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Tne vapors of potassium, rubidimn, and cesium havc been

photoionized vrith ligllt absorbed in the discrete region of the

atomic spectrum. The energy threshold for the ionization process

has been determined and the ions produced identified by rnob ility

measurements. The data give lovrer linlits for the dissociation

. + -r +
energles of K2 ) R'o

2
and CS

2
0 Each of these molecular ions has

a bond energy approxin~tely 50% greater than that of the corresponding

neutral molecule. In addition) lm,er limits for the electron

affinities of the alkali atoms and values for the mobilities of

+ + + +
Rb ) R0

2
) Cs and CS2 in their present vapor are given.



It h3..'3 long been

:.r:. 11\"I'!~O::):JC'l' :::Ol'J

of

can be photo ionized by the light that is absorbed in the discrete reGion

of the atomic spectrcJJl 3nd he.s enerGY less than t~le atomi.c ionization

eney/:;y.
3 r::

The very thorough inve stigo:'cions of ~1;ohleT a"d Boeck-ncr ,) on

cesiQ~ vapor showed that the ionization definitely involves the line

absorption by cesium atoms) that the rate of ionization is Ilroportional

to the first pOvrer of the ab sorbed light intensity) that the phenomenon

is independent of temperature, and apparently is not an aytifact of the

space-charge detector used to measure the ionization curyents. Furthcr-

more) they shovred that the pyessure dependence of the quantum yield

of ionization can be represented by the expression.

1
ep

n
..4. + .u

P

v~lere A and B are consta~ts) and P is the pressure of cesiQ~ vapor.

observations suggested that the mechanism of the ionization process is

Cs + hv -~ Cs,x.( Y'..P )

Cs* -) Cs + hv (1 \
~I

-'-

Cs'X- + Cs -> Cs' + e (2 )
2

It is clear that if' this analysis is correct) a measurement oi' [;1'.0

longest wave length at vr11ich reaction (2) occurs can be used to calcul:-J.te

a lower limit for the dissociation energy of Cs;. Accorcli~s' to I'-'lohJ.8r' 8..l'..cl

Boeckncr: sensitized ionization first occurs at 3833 A) \'l:2ic:l suCCc:sts

4-

the dissociation energy of CS2 is at least 0.7 eV. Simil8..T 8:--:pcrirnents
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l-:.
o~/ 1;'YeudcnlJ!2l"g' j~~~ldic~j.t(~ " !~i:~)'iF2v"c::.." -" th,3,t t l~e eli s soc ':.2-:"t ~O ~~ ,~; ~'>.:: :r'C:~," ~,' C

~.

t11.:lt the one elC;'ctron f)u:'1cL i:'l C:~~ is stror~[:er -c._'l~lrl t:1C t~:.~;) ,~~L\:c;t-:";~)r;

molecules was predicted in 1935
7 8

'tlork by Barrow and cowol'l\:ers') has been inteTpreted to mee.n th,:"t t:lC

diatomic molecule ions of lithillrn) sodium) and potassium 0.0 indeed have

Greater oo,ld energie s than the diatomic rr.olecule s.

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

photoionization at ener~ies less than the ionization energy:

-:f -'-
Cs + Cs ~ Cs' + Cs

If this 'trere the exclusive process) the difference betvrcen tbc

2,tomic ionization energ:{ and the appearance energy for io:-,8 would be a

lower limit for the electron affinity for cesium.

interpretation of the e:xperllTlents of Mohler and Boecl\.ner is in .sOl:-~C

Our purpose of this study is to reinvestigate

of cesiuJYl to resolve the disagreement in the earlier ,·rork) to identify

t ]-,12 ions formed) and to extend the se measurements to the other a1~~8.LL

r.:ctal vapors.

The special fei."..tures of collisions betvreen excited ato!ns and r.:ole-

cules are treated in general in Sec. II.

and the results of the study of photosensitized ionization of alkali

r:lolccule-ioDs are de scribed in Sec. III. In Sec.
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bonding of alkali nDJ_ccL,~Lc-ions is considered.

phenorncna of mo2.-ecule 2.l'":d atoinic ior:s of rubidium and cesiur....l i.s G:..v(~n

in , .-~ C' +
..L-.,h-..) V section.



mass, a "collisiO:1 n is ::.::l.id to taf..c: :'J.la,ce.

particular collision is to give the relative velocity v before the

collision and perpendicular distance '0 bet"een the center of the second

molecule and the line of the velocity v through the center 01~ the first.

We may call this a (v,b) collision. For 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 '.'lith

v and '0 for different transition processes. For statistical purpose~

we resort to an artifice which gives a convenient index nu:nber vrith

which to describe the statistical average over all value s of b. \-Ie

can calculate easily thE' total nurriber of collisions of relative velocity

v within a distance Q, ,;ay) denote it by Z(v, TIQ,2) dv and, by equ:~ting

this to the total nurabel' of collisions actually knO'drl by experiment to

produce the given process, evaluate TIQ,2, and call it "the effective

velocity cross-section for a given process". Like',\'ise, an "effce-Live

temperature cross-section for a given process" vlhich is usually denoted

by er and simply called "effective cross section" can be easily eva} uated

on the basis of the Naxvrellian distribution of velocities along the :Lincs

of classical kinetic theory. In this section the statistical index

'0 ,,~+' t . '. t· "" l' . +'
n~~ ers, el~ec lve CYOSS sec lon ) mean lIe of excited state!!) a~d

":rr.san time between collision" will be used to discuss the special fea~u:ces

of the collisions of excited atoms.
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A. Collision pyobebilities of
Exc i teet Atoms

+-' 2- tlrtime 0 lS' . In a collision process ',rhich is cl:.arac~cr::':'cd oy mean

The probability that the

time of collision T} th~ probability that the excited atone ',,rill not

have made a collision at time t is J-t/T.

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

dt
T

So the probability that an atom vrill collide in the time behreen t 3.nc:

t+dt while still in the excited state must be

= J-(T+T)t/TT dt
T

By integrating this eCluation from t=O to t= oo} \ve can obtain the 1)1'0-

bability th8.t an atom 'vrill collide while still excited as follm,ring:

p J
"OOe-(T+T) t/TTdt

. T
o

T

T+ T

T + T

[2- (T+T h/TT t
o

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

the collision process involving excited atoms. For exar~;)le) ill qt:C:1C},

collisions) the Quenching Q. is defined as the ratio of the i~'.tcr}.:itic s

of rCSO!l2.DCC radiation v.rith a.nd 'Vlithout foreign gas. Here} "colli::;iem"
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!;122.DS the i2}~cit8.tioL cLergy of an e.,torn is transf'erred to a rr.o1ecL~le 2..::.:

tL.8 co:nscQu.encc of t:1e enCOLLYlter of t}:-lC: excited atorrl 'dit11 tr1e Y:'iolccu.le.

Q

1
l+TZ

1., )

.l-+TjT

This is the farno1]s Stern-Volmer formula, vrhere Z = 1/1', the number o:f

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

a cross section·cr by

2ncr -----------
Z -J-' J2Tf l~T (~+~)

ii ra
l

r~

where n
l

is the number of molecules per unit volume and ml , m2 ay'e

the masses of molecule and excited atom.

B. T:,rpes of Collisions

P.mong the collision processes of excited atoms, there are rr.:lny

processes which are in com~on with normal atoll1S, such as upward cxcita-

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

considering those processes which are specific to excited atoms.

According to the consequences of the collisions of the excited

atom, the collisions bet'tleen excited atoms and molecules can be divided

into bro groups: physic::'.l and chemical Quenching processes.

first group we h3.ve U:e following:

1.. P~oton enlission--li~c ;:01'o2.dening ..

In tr~c

Tne press1]re dependent line broadening is the consequence of the

collision of excited atoms. T:le line broadening clue to tb.c j.nt8:.:u,c\~ion
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with atomic p~:,'~ticles m~y be considered to arise fro~ the followi}~C

cause. Elastic scat'tering of the ato!~s bot~ befoTc, aft~r) a~d dUYir!c

different.

with the scattering process, so that, as with the Fra~ck-Col~don p!"inciplc

in diatomic molecules) the Tadiative transition is nearly vertical.

Since the bra interaction potentials are "not parallel") cc clistriln;.Jcion

of vertical transition energies "I{ill be found; this implic~; a dis-

tribution of radiated frequencies.

Excited atoms in i112tastable states for '",hich d).pole rcdiation

is forbidden have very long mean life times (inveTse of tra!lsitioY'

probability)) approximately 10-3 -1 sec, or nearly 105 - 10
8

tLTles

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

atively pass to lL
g

tion is not possible) a TIletastable atom may radiate during 9. collisiOD

""lith another atom) provicled that a suitable state of the quasi-molecule

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

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

is not an effective process of the destruction of mete.stable states.

For He 2
1

S in collision with ground state He atoms) the appropriate

quasi-molecule states are 2
12: and 2

12: , of 'tlhich the latter can rCLdi-
u g

9 1Burhop and Marriott) using the 2 S cround-state

potential energy curves calculated by Buckingha'11 and Dalgarno
lO

c;cllcula-

ted a mean quenching cross section of 0 = O.9X10-25 cm
2

at 300 o K.

very low value is due to the b-("L'{"rier vlhich 3.pl)ears in tlicse l)otcnt~':Jl

el'ergy curves) but even if t~is "I-tas absent the me2.n cross section Ho\.'ld
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re:':lsoninc;,

:~ior: of the fj.yst t:ind) ts.l{~c place in El.n asselnb19.Ge of ator:::=: :~~nci.

electrons) inverse processes Y(lUSt also take IJlace) n~-iJncly.. col1i.sion::~

betvleen excited atoms and electrons in which the excita'cion energy

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

call such coll:Lsions "collisions of the second Jdnd".

:pression "collision oj' the second kind!l is generally used in a [l:ucl,

broader sense) including all collision processes in \-Ihich the fo:'-lov:-

ing conditions are fulfilled. 12

(a) One of the colliding particles is either an excited atom (~nct:·,-

stable or otherwise) or an ion.

(b) The other collidjng particle is either an electron) a no:!.'r:;c:tl Cltor:1

or a normal molecule.

(c) During the collic:ion) either all or a part of the excitation of

particle (a) is transferred to (b).

Collisions of thE' second l\:.ind play an important role in the pro-

cesses of energy exchc:.nge between atoms and molecules.

titie s of foreign gases are added to the vapor of meJ:cury or socLi.~:;~i)

and the sodiwn or Hg photoexcited) a reduction of the intensity 0::'

resonance fluroescence will always be observed. pb.eno;;~eno~ is

called the Q.uenching of the fluore scence) and is due to ti:e fol~_o'::i!;'.';

cause s. During the collision ~\Titll atolTIS ·or rn.oleculcs of foYciC0. c~:.~~e::;.'

the excited yn8rcury or sodiwn atorn.s tyanst·el... their e:>:citatio~ cncrg~r



}.s In II-l,

Tcs~lts of O~.

quenching efficiency,

efficiencies.

aj,r) co,

The det2_iled theorEticed anci experimental studies of these anci

similar phenomena leaci to the following important results. The pro-

bability of transfer of excitation energy into kinetic energy of co:l.li-

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

atoms or molecules to the energy of the excited atom) the lE~rger tr.c

probability of transfer of energy by a collision of the SCCOl1d };:incl.

From the se reasons, the rare gase s have only small effic iency in t:10

quenching of resonance j~uorescence of mercury since the excitation

energy of He(63Pl) is kno'tln to be 4.9 eV) but the Im'rest excitation

energy of helium is about 20 eV. From the same reaS021S 'we can uncleI':"

stand ,;rhy molecules ahmys have larger quenching efficiency than ,:c:.toms.

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

electronic excitation) anci there are relatively fe','[ case s in ,"hich

uifferent atoms have ve]'y close energy levels. On the contrary) i'or

molecules, besides elec-:;Yonic energy levels, there are vibratiom"::. ,"J.nd

rotational energy level:,) and the multiplicity of energy levels i::; rnucn

larger. The especially high quenching efficiency of }~ can oe exp~La:i.necl

by the following f2.CtS.

the

is

so
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Cc~Yl 8,CCf2pt the energ:r ~'l}lich is larger thcln its dissoci,:ltior~ enercy

',.,rith 18.yge pTobc~,b~litY4

the mixture of I~ and m(~rcury vapor was illuminated by the rc so::ance

line of mercury.

If we experimentaL~y determine the pressure dependence of' quer:cliinc;)

"ltre can calculate the ef':Cective cross-section of energy tl"ansfer durinG

a collision of the second kind as Has sh01,;n above. TIlcse calcul~tions

lee.d to the follO'tling r(~m'?xkable conclusions. Generally speaking) the

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

times larger than a gas kinetic cross section (which is usually

determined by the phenonena of diffusion) viscosity) etc.). Espcci~:lJly

if there is a resonance oet"ltreen the energy of the excited atom b.ne!. the

excitation energy (in c:i:treme case s) dissociation energy and ioniL::xtion

energy)) we can ah{ays c'ind a sharp increase in the cro s s se ct ion. In

the above example of qUE:r:ching of fluore scence of mercury vapors) the

effective quenching cro:;s section of air is 1. 8 times the Gas Jcinct::.c

cross section) and that of H
2

is 5.5 times the kinetic cross section.

Resonance phenorr,erm in collisions of the second kind can be s:lo'vrn

T:I1CY '.,ere able to sho'" that) other things being

clearly from the experiuent of "sensitized fluorescence" conducted by

11+
and Jose:phy.--Beutler

equal) the :process was Y;lost :probably for the smallest energy defect.

The excitation of nmnerous :Na levels by Hg (63pl) and to a lesser 8:·:tcr!:'

in Ftg. II-2. mnong those excited states ai' a sodiucn

2
atom lying beb,een 103 cend 113 Kcal/mole ( D5/

2
;3/

2
states \-lith :princ:i.plc
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Fig. 11-2 Intensity of emission) divided ~y ~r8Quency ~~d statistical
weight) in arbitrary \L~its} for levels of Na excited by merc~~y 63P1
and 63P

O
) as a f\L~ction of energy of the Na l0vel.
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l'~';ltare of t!::e coll~sion i.;;; app3.I'cnt.

If the excitation energy of the excited atom is hi~~r than ~he

ionization potential of the colliding particle, the transfer of energy

rr,ay cause the ionization. This is called Penning ionL~;cction 2.nd 'dill

be discussed with other ion producing processes later.

In the chemical Cl1JCnching processes He have the follu\<ring:

(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'or Hlctast2.b 1(~

ator:1s, collision-induce:i radiation can be relatively unlil::.cJ.y, and tho

molecule formation process has been invol~ed to eA'1l1ain hiGh-pl'es.':~urc,

deactivation of He (21
8) in heli~~. The three-body combil;cction I)Toce:3s

for He (238) in collision \-lith tVTO ground state heliwy: atoms ho.s uccn

reported by Phelps/5 who observed the resulting He2()32~:). 'T';,:L:; ::lo1ccule

has a lifetime of at least 0.05 sec.

(4) Molecule ion formation.

(5) Electron transfer - ion pair production.

: l~) and (5) are the two-bOdy processes which are found :ccsponsib.lc :i'o,'

the ion prodl:"_"~ion of the present study of the photosensitized ior:Lz~ltion

oi' alkali metal vapors.

zation Hill be describei in the next paragraph.
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Pe~n iO!liz2tion: X -1- Y +)C+V +e

i·-'·",··
_"'"A_ '.',,'

portant role of this l)l'OCC:SS in ionization pt:.enorn.cna i.l'l [;U::":COl~S ~-:1:~=':-

tures has been know,.'l for a long time) the l;;:no'.:ledge of' t>8se processes

is so far very limited.

l\eCe,ltly many experiments have been carried out on Pen;'ling ioni:::,a-

tion) L,cluding the single collision beam experiment by l":u.sch.l:i..tz :Ll'C~

S' l' J' 16no 1-e (,-ce. O 1 " r,) Cn y ne c'. 0.,

1 :'
2-S He ':;p a.re involved in all of

periments. Prom these expel'imental results) comparison 1:1aY be m::lc'~e

betvleen the Penning ionization and the momentUJil transfer cross sec ~;;~O;l

erd) usually W11movffi experimentally) but calculable.

erp / ad ~ 0.2) a factor comparable vIi th the electron ejection coe1':':;.c ierlt

s) for metastables incjdent upon metal surfaces.

O oP r< Tr.'oy 'De ,<',-'-Vi -1j·r·.,a+ec" ~--'.'lns.J. v p ' .cc ' _ v ~_

Orders of maS11j_~ud.c

A similar process of collision between excited atoms,

.x- ·x- +
X + X -) X + X + e) has a higher cross section) which is of the

-14 2 17
order of 10 em.'

The importance of the Penning ionization in gas discharges cox'. be

shown from the analysic, of a binary mixture 01~ helium and 3.rgon by ':3iond.i.

If 'tIe start '\vith pure [.eliwn at a given discharge current and nC(31ect

the effect of collisior:s bebveen excited atoms) the discharge Cl,}'J'<2rl-:'; lS

the result of direct ~onization~

..L.

He e + kinetic energy ~ He' + 2e
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of 25 eV.

If) however)

ta1-:.e place:

sorn!3 2.rgon is introduced, Pe!1ning .'~"""J

-x-
He + e + k. c. -) He (rr.etastable) + e

E, 'i· (rr;etastable) + A -> Ire + A+ + e

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

produce a heli~~ metastable) or ~ 20 eV. Tnus for a given degree 01'

ionization (discharge current) a smaller discharge voltage is required

when argon atoms are pl'esen'G.

Hith pure heli~~) in order to maintain the discharge cUrl'ent there

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

of the'distribution to create heli~~ ions and electrons. Hm'/ever)

with argon present) the same rate of ionization can be maintained by

electrons "Thich have aLly enough energy to create metastc1ble helium

atoms. As a result the electron dist:~:ibution is substantially cJ.ltel'cd

over the energy range -in which the excited levels of he1im1 lie.

Thus) as argon is added to helium the helium lines emitted decre:",se

markedly as a result of the downward shift in the tail of the electl'Otl

distribution. The net result is that the argon/h8liu.."l1 ratio inl'c':l'rc,i

from the ratio of chara.cteristic line intensities is J-:1uch greater Lr,.".:l

the true argon/he1i1..:.."l1 ratio.

2. Molecula.r ion forffistion.

The forIn3.tion of nlolecular ion :aT

in a reaction
-x·

X _L..- -
+Y -} A{
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and ~,~~lUS stabil~zes thE": rnoJ c-:cuJ...'3Y" iO!l ).:y' .

t,~on of the fOYInation of rnoleculs.y ions of noble gLtSeS in a Tn·'J,SS S!J!2C-

trometer in 1951. The proper explanation of this ionization process

18
was in fact given as early as in 1928 by Franc}::) and '\'las verified by

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

As is true for other elementary reactions occurrj:nt:" in highly

energized systems) our knovlledge of this process is still very limited.

Full LLYlderstanding is requi:::'ed by recent developrr.ents of radiatio!1

chemistry) gaseous electronics) plasma physics) and reaction 1\.in'2';ics

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

Precise measuremerct of the appearance potential of each of the

molecular ions produced is one of the most important things in tl:l~ study

of this process. The studies of this process have been concentr:1.ted on

noble gases so far) but the information obtained is only lir~,ited;~o the

appearance potentials. Tne appearance potentials of ..six independcn':;

studies of homonuclear and heteronuclear molecular ions of noble gases

are listed in Table 11-1.

All of the e·xperirr.ents in Table 11-1 ,,,ere carried out in a In.-etc::::;

spectrometer. In the first five colu..'T'~'1s) the measured appeara,,-ce

potentials are involved \-lith uncertainty of errors of 0.1 01/ o~' :'101'('.'

"hicn is related to the energy spread of electron beam. In t~1e l~·~::: t,

colurnn the appeELra~ce potentials were measured by using
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TClolc~ II-.l-. "iCC Potent~~.'~Ll of ?·C~18c:.Jl:-:,T I(J~1S

0:"' 1\~obJc Cases

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

Ions

-1-
1-Te". 2

+
Ne2

+
1'l:r

2

+
Kr

2

+
Xe2

+
HeNe

+
He A

+
He K

+
Ne AI'

+
Ne Kr

+
Ne Xe

+
AI' Kr

T

AI' Xe
+

Kr Xe

1.

23. J8+0.2
~0·7

20.86+0.)
-0·7

15·05+0.2
~0·7

13.23+0.)
-0·7

2.

J1. 7

).

2).4

13·2

11. 6

22.6

13·5

12.2

-'-.t..

23·)±O.1

l4.7±0.1

13.0±0.1

1'1. 2±O.1

23. L'±O.l

I7.9i:0.3

19·9±0.1

16.8±0.1

16.6±0.1

16.0±0.3

1L~. 0±0.1

13·5±0.1

12.3±0.1

13·20±0.02

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

2. F. H. Field) J. L. Fr3.nl,"lin) Symposium on Mass Spectrometry) Oxford
1961.

3. V. W. Kaul) R. Taubert) Z. Naturforsch. I7a) 88-89 (19 62 ).

4. F. J. Comes) Z. Naturforsch. 17a) 1032-33 (1962).

C/{
-)

L. Fran.1{lin) F. H. Field) J. Phys.). M. S. B. Munson) J.
(lg63).

6. C. E. Melton) N. H. Hamill) J. Chern. Phys. 41) 1471 (1964).



1")otc11tial method.

r::olt2culaT ions.

selection, electrostatic clectron energ~r selc:ctor- J 0::'-' t:-~c ~:'ct:~ti-'ciing

p~1ccise lY:easurements. In colu~nn l~, the appe2.r8.nce

23.08 eV, is not the datum of direct measurement. Carnes! mcasurerYlcnt

gave 23.1±O.3 eV. There are six excit(C:d states of heliwn ly:Lng v,'ithin

his experimental error.

"n •

l.jY COlnpal""l.son

+of the curve form of the He
2

ion current as a function of volt~"ge ,·lith

the known excitation function of He, Comes excludec. all three sinGlet.s.

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

excitation, he concluded that 33p is responsible for the appcan"nce of

In those heteronuclcar ions, appearance potentials arc higher than

the ionization potenti~ls of one of the atoms.

tile molecular ion' fonna.tion process may effectively compete 'Ilith IJ<2nninc;

ionization.

More information about the nature of this proce ss and che:11ic3.1 bonding

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

electrons were mC~$urcd.

t '+-' b 20repor ea vO nave een co~~enced.

Molecular ion formation processes IJlay ffi9.ny importa:lt roles in ::1. h;_grLi_~r

energized system.

rr.aximtLvr~ appeared close to tl:e t~'1:rt2sholdlon the o~ptic~l c:·~citation fur:c-(;j.()r~:-_:

of sornl~ lines of hel~u~.. lcrypton,
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??
~Ttlrth(~T st'Jdy of BoC;d:3,:iO-.r::3, cl1';d I::':J(;~..}:ova·-'- disco'icrcd th.~-~~. :'::'l'-=:; DTO\~('[):~

, . ,
~.'ln=-cn

Since dissocii.."ltiv8 r8COI:1oi:-l::ltio!1 lc~3-d.s tC) tl1C

selective excitation of cLtoms) the additiol1s.1 Yi'..8.Xiln:..Lr:1 is r;.o~ observed or~

the optical excitation furl.ctions of ,3.11 the heliul:J. lines. 'I':lC role of

"mpur" ty (l-T V,~1-.1, .L "'2' lV', Hg) is secondary, as was confj_rmed by direct

measurements-it leads to tl1e appearance of slow electrons that facilitate

the dissoci8.tive recombirlCltion.

This process is one of tlle pr-Clctical methods to determine the Imrer

bound of dissociation energy of some of the molecular ions .. since Uk

lower bOQDd of the dissociation energy of molecular ion is related to

the difference between the ionization potential of the atoDl. and the

appearance potential of the molecular ion.

'dill be found in Sec. III.

3. ~lectron transfer--ion nair production.

ox
Tne laD pair production processes, X

The det2.iled energy cycles

+-
y ~ X + Y-, are usually

ob.served in collisions betv12cn atoms of high kinetic energy. Sinct: tl1C

lowest ionization potential of the atom of a naturally occurring clement,

3·893 eV for Cs, is higher than the highest electron affinity of a l!orm'oll

atom, 3.7 eV for el, electron transfer from normal atom to ~1cutraJ. a:.0;:)

C8.nllot be expected in the collision processes of thern~al CclCl'gy.

In the collisions of excited atoms, electron transfcr ~s cnergctic~lJy

possible if tlie differenc'2 bet~'leen the iO!1ization potential a.nd c-xc i t:.J.t.;~~on

energy of the atoT;l is smaller tllan t11e electron affinity of tl'~e colJj..:-;io;~
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1)7

~'<(;Cently") I':C.L ~,C~·l ~:-~Cl :-:::.~.r;!.i.l-l(:- ,,) 2."'~~~j()·~"ted eX}!'=: l-'i:;:·:.;nt,~",l s ~.,-:,~:i.\,- 0':

tctrac!1J.oride to proclur:c C!

Coulomb intcr8.cti011 C.iSt.Ol~ts the potcn~i2"l ener'gy curves in su.ch tJ, 1'[::'Ljr

the,t the pseudo-crossovEr occurs at a suit::cble and calculable ymclet:tr

separation, the cross sIC'etion can be calculated for the simple syster:ls

2~
by application of the IJ3,ndau-Zener formula.

Theoretical calcule.tion of the reverse processes, recombination

of positive a ;1egativE: ions, have been carried out on 11 , H by

25Bates and Le,{is, and
~ ?6

en " , Li' by nates and Boyd.~ 'The experirn\~11tal

studj.es of U::ese collisions Hill give the most rigid test of the pseuclo-

crossover theory. TI~e c·nly rate coefficients that have been measured in

tl1C laboratory are those fOl' iodine and for bromine ions.

In our experimer,ts, electron transfer processes are observed 1'l'0;'[1.

highly excited potassium, rubidiuIn, and eesium atoms to nor:-l:al pot'ls,,;iuJJ1.,

Y'ubidium, and cesium atoms. 171yom the difference bet"T",reen the iOlliz:.:,-tioYl

potential and Im,rest excitation energy 'tThich is necessal'Y to underGO

an ion pair production process, the lO'd~r bOemds OI~ the electron a:ffini ty

of potassin~, rubidium, and cesium were estimated.
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A.

of production of excited species by resone.r1CC [;,8::--::or.ptior~, c2.nl~ the J.:ltte~

is always limited by the inte:1sity of effective li,::;bt ,·r:-:lic:l can DC 00-

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

The block diagra'11 of the aPIJaratus is c.;i ven in Fig. 111-1. The

photoionizat ion experiments were cilxried out in a quartz cell ".-Thich con-

tained platinum parallel plate electrodes of 3 X 15 crn dimen:3ion sep.s.-

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

chopper, a Eilger D285 monochromator, and a collimatinG lens and slit

system. The parallel li.3ht beam of 0.2 X 1 cm cross secJcion passed. be-

tween the parallel plate electrodes and onto a photomultiplier used to

monitor the light intensity. Care wcC.s taken to prevent scattered light

or photoexcited atoms from striking the electrodes. In virtually all

experime:1ts the slit-wid~h of the monochromator was 0.1 mIT., vrhich cave

a band pass Ol~ 10 A or less throughout the spectral region ir:vestigatcd.

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

controlled by the temperature of the appendix tUbe, vhich '.-las heatcd. by

a separate oven controlled by a thermister and a proportiomLl control

amplifier, and the ionization c'ell was maintained at Do tC';::rJCr~lturC'

least 50°C higher than the condensation ten:peraturc: of the va:;"Jol'.

In the cell containing alkali netal vapor, because tllC electrodes

are al"ti'lays covered 1-ritb 2dsoroed alkali metal, t"tCYC' ',·las 8. Sl1ost~lnt.Lc~l

thermionic electron emission. In a new cell this ther~al electron

current amou~ted to 10-9 for ces i'l:.r:l,
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Fige 111-1 Schematic Diagram of the Expc::-imcntal l.::-:.~an.s;cn:cnt.
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iO:1iz8.tio~ current oi' J..C-~(.: -t,o ~O---) ,'::_~-::~)., t:-'~t: l:?-7,t,'2r 1,,:~:~:~ Cl('~-,CC-~~(;;~~

by a Princeton Applied R~s0urch 1.oclc-i_D ~~pl~.:~icr.

In pr~liminary experiments, in order to measure the photoioniz~tion

current directly by usinc; a vibrating-reed. electrometer, an :J.ttempt \olas

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 fror:1 the grid. itself, ..ole ',lere not able to r'2duce the

background current to the order of the magnitude of photoionization

current.

B. Construction and Filling of the Cell

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

x 16 em long quartz tube. Both ends were sealed with 1/16 inch optical

quartz plates as the windov;s of the cell. ·A side arm of 12 r.lnl o.d.. ,,'as

connected to the main ch3.mbcr. The length of the s ide arm ,,'as 22 em

from the center of the chEtrr:ber. Besides the electrodes, the only non-

quartz parts vere the four l'Cove.r-c;lass seals of the electrod.e leads.

Tvo 3 X 15 em platinll..'1l sheets vith a thickness of 0.005 inch ',olere

mounted to nickel frames and each of the latter vras supported by tHO

0.060 inch Kovar rods. 3efore the assenililage, these electrodes were

heated in the hydrogen oven at a temperature of lOOaoC. This treatment

markedly reduced the the~~al em~SSiO!l of electrons from the clect!"ode

surfaces fu'1Q. \vas essenti:3-1 to the suppression of s:PQce ch:'::lyY'CC: cff\;cts

and improve~e~t of si0~~1 to noise ratio. IP.1mcdi2.tel~l oc:fo1"('; filJ.inC,

the reaction cell was p~ep~~cd by evacuatio~ to less tha~
-610 to:rr [:.Del
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~he'side view of tl~~ ceJ.l and ·the fiJ...l.in[; syste[~, is :i.n n'
1'1[: .

1II-2.

The potassium, rubidium and cesium use<i in this research ',.,rere 0'0-

tained fro~rl commercial Sl.11)~)liers and hE'.d a lJUri ty of 99 .

. c. l,:i.ght SOl~rce

A 500 'tfatt Super Pressure OsrQ.'TI lamp ,..ra:3 used in most 0.£' tile cxperi-

lilents. It is similar to General Electric .i'J~-6, operated at 100 atDl ci and

gives a continuous spect:r'um rangir,g from visible down to 2900 A accom-

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

lamp is concentrated in the very small volume of a sphere of 0.5 cm diu-

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

than froFl a 1000 watt .l\.E-6.

In order to study the threshol<i of photosensitized ionization, we

prepare<i ;:;lectrodeless microwave discharge lamps of rubidiu:~, [end ccsiwn.

~hey consisted of a 10 mm o.d. X 10 em quartz tube with een end wincim·[

containinG alkali metal and }:.rypton. The enhancing effect of the ~mission

of resonance lines from alkali metal vapor by introduction of noble: [;:J.S

lS "~'ll """o"n 27we ........ 1\-........ J.. Before introducing alkali metal the; quartz

tube was cleane<i by repeatc<i <iischarge with fresh krypton

t,heL thoroughly evacuated 811d bal~ed out. The most sa~isfuctclry rcsult~

\-rere observed bet~t!een 1.5 nml rIg to 2.0 rnIH E[;. The 12~ps were 11~;ually
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~ig.I!I-2 Side view of the photoioni~ation cell
and alkali met~l filling syst~m.
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A sim.iIar elec:trodcle:::s He lamp "ras used to excite the Cs ato;;) i.rito

the 8Pl/2 state) since i,he strong helium Ii.ne 3888.6A coincides 'diU:

one oJ' t11e doublet corr':Dorle:nts of' the third rr.elnber of t~ne princip(l~L scr:l.(~ s

in cesiu;f!., 3283.6:\

it gives a strong excit~ng line exhibiting no self-reversal.

D. Id.e~n.ti.f:i.c("Lti_or~ of Different IO!ls

In ol'c1er to obtcLi::l ini'ormatio::l .:;,bout the na,ture of the sensitized

ionization process) it ~s ne2essary to identify the collected ions.

\\Je attempted to identi:C~r tL-:e ions produced photolytically by Use 01' 2.

ru..diofreqller;.cy IJ~ass spec:t=c'on:eter-. This eXIJer iment failed) hO':leveT.'

because of the copiolcs :L'ield em.ission of electrons from the spectco:::eter

electrodes. A more convenient 'JCJ.y to
+ -"1-

distinguish betwee~ Cs~ and Cs
c:

faY exarnple) is by meaS1Ll'(:::?YlC::1t of t~e lfiobilities of the photo-ion~;.

According to
28

the recent l\'Oy'l;: of Chanin and Steen) - the mobilitie:3 oi'

+ +
CS

2
and Cs in CeSiUI.1 VaClOl' are 0.21 and 0.075 em/VOlt-sec respectively

, .,
G,t a density of 2. 69 XlO

J
·)' atoms/cc. The mobility of the atomic ::.on C'" 'is

collisions in the p:",reni: v'CTJor. Conseque~t~y) reaction (2)
-:<.

[Ivl +1'-1 should
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exciting light and the collected plate current.

At a cesium pressure of' 0.1 torr) a temperature of 300°C) and a

field st:::'ength of 7 vOlts/clil, tne migration velocity of "(,;:<':: ion,~ cLre

The i.nterpretation of the phase shift in terms of absolc:te !'::.obil:~'~ics

is difficult, hm.,rever, because of the presence 0:' tl,e s}Jacc-ch::c:!'Cc

li.':lited thermal emission from the negative plate. !J.ny pO:3itive i.ons

produced in the gas ne'J.tralize some of the space ch::lrge during the ir

Jnigration to the colle,:;ting electrode and cause an increa.sed elc ',' Leon

Cl~Trent vrhich amplifies the ion signal and reduces the 2.]Jfnrent 1:';-lc1.c,'2

2.ngle betvreen the exciting light and the ion current.

!i128.S'.:recl phase angle b,=tvreen the exciting light and cU::''Ycnt ahlays

corre sponds to an ao so lute mob ility that is too 5;:13.11 by some w';,:r.o"m

factor that depends on space charge ..co..p ,e.L..l.ecl:.s.

From highly excit'o;d states) it is Quite probable that the bra

reactions (2) and (3) compete. Consequently the collecteci ion c1.i!'l'l!nt

eight be the corrrposition of two signals with diffel'ent phase shi:t'i;s.

In order to prevent tho; cancellation of amplitude and to }'.cep:"- :3:r:,~)lc

relation betHeen the CJ1:"position and the phase shift of the co;::po::it,e

signal) care ",'as tal-:en to carry out tile experirner1ts ur:.deT conditior..s s'ltch
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to discrete lines in the principal series absorption (ns-mp, /? 0;/0)
........ _)./ l-

0:::"

the atom. More lines could be resolved by using a s;naller slit-Hidtil

in the monochromator. :Fol' each of the alkali metal varors., the ,;onsi ~;i:·.(;cl

ionization thy'eshold corresponded to the excitation O f' +-~,r-I(:' (Y' -!-..~) )1')
_ '-'.1- ..... _ \~ ... '_;

state) ':There n is the JlrincipD.l quantum nurnber 0:1:' the valence 010C:2'0;,

in the ground state of the atom. TIle vravelengths at the sens:i.ti~:ccl

ionization thre shold) the corresponding energie s) the true ion i.:;:.';' ion

energies of the atorrlS) and the difference betvreen atomic ioni::.:"L :()~l

energies 8.nd. sensi tizecL ionization threshold energies) C... re swn.'c,:;.,~":I ~-.:ed

in Ta'tJle III-I.

Our data confirm the results of Mohler and BoeckDer th:.1.t t11e i.lll'C:.::i101Li

vJavelength for cesh.'-ill is 3838 A. He vrere unable to detect acy ioniz:J.tior:

produced by absorption of the ~555 A line of Cs) in contrast to Frcudcn-

berg. From the folloVli.ng cyclic relations) it is obvious tllctt the

difference between the atomic ionization potential and the sensitizcd

ionization threshold ,dll give us the lOHeY' limits for either t;-:c bo~,d.

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

ing on the mech,~nisTn of reaction of U,-e excited species) sine>:,: ::.~or

reaction (2)
-x· .;+

[1','1 +]v1 -> ?"~rl' +8 J and (3) [?vi +.ivl -)
c.

larger than or approxiniately eqllal to zero, and at the t11reshold t}1e
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(ll:orn~LC·, ic ~l~ ZJ.', ~~ ~O ~~l C ~ ~e _.~. ~~ ~~c: ;:; :.~;"~d t :-, C; (.1 ::. <L ~:~\~ ;'c::. C l~

b·~ t, :../(; e n .'j, to!:~ ..j. c: i ,:j n ~_ ~" :::.~~, i 0 ~~~ e ~.: c::..' ,:..-~.: _-.; .',:, :.: :-: ::;. ;'; ~~' ~-: ::.~ .~ L :!_ :.~e:: ci
j.,)::~:_:,'::.':,·~..:_~on t~12'>c;~':~·:,-)1'~;. C~':,:'~~.·' _.(;:~ ():~ ~'i()-~~'_'.·' :,~_:~l.::-'-:.'

Chemi-ionization threshold, A

Threshold energy, eV

Atomic ionization e~ergy) eV

Difference) eV

5· 59

l~~) C ~"?

-z CO-I 3389./ ....J/ ......

3· )+5 ). IG
-'

)f. 13 5. 3)

o. 73 o. 70

proceed in the fonrard reaction is noted on the s ide of the arrO'J.

Energy of
excitation)

hv

7:-
M + M

M +- X

------->

------->

ioniz:.:,tion
energy

+}/2 + e

1+
~'l -f- M

Dissociation
energy of
Yrlolecule - io~-~

+ e

Energy of
excitation,

hv

-:<-
1'<1 + M

/1
I

M +- M

------>

-------->
Atomic
ionization
energy

,+ + M:]\1

I
0 +

M + 1'<1 + e

Electron affinIty
of ~l.,to1"n

Our data Sh01'l that t11e bond e:lergy of tl1e TY:olecuJ..e ion. or t~le CJ..0C~~;'!Jn

a:ffiYlity of the atom i3 ac; .least 0.75, 0.73, 0.70 elf fo:!.' lXJL'"";,,h:_I;lJ
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the c:xci ting yc-;.diation d·Je s ~)l"ovicle inf~OTrnation about the rl.J.tUI'C O~" .JC~lS'

sC';1sitized ionization PY')C0SS, even thougrl 2.bsoll1te mobilities a~'c not

determj.ned at this st:tge. Figure 111-3 shows that the phase angle beb:recy,

the light and the collected current is the same faY' the tlu'ee lo\olcY'

a"Oosorption lines of Cs. Thereafter the phase angle increases

Sllccessivel:y l1ighcI' states ar'e excited) ar:.d rec"ches a constcl~1t n~.:}_xinn.u;~

at the series limit and beyonc.. Since the measured phase 2,nele co:c:cc-··

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

to tl1e mobility of the ion) one interpretation of these ccat:,,, is ~~h:.l.t cx-

citations to the states belm-l 12P lead predominately to moleculc'.r ions)

uJd ttat states above 12P le,'ld to increasing amOl:.nts of positive c!.:'1d

ne~ative atomic ions via process (3). If this interpretatiQ!l is ~cccpted)

data +
show the bond energy of CS

2 is

;cot hicllcr than 1.15 eV) and the appearance of atomic ions :j.,t }2P

in.d.icate s the elec:tron aff'inity of cesiwn least o.
7-

It should be noted that Mohler and Boec}"ncr) "Here able to r:",':'~S".E·C:

OT) the product of the collision cross section for ionization and the

lil~c:timc of the excited states of the cesiwn atom) as a l'ullCtio:l 0:['

excitation energy. They found 0, is constant for state s lcI! ~o ::1::2 ar:d

·~her. i::;,cI'eases at)Tllptl~r for hi.gher states~
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of photocxcitation cncr'r;y for the cesit!m system.

EA~crimcntal conditions: 6.67 volts/em, 339 C, O.15~~

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

phase could not be measured.
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of tilC 0:

III-4. i'irst foul"

a. high-mob Hity ioy.) in this J~~{cit:~tiO~j~~ to

states f;,bove lOP lead tc ions of lo':!c::c' mobioity in an ar:::our.t t:·,::1.""; in-

creases with excitation er.ergy.
.,.

The bond e"erc:y of Hb2 is tllU~3 b.l:, lCc'cst

0.73 eV) bu'~ probccoly not hi.gher th:J.. l1 L 21 eV) and the electron :c:cC'::·in.Lty

of :Eb is at least 0.20 eV.

The mobility expeyir~"ents we:ce repeated using pot::.ssiur:l vapo::c') cud

the data collected are shown in Fig. 111-5.

tiJ.ity of potassium) it 'Nas nccessi"lry to use r.lodc:r:::.tcly high "tCl':~),·:,·:tl,Llrcs

(390 C C) in the ioniz8.tion celL . At these temperat1.1rcs) t:1C ,,·!indo',,::] uf

tlj,C cell tended ~o discolor) and this in turn rc~cltlCCG ~,:~<.; li[~ht i:·;

and made the rrrcasurer:::ent s difficult.

to meaSllYC: the p11ase ::tDc-1e associated vrith e)ccit2.tions nca~~' to and :~1)ovc

the ionization limit.

the mobility decreases &s the excitation enerGY iDcrcc:scs.

plateau of constant mobility for the 10\"121' stc:tcs., 8.3 'd·s,s obse:~'vfc:d 1\.'1'

l'ubidi1.lIYl and cesimn. Thi_s sL:.ggests that in Dot.9.ssiu...r:1 "<,JaIlor:, bo.th :::o:L\.:cu1~'...!·

ions and positive-negative atomic ion paiys ar'e pYoduccd f'l'OITl CX(~:l.~~!.~_l.O!~~~

to the st::tte a.nd higheT levels. T11e excite...tio!l to the 71:J lc,/cI ."" 1 .... ~

;;~1.... 0 v

cit3.tions to the 6p le"vel .9.1so lead to ~"ilolecul3.:::'''' 2.0118) ~!.ncl :''2

i011 pairs as 'dell. Thu.s the bond erlcrgy of +T'
~\.~.
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]Yob8bly no~ ~icheY than 1.25 eV.

Robertson 101·,rcr lin1it of

potassimfi may be 0.35, J.

molecules and molecule ions. The spectroscopic work of E::crro'''; yields the

ionization c. :,y of the aU.ali r.:.olecule directly, and this Cluantity

must be combined with the ionization energy of the atom and
.1 ~ ., •

cne QlSSO-

cia.tion energy of the molecule to give the dissociation enerGY of the

molecule ion. Our ovm measurements combined with the ato;lic ionization

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

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

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

Pauling, the bond energies of the all-cali molecule ions are greater tll"m

those of the alkali molecules.

The atomic ion and molecule ion can also be distinguisl1cd i'roJrl

the measurement of the ion current as a function of eJ.ectric field.

+
This is given for Rb2

and in Fig. 111-6. Since the sl):Cccc:

multiplication of the sigr.al is not constant dm-ing tr1c ;i",igration 01' the

ion tm·rard the electroC:.e, the <;.uantitative analysis is diffic,-"lt. 'file

--+-
more rapid ir.crease of ion current of Ro~ as a i'unction of electric: field

+
is credited to the greE..ter mobility of Rb

2
. TrJ.e detailed d~~ SC1.LS.s ion 0:['

the mobilities of alkali metal ions in their pare::.t gases 't.'i_ll be given

in Sec. V. The decrea~~e of ion current at hig~1er electric i'ie.ld is clt:e

to the decrease of the sp::;,ce charge multiplication effect.



a

b

c

Ta[).lc 111-2. Dissociat:i_on EnerGies of Alkali Molecules (eV)

D8 (:\1':J )
+Dc(M2 )

L

T ." ~I f).'J.. l hr,b
.!...J_,. 1. _L'·. .L • •/.J

r-
1.01

bI\fa 0·73-

K 0.514c 0·75 ~ 1.25

Rb o. )+9 c
0·73 ~ 1.21

Cs 0.~5c 0.70 ~ 1.15

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

standards, 55, 83 (1955).

Reference 33

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

Nostrand Co., New York, 1950.
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Fig. III - 6. Ion current (arbitrary scale) as a function of

electric field. E).-perimental conditions.: 301°C) 0.03 lYXl Hg.
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3. of

:;)cssible

+
phase cj) of the signal due to E of be

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

+
y~ signal is a maximu:l' when 8 == II/2) vIC have

1lv0- cc sin 8
112

I
Tv
0- cc sin(8-c;b)

. "

Itota1 cc [sin 8+A sin(8-cj))J

where I is the detected signal) and A is the relative ~~plitude of

the signal due to M' To maximize the detected signal) \,;e chose a

detection angle 8 suc:h that
m

r'Il,Cl \,-
idS i
i j8
~ m

o cos8 + A cos(8 -¢)
m m

A
cos 8

m
cos(8 -¢)

In

Thus measurement

relative amounts

of 8
m.

o·p l0:.- and
+fI"2 produced by a given exci't.ation. Tltt._

result is subject to ',:,he ass1..unption that the response of the (lctCc.:"c.OT

is the + +
same for :tvI"2 and M ) and this may not be strictly ty·uc bcc:xJ:~c;

of space charge effec~s. The attendant error is pYob:J.bl~· 1-::: ss t;:;i!] ~)C5;,

and vlould correspo:ld ·~c.o an overestimate

for the Ro and Cs sys:,ems are given in T[i,'o1e 111-3.
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8F

9P

lOP.

lIP

12P

lS:?

15P

I6:?

00

o

0.031

0.031

0.16

0.24

0.40

100

~-,.8;)

o

o

o

0.17

0·33

0.43

0·50

100
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The direct sQcctroscopi_c investiG2tio~ of r:01:':'::=_0 ~o~s ~2

extreQely difficult, and ~ot much i~~ormation has bC2~

fro::l the spectroscopy of ~:~oleCL:le ions thc:-nselves. 7he bond enerc:y of

molecule ions is usually estimated by the followinG Qethods.

(1) Determination of the lower bound from the difference between the

ionization potent ial of atoms and the appeal'ance pot-ential of

molecule ions in atomic gases or vapors.

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

From the cyclic relation on page 29 it follmrs teat)

+
where A.P. is the appearance potential of X2 , or the ~ini~um

excitation energy to produce molecular ions.

(2) Analysis of scatterinG data

An estimate of the interaction enerGY of an ion and an atom C('.n be

obtained from the scattering cross sections of the atomic ions by

atomic neutrals. The general practice is to analyze U,e scatterinG

data in terms of som,; potential function, such as the r'lorse potential,

and determine disposable para.'1leters from the scatterinG data. The

process of obtaining a potential curve from scatterinc data involves

several uncertaintie:, so that this result cannot on its O1m !:1erit

be regarded as relial)le.

( .-, )
:)/ From the energy cycle

D (M~)o _



·~ ~ight be electronically excited or in the ~'!'ou~d s~~~c.

7he 0:' II; must be Yel~ted to that of

The +clissocia·t:to;1 (~nl.;r,~:Y of 1"'10,.) C!..Lloted in 1-l2rz:)(~~",~__~ T ~~
"-

The last t\"o termf3 OJ: the right member of the above eQuation arc

knO"ffi with high accuracy. The first term vas obtained oy means of

a linear Birge-Sponer extrapolation of the spectroscopic data.

The dissociation 1II-2

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

Sec T.LIT D h/-;-)
• - , 0 \""2 ' of lithilun, sodium and potassium vcre evalua~ed.

n 'Kno" D (,.. c) Ttv)I rom .... n 0 \ 1"2 ' .L \' 1

deterrrj_D2.tion of I(lllr);. Of course the dissociation eilerGY' c.ctcl.~!:lincd
L.

in trlis method is SU()j eeL to the uncertainty of any of the t~rc2

members on the rif,ht ha~d side of the equation.

(4) Quantw'Tl mechanical c2.1culation

I'lith the help of electronic computors Ab initio quantuIn mechanics

has nOH progressed to the point where one can hope to mal\:e statcI:lCnts

about the dissociation energy of s:Lmple molecules i-lhich al'e mOl'c,

accurate than the experimental statements. The variation principle

states that a variational calCUlation of the eneruy E ,(R) nrovidc3
~ ca..LC -

a rigorous upper linlit for the ~olecule at the s~D~ration R. :t



LBDe _ E (C·) )

e:-::?
_ 1;' ("Qe) < Dp

___J l \ J..~ ~ .......

c:::c~c -

"",.,here E
exp

provides a rigorous lower bound to the c:issoc i::':.~ i.on

All of the~e four methods have been used to determine the

dissociation energy.

a) Do 1.5 ± O.3eV29

b) De = 2.l6eV30 (De = Do + 0.1)

c)
+ 2 +

Do (He
2

( Iu))

d)
LB ,32

De = 2.21.'.,eV

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

-:: 3 ~

since.Do (He
2

( Iu)) is obtained by the Birge-Sponer extra~olation of

. 't Th t· t -P' . l 1 -l- " 1 33spectroscoplC aa a. e es lma es 0-1- tnls type are genera_~y 000 nlSl.

Re' ~I, Bro'\me and Matsen32 ~ 9. .l.. ..,es Glr:-:'3.,0eo.. fro::1 similar ql.:.anturI1 mechanical

+
calculation on more complex systems that the dissociation energy of He 0

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

2.24 eV.

B. Genera]. Picture of Alkali Molecule-Ions

From our expq:cimental s'tudy on po-tassium, ru'oidium and ce::;iu::l,

together with Barrow's spectroscopic work on lithimn, sodiQ~ and

potassium, it is apparent that the dissociation e:1ergies of alkali

molecular ions, as listt~d in Table 111-2, are at least forty to ::.~i:.~::'y

percent higher than that of corresponding diatomic I:'.olecule~~. Alti;ough



these experi~ental fin~inss cnn~ot be explained by a~y o~ t~2 si~~ple

Ii t~iur;l r:101~c1JJ.e ion lCE"G. to
....... 11 -+-

~~e calculatic~ of JQ~le3~~ in 1935 indic~teci th2t t~)C bo~d cn2~ZY of Li/~

should be greater than that of Li
2

, anG. on the basis of an a~alysis of

this result, James predicted that a similar relation should tole. :f'or

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

is the SCF LCAO ~O six-electron treatments of Faulkner. 35 This

calculation as in the other molecular orbital calculations gave rather

poor results (0.33 eV) for the computed Dissociation

dissoci~tion energy = E (00) - E (He)]' mai~ly bec~use of the el'ror
calc Ci."-l

in '" (00)
~"l .ca c

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 Li
2

, which is expected to ~c

the most accurate of the physical constants calculated, is

orbital energ~ and is 0.48 volt less than the experimental

~v 20-
.1 CT'

U

ionization

potential of atomic lithiQ~. This indicates that the bond enerGY of

is 0.43 eV g.re8.tc>r +han t-.hpt 0"" Ll" phi c'n is l" n eroo'"
• ~ v - - - .i 2' ,," - "- b CC

experiment.

the

No direct infor-mation about the bond lengths of all:2.li 1'1olecuLlr

iOrlS has been obtaj.ned so far, but we can figure out S01'1C qualitative

features from the knowledge of the electronically excited alkali diatomic

molecules, since the electronically excited molecules can be c~~sidcred

~s a sys~em of molecular ions and a loosely bound electron. 3a~ro~ts

spectroscopic study indicated that in the electronically excited all:ali



di2.to:-i':ic T:101ecules tl:e- i:lte:rnuc2.e8.r dist,':;"Dces are 1arce:r- aile. the :orce

constQDts ~Te s~aller tha~ those of the Ground state n2~t~nl molecules.

The sarne thi:1gs C3..:l b'2 e::-:pcctCQ foY ~olecu12r ions.

C. DiscussioD

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

molecule-ion is about haLf as strong as the electron-pair bone. in the

hydrogen molecule (Do = 60.95 Kcal/mole for H;, 102.62 Kcal/mole for H2 );

and, since the SGJne numbcT of atomic Ol-bi tc.ls is needed for a one-ele:ctrorl

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

molecules containing one-electron bonas vill be less sta':.Jlc than those

in which 'all the stable :Jo:la orbitals are used in electron-pair bone.

formation. 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 ttc bond energies are about 60 percent of those

for the corresponding electron-pair bonds. SurprisinGly, this simp~~

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

systematic understanding of the chemical bond, leads to an erroneous

conclusion on the dissociation energies of these simple alkali. molc:c .': '~-

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

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

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

periodic table agree qualitatively with what we expect from bond order.



Dissociation.

enerGY (D)

(;Ccal/mole)

o
2 117

-'-

Cl~

Br;

+
12

<::40 )
..J'

"
2

" .. c)
.)(

~nC)
)0

I /c)
..':'0

-;
:"J (: .'j

..
~(Y"

"-- 2

Xe
x

"1 ~,c)
.;..u

No. of Valence

electrons

bonding 8 8 8 8 [)

Antioonding 3 4 5 / T0

Bond Order 2 1/2 2 1 1/2 1 1/2J..

a) R. P. 1czkmrski and J. L. Margrave, J. Chen. Phys. 30 403.

b) Calculated from A. P. data in F. H. Field and J. L. Franl-::.lin ":21cctron

Impact Phenomena"

c), S. W. Benson, "The Foundations of Chemical Kinetics" Appendix C.

d) Calculated from A. P. data in Table 11-1, col~~n 5.

e) Calculated from A. P. data in Table 11-1, colwnn 6.

f) Calculated from A. P. data in Table 1I-l, colur'cn 3.



J 34... b t ' ... ' lames a~~rl u ea vile unusua~ oyder of bond strenGths to

the repulsions involving the inner shell electrons that UY2 more

-l-

important in Li
2

than in Li~. The integrals associated with this

repulsion involve exchanges of inner and outer shell electrons, and ~hus

do not have a simple classical interpretation.

Sinanoglu and Mortensen36 discussed the importance of core

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

calculated core polarization energy for the 28 electron in lithiwn atom

is about 0.102 eV, and the core polarization energy be-~'deen one lithium

core and a 028 electron in Li
2

is about 0.062 eV. They concluded thQt

core polarization lowers the total energy of the Li
2

molecule Qnd its

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

2Li; 2 X 0.102 = 0.204 eV) and thus cioes not make an important contribution

to the bond energy. +In Li
2

, the core polarization energy is not known.

The average distance between the 02S electron and one of the lithiwn cores

.;-
in Li

2
is larger, however, than the average distance between the 2S

electro:J. and the lithiun, core in the lithiwn atom. \·le C2.:J. the:~:efore

expect that the core polarization energy between the 028 electron and

+
one of the 11 L

- ~_L'TI cores in Li
2

, as in the case of Li
2

, is not larger

than the core polarization energy for the 28 electron in the li-t:,hiur:l

atom. This means that the contribution of core polari~atio~ to th~ ()ond

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

.,., ..... T • T

DOnQ energy 01 l.Jl2 . The general conclusion dravn fron the Yllociel of core

polarization, that explj.cit inner-outer shell in~eYsctions are not iEI)Ortant

~\I

..rould seem to be in conflict ,;-rith the conclusions of JaI;,es . ..J"T
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+
In recent theoretical calculations on some excited states 0: Hc 2 ,

Brovrne37 established fro:n the comIJuted potential enercy CUl"VeS that those

states that originate from the interaction of a bare helium nucleus cmd

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

pair of ground state heli~~ ions, and into He+(lS) + He+(2S) are not bound.

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

the curves resulting from classical polarization leads to the conclusion

that these bound states are primarily due to polarization effects rather

than to the traditional chemical mechanism. A similar conclusion has

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

+of polarization of Hby Li. In ordinary molecule ions, such as those

given in Table IV-l, 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 the bond energy which can be expected from

the bond order and the known dissociation energy of corresponding neutral'

molecules. This means tbat polarization interactions only playa

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

+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

,+
approximate bond length of CS2 and is 0.3 A longer than that of Cs

2
. On

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



less than 0 .. 3 e"l. The classical polc.rization inteY'2..cti_o:~ r.-li.;{:t not give

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

factor which is considered to be secondary in the simple ~odcl of tLc

chemical bond, is cocnparable to or even more import2.nt thaYl the pric·i:2.ry

factor on which the simple model of the chemical bond W2.S built. This

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

s1.:.cn as alkaline earth molecule-ions and molecule ions of Zinc, cad.;:liwa,

and mercury. + 39) '( 40)The dissociation energies of Be
2

(2.1 eV and Hg2 0.9 eV

are also higher than those of Li
2

and Cs
2

. The explanation of the

conplicated 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 10vrer

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.



-50-

IO:'TS ~'~ TI-IEIR ?iw.EITT ,,TiLPORS

The mobility of alk?li m2tQl ic~s in foreign gases: l" ''1..
noble cases, has been th:Jrouzhly ir.vcstic;atccl both experi,~,c'1"~::,lly ",:10..

theoretically. But d.ue to c:-::periment8.1 difficulties, the Y::o':.xI.lity of

aD:ali metal ions in their parent vapors has not been stUdied as

tho::,oughly. + +Recently the mobility of Cs and Cs2 , has been reported

by Chanin and Steen, but there are rr~ny features that renlain to be

investigated further.
+

T}"le mobility of Rb
..,.

., R' l"n -'-'.-,e-j ,.ana °
2

, L, •• " __ mm vapor

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

cesi~~ and rubidi~~ ions will be discussed.

A. E~)erimental Arrangements

As vms mentioned in Sec. III, in the cell containing alkali met::Ll

vapors there is a constant flow of thermoelectrons from the collector

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

the thermionic emission of electrons from the collector electrode ,'.'ill

be enhanced. by the exist(~nce of positive ions betHeen the t,va elect,rodes.

In our experiment it is found that the positive-ioYl induced electron

current is ab-rays much h~~gher than the positive ion current itself.

Since the emission of one electron from the collector elec.trode h:J.s the

same effect as the collection of one positive ion, the collected plc~te

current corresponds to the observation of positive ions in the: sp;.;.cc

between the electrodes r~ther than to the response to arrivals of po~ltivc

ions at· -'-'L.ne collector electrode.

In our experiTQcnt, t,i'le mobilities of ions vTere measured oy VlC

phase shift betvreen the excit:!_ng light and the collected -pl2.t.e current.

In ord.er to make the Dl22.SUred. phase shift equivalent to the time of
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migration of ions, it lS necessa~y ~o i301ate the collector so ~~~~ it

can respond to the colle~tio~ of Dositive ions but ~:ill not rcsDol1d to

screen \'lith hieh trQnsmi3sion in l~ront of the collectol' elect:c'ode.

This fine tungsten scree:1 forms a good CCluipotential surface and

separates the space bet·h·,~en repeller electrode and collector electrode

into a large migration r,~gion) i.e.) the space beb·reen the repeller

electrode and the tungst,~n screen) and a small detection region) i.e.)

the space betvreen the tu~gsten screen and the collector electrode.

itT.I1en the positive ions a:ce produced in the migration region) the thermo-

electric current between tungsten screen and repeller electrode "rill

be enhanced by the exist2nce of positive ions ,.rhich are migrating to,'lard

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

screen) the thermionic electron emission of collector electrode ,,rill

not be affected by the e:\:istence of positive ion in t'c1.e migration

region. The collector electl'ode ,-Till first respond to the positive

ions ',olhen positive ions l.?;et through the tungsten screen and arrive at

the detection region) and thus we have a 'l:lell defined migration dist3.nce

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

detection region due to :finite distance beb-reen the tungsten screen and

collector electrode C2..n "be compensated by ch2..nging the migration di::.;tar~cc

for positive ions. This can be achieved by s2.mply 1'!'.oving the oveD.. and.

thus changing the distance bet.".Teen the exciti!1[!; lizht and. the collector'

electrode.

The construction of t:r~e cell for mobility rr:8Q.sw'cn'lC:nt i.e; jj..miL.::,r to

that of cell mention·~d. in Sec. III. 200 r:1i.~:~n



,'. ,/1

.• ~ 'J
~.~.~. '-'..'-'\
~. - 1.....-. , •

. -. ~;

bye.. [,tUe,rd rine; i'!hich is same co2.1cc:·cor elcctl-·OG.c

and 1 Y,,,11 a'day from each side of the collector electrode. 1'11e ou~c-

side dimension of the guard rir:.g l8 5.0 X 9.0 cre..

The filling of tl1e (~ell and the eA1)2:rinlel~ta:L proced.u::ce ·;!~l'"'e tJ.1e same

as bcfoYe.

loci-;:-in amplifier \,,'as adjusted so that the phase shi:ft betl'leen C ollc:c:cOQ

plate current and reference signal ':las eitheT nTr o:c (n -. 1/2 )-,'1.

can also be identified easily and. accurately 'by using the (;,,~iJ.loscoiJe

to observe the '-rave form of the output of sy:J.c':1ronous detectoY of

lock-in amplifier. The Y'ccldings

-1- --
Rb and. Cs') ....,rere Drociuccd by di-::"2ct

photoioy::.ization and tI1.e cLiatomic ~-!lolec-u.le iorls,:"
...

1\.0; 2..1'ld

pYoduced by photosensitiL~cd ioniz3.tion. J.\s vT''':'''s r:12Yltio~J.cd in Sec .. TTT...... __ ..1-.'

prod.uce diato:nic molecule ions exclusively tI-~l'ougll rC:Qction (::?). '}.'o

prod'.J.ce diatomic ions "re excited atoms

( 'r,\pn -;- ':"J~
. ."",

0.' :.:::.:; (:::... :.:...~ ::c n. -l~:..l. .1_

C011l~it=Lo11S) 0.1 nun fIg ancl 300°C., most of tb.e E;}:c=:"tecl 0.to~n:: collide ':ritr:
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Cs is about

iO:1s tDe cell, , 0-)
.l

of rnolecule iO:1s to be tbe S2I:l8 as tl18 ti11C of illluninu.tion of e:·:cit=Lll[;

light.

B. Vapor Pressure and Fraction of Diatomic
l\..~olcc1.I1e;-; 0:1. 1\UiJ=~6~L1o/1j';~ ar~.(i Ce~~i1.l(:1

1. Vanor nressure.

Since there are reliable vapor pressure equations for both

rubidiw!l ar1d cesiw!l, the vapor pressure can be calculated fror.l the

measured temperature of the appendix tube. :No attempt I'JaS made to

measUTe vapor pressure directly in our e::-:periments.

The most reliable vs-por pressure equation for cesium over a '..Tide

. 41
temperatUTe range is derived by Kvater and Melster from the measure-

mcnt of temperature dependence of optical density of resonance doublet

by the hook method. The equation is given as:

log p(Cs)
_ 3529 -l.

T log T + 3.6572
'I'

Kvater and Meister's optical density measurement I,rere carried out in

the tcmpera:ure r2..nge froJYl 336°K to 553°1() b"Ll.t since the boiling l)oi~t

calculated from this equ3.tion) 9~,l OK} agrees very '.-lell \-lith the cx:,cJ,-i

L,2
mentally r.'leasured, 9L'3 ± 5°K) \·Te can believe this equation is rclL:l:')lc

_ L;-3
Te.ylor and Langmulr used a sUTface ionization ;T,e~,;:':Ocl ~L:,d

ai'

2-nei Meisters. This experiment is believed to be the most relia:)lc



10[; P(C::;) = 11.0531 - 1.35 log T - 4041/I

I·rill give 2. vc:l,por pressu::,'e of 56') ren IIg at the boilirlg point.' \-Thich is

27% 10':rer than the expected 760 :mnl EC;. This demonstrc::tes tho.t althougl;

T2.ylor and Langmuir made an accurate measurement, the proposed equation

cannot be applied without substantial error beyond their eA~erllnental

range.

The following vapor pressure equation for rubidium was derived by

44
Goldberg from the measurement of optical density in the temperature

log P ~ - 361l.4/T + log T + 3.61914

The extrapolation of t~is equation to boiling point also gives good

results. At the boilb.g ::Joir"lt (969.2 OK) this equation Gives P ~ 757.5 !lL'1l

"Thich very nearly coincides with the expected pressure P ~ 760 rom

and demonstrates the validity of this equation fl'om 3~8 OK to the boilinG

point.

Vapor pressure of rul)idiurn 2.nd

equ2.tions are given in Fig. V-l.

cesium calculated from

2. Fractiom of diatom:Lc y".olecules of rubidim.'1. and cesium in their
Vc:'TJ01',S ..

Rubidium and cesium vapors are mainly composed of mon2.tomic SIlccics.

rn' ,.,. . h 1.-. J.. • J..' , , h 1 c.! r.L.'-Lne CLl2."GomlC specles L.2.Ve :.;een eSulll"'Z"eQ a"G no more "G ..an _,v 01' "no

In order to f2.cilitate the discussion of cx;)cr~-

mental results" -vrhich 1·rilJ. be giv"en in V-C, 'de are gOil1g to COl1sice:r ~~-:c

eCluilioril..1.nl const2.nt foy forrrztion of diatomic 1no1c(:u1e a11d t}-:~ con ....

ccntrution of diatOT!lic spc'cies in tb.c vapor 2..8 a fU~lc:tiol1 of t:.err~})C2.""8.t:L~T''':.
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metals i!1 the naturally JCc1.1J::'yir:'[3 isoto~-:·ic r;1i:x~ul'·cs ..

rotational and "ribTa.!cio:l:J.l CODsto..nts given ill Table V-I "';,·,rCl'e lJ.scd to

calculate the thermoc1ymu;lic functions for a rigid rotator ':.'ith monK~,1t

of inertia, I, equal to :1/[87lcBe(l-O'e/2)], 46 and sym.'11etry number 2,

and for an 2.l1dependent harmonic oscillator Ivith a fundamental frequency

of ((Ce-2Xe(L~). Then corr,~ctions were made to include the effects of

rotational stretching, vibrational harmonicity and rotational-

vibrational interaction.

The results of their calculation of the equilibriQ~ constants of

formation of Rb
2

and CS
2

in the temperature range from 400 K to 700 K

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

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

pressure have been calculated by using the equilibriurn constants and

vapor pressure equations given in B-1. These are also tabulated in

Table V-2 and V-3.
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'"'T2.01,:; \1-1 l'·'loll~C1112.r C011St~r:tS,-" of All-cali l,'jct~ls

Lir) i\T.:-, u nb rlC"'

C
J.,.· .........2 1\'-2 2 V>Jr.)

3
2.672", 3.078/ 4.12

7
b

L~ .1~6c:.
b

10 Y,cm 3·923
) 0 :>

-1
0.67272 o.15l171 0.05622 0.0231 r-:

b
0. 01272

bB ,cm
e:: )

-1
0.00078

c ea , em 0.00702 0.000219 0.000058 0.000035
0

-1
351.l~3~ 159·23 92.64 57.28 4, 900(J) ,cm

e )
_. ./

-1
0.726 0.354 0.096d 0.08005x ill , cm 2.59.2

0 0

108
D

-1
986. 58.4 1 ",0 0.47

cem 8 7-
0' .:J .)

8 -1 28. 0·5 0.810 t3,cm ------- -------

a Values from Herzberg, except as noted.

Estimated by a Badger r s yule extrapolation.

Estimated from a=6B 2/ ill [(x ill IB )1/2-1].
e e e e' e

d Given erroneously as 0.96 by I{erzberg; see Tsi-ze and San-Tsians

and Kusch. [Phys. Rev. 52) 91 (1937): ibid Lf9) 218 (1935)J.

e These values are for D
e

D
o

1/2p.
., ?

. t d ~ J)/ -Estlma e Irom D == -fB ill.
e e e



T::!,-:)lc '1-2. EQ..i.1.ilioril.:.;n con~,ta.nts of :o~r:-(:.'),t~on 0:'
2b,) and the.ir fys.ction i::l the \r:J.po=c'.

400 2.7339

500 1. 4523

600 0.539

700 -0.032

1(f'

_' 2
). ,+9X10

0.929

-. '.~. '
G l ~l ~. (.,"; ~"":': ~'2 ~,~

_l~ " 1 1 '::J ): 1 (' - )1. 12Xl0 5. 60X10 _L
c

..l.... __ o-L. ... '

4. 65Y.lO-
4

2.33XlO-3 4. 65X10-)

1. 22XlO-3 6.10XlO-3 1. 22Xl0
-2

-3 1. 24XlO-2 ')

2. 47XlO 2 .1~7XlO-':;'

Table V-3. E'luilibriu:-n constants of form3.tion of
C32 and their fI~ction in the vapor.

rr,':.._:-
Fraction of' Cs diffcrcIltT(OK) log Kf

' ) uncle::."

(- - CS
2

1)1.... t;; E~ S1..lre s (% of ~nt"r""-io('),.:J._,- ) u ....... l, ~.

\ - .,) r')

10% 50?6 ::.OOyj

""
;. Csc.

?
7. 86XlO-5

,
"6 _L~400 2.3396

L'
2. 19X1O- 3.93X2.0- c

7.0 XlO

1.:.
1. 29XlO-3 :' 7') YO O-)500 1.1570 1. 41~XlO 3. 78XlO- , ~. lU.f~_

600 0.363 2.)1 1.09XlO-3 5. 45XlO-3 1.0).:0.0
-2

700 -0.206 O. ()22 ? 3T QO-3 1.l9XlO-2 2. j7XlO
-~~

--- .. j..j



-59-

c. i~C8Ults ,9X1Q DisctlSsion

,
-L.

rubidit:.m and cesim'l L: tnei:." parent va})ors, the mobility 2..})})0,:>.recl to

be constant over a ;311.D ;3t.~0~!1tial range of ion lifeti1"nc. 13ut 'tlhC~l t~lC

time betveen productioD and. collection increased,. tbe apparci1t !nobility

-I-
of M increased. The tirne that these atomic ions migrated under con-

stant velocities af'-eer they were p:roduced vIas found to be approximately

inversely proportiol).al to the (lensity of diatomic molecules in their

parent ga.se s. This inC:C"2aSe of migration velocity I,ras not observed for

the diatomic molecule-:l.ons.

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

the density of diatomic rwlecules strongly suggested tbat the :J.tomic

ion is converted into ::'ast rnoving molecule ions through t'"o body process

since this type of reaction is exothermic in alkali metals and can be

expected to be very rapid according to the general theory of ion-rr:olcculc

reactions.

On the basis of thi:3 scheme, we have estimated the ro.te of conversion

under the assumption t:lat the change of migration velocity, as '.-Jas :Lndi-

cated from the measure(t phase shift, was first observed I'lhen h::Ll:C 0:'

the atomic ions were converted into molecule-ions.

diatomic molecule vms estimated theoretically, as I,'as mentioned bei'oTc.

Sir,ce in alkali met;ll vapos the diaton,ic molecules are i11 (>luil:i_:) ...·j.lL:~

vlith the atoms, and unller our experimental conditions the c:onccY',L·;J."L:ion
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the density of diatomic species is eSScl1tially ~ot ~;fcctcd by the ion

molecule reaction.

If vTe assume the cor,ccntrc.tlon ai' 3,tomi_c ions is

produced at -time t=:O) a,ld if Fe cOl,siclcr the concentlTctiol1 o:C d:Lc.tomic

mol "'CU1 oS [Tv! ll" e-••• _l::: -'- .12" '-' constant) 'tTe

r -+d,M 1
dt

can int~Grate the equation

into the fol101'ring

log

i'There

-L

0vI' ] ,
[lv[+ ] = - k [M2}c

o
[M'] is the concentration of M-+ at time t.

From the measured ticne, t
l

/
2

, for 5CJl/o conversion and the knouledge

of [M
2

J, the rate constant

k
log 1/2
p1 ]tl / 2

log 2
[1'1; ]t l / 2

can be calculated. The calculated k and the experimental conditions arc

given in Table v-4.

The rate constants of tiva-body ion-molecule reactions can be

estimated theoretically by finding a critical impact parameter b such
o

that, the orbits b < b collapse into the center of the force field,
o

until limited by repulsive forces. Using Langevin' ~2 classical formulation

Ln
GioQ~ousis and stevenson" obtained the relation

2 1/2
k :27T (~)

J.l

'dhere a is the polarizabiLity of molecules and J.l is the reduced mG.;.':';.

The rate constants calcul:;;.,ted frorrl this cqu":ltio~ lnL~st be ::....cC~Lr(lcd ;j.:J

2.:;Jproxir:;ate upper limits, is not necessary th~t :,11 of the ion:~
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.... ~ ...:.... ~~.. - ,.'.:.:.

24 .5 -24 3
approxii'Tlate1y 110 X 10- cm and 90 X 10 cm , Fhich c~2.'c ab01Jt to:1

percent higher than the sum of atomic polarizabilitics. These v~clucs

"lvill give approxirnate upp(:r limits of the rate constants, 2.9L, X J.09 QnCl

o
2.62 X 10./ cc/molecules. s(:c for rUIJidiwn and cesium, which arc :J,boclt

3.) times higher than our estimated rate constants.

Element (M)

experimental
condition

T(O C)
P I Yn"",TTo')

\..I'.i..l.IU>.O

Table v-4 ThE~ rate
-I-

M + M
2

constant of the reaction

of rubidi"L1.r.1 and

Rb

360
0.193

ccsilun

Cs

31:2
0.199

time of 50%
conversion (sec)

l'ate constant

}\: [cc/mo1ecules c]

0 "'-7 '.1-0-).0 x

0.88 x 10-9
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~rld cesi~~ lons ~- their narent v~~or2.

- . -
C~2C-::::~"=-C

Po is

temperature. For cL8.ta vrith the dl'ift vc loc it;r

Ll·8
behavior l)rcclicted by K:J.l1nier)versus E/Po

low E/P
O

and one-half, at are shown

lines of slope unity at

in Fig. V.l and 2. Vh"nnicl'

pointed out that for the J.O'd-field case the dOITlinant ion-atom, intel'action

is either the polarization interaction or resonance charge trO-nsfcr ,

interaction. Accordincly collisions oet',veen ion and C,tOl:l are clKlractc'l'i::,cc1

by a constant mean free time and lead to a drift velocity varying directly

vTith E/PO. For the high-field case the short-range repulsion and

resonance charge transfer becomes dominant) collisions are characteri:~cd

by a constant mean 10ree p2,th and lead to a drift velocity varying ,-Titll

Our data shmv that bc,th rubicli"LJJ!l ~lnd cesium ions in the range of

our measurement are in the range of transition from slolJe one -flalf to one.

Figures v.4 and 5 ShOHS a plot of the correspondi.llg norrr::::.lizecl

mobility vCLlucs. The mobility ~o refers
,19

to a gas density of 2.69 X 10T--

atoms/cc (eQuivalent to 760 Torr at O°C). The zero-field mobility v~Lluc3

for the ions observed in the present study as determined from :Fig. V-3

-1
Cs ,forC~nl/V (.-:" ":\C__ ,. .'-Jl.::..\ / -1-and 4 are 0.20 cm v.soc fer Cs , 0.12-----'--------

+
for Rb , and 0.13 cn/v. sec for Ro+.

the lo"\{-field. c~sc, the interactiofl wj.th

c;as 2..to~~s

1
2

O~e

2" ----r, J-,-.ol-f-

is rJ1Cl..inl~r the lorlg-rQ~ge polQYiz~tion irltCI"u..ctio!"'l V( T.'). \-'

diste.nce between the molecule-ion Qnd the atom. The ~or~~Q]_izcd mobil:L~y
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~clecule-ion and

L!C;

ShOvl11 by Da::carno) J'ilcDo'.1c::_l c:,~~d. \,·Tilli,~,:r..s './ ';1}10 i'OlElcl

f...l o
)5·9

Jaf.-l
--I

Our zero f'ield mobility w.lu-2s fOl' Ir0
G
'-

\ r _2 L;,
polarizability of 5Lf. 0 X 10

3
em for

cOl'responcl to

cesiLun atom 2X1Q 39. S X

the

3
Ci:l

for rubidiuJll at These are in good agl'eerr.ent Hit:n the krlO\'rn

-24
polarizability of cesium L!2 ~ 52 .5 X 10 3 50cm and rubicliwn

40 -2~, 3 51
+ 5 X 10 em.

--I
Our v,-~lue of the norrnalized. mobility 01' CS2 is

"'0 -+
in good agreement ",ith Chanin and Steen' s,..J~ but the mobilic::;y of Cs :LS

consideYably higher than their value of 0.075 c:'Y'./v, sec.

-n C +- d Rb+- '+- -, 1 '.L ' •l' OY S an , Que vO resonan"G cnarge exc 1an[;e :..n vel'aC"G lon,

normalized. mobility is smaller than that of he3.viey dic;~tomic !l'.olcc"J.l~:-
\

ions. At .present, e)~erimental vclucs of the charge transfer c~os~-

section are not available ",t the 10"'1 enerc;ies of interest in lwbili ty

measurement s . Thus in ord2r to calculate the mobility, t:\2 hiC;h-io'1-

enerc;y data must be extrap::Jlated dm-m to 10\-1 energies. This cxtl'~~-

pole.tion invohres several di:fficulties, arisinc from the errOL; in t:'.c

high energy values as '.'1ell as the magnitude of the enerGY r:~rlge over

vIhich the extrapolation mu;:;t be perfol'med, and so d.OC8 not offer Yel:I,2."8lc

values. :By USiClg aCl appro:<imate foym of the charc;c-czc'l:.:.ll'.C;C cross

section)

+
data of Cs and subsequcnt:~y calculated -V1e COyyc8poncl::':':lC '-naoLU-tic::::.

Q vlit~1 relative ion-ato!n. c:~crc:y of the i'OI'Dl

Q
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5)+
of' ItJ[;,rino et 0..1. and cc.lc:ulu.ted t:le nOYlY,o.lized r:lObility Ol~ 0.0606

2
cm /volt· sec.

Theoretically) resonlnt charGe exchc:.nge cross scction~; C2.'1 "be
,.'"

L' t'" 1 t' " ~",.,. L' -'-.., -!-,'\-1-. )./eSLlma ea oy lnterpo a In:~ In t,erms OJ.: cnelr lOl:':LZac,1011 pOl.JCnu ..... c..:. ...... :.5.

The ratio of rc .....".,ant charge exchange cross sections beb-reen Cs and KG

thus estL~ated is about 1.2. By considering their masses) \~e can e)~ect

the mo"bili ty ratio in the lmr-:Tield. limit to be 2.bout 1. 5; this is in

good agreer{jent vlith our e~{perimental results. Fr021'. the same consid.er::'l.tion)

the mobility ratio betwee"l Xe+ and. Cs+ would be about 4. The mobility

+
of Xe in xenon is

? 56
ImO\m~o be 0.6 ca-/volt sec. Our result of CST

in cesium vapor will give a ratio of 5. It is a better agrcc~'1~cnt th:111

the result of Chanin et 0..1.
52

Their result gives a ratio of 8.
-'-

No comparison of the r:leasured. mobilities of Rb and. Rb~ in their
L

parent vapor can be made vith other eA'}Jerimental resul"' for there is no

such measurement reported so far.
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T'ilis 1;.Torl'\. 'd8..S perforrned Ul1der <:t.e au~spiC2S of' tlle Ur.d.ted

Sc;ates Atomic Energy C')l-ru~lissioYl.
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