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Mobilities of Cesium and Rubidium Ions in Their Parent Vapors

Yuan-tseh Lee and Bruce H. Mahan

Inorganic Materials Research Division of the Lawrence Radiation
Laboratory and Department of Chemistry, Unlversity of’
Californila, Berkeley, Califbrnia 94720

The mobiliti’es‘qf Ro* and Rb, in rubidium
vapér,‘and of.Cs+ and‘Cs; in cesium vapor havelbeen
measured. The mobilities of the molecular ions
agree well with values calculatea from the Langevin
theory in its polarlzation limit. The mobilitles _

. of the atomic ions are consilstent with the pred;ctions‘
of simple resonant charge transfer theory, Rate
constants for the reactions of the atomic ions with
dlatomic molecules tb give‘diatomic‘molecu$ar lons |

have been obtained.

.

Alfred P. Sloan Fellow.



In a previousbpaperl we‘describedAexperiments in which
~the dlatomic molecular ions of cesium, rubidium, and potassium
were produced by photoexcitation of the gaseous atoms followed
by a Horbeck-Molnar ioﬁization prgceés:

/

Cs + hv —>Cs " (mP),

ds* + Cs —~>—Cs;-+ e.
We noted there that ﬁhe mobilities of both the atomic and
‘molecular gaéeous'ions of the alkalls could be obtained from
measurements of the phase shift betWeen the chopped exciting
light and the current at the idh collector, and we gave pre-
. liminary values for the ﬁ;bilities of Rb™ and Rb; in fhéir :
parent vapor. We also remarked that space charge effects
‘caused by copilous thermal electron emission from_the lon
collector eléétrode Qould lead to inaccuracy of the measured
mobllities. In the'pre;ent paper we report ion hobility
measurements for the rubidium and cesium systems tﬁat have
been performed with a refined apparatus designed to eliminaté_
space charge effeéts. | .

Experimental

~ .

. - 'The materialé,IOptical system, ana electrdnics have been
described previously. The phdtoionization cell was éonstructéa
of quartz with plane pérallel platinum electrodes.‘ As shoﬁn
in Fig. 1, a 5.029.0 cm screen grid of 200 mesh,"O.S mil
fungsten wire was locétéd C.S cm,ih front of the collector

electrode. The collector itself was 2.0x5.5 em, and was’



surrounded cy a gcard ring of 5.0x9.0 cm outéide dimensions.’
 The repeller electrode, separatea from the collector by 3.8 - Auﬁ“
cm, was the same size as the screen. The screen vias maiﬂtaiﬂed
at O 10 the potential of the repel]er, and forx med an eouAe
potential surface that divided the cell 1nto the large ion
migration region between the repeller ahd screen,,and.the
small detectlon region between the ecreen and collector. There.
ie an electron current, which may be epace chaﬁge'iimited to
some extent, between the collector and‘grid,.but:fhis'Curfenﬁz
‘ is unaffected by the presence of lons in the’migration region.
.An ioﬁ that passes from the'migraticn.reéion through the sc?een
into the detect%on’fegion-causes space charge neutralization
and is registeredAes an enhancement>cf the thermal electron
curreht_from the collector. Thus the detecting region is aleo
the first stage of amplification of the ion current.

The light beam, Nhich was O 15x1.0 cm in cross section,
_passed through the cell paraliel ¢o the electrodes/ It could
-be located at any one of five equally spaced positions in the
migration region, and thus ohe distance the ilons had uO tr avel
to the detector region could be varied in equal increwenus from
3.0 to 0.46 cm. V By thJS cechnlqae, any unce;taincies dae to
the finite thickness of the detect*ng_regionrcould be eliminated;:
and 1t could be ascertained thét the field in the midraticﬁ R
region was not distorted by space chargo or oUher ef;ects for ;
field strengths greater than 3V/cm. | | |

‘-Molecular long were produced by excitihg'rubidium and”

cesium atoms to the-8P and 9P states respectively. 'It.is



believedl'that the ions produced consequent to these excitations

~are exclusively molecular Atomic ions were produced by

radiation in the photoionization continuum region.

The exciting light. . was chopped at several frequencies

- ranging from 578 to 1500 sec 1.' As long as the migration time

~of the lons was shorter than the chopping period, fthe results

were independent of the frequency used. Migration times long

-compared to the chopping period resulted in distorted wave

forms and consequently chopping frequencies were selected so

“that the measured phase shift of the ion current was less than .

100°.
The pressures of the-alkali metal vapors were setlby-the

thermostatically controlled (+0.1°C) temperature of the

appendix tube that contained the<liquid metal. The'temperature

was measuied With an iron-constantan thermocouple, and the

vapor pressure data of Kvater and IV'eister,2 Taylor and Langmuir,
and Goldberg4 were uoed to calculate the pressure. The two

2,3 of the vapor pressure of cesium are in

determinations
excellent agreement in the temperature range used in our work.
In addition, the ooiling points of: cesium and ruoidium calcu-

lated frOm the vapor pressure equations of Kvater and Neister

and Goldberg agree well with the measured bolling temperatures

- These vapor pressure datg‘appearuto be'quite reliable,

. .

Results and Discussion

The measured values of the drift velocity, i’ are plo ed

as a function of the electric field to pressure ratio for



-4

jrupidiuﬁ and cesium in Figs. 2 end 3. The.pressurevPo is

. the hofmalized pressure, l.e., P05= 273 p/T, whefe_T is thed
temperatdre#of the alkall metal vapor; Lines of slope“unity'
~and one-half are.drawn to indicate the limiting beﬁavior'
expectedvat low and high:values‘of.E/Po, respectively. The
lcw'E/PO case corresponds to the ion drift Velocity being much
’smaller'thencthe raﬁdom”thermal velocity;l The'root-mean—SQuere'
velocities for rubldium and cesium atoms .in the temperature'
range involved are 4.3xloé and S.leO% cm/Sec respectively,p
anddthds'our data lie near}theltransition between the high |
and low E/P_ regions. | | ‘,

Fcr the diatomic lcns particularly, the data:show‘thet‘w
depende very nearly oﬂ_E/PO to the first power. A dependeﬁce’of L
W on E/PO to the first'power even-at high values of E/?é'is |
expected if the predominant term in the ion-neutral potential
" is due to the ion-induced dipole interaction that varies at
l/r4. Our date suggest that the mobilities-of the diatomic
ions 1in their own vapor may be descrlbed to a flrst approxlmatlon
by the classical Langevin theory 1n its polarlzatlon llmlt.

The drilt ve1001ty“of‘Rb varies as E/PO ralsed to a-
power very slightly lese:than'unity_uhder our'conditidns, as
Fig 2 shows. The data for Cs are considerably more exten51ve,

: and in. Fig. 3 the departure from the slope of unlty 1s clear.

Flgures 4 and 5 show the normallzed mobllity uo plotted
as a function of E/P o Tne moblllty u refers to a gas den51ty

19

of 2.69xlo atoms/cc,v To, deduce the true zero fleld mODiLluy;

1t ls desirable bO makefmeasurements at ‘as low a’ Value of n/P



as possible. However, this involves considerable experimental -

" Qifficulty, for at small values of the electric field the

eigoal strength decreased, and at the higher pressures the
wiﬁdows of the ceil darkehed rapidly. The estimates on the
zero field mobilities based on extrapolation of the oest ‘
straight lines through all the points are glven: in Table I
While‘more extensive_data at lower’ E/Po might show some.otner
method of extrapolatioﬁ to be preferable, it 1is unlikely.that
this will lead to any substantial change in_tbe mobility values.
The mobilitiee of Cs+ and ng in cesium vapor have. been
measured previousiy by Chanin and'steen,5 Their value of O£21
cmz/V sec for the normalized zero field mobility of the ion
they took to be Cs2 is in good agreement with our deter mination, 
for the ion produced by.photosensitized ionization. Both'
determinations agree with the value of 0.20 calculated from
the simple Langevin theory for 052 in.Cs 1f 52.5x10" -4 cc is

used for the polarizability6 of the cesium atom. The ldentity

‘and mobility of this ion seem secure.

Our value of 0. 12 cm /V sec foi Cs is larger than tnose
reported by Chanin and Steen (O 075) ‘and Dandurand and Holt7 |
(0.065). - It is difficult-tO‘find an unassailable reason for this_i
disagreement, éxoeptvthat Chanin*aed Steen reportldifficulty:in

observing this ion, and in fact periormed their experiments

‘in a pressure range where we find atomic ions are rather rapioly
'eonverted to molecular ions,- ‘We did not iind~the‘ anomalohs_

‘dependence of the.drift velooity on E/Po observed_by Cbanin-end'”‘

Steen. o , A



'hfr'The measured mobility of the atomic ion is approximately 0. 6 o

The experimental zZero field mobility for sz agrees well
'with the. value (0. 283) calculated using the Langevin theory e
’J;'and a polarizability of 40xlo ce for ‘the rubidium atom |

“that of the molecular lon as was true in the cesium system

" Mobility ratios in the range 0.6 to 0.8 for atomic and diatomic
fions in their parent vapor have been found in the mercury8 and
.'noble gas9 systems | '

"The absolute values of the mooilities of the rubidium ions'
agree within experimental error with the determination reoorted'_ft
h':previously.l‘ In our. earlier work, however, the flight time of

ulthe molecular ions appeared too short probably because of a ;
combination of molecular ion-electron recombination and space
4charge effects. Neutralization of the space charge_limited
electron current by positive lons produces a response at the
collector with zero phase shilft and ion—electron recombination |
attenuates the"part_of the.signal»that'should arrive.at the
collector with the prOper}phase shift. - This effect.can be:fl:
'expected for the alkali metal systems in other mobility appar- ;
atuses-whichiemploy unshielded collectors. We'feel the grid .
employed in our presentvapparatus eliminated this difficulty.'

Since the atomic lons have a smaller mobility in their’ |

" parent vapor than the corresponding molecular ions, resonant - ?3ﬁl

-ch rge transfer must constitute the dominant contribution to the P

Vmobility cross section for the atomic lons. It is of interest-'
'sAto compare our measured mobility cross sectlons for the atomic

. lons with predictions of the simple theory of resonant cnarge



transfer. The average mobility cross section is given in

o

terms of the mobillty bylo
Q - 2.97x10%

where |, is the reduced zero field mobility, m is the atomic
mass in amu, and T is the temperature Our data.give Q=
6.5x10" om® for RbT and 7.5x107% em? for ¢s¥. Rapp end

Francisll have given an expression for the resonant charge

transfer cross sectilons which is based on a simple nodeless

‘wave function for the atomic valence electron. Although

dependent on‘a.numﬁer of simplifying‘assumptions, the~predieted_

- cross section i1s absolute in the sense that 1t is givem only

.3

as a function of the velocity'and ionization_energy of the atom.
The charge tramsfer cross sections calculated from this. |
expre581on assuminv the most probable chermal velooity are
2.6x10° -14 cm2 for Rb™T .and 3 lxlo -14 cm2 ror cst. " To find-the
corresponding mobility Cross sect;ons, we must apply the
correction? for the Lon-induced dipole attraction, and multlply

the result by twolo

Q = 20' = 20[1%—(ae2/E02){%/2)21.;

:’Here o 1s the predicted charge'transfer cross section,E is-the-

'average relative kinetilce energy of the.particles, a is thevf'

polarizability and e is the electron'Charge. The fesults'afe”

-14 14 2

6.5x10 cm2 for rubidium,‘and'7 leof " em® for cesitm

 These are in surprisingly good agreement With the'experimental

values.
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Forvboth the cesium and rubidiumdsystems the moblility
of the molecular. ion Wa;\independent of the chopping frequency
and lon drift distance. Tnis was also true for the atomic
-ions at the higher E/PO values, shorter drift distances, and
'Vhigher chopping frequencles.' However, when the time bvetween
production and collection of the atomic lons was'allowed to
increase,'eventually the apparent'drift velocity_began to-
increase° In the limit of long times between'production and
collection, the atomic lons appeared?to‘have a drift velocity'
identical to that of the corresponding molecular ion Thus.

it the atomic lons-are not collected rapidly, they are conve ted .

to molecular ions, most probably by the exothermic reactions

Rb T +Rb2——>-.Rb2+Rb- | . (1)
¢s* 4+ Cs, —=—Csy +Cs o (2)
Because the alkali metal vapors contaln approximately 0.05% of
diatomlc molecules under our conditions, these reactions are -
expected to be considerably faster than the corresponding
three body associlation processes. The approximate half-life
‘for reactions 1 and 2 was estimated from the phase shift that

corresponded to & measured drilt veloclty half -way between

“those expected for the atomic and molecular ions at a given

b/Po.' To evaluate the bimolecular rate constants, the concen-'v*’

~ trations of the neutral diatomic molecules were calculated
from the expressions for the equilibrium constant for molecule
formation in terms of partition functions .'The data tabulated
Tby Wagman et all3 were used to evaluate the partition functions.

‘The second order rate constants for reactions: l and 2 were;



found to be 8xlo~;o and 9x10

e,

~ An approximate upper limit.for the rate constants of such

-10 ce/molecule-sec respectively.
simple exothermic ion- nolecule reactions can be calculated

from the expression

where a is the'polarizability of the neutral, e 1s ‘the funda-
mental charge, and 4 Is the reduced mass. If the polarizability
.for the nolecule is taken as twice that of the atom, the rate

constants calculated from. this expression are 29xlo -10 and :

10 cc/molecule -gec for reactions 1 and 2 respectively

26x10°
As expected, these calculated rate constant exceed our exper—
imental eSuimates, but ‘the two are reasonably close | It is |
clear from these rates that the occurrence of reactions 1 and 2
will 1imit the range-of temperatures and pressures.in NhLQh.

the monatomic alkali ions can be observed in their parent

vapors.
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Table 1 

Normalized Zero-field Mobilities

~ RrpT 0.18 em?/V sec
e o :
Rby 10.29
cs¥ . o0.12



- Fig.

Fig.

Fig.

Fig.

- Fig.

Figure Captions .

Electrode afrangement in mobility cell.
Drift veloéity as a function of E/Po for ions in
rubidium. Slopes of unity and one half are indicated.

Drift velocity as a function of E/Po‘for' ions in

cesium. Siopes of unity‘and one half are indicated.

Normalized moblility as a function of E/Péjfor'ions

in rubidium.

‘Normalized mobllity as a function:of E/PO for ions

o

in cesium.
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or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person dcting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
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