.
Since the two interaction potentials are "not parallel',
of ver%ical transition cenergies will be found; this implies a dis-
tribution of radiated fregquencles.

Excited atoms in m2tastable stailes for which dipole radiation
f transition

o
5 8

-1 sec, or nearly 107 - 10

is forbidden have very long mean life times (inverse
probability), approximétely 1077
larger than those of ordinary excited states. though dipole transi-
tion is not possible, a metastable atom may radiate during a collision
with another atom, provided that a suitable state of the guasi-molecule
can be found and if radiation from gquasi-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.
1. . - . . .
For He 278 in collision with ground state He atoms, the appropriate

. 1 . AL . .
quasi-molecule states are 2 Zu and 2 Zé, of which the latter can radi-

9 4

. : 1 . . 1
atively pass to Zg. Burhop and Marriott,” using the 278 ground-state

. - 10
potentlal energy curves calculated by Buckingham and Dalgarno calcula-

. . -2 2
ted a mean quenching cross section of o = 0.9X10 > em at 500°K.  This

rrl ! hese potenticl

appears in it
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very low value is due to the ba

erergy curves, but even 1f this was absent the mean cross section would
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reasoning, inferred that if ionizing and exciting col

. e . T . . . . - o - e N R
sion of the first kind, tske place in an ascemblage of atoms and

-

electrons, inverse processes must also take place, namely,
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-

n

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

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

. - y 12
ing conditions are fulfilled.

(a) One of the colliding particles is either an excited atom (meta-
stable or otherwise) or an ion.

her colliding particle is either an electron, a normal aton
X J
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(¢) During the collision, either all or a part of the excitation of
particle (a) is transterred to (b).

Collisions of the second kind play an important role in the pro-
cesses of energy exchange between atoms and molecules. IFf small guan-
tities of foreign gases are added to the vapor of mercury or sodium,
and tne sodium or Ig photoexcited, a reduction of the intensity or
resonance fluroescence will always be observed. This dhenomsnon is

-4

called the cuenching of the fluorescence, and is due Lo the Tollowing
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causes. During the collision with atoms.or molecules of
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shown the resulis of the study of the cuenching of fluorescaonze Ol
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mercury vapoer. 7 It is obvious that rare geses — e, Ar — nave 1litclic

el

quenching effect, and although a nitrogen moleculé possegses onl)y small
auenching eflwclency, air, CO, O, and H2 vossess very high quenching
efficiencies.

The detailed theorctical and experimental studies of these and
similary phernomena lead to the following important results. The 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 tre
probability of transfer of energy by a collision of the second kind.

From these reasons, the‘rare gases have only small efficiency in the
guenching of resonance iluorescence of mercury since the excitation

z
energy of He(67P.) is known to be 4.9 eV, but the lowest excitation
energy of helium - is about 20 eV. Trom 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 few cases in which
aifferent atoms have very close energy levels. On the contrary, for
molecules, besides elecxronié energy levels, there are vibrational and
rotational energy levels, and the multiplicity of energy levels i1s much
large;. The especially'high quenching efficiency of Hé can be explained
by the following facts. The dissociation energy of F, is Lok eV, wna

4

the excitation energy of Hg (6P
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the collision of the second kind between Hg (b)Pl) and s the
cen accept the energy which is larger than its dissociatio:

with large probebility. In fact, FPranck was able to chow the alsso-

SO S S )

ciation of H2 by observing the appearance of atomic hydrogen, wihile
the mixture of Hé and mercury vapor was illuminated by the resonance
line of mercury.

If we exnerlmenual ty determine the pressure dependence of quenchi
we can calculate the effective cross-section of energy transfer during
a collision of the second kind as was shown above. These calculations
lead to the following remzrkable conclusions. Generally spcaking, the
effective cross seclion of a collision of the second kind is several
times larger than a gas kinetic cross section (w“~ is usuwally

determined by the phenonena of diffusion, viscosity, ete. ). Espeeially

if there is a resonance between the energy of the excited atom an

excitation energy (in extreme cases, dissociation energy and ioni

energy), we can always Find a snarp increase in the cross section. In
A

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

effective quenching cross section of air is 1.8 times the gas kinctic

cross section, and that of H2 is 5.5 times the kinetic cross section.

Resonance phenomena in collisions of the second kind can be shown

~

clearly from the experinent of 'sensitized fluorescence" conducted by

1k ;
Jeutler and Josephy. They were able to show that, other things being

ol

equal, the process was most probably for the smallest energy defect.
The excitation of numerous Na levels by Hg (65P1) and
. ) . . . - s

He (6 PO) is shown in Fig. II-2. Among those excited si

, 2 .
tom lying between 105 and 113 Kcal/mole ( D5/2.7/2 states with princinle
27 :
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cuantum number from 6 te 9, o,/Q states with pri

tih the Tho excitation energy oi this torm s
1i2. kg KC&l/mOlQ compezred to L12.0% for lg (DPW}. e "reseonance”
nature of the collision iz apparent,

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

ol energy

ilonization potential of the colliding particle, th
ray cause the ionization. This is called Penning lonizatlon end will
be discussed with other ion producing processes later.

In the chemical guenching processes 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. I
atoms, collision-induced radiation can be relatively unlikely, and the
molecule formaulén process has been invoked to explain high-pressurc

; . . 1 . . N
deactivation of He (278) in helium. The three-body combination Nrocess

for IHe (EDS) in collision with two ground state heliwm atoms has

)\“' \

0

reported by Phelps,15 wno observed the resulting He (; molecule

has a lifetime of at least 0.05 sec.

{4) Molecule ion formation.

[5) Electron transfer - ion pair production.

{h) and (5) are the two-body processes which are found responsibic for

the lon produv-tion of the present study of the photosensitized ionization
-

of alkali metal vapors. These two processes together with Perming loni-

ation will be described in the next paragraph.



C.
L. Penning lonization X Y o= ¥+ Y+ e
If the excitation cner.y oi X is higher than the Zon iion enewsy
of Y, this type of 2 an be e priori exvected.  Allhwush thwe ln-
portant role of this process in lonization phenomena in guscous mix-
tures has been known for a long time, the knowle of these processes

is so far very limited.
Recently many experiments have been carried out on Penning loniza-

tion, including the single collision beam experiment by Muschlitz and

.16 . 1o o 3 . : .
Shollette. Only He EDS, 278 Ne “P are involved in all of these ox-

periments. From these experimental results, comparison may be made

between the Penning ionization and the momentum transfer cross seciion

04> usually unknown experimentally, but calculable. It 1s found the

o /o, ~ 0.2, a factor comparable with the electron ejection coefilcient

£, for metastables incident upon metal surfaces. Orders of magniiude

of %)m&ybe setimated ©

A similar process of collision between excited atoms,

+

0
G
H
ct
—
)
¢

s e
X +X —»X+ X + &, has a higher cross section, which is

-1k 7
order of 10 M cmg.l‘

The importance of the Penning ionization in gas discharges can be

shown from the analysis of a binary mixture of helium and zrgon Ly Biondi.

If we start with pure relium at a given dlscpavve current and neglec
the. effect of collisiors between excited atoms, the discharge current is

the result of direct icnization:

- +
He + e + kinetic energy — He + 2e
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2nergy considerstions

electron-ion pair the tombarding electron must nave zn erorgsy in

[s

If, however, some argor is introduced, Penning ionizatlon muy

take place:

o]

pre
5

- - - : : A} .
He + e + k.c. —» He (metastable) + e

2.

! + -
7 {metastsble) + A —le + A + e

;

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

e

produce a helium metastable, or > 20 eV. Thus for a given degree ol

iohization (discharge current) a smaller discharge voltage is required
when argon‘atoms are present.

With pure helium, in order to maintain the discharge current there
must be a sufficient number of electrons in the high field energy tai
of the distribution to create helium ions and electrons. However,
with argon present, the same rate of ionization can be maintained by
electrons which have orly enough energy to create metastable helium
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
marxedly 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 Lhen

the true argon/helium ratio.

2. DMolecular ion Tormztion.
~ . . . w +
The formation of nolecular ion XY in a reaction X + Y = XY + o



This particular case of chemical

the Hornbeck-Molnar process as a credi
tion of the formation of molecular ions of noble gases In & mass spec-
trometer in 1951. The proper explanation of this lonization process
| 8

was in fact given as early as in 1928 by Franck, and was verified by
. o - L
Mohler and Boeckner in the study of the formation of ng in 1930.

As is true for other elementary reactions occurring in highly

energized systems, our knowledge of this process is still very limited.

Full understanding is required by recent developments of radlation

chemistry, gaseous
in flames. More attention has been paid recently to these I

Precise measuremert of the appearance potential of each of the
molecular ilons produced is one of the most important things in the study
of this process. The studies of this process have been concentrabed on
noble gases so far, but the information obtained is oniy limited to the
appearance potentials. The appearance potentials of six independent
studies of homonuclear and heteronuclear molecular ions of noble gases
are listed in Table II-1.

All of the experiments in Table II-1 were carried out in a mzss

+

spectrometer. In the first five columns, the measured appearance

potentials are involved with uncertainty of errors of 0.1 ¢V or more,

]

j$5)
i

3
by

9]
2

ted to the energy spread of electrcn D

column the appearance rotentials were measured by using the refarding



Tevie II-1. Lppesrance Potential of Moleculnr lons
oif Moble Gases
TR 08 Tud V.
Tons ] 2. 5. . : &
_'L 5
He 2%,18+0.2 25 4 23,08(37P] 2%.3%0. 1
2 -
-0.7
+ . N
Ne,, 20.86+0.%. 20.9%0.2
0.7
Ar " 15.05+0.2 1h. 70,1 1h.okx0.02
2
-0.7
Kr 1%.2%+0.3% 1%.2 1%.030.1  13.20%0.02
2
-0.7 )
o+ i , ,
Xe, 11.7 11.6 11.2%0.1
HeNe 22.6 2%, 4%0, 1
He A 17.9%0.3
+ L.
He K 19.9%0.1
Ne Ar 16.8%0.1
Ne Kr 16.6=0.1
+ A,
Ne Xe 16.0%0.3
Ar Kr 14.0%0.1
Ar Xe 13.5 13.5%0.1
+ e
Kr Xe 12.2 12.3%%£0.1
1. J. A. Hornbeck, J. P. Molnar, Phys. Rev. 8%, 62 (1951).
2. F. H. Pield, J. L. Franklin, Symposium on Mass Spectrometry, Oxford
1961
3. V. W. Kaul, R. Taubert, Z. Naturforsch. 17a, 88-89 (1962).
L. T. J. Comes, Z. Naturforsch. 17a, 1032-33 (1962).
5. M. B. Munson, J. L. Tranklin, F. H. Field, J. Phys. Chem. &7, 1442

.
(1963)
C. E.

Melton, N. H. Hamill, J. Chem. Phys. 41, 1h71 (1964).
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osobential method. In this experimont, the invesotigators were adle U0
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resolve some of the exeited states which contribuve the formation of

W retaraling

selectlion, electrostatic electron energy selector, or ti

notential method, will enable the workers in this field to carry out more
precise measurements. In column b, the appeerance potential of le, ,

25,08 eV, ie not the datum of direct measurement. Comes' measurement
0 s
gave 23.1%0.3 eV. There are six excited states of helium lying within

his experimental error. There are 518[22.92 eV}, 3 P[(25.09 eV],

310[23.08 eV], 37S[22.72 ev], 37P[23.01 eV], 50

PR ; + o, " s ,‘ .
of the curve form of the Heg ion current as a Tunction of voltage wit

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

Since among those three triplets, §)P has the highest probability of

exciltation, he concluded that 55D is responsible for the appearance of

e

D{23.08 eV]. By comparison

LLL,2
In those heteronuclcar ions, appearance potentials are higher than
the ionization potentials 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 chemical bonding

of molecular lons would ke obtained if the kirnetic energy of the ejected

electrons were measured. Preliminary experiments in these dircctions wore
reported to have been commenced.
Molbc ar ion formation processes vplay many important roles in a highly
g
energized system. Recently, Bogdanova and Geitsi™~ showed that an additionu]
maximun appeared close to the threshold on the optical excitation funcilons

¢ some lines of helium if nydrogen, xrypton, or
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appearance and subseguent decay oI

molecular ion formation. Since dissociative recombination leads to the
selective excitation of atoms, the additionzl maximum is not observed on
the optical excitation functions of all the helium lines. The role of
the impurity (Hg, Kr, Hg) is secondary, as was 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 lower

N

bound of dissociation energy of some of the molecular ions, since the

lower bound of the dissociation energy of molecular ion is related to
he difference between the lonization potential of the atom and the

oy
W

=

avpearance potential of the molecular ion. The detailled energy cyc
will be found in Sec. III.

5. Hlectron transfer--ion pair production.

* + -
Tne ion pair production processes, X + Y =X + Y , are usually

observed in collisions between atoms of high kinetic energy. Since ihe
lowest lonization potential of the atom of a naturally occurring clement,
5.893 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 collisiocn processes of thermal cnergy.

In the collisions of excited atoms, electron transiex
tween the lonization potential and cxci

energy of the atom is smaller than the electron affinity of the collision
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the electron transfer Trom crxcived Xrypoon atom o sullur dloxiice and

exelted “rynton to carbon

cetrachloride to produce €L wnd
In this particular btypoe of collision process, becouse tha slrong
Coulomb interaction distorts the potential energy curves in sucn &
that the pseudo-crossover occurs at a suitable and calculable nuclear
paration, the cross section can be calculated for the simple systenms
by application of the Landau—Zgner formula.

Theoretical calculetion of the reverse processes, recombination

of positive ar. anegative ions, have been carried out on I , H Dby
. .25 B .26 o
Bates and Lewis, and cn i , Li by Bates and Boyd. The experimantal

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

crossover theory. The cnly 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

oo

nighly excited potassium, rubidium, and cesium atoms to normal potassium,

rubidium, and cesium atoms. Irom the difference between the ilonizotion

potential and lowest excitation energy which is necessary to
an lon palr production process, the lower bounds of the electron afifinity

of potassium, rubidium, and cesium were estimated.
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In vhotosensitized icnizavion, 1 evween collislony L
much shorter than the mean 17702 “ire of spontoncous rudiciion of fhe ox-
cited species. “e rate of production of ions is proporticnnl to the raic
of production of excited specles by resonance ebsorption, 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.

II-1. The

4

The block diagram of the apparatus is given in Fig.

03

nhotoionization experiments were carried out in a guartz 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 z

0,
&)
0
[@]
}_.J
}_)
o
x3
%

chopper, a Hilger D285 monochromator, an

system. The parallel light beam of 0.2 X 1 cm cross section passec be-

H
jod
&)
o
o7
ct
O

tween the parallel plate electrodes and onto a photomultinlie
monitor the light intensity. Care was taken to prevent scattered light
or photoexcited atoms f?om Striking the electrodes. In virtually 211
experiments the slit-width of the monochromator was 0.1 mm, which pave
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, which was heated by
a separate oven controlled by a thermister and a proportional control
amplifier, and the ionization cell was maintained at a temperature ab
least 50°C higher than the condensation temperature of the vavor.
In the cell containing alkali metal vapor, hecause %the electrodes
are always covered with adsorbed alkali metal, therce was a substantial

4

chermionic electron emission.: In a new cell this thermal electron

2

amounted to 10 amn/em” at 300°C for cesium, and became larcer
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chopping the light and vuin: . coow band widith ier followed

)

by a Princeton fivvlied Rescarch lock-in caplilier.
In preliminary experiments, in order to measure the photolonizuation
current direétly by using a vibrating-reed electrometer, an attemﬁt was
made 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 gricd itself, we were not able to reduce the

background current to the order of the magnitude of photoionization

current.

o

. B. Construction and Filling of the Cell

The main chamber of the photoionization cell was made of a 6 cm o.d.
X 16 cm long quartz tube. Both ends were sealed with 1/16 inch optical
guartz plates as the windows of the cell. A side arm of 12 mm o0.d. was
connected to the main chamber. The length of the side arm was 22 cm
from the center of the chamber. Besides the electrodes, the only non-
quartz parts were the four Kover-glass seals of the electrode leads.

Two 3 X 15 cm platinum sheets with a thickness of 0.005 inch were
mounted to nickel frames and each of the latter was supported by two
0.060 inch Kovar rods. Before the assemblage, these electrodes werc
heated in the hydrogen oven at a temperature of 1000°C. This trecatment

A

rermal emission of electrons from the elecirode

P

markedly reduced the ©

surfaces and wa

w
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and improvement of signal to noise ratic. Immediately boefors Tilling,
| 6
the reaction cell was prevared by evacuation to less than 10 torr und
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was distilled Into an oorend oo Uoo wiose U shure conld Lo ocontreolliad

independently of the temrerosture of the photolonization ccll.

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

The potassium, rubidium and cesium used in this research were obD-

tained Trom commercial supnliers and had a purity of 99.8% or better.

A 500 watt Super Pressure Osram lamp was used in most of the cxperi-
. A - o . 7 . PPN . -
ments. It is similar to General Electric Al-6, operated at 100 atms and
gives a continuous spectrum ranging from visible down to 2900 A accom-

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

o]

lamp is concentrated in the very small volume of a sphere of 0.5 cm dia-
meter, the intensity of light emitted from the unit area is much larger
than from a 1000 watt AF-6.

In order to study the threshold of photosensitized ionization, we

¢

prepared electrodeless microwave discharge lamps of rubidiwn and cesium.

He)

They consisted of a 10 mm o.d. X 10 cm guartz tube with an end window

containing alkali metal and krypton. The enhancing effect of the c¢mission

-

of resonance lines from alkali metal vapor by introduction of noble gus

e
&3]

27
[ . - . . - :
well known. Before introducing alkali metal and krypton, the gquartz

734

tube was cleaned by repeated discharge with fresh krypton of 2 mm lg and

-

R <y .
SULSIACLory reluiivo

6]

then thoroughly evacuated and baked out. The most

o A e - [, I - 7. s ren v 1y e
rere obaerved between 1.5 mm Hg to 2.0 mm Iig. The loops were usually

R S - , & C R WO v sy g o Ol pRETE—
Tired in a microwave rescnantv cavity with the consumnticon of 50 watic ol
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D. Identification of Different Ions

-

In order to obtain information szbout fthe nature of the sensitized
ionization pvocess, it is necessary to identify the collected ions.

We attempted to identify the ions produced photolytically by use of 2

radiofreguency mass spectromeber. This experiment failed, however,

because of the coplous rield emission of electrons from the spectrometer

eclectrodes. A more convenient way to distingulsh between Cs, and Cs ,
<

for example, is by measurement of the mobilities of the photo-lons.

According to the recent work of Chanin and Steen, the mobilities ol

‘ + . . .
Cs, and Cs 1n cesium veapor are 0.21 and 0.0TS,cm/volt—sec respectivel

. - 19 i e . e
at a density of 2.69XA077 uLoms/cc. The mobility of the atomic ion Cs

collisions in the pareni wvapor. Conseguently, reaction (2)
- -
L};%{A-»Iﬂ) +2 ] should produce ions of relatively high mobility, while
/-\rv-\'»‘, r—L\“ )
rezction (3} [M +M-s M +M ] should give ions of low mobility.
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in meeasuremznts, pholo-10d ¢odin oo owell
1c thin rectangalar band porallel to the ;. Since tne
Pdth of the don-mrodutine region is only aboul l/f':() ontoLihie mi
distance of the ions, by chopplng the light beam wilh aoo Lo Dreguosne)
the mobility can be calculated from the measured phase shiit belween the

exciting light and the collected plate current.
. + vy o119 Fal-Vavals PR

At a cesium pressure of 0.1 torr, a temperature of 300°C, and =
Tield strength of 7 volts/em, the migration velocity of the ions are

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

plate current is measurable if the chopping freguency is .41 /puc.

is difficult, however, because of the presence of the space-cha
limited thermal emission from the negative plate. Any positive ions
roduced in the gas neutralize some of the space charge during their
migration to the collezting electrode and cause an increased eleoiron
current which amplifies the ion signal and reduces the apparent phace
angle between the exciting light and the ion current. Therefore, the
measured phase angle between the exciting light and current always
corresponds to an absolute mobility that is too small by some unkrow
factor that depends on space charge effects.
From highly excited states, it is quite probable that the two

reactions (2) and (3) compete. Consecuently the collected ion current

might be the composition of two signals with different phase shifis,
In order to prevent thz cancellation of amplitude and to Yeep a simple

relation between the composition and the phase s!
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the GifTerence botweern bhe s of Xé and ¥ was abouh OC°.
. Mrporimental Resultis
1. Thresnold eneroics ol rhotosensitized donivzatlion.
Tor potassium, rubidium, and cesium, sensitized photolonization

was observed Tor at lewst nine wavelengths that correspond in each cage

to di

w

crete lires in the principal series absorption <AS~m‘j/g 7/0) or
L/=,0/=
the atom. More lines could be resolved by using a smaller slit-widih
the monochromator. Yor each of the alkall metal vapors, the sensibtined
ionization threshold corresponded to the excitation of the (n +2)P
state, where n is the principal quantum nuwmber ol the valence electron
in the ground state of the atom. The wavelengths at the sensitized

ionization threshold, the corresponding energies, the

energies of the atoms, and the difference between atomic Ionizallon

raei zed

e

]

energies and sensitized lonization threshold energies, are sux

in Table III-1.

{

Our data confirm the results of Mohler and Boeckner thal the threcshold
wavelength for cesium is %868 A. We were unable to detect any ionization
produced by absorption of the 4555 A line of Cs, in contrast to Ireuden-
berg. From the following cyclic relations, it is obvious that
difference beltween the atomic lonization potential and the sensitized
lonization threshold will give us the lower limits for either the bond

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

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

O
/ ¥ + , * :
—_—y e - Cne - s ] I Il - 5 B
reaction (2) [M +M -, +e] and (3) [M +M 5 M +M ] to occur, AT must be
ey
larger than or approximately equal to zero, and at the threshold the
value of AN will be the lowes?d Tre energy recoulired for the reuciion <o
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Chemi-ionization threshold, A 3y 3501 3889
Threshold energy, eV 3.59 3.1h5 .19
Atomic ionization eaergy, eV i,k h.o18 5.89

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

Erergy of
excitation,
hv

rubidium, and cesium respectively, but
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ionization
energy
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ionization
energy

the bond energy of the
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at least 0.75,
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energy of
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{ Ilectron aifinity
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L2Y or L.25 ¢V, since no ph ired lonlzation
e (nri)P statos.
. et hdved 1 Process.

Meocourement of The shsse angle as a fuwiction of the wave lengih of
the exciting radiation does vnrovide information about the naturc of the
censitized ionizati process, even though absolute Ehaslil sle}v
jetermined at this: stage. Figure III-% shows that the phase angle bétwecn
the light and the collected current is the same for the three lower
apsorption lines of Cs. Therecafter the phase angle incrcecases as
successively higher statecs are excited, and reaches a constant moaximan
at the series limit and beyond. Since the measured phase angle corre--
sponds to the migration time of the ions and is inversely proporitional

mobility of the ion, one

.

lead to increasing amouw

stomic ilons via process If this inter

accepted,

7“\, <

the data show the bond energy of C52+ is at least 0.70 eV, bubt provuably
zot higher than 1,15 eV, and the appearance of atomic ions at the 12P
level dndicates the electron alffinity of cesiwm is at least 0.19 cV.
s

Tt should be noted that Mohler and Boeckner® were able ©O rusnsure
o1, the product of the collision cross section for ionization and the
lifetime of the excited states of the cesium atom, as & Tunction ol
excitation energy. They found ot is constant for states up to 14P, and
ihen increases abruptly for higher states. Theilr lonization efficlency
curves measured Irom saturation currenls indicate that the quun yaeld
of ions increases ebruptly for states sbove 1732, Eoth
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Jonization from the 8P state could boe de
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the 1272 level.

alzo performed with rubidium vapor, and the resullis wre snown in

- P Py ye - D3 et e qleadoe

III-L.  As was true for cesiwm, the first four states

. IR | AIRCL T O TR | s T R & =, | YT TN A

give a high-mobility ilor, in this casge preswmbly Rb.. Ixeitations o
[

4.

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

1

creases with excitation erergy. The bond enerpgy of Rb2 iz thus at least

0.73 eV, buh probably nct higher than 1.21 eV, and the elecir

of F¥o 1is at leas

ot
@]
n
<
m

<3

The mobility experiments were repeated using potassium vepor, und
the data collected are chown in Fig. III-5. Becausc of the low volu-

tility of potassium, 1t was necessary to use moderately high temverabures

(390°C) in the ionizaticn cell. . At these temperatures, the windows ol

3 3 SRR ~ oy
nN1s 1n Turn redulcd

ot

nd

&

tihc cell tended to discolor, @

and made the measurerents difficullt. For this reazson it was not pussible
+ casure the Mo e =0 ole cQ Jataod ’(r"—t‘ ANy '7-t9‘5~1' e o 4 - e ye B
Co measure the phase angle associabted with excitations ncar Lo ard wbove
tha ionization limit. lor the other lines, the phase angle increncoes and

the mobility decreases zg the excitation energy increascs. Theroe 1o o
plateau of constant mobility for the lower states, as was observed for
3 3 m

rubidivm and cesium. This suggests that

O

ions and positive-negative atomic lon pai

0 the 8P state and higher levels.

v

(.
]

P T 4 ey [ R S - I BRI T
at least produce molecular ions, and therefore it is likely that

. . . . IS
citations to the OP

ion pairs as well.
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very closeto the valuwe of 0.70 eV estimated

:

AS) <+ - - T ~— - IV - -~ = L it .
Tobertson and Barrow. The lower limit oi the

potassium may be 0.35, 2.4%9, or 0.75 ¢V, cepending on wicither

7 & oA e s e A S Y s
[P, or 6P siate roscociively.

iy

: N K + Iqs LI + o
10ns are LrsT procuced Ixom wae O

Table III-2 lists the dissociation energies of the
molecules and molecule ions. The spectroscopic work of Derrow ylelds the

nd this cquantity

o

ionization c.. .. zy of ths alkali molecule directly,

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

4y

ciztion energy of the molecule to give the dissociation energy of the

molecule ZLon. Our own measurements combined with the atomic ionization
energies give the lower limits for the bond energies direcctly, 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 the alkall molecule ions are greater than
those of the alkali molecules.

5

The atomic lon and molecule ion can also be distinguished {rom

-

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

A T

This is given for Rp, and Fb in Fig. III-6. Since the space charge

[ofe}

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

ion toward the electroce, the quantitative analysis is difficult. ‘fihe

4+

more rapid increase of ion current of Rb2 as a function of eclectric field
is credited to the grecter mobllity of Rig. The detaile
the mobilities of alkall metal ions in their parent gases will be given

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



Tanle III-2. Dissociation Energles of Alkalili Molecules (eV)

De () DG(M;)
L 12" 1.55°
Na 0.75% 1.01°
X 0.514° 0.75 ~ 1.25
Rb 0.49% 0.7% ~ 1.21
Cs 0.45° 0.70 ~ 1.15

“ . Wagman, W. Evans, R. Jacobson, T. Munson, J. Res. Nat. Bur.
tandards, 55, 83 (1955).
Reference 33
c

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

Nostrand Co., New York, 1950.
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established. If we define the phase detection angl

T - . .
Mé signal is a maximun when © = H/E, we have

IM+ m'sin ©
2 E

IM+ « sin(0-¢)
| Itotal « {8in O +A sin{0-¢)]

where I 1s the detected signal, and A is the relative amplitude ol

—

the signal due to M . To maximize the detected signal, we chosc 2

4o

detection angle @m such that

“ = 0 = cosd + A COS(@ "QD)
{ m pe
mie)

cos @
m

cos(@m—é)

A |

o
)

.
|

4.2

nd knowledge of ¢ allows calculatvion of the

0

Thus measurement of @

b

™
Aol Lt

4
relative amounts of M and M2 produced by a given excitation.

~ : . v . .
of space charge effects. The attendant error is probably loss than HCH,
and would correspond %o an overestimate of M production. The rosulbs

Tor the Ho and Cs sys%tems are given in Table IITI-3. The increase in
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Iv. CHEMICAL BONDING Or ALKALZI MOLICULZ I0XS3

- R

A, Bveluation ol Eond Eneroy of Mols

The direct speciroscopic investigation of molaruie

2

extremely difficult, and anot much information has been cbialine

from the spectroscopy of molecule ions themselves.

molecule ions is usualiy 2stimated by the following methods.

(1) Determination of the lower bound from the difference between the
ionization potential of atoms and the appearance potential of

molecule ilons in atomic gases or vapors.

=
+—

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

+hat
Lia v,

From the cyclic reéelation on page 29 it follows

+ +
D (Mp ) > I(M) - A.P.(My )

where A.P. 1s the appearance potential of X;, or the minimum
excitétion energy to produce molecular ions.

(2) Analysis of scattering data
An estimate of the interaction energy of an ion and an atom can be
obtained from the scattering cross sections of the atomic ions vy
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 date involves
several uncertainties so that this result cannot on its own merit

ve regarded as reliable.

ot

(3) Trom the energy cycle



eleceironicaelly excited or in the ground sualo.

o

my demyaa e o +~ 1 o -~ - + 4+ - 1
The term value of ¥ must be related Lo thal of M.

A
The dissociaticn encrsy of He, quoted in Heregberg'sc fanouc
s

was found from the encrgy cycle

Spnecetra of Diaton

The last two terms o the right member of the above ecuation arc

knovn with high accuracy. The first term was obtained by nmeans of

. F + W T . \ -
The dissociation energy of Li,., Na_. and X. listed in Teble III-2
2 2 2

were deduced from this type of energy cycle. As was mentlonsd in
Sec. III, DO/M ), of lithium, sodium and potassium were evalualed

O

from known DO(V ), I(M) together with Barrow's recent spectrosconic

Cetermination of I(Mm). Of course the dissociation energy cetcormined
.
in this method is bject to the uncertainty of any of the three

embers on the right hand side of the eguation.

Guantum mechanical celculation

o

With the help of electronic computors Ab initio quantum mechanics
as now progressed to the point where one can hope to make statements

about the dissociation energy of simple molecules which are more

accurate than the experimental statements. The variation principle

states that a variational calculation of the energy E R) »rovides

calc
a rigcrous upper limit for the molecule at the seporation R. It
L
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De = E () = & (Re) < De
exXn calc —
wne i (e 3 a K 280! £ Lhn o avmarSmantal atemis onawvea]og
wnere b L 18 the sum of the experimental atomic energles,
exp
provides a rigorous lower bound to the dissocialtion cnorgy.

A1l of these four methods have been used to determine the

dissociation energy.

a) Do 1.5 ¢ O.3eV29

30

b} De = 2.16eV (De = Do + 0.1)

¢) Do (He;(223)) = 3.leV

d) De = 2.25LeV

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

since. Do (He2

3aFNy o o — i . s
("Zu)) is obtained by the Birge-Sponer extrapolation of

-
R . s 3
spectroscoplc data. The estimates of this type are generally too high.
- N 32 Ris A P o - N .
Re:: 1, Browne and Matsen estimated from similar gquantum mechanical
. 5 5. . . vy+
calculation on more complex systems that the dissociation energy of He,

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

2.24 ev.

>

B. General Picture of Alkali Molecule-Ions

From our expegrimental study on potassium, rubidium and cesium,

together with Barrow's spectroscopic work on lithium, sodium and

D
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potassium, 1t 1s apparent that th
molecular ions, as listed in Table ITI-2, are at least Torty to fifty

percent higher than thalt of corresponding diatomic molecules. Althouzh

w
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these experimental findin

concepts of chemical

4 A gy v m e )
CAC quanitwn mecnanichl

i b Yot n
e caLculavtlicon

should be greater than that of Lig, and on the basis of an analysic of
é the

this result, James predicted that a2 similar relation should holé for

5

other alkali molecules and their ions. A more recent calculation on LiO
faulkner. Th

is the SCF LCAO MO six-electron treatments of

41

calculation as in the other molecular orbital calculations gave rather

poor results (0.33 eV) for the computed Dissociation energy [rationalized
dissociation energy. = Ecalc () - Ecal (Re)], mainly because of the error
in Ecalc (). 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 Liz, which is expecied to e

the most accurate of the physical constants calculate is miven by 20

orbital energy, and is 0.48 volt less than the experimental Tirst Ionization
potential of atomic lithium. This indicates that the bond energy o
is 0.48 eV greater than that of Li2, which is in good agreement with the
No direct information about the bond lengths of alkali rno
ions has been obtained so far, but we can figure out some gualitative
features from the knowledge of the electronically excited alkalil diatomic
molecules, since the electronically excited molecules can be considered

25 a system of molecular ions and a loosely bound electron. ZEarrow's

sveciroscopic study indicated that in the electronically excited alka
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iztomic molecules the internuclear distances are lerger and the force

- . ] 3 -+ 4 1 . T etata notvn ~locnl e
constante are smaller than those of the ground state neulral molecules.

things can be cupccted for melecular ions.

C. Discussion

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

~ ¥, - + N
hydrogen molecule (Do = 60.95 Xecal/mole for HQ’ 102.62 Keal/mole Tor H.);
a

o
3
)
!
o
}...J
[}
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o
£
0
3

and, since the same numbor of atomic orbitals is needed Tor o

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

o

‘

formation. Conseguently he provosed that the internuclear distances of

1kall molecule-ions arc a2bout 0.3 A greater than for the corresponding

1t the bond energies are about 60 percent of those

on the dissociation energies of these simple alkali molcce:iiic

4+
[

ions. This special phenomenon of alkali molecule-ions apparently 1is no

Lo

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

a genex

‘f\’,\

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

o+
=g

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

AY
. . . + o a . e CJ . el
Dissociation c, ko o, 117 ¥ 75 ¥ 37 Ko, 15
. o< el P ol —
L b\ ~ ,—,»)
: / ~nC B
energy (D) c1. 07 ol 58 Ar, 19
2 2 2
. . \ .
Kes ) By /1O> AR 1 4C U o
b~cal/molp, Er, oL B, i) Hr, o
Pl g 368 xet  1af
= P2
2 7 2 x
No. of Valence
electrons
bonding 8 8 8 8 8
Antibonding 3 L 5 6 T
Bond Order 2 1/2 . 2 11/2 1 1/2
a) R. P. Iczkowski and J. L. Margrave, J. Chen. Phys. 30 Lo03.
!

b) Calculated from A. P. data in F. H. Field and J. L. Franklin "Dlectron
Impact Phenomena"
c)- S. W. Benson, "The Foundations of Chemical Kinetics" Appendix C.

@) Calculated from A. P. data in Tadle II-1, column 5.

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

(WB]

I-1, column

>

3
£,
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Calculated from A. P. data in

r
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James attributed the unusual order of bond strengtas to

the repulsions involving the inner shell electrons that wcre more
. . + . . < . s
important in Li, than in Liz, The integrals associated with this

]

repulsion involve exchanges of inner and outer shell electrons, and thus
do not have a simple classical interpretation.
. 36 . et e P o

Sinanoglu and Mortensen discussed the importance of core
polarization by valence electrons on the bond energy of Lig. The
calculated core polarization energy for the 2S electron in lithium atom
is about 0.102 eV, and the core polarization energy between one lithium
core and 2 02S electron in Li, is about 0.062 eV. They concluded tha

2

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

=

separated atoms by essentially the same amount (Li2; L X 0.062 = 0.2L8 eV,
2Li; 2 X 0.102 = 0.204 eV) and thus does not make an important contribution
to the bond energy. In L12, the core polarization energzy is not known.

The average distance between the 028 electron and one of the lithium cores

w

ct
;
o}
[h®]

.5 larger, however, than the average distance between

H
=3
£
}_J
o

electron and the lithium core in the lithium atom. We can therefore
expect that the core polarization energy between the 025 eleciron and
one of the 1li% "2m cores in 412, as in the case of Li2, is not larger
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 excdeed 0.1 eV, and is too small to account for the higher
bond energy of Li;. The general conclusion drawn from the model of

polarization, that explicit inner-outer shell interaciions are not imporiant

would seern to be in conflict with the conclusions of James.
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In recent theoretical calculations on some excited states of neg,
Browne37 established from the computed potential energy curves that those
states that originate from the interaction of a bare helium nucleus and
a neutral helium etom are bound, and those states that separate into a
. + .+
pair of ground state helium ions, and into He (1S) + 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 conclusion
that these bound states are primarily due to polarization effects rather
than to the traditional. chemical mechanism. A similar conclusion has
P . L.
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 ilons 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 the bond energy which 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 larger 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, which is the
. o+
approximate bond length of ng and 1s 0.3 A longer than that of Csz. On

the other hand the bond energy that can be expected from bond order is



less thean 0.3 eV. The classicel polarizati
an accurate estimation for the polurizelio

ion in a ghort distance, but it shews that

factor which is considered fo be secondar;
chemical bond, is comparable to or even more important than the primary
factor on which the simple model of the chemical bond was dbuilt. This
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, cadmiumn,

. 3
(0.9 ev”o)

N r
1

and mercury. The dissociation energies of Be; (2.7 eV39) and Hg,
are also higher than those of Li2 and ng. The explanation of the
complicated molecular energy in terms of simple concepts is difficult, but
the classical polarization energy between ion 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 metallic

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

classical polarization energy and dissociation energy.
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V. MCORILT YIUM AND CESIUM
I0us _'_T THEIR PAREHT VAPORS

The mobility of alksli metol Zons in foreign gases, cspecialiy 1n

noble gases, has been thorouchly investigated both experimentally ana

by
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theoretically. ZBut due to cxperimental di:
allkzali mebal ions in thelr parent vapors has not been studied os

, ‘s + -+ , .
thoroughly. Recently the mobility of Cs  and ng, has been reporved

by Chanin and Steen, dbut there are many features that remain to be

.

investigated further. The mobility of Rb  and R’2, in their own vapor
is still not available. In this section the study of the mobility of

cesium and rubidium ilons will be discussed.

’

A. Ixverimental Arrangements

As was mentioned in Sec. IIT, in the cell containing alkall metal
vapcrs there 1s a constant flow of thermoelectrons from the collector

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

[

the thermionic emiésion of electrons from the collector electrode will
be enhanced by the existence of positive ions between the two elecirodes
In our experiment it is zound that the positive-ion induced electron
current 1s always much higher than the positive ion current itself,
Since the emission of one electron from the collector electrode has the
same effect as the collection of one positive ion, the collected platc

current corresponds to the observation of positive ions in the spuace

between the electrodes rather than to the response to arrivals of positive

ions at the collector electrode.
In our experiment, the mobilities of ions were measured Dy the
hase shift between the exciting light and the col ecucd nlate current.

e
L

In order to make the measured phase shift equivalent to the Time o



migration of lons, 1t is necessary Lo iszolate T
can respond to the colleziion of positive 1o

T R - - v~ S SRR
snace between the collector and

screen with high transmission in front of the collector electrode.

This fine tungsben screen Torms a good eguipotential surface and

he space between repeller electrode and collector clectrode

ct

eparates

w0

into a large migration region, i.e., the space between the repeller
electrode and the tungstan screen, and a small detection region, i.e.,v
the space between the tuagsten screen and the collector electrode.

When the positive ions are produced in the migration reglon, the thermo-
electric current between tungsten screen and repeller electrode will

be enhanced by the existence of positive ions which are migrating toward

N

the tungsten screen, but duec 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 will first respond to the positive

lons when positive lones get through the tungsten screen and arrive at
the detection region, and thus we have é well deTined migration distance
ifor the ions. The end effect of the detection of positive ions in the
detection region due to finite distance between the tungsten screen an
collector electrode can De 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 exciting light and the cdllector
electrode.

The construction of the cell for mobility measurcrment iz sSimilor Lo

that of the cell mentionsd in Sec. IIT. The neow elcctrode io o 201
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tungsten screen and the 2.0 X 5.5 cm collecior elgetrode L
by a guerd ring which ig¢ in the same plane as the collector electrode
ard is 1 mm eway from each side of the collector electrode. The out-
side dimension of the guard ring is 5.0 X 9.0 cn.

The fi1lling of the cell and the expoerimental procedure zre the same

as before. In the phase angle measurement, the phase shifter of the
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plate current and fefer nce signal was either nm or {(n + 1/2)%. These

Two cases glve maximum and zero reading ol the amplilier output, and

can also be identified easily and accurately by using the «..illoscope
to cbserve the wave form of the output of synchronous detector of
lock-~in amplifier. The readings of the vhase 5hift are taken from the
prase shifter of the lock-in amplifier and are converved into deprecs.
\ . s . L . + . t e me L
The monogtomic positive lons, Rb and Cs', were oroduccd by dirasct
: -+ +
protolonization and the diatomic molecule lons, R‘g and Cs,, were
o

roduced by photosensitized ionization. As was mentioned in See. IITL,

w3

e tates will

onization from low lying excited s

l""

notosensitized

ct

le}
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produce distomic molecule ions exclusively through rcaction (2). "o

produce diatomic ions we excited atoms into the (n + 3

the yield of molecule Zons from the sensitized ionization thruoiic

(n + 2P state, 1s consideradbly lower. Under our typical experiment

L

conditions, 0.1 mm Hg and 300°C, most of the excited wtoms collide wiih

normal atoms while still excited, and since mean life time oi spontuncous



radiasion of (n + 3)F
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cime of conversion from excited atoms into molecule long I1s

PRt

IRV AT . M o 2 .
chan 10 cec.  This 1o

ions in the cell, 1077

L . I r . LI IESURIE S IRV, - PRI TR A S,
1y, we can salcely congider the time of production

measurenents. Consegquentl
of molecule ions to be the same as the time of 1lluminetion of exciting

light.

B.

l. Vanor vressure.

Since there are reliable vapor pressure egurations Tor both
rubidium and cesium, the vapor pressure can be calculated from the
4

neasured temperature of the appendix tube. No attempt was made to

measure vapor pressure directly in our experiments.
The most reliable vipor pressure equation for cesium over a wide
, : L1 :
temperature range is derived by Kvater and Meister from the measurc-
ment of temperature dependence of optical denolty of resonance doublef

by the hook method. The ecuation is given as:

750
log P(Cs) = - 3%22-+ log T + 3.6572

3

Kvater and Melster's optical density measurement were carried out

- . o L == . . .
the temperature range from 336°K to 553°K, but since the boiling point

g

N

calculated from this equation, 9#1°K, agrees very well with the ecxpoeri-

e < b¢ o
Lo

mentally measured, oLz + 5°K, we can believe this equation 1z rclinble
1= 0 Lz

up to 943 XK. Taylor and Langmuir used a surface iforizsiion method and

carried out the vapor pressure measurement in the temperature rance

o " T~ Orr o = Wi T, . . . f [P
from 239X to Jlo°£ which is Jjust below the temperature range ol Hvuber

and Meisters. This experiment is believed to be the most reliabdle



measuvrenent in this

agree very well with the ¥vater and Meigter ecuation. Howeve

s J

will give a vapor pressure
27% lower than the expecte
Taylor and Langmuir made a
cannot be applied without

range.

The following vapor pr

Goldberg'L from the measur
range from 3%8°K to 553 °K.
log P = -
The extrapolation of this
results. At the boiling »

Hg, which very nearly coin

i RN T dmey T e 2 KR K A
cheir dote for licguid cesiwn (T 302

- 1.1 -~
R v
r their pro-

o~ i

of 565 mm Hg at the boiling point, which is
d 760 mn Hpg. This demonstrates that although
n accurate measurement, the proposed eguation

substantial error beyond their experimental

essure eguation for rubidium was derived by

ement of optical density in the temperature

611.4/T + log T + 3.6191k

e}

equation to boiling point also gives geod
soint (969.2°K) this equation gives P = 757.5 mm

. . _ s e v
cides with the expected pressure P = 700 rm Hg

and demonstrates the validity of this equation from 3L48°K fto the boiling

poing.

Vapor pressure of rub

equations are given in Fig.

hidium and cesium calculated from these

v-1.

olecu of rubidium and cesium in their

2. Fraction;of diatomic m
o

or

t'./)

Rubidium and cesium vapors are

The diatomic species have

mental results, which will

ecuilibrium constant Tor

ceniration of diatomic spe

inly composed of monatomic speciles.
be en estimated at no more than 1% of the

be given in V-C, we are going to consider the
ormation of diatomic

cies in the vapor as a funcition of itemperature.
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rotational and vibratiocanl constants given in Table V-1 were usced to
caelculate the thermodynamic functions for a rigid rotator with moment

N a2 46 N
of inertia, I, equal to n/[8m CB,(1-0./2)], ~ and symmetry pumber 2,
and Tor an independent harmonic oscillator with a fundamental frequency
of (aé—EXea%). Then corrections were made to include the effects of
rotational stretching, vibrational harmenicity and rotational-
vibrational interaction.

The results of tTheilr calculation of the equilibrium constants of
formation of Rb, and ng in the temperature range from 400 K to 700 K
are given in Téble V-2 and Table V-3. The fraction of diatomic molecules
under the pressures ol 10%, 50%, and 10C% of the saturated vapor
pressure have been calculated by using the equilibrium constants and

ate

}."
I
1o}
Q
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[

vapor pressurc equatilons given in B-1. These are also tabu

V-2 and V-3.
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ng N&Q X, Rbo s,
8 ~ N N D , - b
10 r,cm 2.072. j.0786 5.92% h.127 u.4o5
- -1 - s A nzq D - b
B, cm 0.67272  0.15471 0.05622 0.0;915 0.0127,
=1 c _ c
o _,em 0.00702  0.00078 0.000219 0.000058 0.000035
-1
w, , om 551.&55 159.2% 92.64 57.28 41,590
=1 d
x © 5 cm 2.592 0.726 0.55k 0.096 0.08005
-1 . ) - -
108D0,cm 986. 58. 4 8.% 1.5° 0.47"
lOBB,cm_l 283. 0.5 0.8 e -

a Values from Herzberg, except as noted.
b Estimated by a Badger®s rule extrapolation.

)1/2_1].

. 2
c Estimated from a=6B ~/w [(x « /B
e /Tett el e

o,

. Z 5 . .
Glven erroncously as C.90 by Herzberg; see Tsi-ze and 3an-Tsiang

Cusch.  [Phys. Rev. 52, 91 (1937): ibid ko, 218 (1935)].
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e T‘L’lese Va.lues are for De = DO - l/EB. Estimated fl"on’. D = l“BC)/CL) -
e e /7o



Tahle V-2.

T(°K) log Xi AN
= 5 ;}} 1.0% 50% 100%
NI T
) %0 S 2 A=k = ey -k - -3
koo 2.7%89 5. 4GXL0 1.12X10 5.60X3.0 1.312X10
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600 0.589 3,38 1.22%1077  6.10X10°
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-3 - -2
700 -0.0%2 0.929 2. 471070 1.2hx107°  2.47X00

iwn constants of formation of
3, and their fraction in the vapor.

ol °x s . Fraction of Cs under different-
N lOg Ki ik o A ; .
: / ng pressures (% of saturation)
= I o < el - -~
\ TR 2 10% 50% 100%
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o 2 Ar ) 2 e AT - A
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ions imto molecu

1. Conversion of

In the wmoasurement of the nmigration velocities of atomic ions of
rubidium and cesium in their parent vapors, the mobility apveared to
be constant over a substantial renge of ion lifetime. Bul when
time between productiilon and collection increased
of M+ increased. The time that these atomic ions migrated under con-
stant velocities after they were produced was found to be approximately
inversely proportional to the density of diatomic molecules in their
parent gases. This increase of migration velocity was not observed tor

the diatomic molecule-ilons.

Both the increase oI migration velocities and their dependence on

[P}
&
ct
O
-
(@)

the density of diatomic molecules strongly suggested that th

ion is converted into Tast moving molecule ilons through two body process

+
M o+ N - I+ M
M L’LD > 1\2 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-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 wus indi-
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 cstimated theoretically, as was mentioned boeioro.

| =

Since in alkall metnal vapos the diztomic molecules are in equilivwiwn

with the atoms, and under our experimental conditions the concentrziion



the density of diatomic zpecies is essentially notv alfected by the ion
molecule reaction.

If we assume the corncentration of atomic ions is Ed+]o when 1t 1s
produced at-time t = C, and 1f we consider the concentration of diatomic

molecules [M lis constant, we can integrate the equation

) <

aM =
1 = eprfpe)

1
|

into the following
1 = - K -
log ] k ﬁngb

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

4

From the measured tine, for 50% conversion and the knowledge

tl/2’
PQJ, the rate constant

log 7/2 _ log 2
[Mjul/e @%]tl/g

can be calculated. The calculated k and the experimental conditions are
given in Table V-L.

The rate constants of iwo-body lon-molecule reactions can be
estimated theoretically by finding a critical impact parameter bo such
that, the orbits b < bo collapse into the center of the force field,
until limited by repulsive forces. Using Tlangevin's classical formulation

k7
Gioumousis and Stevenson obtained the relation
2 1/2
e I
Ko= 27T ( )

The rate constants calculated from this eguation musit be regarded oo

411 of the lons
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temperature. Tor comparison of present data with the drift velocity

1
48

versus E/PO behavior predicited by Wannler, lines of slopc unity at
low E/P. and one-half. at high E/P. are shown in Fig. V.1 and 2. Wannier

pointed out that for the low-ficld case the dominant ion-atom interactilon

is either the polarizalion intecraction or resonance charge transfler
interaction. Accordingly collisions belween lon and atom are characterizoed

by a constant mean free time and lead to a drift velocity varying directly
with E/PO. For the high-field case the short-range repulsion and
resonance charge transfer becomes dominant, collisions are characterized
by a constant mean Tfree peth and lead to a drift velocity varying with
(5/p,) -2

esium ions in the range of

'_J
o,
l.__)
=
s
0
'3
0,
0

Our data show that both rubi
our measurement are in the range of transition from slope onc-half to one.-

Figures V.4 and 5 shows 2 plot of the corresponding normalized

419

mobility valucs Tne mobility uy refers to a gas density of 2.69 X 10

atoms/cc (equivalent to 7C0 Torr at 0°C). The zero-field mobility values

Tor the ions observed in the present study as determined from IMig. V-3

<1
e

+ -+
and 4+ are 0.20 cn/v.sec for Cz , 0.12 cn/v.sec for Cs, 0.20 cm/v.:

for Rb

1 ., an

interaction with parent

vboraction VIR
interoction V{R)
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shown by Dargarno, McDowell gnd Willisms 7 who found
u 55.9
o} In :
NCou
- N , L+ . N 2
Our zero TField mobility velues for b, and Cs, correspond to the
o [t
. e s 2L 5 . , =) [
polarizability of 54.0 X 10 e’ for cesiuwm atom and 59.0 X 10 cm
for rubidium at: . These are in good agreement with the known
e - . ) - -24 5 50 L
polarizability of cesium 42 ~ 52.5 X 10 cm and rubldaiwnm

2L 3 81 ) ., + .
cm .5 Cur wvelue of the normalized mobility of Cs, is

=

0 £5X 10

. =D .
: . P . . Je oL iq '
in good agreement with Chanin and Steen's, but the mobilit

considerably higher than their value of 0.075 cm/v-sec.
-+ + . L . . L ;
For Cs and Rb due to resonant charge exchange interaction, the
2 2
SERCE

normalized mobility is smaller than that of heavier diatomic molec
A

iorns. A% present, experimental valuecs of the charge trans

13

section are not available =zt the low energiles of interest in mobility
measurements. Thus in ovdeL to calculate the mobility, ithe nigh-ion-

ed down to low energies. This oxbtiru-~

ct

encergy data must be extrapola

volation involves several difficulties, arising from the error: in the
Pa ) D (&)

JHC enersy range over

(-l

high energy values as well as the magnitude of
[=] [ O

values. By using an approximate form of the charge-~cxchange ¢ross
j oy

e 5 A2
section, Sheldon

dava of Cs and subsequently calculated the correspoading mobilitics.

Q with relative lon-atom energy of th

which the extrapolation must be performed, and so does not offer relioble

has extrapolated Tour sets of independent cxperimental

atlon was perirormed assunming a veriation of thed cross ceciilon



0
— OO -

Using the same procedure, we cxirapolated the recent exporimental dois
PN Sh , . .
ol Marino et al. and colculoated the normalized mo Ty ol O

2
e /volt-sec.

Theoretically, resonant charge exchange cross sectilons can be

() O

terpolating in terms of thelr ionization

)

estimated by in
The ratio of re...ant charge exchange cross sections between Cs and Rb
thus estimated is about 1.2. 3By considering their masses, we can expect
the mobility ratio in the low-field limit to be about 1.5; this is in

good agreement with our ewxperimental results. TFrom the same consideration,

N - s + ; - y v - S
the mobility ratio between Xe and Cs would be about 4. The mobilit)

+ . , 2 i
of Xe in xenon is known to be 0.6 cnm” /volt sec. Our result of Cs

[=H

in cesium vapor will give a ratio of 5. It is a better agreement than

52

the result of Chanin et al. Their result gives a ratio of 8.
No comparison of the measured mobilities of Rb and Rbg in their

parent vapor can be made with other experimental result for there is no

such measurement reported so far.
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