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vapor, and of Cs’ and Cso in cesium vapor have been

The mobilities of Rb' and Rby in rubldium
measured. The mobilities of tne molecular ions
agree well wlth values calculaﬁeq from ﬁhe:Langévin
theory in 1ts polarizatlon l1imit. The mobilities |

~of the atomic ions are conslstent with the prediotioné'
of simple resonant charge transfer theory. Rate
constants for the'reactions of the atomic ions with
dlatomic molecules to give'diatomicvmolecular lons

have been obtalned.



In a previous paperl we described experiments in which
the dilatomic molecular ions of cesium, rubldium, and potassium
were produced by photoexcitation of the gaseous atoms followed
by a Horbeck-Molnar ilonizatlon process:

. '-X-
Cs + hv —> (Cs (mP),

V% +
Cs + Cs —e»—Csz + e.

We noted there that the mobilities of both the atomic and
molecular gaéeous'ions of the alkalils could be obtained from
measurements of the phase shift between the chopped exciting
1light and the current af the lon collector, and we gave pre-
~liminary values for the ﬁébilities of Rb+ and Rbg in théir
parent vapor. We also remarked that space charge effects
‘caused by copilous thermal electron emisslon from the ion
collector electrode gould lead to inaccuracy of the measured
mobllities. In the'pregent paper we report ion hobility
measurements for the rubidium and cesium systems tﬁat have
been performed with a refined apparatus designed to eliminate

space charge effects,

Experimental

The materials, optical system, and electronics have been
descrilibed previously. The photolonizatlion cell was constructed

of quartz wlth plane parallel platinum electrodes. A~ shown

)'IJ

in Flg. 1, a 5.0x9.0 cm screen grid of 200 mesh, 0.5 mil
tungsten wire was located 0.3 cm in front of the collector

electrode. The collector itself was 2.0x5.5 em, and was
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surrounded by a guard ring of 5.0x9.0 cm outside dimensions.
The repeller electrode, separated from the collector by 3.8
cm, was the same size as the screen. The screenbwas maintained
at 0.10 the potential'of the repeller, and formed an egui-
potential surface that divided the cell into the large ion
migration region between the repeller and screen, and the
small detection region hetween the screen and collector. There
1s an electron current, which may be space chafge limited to
some extent, between the collector and'grid, but this curfent:
1s unaffected by the presence of lons in the migration region.
An Lon that passes from the migration‘reéion through the scfeen
into the detection regilon causes space charge neutralization
and is registered_ds an enhancement of the thermal electron
current from the collector. Thus the detecting region is also
the first stage of amplification of the ion current.

The 1light beam, which'was 0.15x1.0 e¢m in cross section,
passed through the cell paraliel to the electrodes. It could
-be located at any one of five equally spaced positions In the
migration region., and thus the dlstance the ions had to travel
to the detector region coﬁld be varied in equal incréments from
2.0 to 0.46 cm. By this technlque, any uncertalnties due to
the finite thickness of the detecting region could be eliminated,
and 1t could be ascertaiged that the field in the migratiocn
reglon was not distorted 5& space charge or cther effects for
field strengths greater than 3V/cm.

Molecular ions were produced by exclting 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 ilons were produced by
radiation in the photoionization continuum region.

The exciting light was chopped at several frequencies

ranging from 578 to 1500 sec T,

As long as the migration time
of the ions was shorter than the chopping period, the results
were indepéndent of the frequency used. Migration times long
compared to thé,chobéing period resulted in distorted wave
forms and consequently chopping ffequenéies were selected so
that the measured phase shift of the ilon current was less than
100°.

The pressures of the alkall metal vapors were set'by the
thermostatically controlled (fO.i°C) temperature of the
appendix tube that contained the liquid metal. The temperature
was ﬁeasured with an iron-constantan fhermocouple, and the
vapor pressure data of Kvater and Meister,z_Taylor and Langmuir,3
and Goldberg4 were used to calculate the pressure. The two |

2,3

determinations of the vapor pressure of cesium are in

excellent agreement in the temperature range used in our work.
In addition, the boiling‘points of cesium and rubidium calcu-
lated from the vapor pressure equations'of'Kvater and Melster
and Goldberg agree well wlth the measured bolling temperatures.

These vapor pressure data appear %o be.quite reliable.

Results and Discussicn

The measured values of the drift velocity, Wy, are plotted

as a function of the electric field to pressure ratio for
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rubidium and cesium in Figs. 2 and 3. The‘pressure PO is

the normalized pressure, l.e., Py = 273 P/T, where T is the
temperatureﬁof the alkall metai vapor. Lines of slope unity
and one-half are drawn tO indicate the limiting beﬁavior
expected at low and high‘values‘of E/Po, respectively. The
low E/Po case éorresponds to the ion drift velocity being much
smaller'thén»the random thermal velocity. The.root—mean—square
velocities for rubidium and cesium atoms in the temperature
range involved are 4.3x104 and S.leO% cm/sec respectively,
and thus our data lie near the transition between the high

and low E/P, reglons. |

For the diatomic iqns particularly, the data show that w
depends very nearly on E/PO to the first power. A dependence of
w on E/PO to the first power even..at high values of E/?é is |
expected if the predominant term 1n the ion-neutral potential
is due to the ion-induced dipole interaction that variles at
l/ré. Our data suggest that the mobilities of the dlatomic
ions in their own vapor may be described to a first approximation
by the classical Tangevin theory in 1its polarization 1imit.

The drift velocity of Rb+ varles as E/PO raised to a-
power very slightly less. than unity under our conditions, as
Tig. 2 shcows. The data for Cs% are considerably more extensive,
and in Fig. 3 the departure from the slope of uni@y is clear.

Figures 4 and 5 show the normalized mobility U plotted

as a function of E/PO, The moblility Mo refers to a gas densicy

O
v

1¢g j : '
2. 69x10~" atoms/cc. . To deduce the true zero £1eld mobility.

bt
ot

{5 desirable Lo make measurements at as low a value of E/P,-



as possible. However, this involves consliderable experimental
difficulty, for at small values of the electric fileld the
sighal strength decreased, and at the higher pressures the
windows of the cell darkened raplidly. The estimates of.the
zero fileld mobllities basedlon extrapolation of the best
straight lines through all the points.are given in Table I. -
While_more.extensive data at 1ower'E/Po mlght show éomevother
method of extrapolation to be preferable, 1t is unlikely that
this will lead to any substantial change in the mobility Values;
The mobilitles of Cs+ and Cs; in cesium vapor have. been
measured previously by Chanin and'Steen.5 Their value of 0.21
cmZ/V sec for the normalized zero fleld moblllty of the ion
they took to beleg is 1n good agreement with our determination
for the ion produced by photosensitized ionization. BRoth
determinations agree with the value of 0.20 calculated from
the slmple Langevin theory for Csz in_Cs if 52.5:{10_24 ce is
used for the polarizability6 of the ceslum atom. The identity
and mobility of this lon seem secure. » |
Our value of 0.12 em%/V sec for Csf is larger than those

reported by Chanin and Steen (O.O75)Iand Dandurand and Holt7

(0.065}. It is difficult to find an unassallable reason for this
disagreement, except that Chanin and Steen report difficulty_in
observing thié,ion, and in fact performed their experiments

in a pressure rénge where we find atomlc ions are rather repidly
converted to molecular ions. ‘We did not find the "anomalous’

dependence of the drift velocity on E/PO observed by Chanin and

Steen. o B



The'experimental zero field mobility for Rb; agrees well.
‘with the value (0.283)‘calculated using the Langevin,theory
and a polarizability6 of 40x10-%% ce for the rubidium atom.
The measured.mobility of the atomic lon 1s approximately 0.6
that of tﬁe molecular lon as was true 1n %he cesium systen. .
1obilitybratios in the range 0.6 to 0.8 for otomic and diatomic
1ons.in tﬂeir parent vapor have been found in the mercury8 and
" noble ga59 systems. |

‘The absolute values of the mooilities of the rubidium lons
agree within experimental error with the determ;nation reported
preriously.l In our earlier work, howover, the flight time of
the molecular ilons appeared too short probably because of a
combination of molecular lon-electron recombinatlon and space
charge effects. Neutral;zation of the space charge limited‘
electron current by posiltive lons produces & response at the
collector with zero phase shift and ion—electron recomblination
attenuates the part of the signal that should arrive at the |
collector with the proper phase shift. . This effect . can be i
expected for the alkall metal systems in other mooiliuy appar-
atuses which employ unshielded collectors. We feel the grid |
employed 1n our present apparatus eliminéted this difficulty.

SinCe the atomlc lons have a smaller mobility in thelr
parent vapor than the corresponding molecylar ions, resonant
charge transfer must coﬁstitute the dominant contribution to the
mobility cross sectlon for the atomic ions. It i1s of interest
to compare our measured mobility cross sections for the atomlic’

lons with predictions of the simple theory of resonant cnargo



transfer. The average mobllitfy cross section 1s given in

terms of the mobility bylo

4
.9 o
Q = 2.97x10

Hb T

where o is the reduced zero field mobility, m 1s the atomic

mass 1n amu, and T 18 the temperature. Our data give Q =

o 14 cm2 ror cs™. Rapp -and

6.3x10 % cu® for Rb' and 7.5x10”
Francisll have glven an expression for the resonant charge
transfer cross sections which i1s based on a simple nodeless
wave functlon for the atomic valence electron. Although
dependent on a number of simplifying assumptions, the predi¢ted
cross section 1s absolute in the sense that 1t is given nly

as a function of thé veloclity and ionization_enérgy of the atom.
The charge transfer cross sections calculated from this
expression assuming the most probable thermél velooi@y are

14 14 2

cm® for RbT and 3.1x10° "% em® for Cs¥. To find the

2.6x10" '
corresponding moblility cross sections, we must apply the
correction12 for the lon-induced dipole'attraction, and. multiply

the result by twolO

Q=20 = 20[13—(ae2/E62)(ﬂ/2)2],-

Here o 1s the predilcted charge transfer cross section, & is~thé-
average relative kinetilc enérgy of the. particles, a is the |
polarizability and e 1s the electron charge. The results are

. _
1 14 qm2 for cesium.

6.5x10™+% cm® for rublidium, and 7T.6x10"
These are in surprisingly good agreement with the experimental

values.



-8-.

For both the cesium and rubidium systems the mobillty
of the molecular lon w;;\independent of the chopping frequency
and ilon drift distance. Thils was also true for the atomic
jions at the higher E/Po values, shorter drift distances, and
" higher chopping frequenc;es. However, wheﬁ the time between
production and collectlon of the atomic lons was allowed to
increase,.eventually the apparent drift velocilty bégan To -
increase. Tn the 1limit of long times between production and
collection, the atomic ions appeared-to have a drift velocity
identical to that of the corresponding molecular ilon. Thus

1f the atomic lons are not collected rapidly, they are converced

to molecular ions, most probably by the exothermic reactions

Rb* + Rb, —» Rb, + Rb (1)
cst + Cs, —> ng + Cs . : (2)

Because the alkall metal vapors contain approximately 0.0S%.of'
diatomic molecules under our conditions, these reactions are
expected to be conslderably faster than the corresponding
three body assoclatlion processes. The approximate half-life
for reactions 1 and 2 was estimated from the phase shift that
corresponded to a measured drift velocilty half-way between
those expected for the atomic and molecular ions at a gilven

E/P To evaluate the bimolecular rate constants, the éoncen—

o
trations of the neutral dlatomic molecules were calculated
from the expressilons for the equilibrium constant for molecule
formation in fterms of partitidn functions. The data tabulated
13 |

by Wagman et al™” were used to evaluate the partition functions.

The second order rate constants for reactions 1 and 2 were
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found to be 8x10”*Y ang 9x10710 ce/molecule-sec respectively.

™~ .
An approximate upper limit for the rate constants of such
simple exothermic ion-molecule reactions can be calculated

from the expression

where a 1s the polarizabllity of the neutral, e is the funda-
mental charge, and W 1s the reduced mass. If the polarizability
for the molecule 1s taken as twice that of the atom, the rate

10

constants calculated from this expression are 29x10° and

-10

26x10 cc/molecule-sec fof reactions 1 and 2 respectively.'

As expected, these calculated rate constant exceed our exper-

imental estimates, bﬁt 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 Whiqhv
the monatomic alkalil ioﬁs can be observed in their parent

vapors.
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Table 1

Normalized Zero-field Mobilities

Rb™ 0.18 em%/V sec
L+ :
RDZ | .0.29
cs™ 0.12
_+

q;z 0.20°



Figure Captions .

rig. 1. Electrode arrangement in mobility cell.
Fig. 2. Drift velocity as a function of E/Po for ions in
rubidium. Slopes of unity and one half are indicated.
Fig. 3. Drift velocity as a function of E/PO for lons in
.cesium. Slopes of unity'and one half are indicated.
Fig. 4. Normalized mobility as . a function of E/Pé'for_ions‘
in rubidium. | | -

Fig. 5. Normalized mobility as a function of /P, for ions

°

in cesium.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
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 acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






