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ABSTRACT

The method of sensitized fluorescence was used to deter-

mine cross sections for the various excitation transfer processes

2P1/2 - 2P3/2 mixing and

occuring in K = Rb vapour mixtures and for
281/2 - 2P1/2, 2PB/Z quenching in rubidium induced in collisions with
several diatomic and polyatomic molecules in their ground states,

The alkali vapour in the fluorescence cell, which was kept at low
pressures to avoid serious effects of radiation imprisonment, was
irradiated by one component of the appropriate resonance doublet,

The resulting fluorescence, which consisted of the wavelength
component present in the exciting light (resonance fluorescence)

and those components which arose from the emission by atoms
collisionally populated (sensitized fluorescence), was resolved

and observed at right angles to the direction of the incident beam,
Measurements of sensitized~to~resonance fluorescent iﬁtensity ratios
in relation to rubidium vapour pressure yielded the following cross
sections for excitation transfer in K - Rb vapour mixtures:
’ Q22'(KL’2P3/2 - Rb52P3/2) -
Qll,(Kthl/2 - Rb52P1/2) = 2.7 &, Q21'(Kh2P3/2-Rb52P1/2) = 1.9 82,
Qié(Kthl/z - KAZPB/Q = 260 82, and Qéi(Kthl/z - KL°P. /)

I
N
ﬂ
R

2 2 _ 2
Qupy (K Py /p = RDS PB/é) =50 &

I
[
3
Lt
>0,
N
.

3/2

In mixtures of rubidium with molecular gases, measurements of the
intensity ratios in relation to gas pressures gave the following

cross sections for the mixing and quenching collisions, For H,:

2

iid
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2 2 o2 2 2 o2 2
Qo "By 7y = "By /y) = 11 &7, Q21‘ Pjp = “By/p) =15 &%, (T8, gy -

2, y _, o2 2 2 _ . 92, ) — 14 92
Pl/é) =6 &, Qo Sy /2 © P3/2) = 3 &°; for HD: Q, =18 8=,
- 2 _ 92 L 92, , _ 2 =
Qq = 25 8=, Qo =6 8=, Qo = 5 8; for Dyt Q, = 22 8=, Qy =
30 82, Qo = 3 82, Q= 5 22, for Ny Q= 16 2, Q,, = 23 2,

Q10=58 82’ Q20=1+3 82; for CH, : Q12=30 82, Q21=h222;

L
. = 2 = 2 . . = 2 =
for D, : Q, = 28 b ) Qy; =38 &, for CoHy ¢ Q, =23 &, Q

32 82, oo = 139 8, o,y = 95 85 for Oi,: o, = 57 &, and
Q= 77 &, |

iv
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I, INTRODUCTION

The understanding of the physical behaviour of systems such
as flames, discharges, stellar atmospheres, the aurora and others,
where atoms and molecules are continuously excited and de-excited by
the absorption and emission of radiation and by collisions with‘other
atoms, molecﬁles and electrons, requires a detailed knowledge of the
reaction rates or cross sections for the various processes that are
involved, Much interest has been devoted recently to all such
processes, among which inelastic collisions leading to the transfer
of excitation energy in heavy atoms, have been receiving particular
attention in this laboratory, Collisions involving alkali metals,
because of their relatively simple hydrogen~like structure, are
especially interesting since some comparison between theory and
experiment is possible, Of these, alkali - inert gas collisions and
collisions between identical alkali atoms have been investigated most
thoroughly, Theoretical studies have had some success in predicting
cross sections for the collisional transfer of excitation between the
resonance states of alkali atoms when the energy separations between
the resonance states are small and can be neglected, as is the case
with sodium (Callaway and Bauer 1965). However, in collisions
involving atoms such as rubidium and cesium, where the energy gaps
between the fine~-structure substates are large and consequently

cannot be neglected, agreement within an order of magnitude between
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theory and experiment has been achieved only very recently (Dashevskaya
et al, 1970), 1t is the purpose of this research to study inelastic
collision processes in which excitation energy is transferred between
atomic substates of relatively large energy separations, Specifically,
cross sections were measured for the collision processes occuring in
mixtures of potassium and rubidium vapours and of rubidium with
molecular gases,

When a mixture of potassium and rubidium vapours is
irradiated with one component of the potassium resonance doublet, the
resulting fluorescence includes the wavelength component present in
the incident light (resonance fluorescence) as well as those components
which arise as a result of collisional excitation transfer (sensitized
fluorescence), The processes of excitation transfer from the

potassium to the rubidium atoms may be represented by the following

general equation:
2 2 2 2
K(h PJ) + Rb(5 Sl/z) - K(4 31/2) + Rb(s .PJ) + AE (1)

where J = 1/2 or 3/2 and AE is the energy defect Between the appropri-
ate potassium and rubidium states, which is converted into relative
kinetic energy of the colliding atoms, The reverse processes in which
the energy AE is supplied by the kinetic energy of‘ the colliding
partners is not shown here since the low fluorescent intensities made
observation of these events impossible, Collisions of excited potass~
ium atoms with ground state rubidium atoms may also lead to a transfer
of excitation energy between the potassiuﬁ resonance states, These

processes, usually referred to as collisional mixing, may be
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represented by the following equation:
2 2 2 2
KL P1/2) + Rb(5 31/2) + AE' o K(4 P3/2) + Rb(5 81/2) .(2)

where AE'is the energy defect between the A2P1/2 and 1..,2P3/2 states
of potassium and equals 57 cm-l. Both the forward and reverse pro-
cesses could be observed,

Some other recent investigations of sensitized fluorescence
induced in collisions between two dissimilar metallic atoms and leading
to absolute cross sections for excitation transfer, have been carried
out with mixtures of sodium and mercury (Kraulinya 1964), mercury and
thalium (Kraulinya and Lezdin 1966; Hudson and Curnutte 1966), mercury
and zinc.(Sosinskii and Morosov 1965), and cadmium and cesium (Friedrich
and Seiwert 1957)., An earlier study of a system containing two alkali
metals at low vapour densities has been reported by Czajkowski,
McGillis and Krause £1966b), who obtained total cross sections for
inelastic collisions between excited rubidium and ground state cesium
atoms, Thangaraj (1948) also estimated the cross section for inelastic
collisions between potassium and rubidium atoms at relatively high
vapour densities, and Seiwert (1956) studied a sodium - potassium
mixture under similar conditions, thoughhe did nof obtain any collision
cross sections, Since the publication of the results of this investi-
gation (Hrycyshyn and Krause 1969ab), cross sections for excitation
transfer from potassium to rubidium atoms have been reported by, other
authors (Ornstein and Zare 1969; Stacey and Zare 1970).

p

The study of excitation transfer between the rubidium J

fine structure substates (collisional mixing) induced in collisions
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with molecular gases, is of interest because the results of a previous
study (McGillis and Krause 1968b, 1969) showed that cross sections for

mixing of the 2P substates of cesium which are separated by an energy

J
gap of 554 cm-l, induced in collisions with diatomic and some poly=~
atomic molecules, were about five orders ofvmagnitude larger than the
corresponding cross sections for collisions with inert gas atoms
(Czajkowski, McGillis and Krause 1966a). On the other hand, mixing
éross sections observed in sodiumk(AE = 17.2 cm;l) collisions with

.inert gases (Pitre and Krause 1967) are of the same order of magnitude
as the corresponding cross sections observed in mixtures of sodium
and molecular gases (Stupavsky and Krause 1968, 1969), It is
apparent.that in collisions with molecules, the transfer of excitation

energy between the 2P substates of the alkali atoms would be greatly

J
enhanced if the energy defect AE between these states could be trans=-
ferred into molecular vibrational and rotational levels as well as

into the kinetic energies of the colliding partners. However, little
is known of the effects of internal molecular structure, especially
those of rotational excitation on the various collisional processes,

In this investigation, cross sections have been determined
for inelastic collisions between excited rubidium atoms and various
diatomic and polyatomic molecules leading to 52P1/2 - 52P3/2 mixing.
The energy separation between these resonance levels in rubidium equals
238 cﬁ-l, making the interaction considerably less adiabatic than in
the case of cesium where the resonance defect amounts to 554 cm-l.

Molecules are also known to be efficient in collisionally deactivating

(quenching) excited states (Mitchell and Zemansky 1961). Since the
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effects of quenching can be separated from those of mixing, the
523 - 52P ’ 52P quenching cross sections could also be
1/2 1/2 3/2
estimated, When a single component of the rubidium resonance doublet
is used to irradiate the vapour-gas mixtures, the collisional pro-~

cesses which occur can be rebresented by the following equations:

Rb(5°P ) M - Rb(5°P ) + M (3)

Rb(5P.) + M - Rb(5251/2) + o (4)

3¢
where J and J' are either 1/2 or 3/2, and M represents a molecule
whose translational, vibrational and rotational energy has changed as
a result of collision. When J % J', eq, (3) represents the excitation

transfer process between the 2P states (mixing) and eq, (4) represents

J
the quenching reaction.

The quenching of rubidium resonance radiation by various
molecules has been recently studied at flame temperatures by Jenkins
(1968), and Hooymayers and Nienhuis (1968) who reported the possibility
of a resonance effect between the excited states in rubidium and the
molecular vibrational levels, These authors did not attempt, however,
to resolve the rubidium resonance doublet, If a resonance effect were
present, the quenching cross sections of excited rubidium in collisions
with molecules of a specific gas should be extremely sensitive as to
which rubidium 2PJ substate would be initially excited, In this
investigation, it was possible to obtain individual cross sections
for the quenching of each 2PJ substate, It should be borne in mind,

however, that if the quenching cross sections were strongly dependent
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on the chemical properties of the molecules, a comparison of the
results obtained at flame temperatures with those obtained in this

experiment (T = 3L.,O°K) might not be significant,
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‘II. MACROSCOPIC THEORY OF THE INELASTIC PROGESSES

In order to experimentally determine the cross section for
any specific process, it is first necessary to express it in terms of
measurable quantities, Since the processes which occur in alkali =
alkali collisions are not completely identical with those in alkali -
molecular gas collisions where quenching reactions must be taken into

account, each system will be treated separately.

A, Collisions Between Excited Potassium Atoms and Ground State
Rubidium Atoms

The processes which occur when the potassium th state

3/2

~1s optically excited in a K - Rb vapour mixture, are shown in Fig, 1,

The most probable processes which give rise to resonance fluorescence

and sensitized fluorescence are indicated by solid arrows; the broken
arrows show reactions which also lead to sensitized fluorescence but
are much less probable,

The various reactions are represented by the following

equations:
R(L%S, /) + by, 2 K(47P, /,) (5)
K(b,2P3/2) .(72.3-1 K(L*zsl/z) + hu, (6)
K(l.,zPB/z) + Rb‘(5281/2) b2 K.(Lzsl/z) + Rb(52P3/2) F?)
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2 57 ¢
=<

168 cm™

238 cm™

S, (T () @ (Ta)™

S < e <

2 2
o] 18
Y Ty o8k 7800k 2 %

Fig, 1. Energy level diagram showing sensitized fluorescence in
Rb induced by collisions with K atoms in their L,2P , states, The s_
coefficient denotes excitation by the absorption o%/photons, the (7)
coefficients refer to spontaneous radiative decay and the Z coefficients
to radiationless transfer of energy by inelastic collisions., The
primary processes are represented by solid arrows,
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221'

K(L,ZPB/z) + Rb(5231/2) = K“*231/2) + Rb(52P1/2) (8)
K(u2P3/2) + x(zsl/z) “a1 K(42P1/2) + x(zsl/z) (9)

Rb(52P3/2) (TZL)-I Rb(5281/2) + by, (10)

Rb(52P1/2) ‘Tll)-l Rb(52sl/2) + hoy (11)

K‘thl/z) ""1_2"1 K(A231/2) + huy -(12)
RUZRy )+ %(%s, ) ‘1z K(1%2, /) + x(%s, 1) (13)
K(uzrl/z) + Rb(2sl/2) “1g0 K(uzsl/z) + Rb(52P3/2) (14)
K$“2P1/2) + Rb(281/2) Zl—v' K(uzsl/z) + Rb(52P1/2) (15)
Rb(52P3/2) + x(2sl/2) “ar1 Rb(52P1/2) + x(zsl/z) (16)
Rb(5%P, /,) + x(?sl/z) ‘12 Rb(5%2, /) + (s, /) (17)

where S, is the density of potassium atoms excited per second from

the “231/2 to the A2P state, ™ and T

3/2 2
the bzPl/é and h2P3/é states of potassium respectively, Ty and Tor

are the average lifetimes of

are the average lifetimes of the 52P1/2 and 52P3/2 states of rubidium

12° Z21, 222', 221', 212', le', 22'1' and 21,2, are

the frequencies of collisions per excited atom giving rise to radia-

respectively, Z

tionless energy transfer, and X represents either a potassium or a
rubidium atom in the ground state, Equations (5) = (12) represent the
primary processes and equations (13) - (17) represent the secondary

reactions,
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10

Some of the secondary processes can be neglected, In the
‘temperature range 80 - 100°C, mixing of the L2P states induced by
collisions with ground state potassium atoms produces ratios of about
10“5 of sensitized~-to-resonance fluorescent intensities (Chapman 1965)
as does the mixing induced by the more numerous rubidium atoms
(Hrycyshyn and Krause 1969b),' Hence, processes (14) and (15) are
negligible in comparison to (7) and (8), respectively, and process
(13) is negligible compared with process (5), At rubidium vapour
pressures up to 10“5 mm Hg, mixing of the 52P states also gives
ratios of sensitized-to-resonance fluorescent intensities amounting
to 10-5, and thus processes (16) and (17) are negligible in comparison
with (8) and (10), and (7) and (11), respectively (Rae and Krause
1965), Further simplifications will be introduced at a later stage,

If it is assumed that the K - Rb vapour mixture exists
in a steady state which involves only the optical excitation of the

potassium A2P state, spontaneous decay and the various collisional

3/2

processes shown in Fig, 1, the following rate equations may be

written:

dN (42, /.) | -
— . . N2R, 1)) T+ 2y + 2, +2,,,] = O (18)

NPy ) 2, ) w2 -1
_—_c'l—t_L_ = 2y Ny ) = NITRy o)D) T+ 2y, F 20, F
Z,01 =0 - (19)
an(5°py /) 2 2 -1
—3l - g B,/p) - M5%R, ) (r, )7 = 0 (20)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2

2 2 -1
dt 2o NWTRy p) = NE5TR) f) ()

0 (21)

where, for example, N(A2P3/é) denotes the density of th potassium

3/2

atoms and is connected as follows to the observed intensity of fluor-

escence,

hvu
I(v,) = ¢ —= N(L3p

5 ™ 3/2) (22)

€ 1s a measure of the response of the detection system to radiation
of frequency Uy and is assumed to be the same for all frequencies

observed here, Substitution into equations (19), (20), and (21)

yields:
7 . = "M (r) 4z, +2,. +2,. ] (23)
21 Tyt 12 T4 Toed M 3
A
. =1 Al
Zosy = (107" 3@; oo (24)
A
-1 Mo
Zoyr = (1p) A, T2l (25)

where A, = 7699 &, A, = 7665 &, A;, = 7948 & and A,

Moot and Tpy+ Fepresent ratios of sensitized-to-resonance fluorescent

= 7800 &, n,

intensities which are measured experimentally,

_ 1(7699 &) _ 1(7800 &) 1(7948 R)
= TT%%%%%?iT * Ma2r “‘iﬂ%%%i??if * Moy "i%%%%ﬁ?TTT ’ (26)

If, instead, the potassium 42P1/2 state 1s optically
excited, the following equations result:

Z,, = Igﬁg [ ylez +z +z ] (27)
12 T 7oA b2 21 T %pr Té M 7
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12

A

- -1 2
2oy = (7)) a Py (28)
A
-1 Mo
20 = rp) n, M1t (29)

where

_ 1(7665 &) _ 1(7800 &) _ 1{79u8 &
%"ﬂ%%&’mz‘WM9)”h“¢%%ﬁ' (30)

In all intensity ratios (m~values) defined in equations (26) and (30),
the components appearing in the denominators are of the same wave-
lengths as those used for the excitation of fluorescence,

Since the separation of the potassium resonance doublet

is small, setting ™ = = 7 and Xl = Az introduces a negligible

T2
error in equations (23) and (27). The further conditions that

(lev + le.) << (T)-l and (2 + ) << (T)-l, which were found

221 T %oy

true over the complete experimental range, simplify the solutions of

equations (23) and (27) in the following manner.

1 ot
2,0 = ¥ nlnz) (31)
T mn
2, = (2 k2 (52)

L=-mm, .

When 7, and m, are very small (in fact, about 10-h), equations (31)

and (32) become further simplified:

ul D)
-

A = = ’ Z E)

" (33)

Since 212 and 221 include the combined rates at which the
2

energy of potassium atoms, optically excited to a particular “P

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

substate, is transferred to the other substate by collisions with
potassium and rubidium atoms in their ground states, they can be

represented as follows:

Zip T It

(34)

= {28 4
Z21 Zyy v 29

t
where Z12 and Zié refer to collisions with potassium and rubidium

atoms respectively, Eqs., {(34) then become

T

te (n2 - T5) n2

| 1e 35)
. (ny -my)
21 T T
Since the values Ziz and Zél are known (Chapman and Krause 1965),
e te , '
212 and Z21 may be obtained directly.

Equations (24), (25), (28), (29) and (35) connect the total
collision cross sections with the experimentally measurable intensity

ratios,

B, Collisions Between Excited Rubidium Atoms and Ground State Diatomic
or Polyatomic Molecules
Since only one species of alkali atom is involved, the
number of collisional mixing processes is considerably smaller than
that considered in Section A above, However, while in the previous
case the entire transfer of energy by collisions with atoms could be
detected as sensitized fluorescence, molecules are capable of quench-

ing excited atoms to their ground states without the emission of
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radiation, The mixing and quenching processes that occur when the
vapour-gas mixture is optically excited to the rubidium 52P3/2 state
are represented in Fig, 2, The various processes are represented

by the following equations:

Rb(5281/2) + hu, 2 Rb(52P3/2) | (36)
| ()" |
Rb{szPB/z) 2 Rb(52Sl/2) + hu, (37)
z
2 21 2 3
Rb§5 P3/2) +M S Rb(s Pl/z) + M (38)
z
2 0 2
Rb(5 93/2) +M = Rb(s 81/2) + M (39)
. (rph
Rb(5 P1/2) = Rb(5 51/2) +ho, (40)
z
Rb(52P1/2) +u X Rb(52P3/2) + i (41)
Z .
Rb(52P1/2) +u X Rb(5281/2) + M (42)

where S5 is the density of rubidium atoms excited per second from the

ground state to the 52P3/2 state, ] and T, are the average lifetimes

of the 52P1/ and 52P states respectively, 212, Z21, le’ 220 are

2 3/2

the collision numbers defined as the frequencies of collisions per

excited rubidium atom leading to the collision mixing processes

2 2 R 2
Pl/é - PB/é’ 2P1/é - 2P3/2, and the quenching processes Pl/é -

2 2 2
81/2 and P3/é -

3
state and M 1is a molecule whose translational, vibrational and

Sl/é’ respectively, M is a molecule in its ground

rotational energy has changed as a result of an inelastic collision,
The mixing of the 2P substates ig assumed to be entirely induced by

collision with molecules since the sensitized-to-resonance fluorescent
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Z
52 S ‘é . _ \‘r l y o
7800 A 7948 A

Fig, 2. Energy levels involved in sensitized fluorescence of
Rb and in the quenching of the Rb resonance radiation induced by
collisions with diatomic and polyatomic molecules,
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intensity ratios due to collisions with other rubidium atoms are about
10-6 at the vapour pressures used in these experiments (10‘.6 mm Hg)
(Rae and Krause 1965); this is at least two orders of magnitude
Smaller than the values observed at the lowest gas pressures used,

If it is again assumed that the vapour-gas mixture exists
in a steady state which involves only the optical excitation of the
rubidium 52P3/2 state, spontaneous decay and the collisional processes

indicated in Fig, 2, the following rate equations may be written:

dN(SzPi (2) _ 1

2 2 -
— sy + z12N(5 P1/2) - N(5 PB/Z)E(TZ)
+ 2, T 20] = 0 (43)
an(s®, /o) 2 2 -1
__dT:'L' = ZyN(57P, 1)) = N5y p) T ) + 2
+2,51 =0 (LL)

where, for example, N(52P3/2) represents the density of rubidium atoms
in the 521’3/2 state, By relating the densities of the excited atoms

to the intensities of the resonance components, eq, (4L) becomes

TiA

171 -1
2,5, ;;3; [('rl)

REIPRURT 'Y (45)

If the rubidium 52P1/2 state is optically excited instead,

the following equation is obtained:

z -—-I-‘?-L?-[( iz +2 (46)
12 T TR T2 21 * %0l M -

where
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_ L(7948 R) _ I(7800 R) |
™ T T(7e00 X) 2™ e T T(7o48 %) (47)
Kl = T9L8 % and Az = 7800 R, The components appearing in the denom~

inators of eq., (47) are of the same wavelengths as that used for the

excitation of fluorescence., Solutions of eqs., (45) and (46) for Zi,

and 221 lead to the following equations,’

17

Zyy = A+ BZ+Cly fhs)
2, = D+ EZ, +CZp ' (49)
where
/A + )
A = (71,)
-1
- (72) xl/xz ul
Wy
"M ‘ ‘
C I —— 0
-1 Tl + ]
D = (r,)
1 (L -mm,]
-1
N (ry) AQ/XI h
2 [1-mmn]
At low gas pressures, quenching effects are negligible and eqs., (48)
~and (L49) reduce to 221 = A and 212 = D, 1f the mixing cross sections

are known, the quenching cross sections can be obtained as follows,

Equations (48) and (49) may be rewritten in the form

2y, - A = b, = BZ+CLy ‘ ' (51)

Z - D = = +
12 By, E220 cz10 (52)
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Equations (51) and (52) may be solved for Z_.. and Z

20 10’
My Loy
10 ATy (“1) P (53)

glving

A
z, = L1 (2 |4 (54)

20 A2T2 T, 21
Once the mixing cross sections have been obtained from the low-
3
pressure data, the collision numbers can be determined at any pressure,
The deviations of these collision numbers from the experimentally
determined coefficients A and D in eqs, (51) and (52) yield the

quantities A ., and A?l which are used in eqs, (53) and (5&) to

12

determine the collision numbers Z10 and 220, from which the quenching

cross sections QlO and on may be calculated.

C. Calculation of the Cross Sections

For any collisional process where an atom in state 'a' is
transferred to another state 'b', the collision numbers Zab can, by
analogy with the gas kinetic cross section, be relatgd to the average
total cross section Qab;

zab = er Qab (55)

where N is the density of ground state atoms or molecules, and v. is

the average relative velocity of the colliding partners, given by
1
v, = (8kT/m) /2 . (56)

k is the Boltzmann constant, T the absolute temperature and i the
reduced mass, Equation (55) indicates that at a constant temperature,

the collision numbers Za vary linearly with pressure,

b
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It has been assumed through the discussion in Sections A
and B that effects due to radiation trapping are negligible, The
imprisonment of radiation, if present, would cause the apparent life~
times of the resonance states in the alkali atoms to be significantly
longer than the 'natural' lifetimes and would manifest itself in the
appearance of spuriously large collision cross sections,

The principle of detailed balancing predicts that at a
temperature T, the cross sections Q12 and Q21 should be in the ratio

Y2 | &

o = g;exp'(-AE/kT) (57)

where g, = 2 and 8, = L, are the statistical weights of the 2P1/2 and
P3/2 states, respectively, and AE is the energy defect between them,
Experimental agreement with the above predicted ratio serves as a

good check on the experimental results,
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I1I, DESCRIPTION OF THE APPARATUS

A schematic diagram of the apparatus is shown in Fig, 3.
The alkali resonance doublet, emitted by a radio frequency light
source, was resolved by a grating monochromator in series with one
or two interference filters, The monochromatic beam was then brought
to focus in a fluorescence cell which contained the atoms and mole=
cules, the collisions between which were to be studied, The result-
ing fluorescence, observed at right angles to the direction of the
incident beam, was resolved into the two components of the resonance
doublet by either three or four interference filters in series, and
was focussed on the photocathode of a liquid~-air-cooled photomultiplier
whose output was registered by one of two methods, The photomultiplier
pulses were either integrated and amplified by an electrometer
amplifier whose voltage output was fed to a strip chart recorder, or
the pulses were counted by a counting train consisting of an amplifier,
discriminator and scaler, When employing the pulse~counting method
which, on the whole, was preferred, a neutral density filter was
inserted into the output beam to attenuate the resonance fluorescence
and prevent the scaler from overloading.

A detailed description of the light source has been given
elsewhere (Atkinson, Chapman and Krause 1965), The lamp consisted
of a tapered pyrex tube which cqntained about ,5 g of distilled

alkali metal (either peéassium or rubidium) in the tapered end, and

20
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‘about 1,5 torr of argon which acted as a carrier gas., The tube was
placed in the tank coil of an rf oscillator operating at 60 MHz, with
the tapered portion extending down into a wire wound heater coil
which was connected through a variac to a voltage-stabilized power
line, The temperature of the base of the lamp, which controlled
the concentration of alkali vapour, was adjusted until the intensities
of the emitted resonance lines were large and stable,

A Bausch and Lomb monochromator was used in conjunction
with Spectrolab or Shott interference filters to select one of the
potassium or rubidium resonance components from the rf diséharge.

The monochromator contained a 1200 1ine/mm grating blazed at 7500 'S
in the first order and had an aperture of f/h.h, a focal length of
500 mm and a reciprocal dispersion of 16 X/mm in the first order.

With the entrance and exit slits set at 1,5 mm wide and 12 mm high,
the potassium and rubidium doublets were resolved with a spectral
purity of one part in 2,000 and, with the addition of one inter=~
ference filter, the exciting beam had a spectral purity better than
one part in 106. The fluorescent light, however, was resolved only
by interference filters, 1In the observation of sensitized fluorescence
in rubidium arising from collisions with excited potassium atoms,
four blocked rubidium interference filters were used, Although the
rubidium fluorescence was easily resolved (spectral purity of at
least one part in 1010), it was found that there was appreciable
leakage of potassium resonance radiation through the rubidium filters.

Since the transmissions of unwanted lines are difficult to measure in

situ, an estimate of the amount of potassium leakage was obtained by
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a subsidiary.experiment in which a parallel potassium light beam,
monochromatic to one part in 108, was passed through the rubidium
filters, The transmission of the potassium 7699 R component through
the four rubidium 7800 ] filters mounted in series, which was by far
the largest, was measured to be about 10-8. All filter transmissions
of the wanted lines were measured in situ,

The design of the fluorescence cell is shown in Fig. k.
Reabsorption of both the exciting light and the fluorescent radiation
was minimized by positioning the image of the monochromator slit in
the corner formed by the entrance and observation windows, \Since a
cone of light actually enters the cell, it is not possible to position
the image right against the exit window without scattering some of
the incident light, The image of the monochromator slit, which was
half the size of the actual slit, was centered behind the exit
window at a distance of 1,1 mm, With the image in this position, the
scattered light, which was further reduced by coating the cell with
aquadag (a colloidal dispersion of graphite), was found to be of
negligible intensity,

The main oven which contained the body of the cell,
consisted of an outer transite box and an inner aluminum box., Chromel
A heating wire was wound around the outside of the aluminum box to
eliminate glow from the heater, and was insulated from the aluminum
by several sheets of asbestos paper, Glass wool, stuffed between the
aluminum and transite walls further insulated the oven from the out~
side, Windows at each end of the oven provided a means of admitting

and viewing the incident light and a third window, situated on the
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Fig. L. The fluorescence cell with the ray diagram of the scheme
used in the determinations of the extinction coefficients, A, entrance
window; B, exit window; C, viewing window; D, side arm,
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front wall facing the detection equipment, provided an exit for the
fluorescent light, The temperature of the main oven was kept constant
to within + 2% by connecting the heater wires through a Variac auto-
transformer to a regulated power line,

The side arm of the cell, which was approximately 4 cm
long and 12 mm wide, contained the liquid alkali metal, Since the
temperature of the side arm determined the vapour density in the main
body of the cell (Hoffmann 1962), accurate temperature control was
essential, This was accomplished by connecting the side oven, which
consisted of a brass cylinder snugly fitting the side arm, to one of
two types of temperature controllers. For experiments involving the
K - Rb system, where it was necessary to vary the alkali vapour
density, resistance wire was wound around the brass cylinder and
connected to a thermistor~controlled temperature controller permitting
rapid changes in the temperature {Chapman 1965), However, in the
study of Rb-molecular gas systems where the side arm temperature was
kept constant (hOOC), water was circulated from a Jena Ultrathermostat
through copper‘coils mounted in place of the heater wire, In both
cases, the temperature was stabilized to within + .2°C. All tempera-
tures were measured with copper-constantan thermocouples which were
located on the main body and on the side arm of the fluorescence cell,

. The cell was connected to the vacuum system or gas filling
system by a capillary, .23 cm in diameter, which was small enough to
prevent migration of the alkali vapour from the cell yet large enough
to avoid corrections of the measured gas pressures for molecular

transpiration, An Edwards model EO~2 diffusion pump filled with Dow
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Corning 70, pumping fluid and backed by a model 1SC50B rotary pump,
was used to evacuate the glass system, The system, which also included
a liquid air trap, was capable of maintaining a vacuum of better than
10-7 torr as measured by a GIC-110B CVC ionization gauge which
utilized a GIC-0l5 gauge head, All molecular gas pressures were
first measured approximately by a LKB 3294B autovac gauge and then
measured accurately with a CVC McLeod Gauge of type GM=-100A connected
to a cold trap which was cooled by dry ice immersed in acetone,

The fluorescent light emerging from the cell was focussed
on the photocathode of a 16 stage ITT FW-118G photomultiplier tube
mounted in a liquid air cryostat, Its S-1 (Ag-0-Cs) photocathode
was 3 mm in diameter and had a peak sensitivity around 8000 8 which
differed negligibly for the K and Rb resonance lines, A Fluke L12B
power supply supplied 1.8 kilovolts to the resistive divider chain
which distributed about 80 volts per dynode of the photomultiplier,
‘The signal from the tube was applied either to a Victoreen VTE=2
electrometer connected to a Philips (PR2216A) strip chart recorder
or to a Philips counting train consisting of a preamplifier (PWL4270)

and scaler (PW4231),
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1V, EXPERIMENTAL PROCEDURE

The fluorescence cell was attached to the vacuum system
through both the side arm and capillary and was then outgassed for
several days at about 150°C at a vacuum of better than 10-7 mm Hg,
Ampoules containing potassium of 99.95% purity and rubidium of 99.99%
purity (supplied by the A, D. McKay Company of New York) were intro-
duced into an extension of the side arm, broken under vacuum and
distilled into the side arm which was then sealed off, 1In preparation
of the K - Rb mixture, about ,5 g of each metal was distilled into
the side arm, The side arm was subsequently heated and cooled until
a uniform mixture was formed. 1In the study of Rb - molecular gas
systems, ,5 g of rubidium metal was distilled into the side arm, The
gases were admitted to the fluorescence cell through the capillary,

The calculations of the various cross sections Qab for
the processes which occur in the K - Rb vapour mixture require an
accurate knowledge of the partial pressures of the alkali vapours
over the experimental range of temperatures. -Specifically, for the
processes considered here, the partial pressure of rubidium is-
required, It has been shown (Rozwadowski and Lipworth 1966) that the

usual vapour pressure~temperature formulae for a one~component system
are not applicable to a two~component system, This was confirmed by
Czajkowski, McGillis and Krause {1966b)who further verified Seiwert's

(1956) contention that the partial pressure of omne component in the

: 27
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saturated vapour mixture depended on the composition of the mixture

and could be represented by the expression

(58)

where P1 is the partial pressure of one alkali metal in the mixture,
Po is the vapour pressure of the pure metal at the same temperature
and Yl is its mole fraction (ratio of the number of gram-atoms of the
metal to the total number of gram-atoms present in the mixture), This
is effectively a restatement of Raoult's Law, In the present case,

the mole fraction ﬁay be defined as

- (Rb)
1 = n(Rg) + n(K) (59)

where n(Rb) and n(K) are the numbers of gram-atoms of rubidium and
potassium in the ﬁixture, respectively,

The partial pressure of rubidium vapour in the K - Rb
vapour mixture was determined by a method shown to be valid by
Czajkowski, McGillis and Krause (1966b), in which the extinction
coefficients § were measured ovef a range of temperatures for the
rubidium 79,8 & resonance component both in vapours of pure rubidium
and in the K - Rb vapour mixture, This method is depicted in Fig, 4
which shows the incident beam passing through the cell. The image of
the monochromator slit, which was reduced to a width of ,05 mm, was
moved back and forth along the axis of observation by displacing the
lens L2 in Fig, 3 through a distance d = 1 mm by means of a micrometric
device precisely calibrated using a cathetometer, The extinction

coefficient B ‘was calculated from the expression:
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where I0 and T are the fluorescent intensities corresponding to d = O

29

and d = 1 mm, respectively, From plots of the extinction coefficients

against temperature for both pure rubidium and rubidium in the K -~ Rb

mixture, Yl was obtained so that equation (58) could be used to deter=

mine the partial pressures of rubidium vapour. The vapour pressure
of pure rubidium was taken from temperature-vapour pressure data

given by Nesmeyanov (1963). Although in the calculations of the

collision cross sections for the processes occuring in the Rb-molecular

gas systems, an exact knowledge of the rubidium vapour density is not
required; however, the vapour density must be kept low to avoid

imprisomment' of radiation, This was achieved by maintaining the side

arm at hOOC, which corresponds to a rubidium vapour density much lower

than that at which radiation imprisomment becomes appreciable for this

type of geometry (Rae and Krause 1965).

The following gases were used: H, (99.9995% purity),
Ny (99.999%), ¢, (99.99%), CuH, (99.98%), C,H, (99.9%), D, (>99.5%
isotopic purity), all supplied by Matheson of Canada, Ltd,, Whitby,
Ontario, and HD (298,384 isotopic purity) and cD, (<96.97,) supplied
by Merck, Sharp and Pohme of Canada, Ltd,, Moncreai, Quebec, Chemi~
cally active impurities were removed from the gases by allowing them
to remain for a few days in a rubidium~-coated glass bulb which was
heated to about 100°C, Before being admitted into the fluorescence
cell, the gases were passed through a liquid~air cooled trap to

remove any rubidium vapour carried by the gas,
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The McLeod gauge gas pressure measurements were not
corrected for molecular transpiration which occurs in the capillary
connecting the fluorescence cell to the rest of the gas system when
the mean free paths of the gas molecules are larger than the diameter
of the capillary (Dushman and Lafferty 1962) since only those points
taken at very low gas pressures (usually below 0,05 mm Hg) are affected,
Also, over the range of experimental pressures used, errors arising
from the streaming of mercury vapour towards the cold trap could be

neglected (Bennewitz and Dohmann 1965).
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V, SENSITIZED FLUORESCENCE IN K = Rb VAPOUR MIXTURES

A, The Extinction Coefficients

Plots of the extinction coefficients for the 7948 &
rubidium component against temperature for both pure rubidium and for
the K = Rb mixture are shown in Fig, 5. (All the experimental values
of the extinction coefficients are listed in Appendix A.,) Because
the extinction coefficients are functions of the density of the
rubidium atoms in the vapour, therefore for any specific temperature
of the mixture the corresponding temperature (and hence the vapour
pressure) of pure rubidium can be read off thé plots. 1In this way it
was possible to determine the partial pressures of the rubidium in
the K - Rb mixture., The ratio of the partial pressure of rubidium
in the mixture at a particular temperature to the vapour pressure of
pure rubidium at the same temperature yielded Yl’ the mole fraction
of rubidium in the mixture., It was found that, over the temperature
range shown in Fig, 5, Yl = 0,37 + 0,01, where 0,01 is the mean
deviation, Substitution of this value in equation'(58) yielded
P1 = 0,37 Po’ which was used to determine the partial pressure of the
rubidium vapour.

The extinction coefficients of the mixture were also
measured for the 7800 % rubidium component as well as for both
components of the potassium resonance doublet, On the basis of these

measurements, eq, (60) was utilized to correct for the attenuation

31
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of the fluorescent intensities which was due to reabsorption of the
fluorescence as it trave;sed the distance of 1.1 mm in the vapour,
These corrections to the observed intensity ratios amounted to as
much as 17% when the 7800 & component was observed in sensitized
fluorescence, and to at most 10% for the 7948 X component, When
either the 7665 R or the 7699 2 component was observed in sensitized

fluorescence, the intensity ratios were adjusted by a maximum of 3%,
B, The Cross Sections for K -~ Rb Collisions

(i) Energy Transfer from the 2P Substates of Potassium

to the 2

P Substates of Rubidium, Induced in Collisions with Ground
State Rubidium Atoms

Plots of the intensity r?tioé* Mot ? Moot M and 1
against rubidium vapour pressure are'shown in Figs, 6, 7, 8 and 9,
respectively, As has been observed previously in similar experiments
Czajkowski, McGillis and Krause (1966b), the curves depart from
linearity because of changes in the lifetimes of the potassium th
states [which were assumed constant in equations (24), (25), (28) and
(29) ], caused by the imprisomment of the potassium resonance ?adiation
which sets in with increasing density of potassium atoms, In Figs, 6
and 7, the linear portions are well-defined and thus the cross
sections Q12, and Q22, can be calculated by the direct applications of

equations (24), (28) and (55), 1In Figs. 8 and 9, however, the low

intensity of sensitized fluorescence made possible the measurement

The numerical data is listed in Appendix A,
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TEMPERATURE (Deg.C)
80 90 100 : 110

60r

0 . ‘ 5 . 0 5
PARTIAL PRESSURE OF Rb VAPOR (i0° mm Hg)

Fig, 7. A plot of the intensity ratio 1']22, against temperature,
The statistical errors are negligible,
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of m-values only at pressures where radiation imprisonment was already
becoming significant, The following procedure was used to correct
these curves for radiation trapping.

In the case of Fig, 6, the appropriate cross section can

be written:

n
12! (61)

Qoav = Tow
1 'r

where Mo Tepresents the values lying on the limear portion includ-
ing the extrapolated region indicated by the dashed line, For the
points lying on the curved portion, where the effects of radiation

trapping are not negligible, the cross section may be written:
TI*
= 12! :
Qzr T T letfINv_ (62)

where the “12'* are the intensity ratios measured in the region of
radiation imprisomnment and Tl(eff) is the effective lifetime of the
potassium A2P1/2 state at a particular side arm temperature (Hoffmann
and Seiwert 1961), Because equations (61) and (62) are assumed to

give the same eross section Q12,, therefore, for any given temperature

3

Mot 7y (eff)
Mg T T (63)
12! 1 :
Similarly, for the case shown in Fig, 8 where the same resonance
component (7699 &) is used for excitation, it follows that
%
M 7y (eff)

My T <6h)

In this way, Tl(eff) at a particular temperature may be obtained from
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*
eq. (63) since Nar + Mo and 1, are known, Substitution into eq.
(6L4) gives Typr* the corrected n value,
Since the linear portion in Fig., 7 is also well-defined,

it follows that the expression

3
oot rpleft)

= S (65)

-1 T2
can be solved for Tz(eff) at any particular temperature thus yielding
Mppr+ the corrected m values in Fig, 9.

In both cases, point=-by=point calculations yielded the
corrected 7 values shown in Figs, 8 and 9, In Fig, 8, no corrections
were necessary for the lower points which were obtained at vapour
densities where radiation imprisomment is virtually absent, The
agreement between the results obtained at low pressures and those
yielded by the above treatment attests to the validity of the method,
It should be noted that in Fig, 7 where the 7665 & component is used
for excitation, nonlinearity of the n=P curve sets in at a potassium
partial pressure of approximately 0.55 x 10-5 mm Hg whereas when the
7699 b component is used for excitation (Fig. 6), the curve becomes
non~linear at about 1,20 x 10-5 mm Hg., As expected, the pressures
at which nonlinearity sets in are approximately in the reciprocal
ratio of the respective oscillator strengths of the two resonance
components,

The total cross sections Qo Gorr Qq and Q,,, were
calculated from the slopes of the linear portions of the graphs in

Figs., 6, 7, 8 and 9, respectively, using TR T, = 2,77 x 10-8 s
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(Copley and Krause 1969), The results are shown in Table 1 together

with the cross sections quoted by other authors.

(i1) Mixing of the 2p Substates of Potassium Induced in
Collisions with Ground State Rubidium Atoms
%
Plots of the intensity ratios ny» rb, ni' and né' against

rubidium vapour pressure are shown in Fig, 10, As before, the plots

of n'' are linear at temperatures corresponding to potassium vapour
pressures lower than 10"5 mm Hg and depart from linearity at higher
pressures where the imprisonment of potassium radiation becomes
appreciable, The slopes of the‘n" curves, used in conjunction with
eqs. (35) and (55), yielded the mixing cross sections Qié and Qéi
which are quoted in Table 1, The experimental ratio Qié/Qéi was found

to be 1,5 + 0,2 which is in satisfactory agreement with the value of

1,60 calculated from eq, (57) at the main oven temperature T = 370°K.

C. Discussion of the K ~ Rb Cross Sections

The errors quoted in Table 1 were obtained mainly from
calculations of the statistical uncertainties arising from counting
statistics as well as from estimates of the somewhat larger systematic
error inherent in the determination of the partial pressures of
rubidium vapour, Although systematic errors are generally difficult
to determine, it was estimated that during the course of the experi-
ments, the mole fraction of the rubidium in the K - Rb mixture did not

deviate by more than 15%, Filter transmissions for the wanted lines,

The numerical data is listed in Appendix A,
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TABLE 1

Cross Sections for Inelastic Collisions Between

Excited Potassium and Ground State Rubidium Atoms

Designation Value (2)2 Source
LO + 8 This Investigation
2 2 ‘
le,(h P1/2 -5 P3/2) 5.3 + 0,8 | Stacey and Zare (1970)
10 Dashevskaya et al (1970)
(Theor.)
( 2 2 27 + 7 This Investigation
Q L=P - 57P )
== 3/2 3/2 5.5 + 1.2 | Stacey and Zare (1970)
2,7 + 0,6 | This Investigation
QH,(L;2P1/2 - 521’1/2) 2.2 + 0.5 | Ornstein and Zare (1969)
IN Dashevskaya et al (1970)
(Theor.)
2 2 1,9 + 0,6 | This Investigation
Qo (B°By fy = 57, /)
2.6 + 0.5 | Ornstein and Zare (1969)
e 2 260 + 65 This Investigation
<67 Dashevskaya et al (1970)
(Theor.)
Qé{(thl/z *-th ) 175 + 50 This Investigation

3/2
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Fig, 10, Plots of intensity ratios m and 7'' against partial
pressure of rubidium vapour, (*) n.; (A) n 't ©) Y (o) m .

The errors arising from counting st&atistics are too small to DBe:
shown,
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which were measured before and after each experimental run were found
to be constant within 24 and the lifetimes of the potassium resonance
states were accurate to 3% (Copley and Krause 1969). An additional
error in the cross sections.for the mixing of the potassium 2P states
induced in collisions with ground state rubidium atoms, arose because
of the uncertainties ih the cross sections obtained by Chapman and
Krause (1965) for 2P mixing in potassium by collisions between un~
excited and excited potassium atoms, This added a 34 uncertainty to -
the cross section Qlé and 7% to Qé;.

Table 1 shows that the values of the cross sections Qll'
and Q21' obtained in this investigation, agree within experimental
error with those determined independently by Ornstein and Zare (1969)
who used an entirely different technique for the measurement of the
partial pressure of rubidium vapour, The faét that different fluor-
escence cells were used in the two determinations suggests that any
anisotropy of the sensitized fluorescence of rubidium, which might
occur when the rubidium radiation is trapped, could not have had a
serious effect on the results, The values quoted by Stacey and Zare
(1970) for the cross sections Qo0 and Q22, do not agree with the
Qalues determined in this laboratory, Discussions with the authors
have thus far not yielded a satisfactory explanation for the dis=-
crepancy, Both experiments encountergd difficulties with leakage of
the potassium fluorescence through the rubidium 7800 b filters,
Stacey and Zare (1970) circumvented this difficulty by using a
potassium absorption cell in series with two or three rubidium inter-

ference filters to filter out the potassium radiation whereas in this
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experiment, four blocked rubidium interference filters resolved the
sensitized fluorescence, Although potassium leakage increases the
values of the observed intensity ratios, it does not alter the slopes
of the n-P plots from which the cross sections were obtained, but
appears as a positive intercept, All such intercepts were subtracted
from the observed intensity ratios to give the actual 7 values,

A value of 3.2 82 obtained by Thangaraj (1948) for the
overall cross section for excitation transfer from the AZP resonance
state of potassium to the 52P state in rubidium, is not listed in
Table 1 since a meaningful comparison with any particular value found
in this investigation is not possiBle. Thangaraj worked at vapour
pressures in the neighbourhood of 0,1 mm Hg where the exciting light
is completely absorbed by the surface layer of atoms in the fluores~
cence cell, Under these conditions, the secondary collisional pro-
cesses which were deemed negligible here might assume a much greater
importance,

Table 1 also compares the experimental results with the
theoretical values calculated by Dashevskaya et al (1970) who showed
that a dipole-dipoie interaction which is responsible for collisional
excitation transfer between identical alkali atoms is not sufficient
to explain the magnitudes of the cross sections observed in collisions
with dissimilar alkali partners. The authors suggest that exchange
interactions which come into play as the interatomic distance between
colliding partners decreases, must be taken into account, This theory
represents a distinct advance over previous attempts in predicting

similar experimental cross sections, It should be mentioned that the
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discrepancy between the experimental and theoretical values for the
cross section Q'lé(b,’gPl/2 - A2P3/2) is of the same order of magnitude
as the discrepancy between the experimental and theoretical cross
sections for the analogous process induced in collisions between

identical partners, such as K = K, Rb ~ Rb and Cs - Cs (Dashevskaya,

Voronin and Nikitin 1969).
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VI, SENSITIZED FLUORESCENCE AND QUENCHING INDUCED IN -

COLLISIONS OF RUBIDIUM ATOMS WITH MOLECULES

A, The Experimental Results
The experimentally determined intensity ratios ul and >
are plotted against the pressures of various gases in Figs, 11, 12,
13 and 14, (The numerical data is presented in Appendix B,) Fig, 12
shows the intensity ratios for H,, HD and D

2 2

at which quenching effects are negligible and where the collision

obtained at low pressures

numbers 212 and 221 can be obtained directly from eqs. (51) and (52)

by calculation of the terms D and A, respectively, using T, = 2.81 x

1
10-8 s and T, = 2.70 x 10-8 s (Link 1966). D and A are plotted

against HD pressure in Fig, 15 which is representative of all the
cases where the mixing cross sections are much larger than the quench-

ing cross sections, It may be seen that at low pressures 212 = D and

221 = A and thus the mixing cross sections can be obtained from the

slopes of the Z-P plots used in conjunction with eq. (55). At higher

221 - A and A12 = 212 - D at each

experimental point were substituted into egqs. (53) and (54), yielding

pressures, the differences Aél =

the collision numbers Z10 and 220.

against HD pressure are linear and their slopes, as before, gave the

The resulting plots of Z1 and 220

0

corresponding cross sections Q10 and on.
In the case of the saturated hydrocarbons CHA’ CDh and

02H6, plots of A and D against gas pressures show negligible departures

L6
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O

A,D,Z2, Zo1, Zio O Zso (107 Coll. Ator" §)

2
HD PRESSURE (mmHg)

Fig., 15, Plots of collision numbers Z X 22 y L., 22 and the
coefficients A and D against HD pressure, The daShed Hnes Q and Z
are extrapolations of the straight lines obtained for A and D &t low

gas pressures where quenching is negligible (Z21 =4, Z;, = D),

21l
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from linearity indicating that quenching is insignificant compared
with the collisional mixing process, The opposite is true, however,
with N2 and CZHLL as is shown for N2 in Fig., 16, 1In these cases,

quenching effects became noticeable at gas pressures as low as 0,25

'

mm Hg for N2 and 0,15 mm Hg for CZHh'
The cross sections for collisional mixing and quenching,
which were calculated by a least-squares analysis of the Z-P plots,

are summarized in Table 2.

B, Discussion of the Results

The statistical uncertainties in the mixing cross sections
were negligible in all cases, Uncertainties in the filter transmiss-
ions and in the lifetimes of the rubidium resonance states added
about 24 each to the error and the pressures read off the McLeod
gauge were estimated accurate to within 3%, The combined errors are
not expected to exceed + 104,

The quenching cross sections, which are regarded as being
of secondary importance, are not nearly as accurate, In the cases of
CZHA and N2 where statistical uncertainties are small compared to
other sources of error such as the uncertainty in the corresponding
mixing cross sections, the error is estimated at + 204, For the other
molecules, especially the saturated hydrocarbons where quenching
effects are very small, large statistical uncertainties in the values

of Z. B and Z_ . add substantially to the error,

10 20
2

The cross sections for 2P1/2'0 P mixing induced by

3/2

collisions with molecules are L=5 orders of magnitude larger than the
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corresponding cross sections for rubidium - inert gas collisions
(Pitre, Rae and Krause 1966), Evidence of the existence of meta-
stable N2- ions (Schulz 196L) has given support to the suggestion
that the collisisnal mixing induced with diatomic molecules may
‘proceed according to a mechanism involving an intermediate ionic
complex, Calculations based on this assumption, carried out for a
Rb - N2 system by Andreev and Voronin (1969), have yielded cross
sections in good agreement with the experimental results as may be
seen in Table 3, The experimental valﬁe quoted by Bellisio,
Davidovits and Kindlmann (1968), although in better agreement with the
theoretical prediction, represents only an estimate of the mixing
cross section Q21 which was used by the authors as a small correction
to the quenching cross section on.

The large ﬁixing cross sections for collisions of rubidium
with H2, HD and D2 may be due to the close correspondence between
the separations of the molecular rotational levels and the rubidium
2PJ energy defect {238 cm'l). In fact, the mixing cross sections
for the respective isotopes were found to be inversely proportional

to their rotational constants 'B', and thus proportional to the spacing

between the rotational levels whose term values are given by
F(J) = BJ(J + 1)

where F(J) is the rotational term in units of cm-1 and J is the
rotational quantum number, It is difficult to speculate whether the
differences in the respective cross sections can be attributed to

any particular resonance between the 2P1/§ — 2P3/2 energy defect in
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rubidium and a molecular rotational transition, but it appears that
the greater the number of rotational transitions available with

energies corresponding closely to the 2P energy defect, the larger

J
the cross sections, It was noted by McGillis and Krause(1968b> that

in collisions of cesium with H2’ HD and D2, the cross sections

increased from D2 to H2, exactly the reverse of which has been

observed here for rubidium, In cesium, however, the 2P energy defect

J

(554 cm-l) corresponds much more closely to the larger energies of

the rotational transitions in H, whereas in rubidium there is a closer

2

correspondence with transitions in D2. In collisions of sodium and pot~

which were studied by Stupavsky and Krause

2
P

assium with
H2, HD and D2

(1968), and McGillis and Krause (19688),respectively, where the
énergy defects are too small to broduce rotational excitation, the
;nergy LE is probably converted to translational energy as in alkali-
inert gas collisions, It was found in these cases, that the mixing
cross sections were almost equal for the various isotopes, Since the
internal molecular structure appears not to be a significant factor,
and since it is expected that the interaction forces between an alkali
atom and the various isotopes of hydrogen are identical, the differ-
ences between the mixing cross sections measured at constant tempera=
ture, can likely be ascribed to the velocity dependence of the cross
sections, Gallagher (1968) has shown a strong velocity (temperature)
dependence to exist iﬁ rubidium or cesium ~ inert gas coilision cross
sections where the collisions are becoming more sudden (more non-

adiabatic) as the relative velocity between colliding partners

increases, In the present case, the existence of internal molecular
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structure complicates the interpretation., If the mixing process
proceeded through a long lived intermediate complex, the differences
in the respective mixing cross sections for rubidium with the various
isotopes of hydrogen might be partially explained by relating the
cross sections to the stretching frequencies of the molecular vibra=-
tional modes (Melander 1960), McGillis and Krause (1969), who studied
the temperatu?e dependence of the mixing cross sections for collisions
of excited cesium atoms with CHL and CDA’ accounted for the different
temperature dependence of the mixing cross sections observed in the
two systems by assuming this type of isotope effeét on the collisional
rates, In the present experiment, the mixing cross sections for
Rb - CHI+ and Rb - CDLP systems were found to be equal within experi-
mental error at a temperature of BAOOK, at whigh the Cs =~ CHA and
Cs = CD}+ cross sections were found equal by McGillis and Krause (1969).
JThe saturated hydrocarbons CHA' CDA and C2H6 appear éo
behave similarly to the inert gases, in that the quenching cross

sections are small and the mixing cross sections increase with the
molecuiar polarizabilities, This behaviour was observed for collisions
with sodium (Stupavsky énd Krause 1969) where the experimental results
were found to be in agreement with calculations based on a theory
developed for alkali - inert gas collisions by Callaway and Bauer
(1965), in which a Van der Waals interaction potential was assumed.
Since this theory is applicable only to the non-adiabatic case where
the 2PJ energy defect can be neglected, no comparison between experi~
mental and calculated cross sections is possible.

As mentioned previously, the values of the quenching cross
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sections are considered to be the least reliable, The observed
quenching cross sections for H2, HD and D2 are substantially smaller
than those observed with nitrogen where the large cross sections have
been attributed to the relatively easy formation of the Rb =~ N2 ionic
transition complex caused by potential unsaturation in nitrogen
(Kibble, Copley and Krause 1967), The cross sections for collisions
with nitrogen and hydrogen are compared with some recent determinatiomns
of other authors in Table 3, The cross sections Q10 and on for

all the molecular gases were found to be equal within experimental
error and there was no evidence of a resonance effect between the

2

rubidium transitions 81/2 - 2P1/§’ 2P3/2 and vibrational transitions

in the diatomic molecules H2, HD, D2 and N2, such as were found by
Hooymayers and Nienhuis (1968), whose measurements of quenching cross
sections for collisions between alkali atoms and diatomic molecules

at flame temperatures showed a direct correspondence between increasing
magnitudes of the cross sections and the diminishing energy gaps
between the alkali fine structure levels and the nearest molecular
vibrational levels, It should be noted that no allowance is made in
the present study for any chemical reactions that may occur between
excited rubidium atoms and ground state molecules., Any such reaction
might account for the fact that quenching cross sections measured in
flames, where the high temperatures prevent the formation of chemical &
compounds, are generally smaller than those measured at lower temper=~

atures, It is quite likely, for example, that the large quenching

cross sections observed with the Rb =~ C_H, system arise from rubidium

274
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adding to the double bond of Cth and forming free radicals which

could subsequently polymerize.
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VII, CONCLUSIONS

A, Transfer of Excitation in Potassium - Rubidium Collisions

The experimental cross sections for the collisional processes
occurring in K - Rb vapour mixtures were found to agree within an order
of magnitude with the values calculated by Dashevskaya et al (1970) who
developed the first theoretical treatment of excitation transfer in
collisions between dissimilar alkali atoms. Previous theoretical work
involving transfer of excitation in alkali - alkali collisions had
been restricted to collisions between identical atoms (Dashevskaya,
Voronin and Nikitin 1969),

Since the cross sections for excitatioﬁ transfer from one
species of alkali atoms to another are relatively small, the sensitized
fluorescence, when measured at the low vapour densities required to
avoid radiation imprisomment, is difficult to observe, On the other
hand, the cross sections for mixing in potassium induced in collisions
with ground state rubidium atoms are much larger as are the observed
signals at the appropriate vapour densities, This fact should provide
a good opportunity to verify further the theory of Dashevskaya et al
(1970). 1In the experimental determination of the cross sections for
mixing in, for exémple, sodium induced by collisions with other alkali
atoms, only the fluorescence emitted by the sodium atoms need be
observed, This being the case, the vapour densities of only the

sodium atoms, which are initially excited, must be kept low and, in

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

this way, it should be possible to obtain accurate cross sections for
mixing in sodium, induced in collisions with the other alkali atoms

(potassium, rubidium and cesium),

B, Transfer of Excitation in Collisions Between Rubidium Atoms and
Gas Molecules
As in the case of collisions between cesium and gas mole~

cules (McGillis and Krause 1968b, 1969), the cross sections for mixing
in rubidium induced by molecular gases were about four orders of
magnitude larger than the corresponding cross sections for rubidium -
inert gas collisions, This is not surprising since gas molecules
possess a comparatively complex internal structure which provides more

2p

channels which can accept the energy difference between the 3

components of the resonance doublet. The role of the internal mole~
cular structure in the energy transfer process is still not clear,

The cross sections observed here for rubidium and those observed by
McGillis and Krause (1968b) for cesium, in both of which the mixing
was induced in collisions with the various isotopes of hydrogen,
indicate that the excitation transfer process is greatly enhanced if
the splitting between the rotational levels corresponds closely to the
energy separation of the alkali 2PJ substates, No evidence was found
however to suggest the possibility of a resonance effect, McGillis and
Krause (1969) and later Walentynowicz, Phaneuf and Krause (1970), have
been able to relate the mixing cross sections observed for cesium in

collisions with polyatomic molecules, to the molecular vibrational

frequencies, Although the energy involved is too small to directly
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excite the molecular vibrations, the molecules generally vibrate several
, . -1 . , .

times during the collision time (~ 10 3 sec), This vibration may be

instrumental in inducing the mixing, Further experiments which are now

in progress should add insight into the excitation transfer mechanism,

C. Quenching of Rubidium Resonance Radiation by Collisions with .
Molecules

The diatomic molecules H2, HD, D2 and N2, as well as the
unsaturated polyatomic molecule CZHA’ are more efficient'quenchers than
the saturated hydrocarbons CH, , CDA and CgHé' which were found to behave
similarly to the inert gases, If it is assumed that the quenching
reaction proceeds through an ionic complex (Andreev and Voronin 1969},
then the quenching rates must depend on the ease with which the ionic
complex is formed, Hence, the quenching of excited states by inert
gases, where the electron affinities are virtually zero (Herzberg
1944 ), is expected to be much less effective than that observed with
diatomic molecules,

The quenching cross sections for » HD and D, were not

fa 2

found to be significantly different to suggest any resonance effect
between the rubidium resonance levels and the molecular vibrational
levels which are quite different for the various isotopes of hydrogen.
Even when the quenching cross sections obtained with the isotopes of
hydrogen were compared to the much larger values obtained with nitrogen,
no evidence of a resonance was established, If a resonance effect did,

indeed, exist, the observed cross sections should be quite sensitive

as to which rubidium substate was initially excited, The quenching
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cross sections obtained here were not considered accurate enough to
suggest any such differences,

Quenching cross sections obtained at flame temperétures
(2000°K) are significahtly smaller than those obtained here and in
other investigations at similar temperatures (300 - AOOOK). I1f the
colliding molecules are chemically reactive, the formation of a stable
complex through which the quenching reaction may proceed is greatly
enhanced, However, at the high temperatures found in flames, the
large energies of dissociation inhibit the formations of such complexes,
Hooymayers and Alkemade (1966), who plotted the cross sections for
quenching of excited sodium atoms in collisions with nitrogen molecules
at various relative velocities of the colliding species as determined
by various investigators, have also found a fairly complex velocity
dependence of the cross sections, It has recently become apparent
from results of atomic beam experiments (Anderson, Aquilanti and
Herschbach 1969), that cross sections for excitation of potassium atoms
induced in collisions with a particular target gas (the inverse of
quenching) depend strongly on the relative energy of the colliding
partners, The beam experiments, however, do not extend to low enough

energies to provide a direct comparison with the quenching cross

sections,
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APPENDIX A

EXPERIMENTAL MEASUREMENTS
OF THE
EXTINCTION COEFFICIENTS
AND
FLUORESCENT INTENSITY RATIOS
IN

K - Rb VAPOUR MIXTURES
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Extinction Coefficients § in Pure Rubidium Vapour for

the 79,8 R Component of the Resonance Doublet

S h, e o
(°c) (em 7). p(oc) (cm ™)
L3 117 63 .4 «535
L6.8 156 64,0 .602
L9.6 177 6L.1 «592
50.4 .189 67.0 . 7h2
50.7 .196 - 67.5 .751
52,4 L249 68.8 .8L3
535 277 68.8 .825
56,2 0352 69.1 .898
58,0 .363 71.3 .980
58.9 | 1,02 73.5 1.10
61.5 488 76.0 1.22
61.6 460 V7.5 1.32
63,0 ‘ «5L5 80.8 1,40
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Extinction Coefficients § for the Resonance Lines of

Rubidium in K =~ Rb Vapour Mixtures

emppgetine# (08 (g
67.1 .602 .296
69.6 .751 3Lk
2.2 .816 440
Th.ly .953 497
76,0 1.02 .583
78.0 1.11 .705
79.8 1.29 2797
82.6 1.4L6 .861
8L.6 L.49 "~ .980
85.8 1.58 1,06
88.3 1.75 1.23
89.9 1.83 1.33
92.4 1.96 1,40
9h by 1.97 1,48
96.2 2.11 1,55
98.6 2.08 1.66
101,0 2.21 1.76
104.0 2.36 1.86
106.6 2.41 2.03
109.4 2.46 2,08
112,3 2.56 2,22
115.1 2.60 ' 2.26
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Extinction Coefficients B for the Resonance Lines of

Potassium in K = Rb Vapour Mixtures

Tempegature

Side Oven 8 (766% R) B (769? )
(°c) (em™) fen®?)

76.3 266
80,0 0334
83.6 .88 .225
86,8 .583 .320
90.7 770 .383
94.3 oObLly «535
97.7 . 1.14 667
1 100.5 1.33 .825
1044, 1.5l 1,02
107.6 L7g 1.21
110,9 1.96 1.41
114.8 2.11 1.61
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Fluorescent Intensity Ratios in K « Rb Vapour Mixtures

(Corrected for Reabsorption)

P, (Rb) Mo P, (Rb) u'py
(10™° mm Hg) (1070 (10 mm Hg) (1070)
475 1.4L8 5.5k 8.L0
.800 3.10 6.17 9.36
1,03 3.75 \ 6.55 9.96
1.27 3.15 7.41 10,9
1.39 3,20 7.41 12,4
1.60 3.88 8.30 13,3
1.85 3.47 8.75 ITRN
2.2 4.0l 9.39 15,4
2.77 bolly 10.4 17.3
3.22 L.93 11.4 20.4
3.85 5.69 12,2 22,7
L.,0L 5.75 14.2 27.3
Le53 6.57 15,8 34.8
5,01 7.43 18.3 41,3
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P, (Rb)

(10.“5 ﬁm Hg)

.516

.718

L2
1,16
1.42
1,61
1.70
1,87
2.06
2.39
2.50

Moo
(107°)
328
772
.8L3
1.26
1.14
1,21
1.0,
1.58
1.83
2.28

2.84

Pl (Rb)

(10.5 ﬁm Hg)

2.75
3.03
3.1k
3.55
4.30
5,46
6.92
8,60

10,2

11,8

13.8

oot
(107°)

2,98
3.4h
3.93
L.79
6,95

10.6

16.4
22,9
33.1
L3.7
56,8
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5472
6.88
8.0L,
8,68
9.01
9.28
9.99

10,7

N1
(107°)

.591
797
. 789
.862
.932
894
1.05

1.13

P, (Rb)

(10°% mm Hg)

11,4
11.7
12.5
13.3
14.0
15.9
19.1

My
(10”
1.30
1.36
1.42
1.62
1,88
1.99
2,95
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P, (Rb) Moy P, (Rb) T
(10 mm Hg)  (10°) (10" mmmg) (1079
2.82 379 6.40 .997
3.50 364 6,47 1,02
L.oL 428 6.84 1.03
LoL9 oLibidy 7.52 1.07
L.56 .550 8,04 1.39
L9k | 693 9.01 1.41
5,20 .587 9.87 1.92
5.46 L7 11.1 2.34L
5.80 .833 13.2 3.07
5.91 872
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4

(105 mm Hg) (107°) (1072)
1.18 .850 L614,
1,64 1.43 1,11
1.79 1.76 1.41
2.2l 1.87 1,42
2.53 2.36 1.8
2,67 2,18 1,63
2,89 2.68 2.08
3,27 2,82 2,14
3.6k 3.05 2,28
L.07 3,72 2.8l
L.26 3.78 2,85
L,70 L.4l 3.37
5.18 L.73 3.57
5.22 5.72 L.52
5.85 | 5,68 L.36
6.L0 7.80 6.26
6.85 8.40 6,76
7.03 8.50 6.81
7,51 10,3 8,40
8,03 11,0 8,97
8,66 13.1 10.9
9,80 16,8 14.7
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Py (RD) > g
(10" mm Hg) (107°) (107°)
.918 1.14 .892
1.25 1.21 .867
1.81 2,16 1.69
2.14 2.6k 2.09
2.50 3.07 2.41
3.00 3.90 3,10
3.26 L.13 3.27
3.64 L .6l 3.68
4 .03 5.13 b .06
4,26 L.95 3.78
L.55 6.21 L.97
Lo Tl 6.48 50,22
5,00 6.56 5,21
5429 6.62 5.19
5,64 7.62 6.08
6.11 9.27 7.6l
6,22 8.65 6.98
7,07 10,1, 8,50
7.25 12,2 10.3
7.92 12,3 10.2
8,414 14.0 11.8
9olidy 17.3 15.0
9.8 18.8 16.3
11,1 21,8 19.1
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APPENDIX B

EXPERIMENTAL DATA

FOR

RUBIDIUM-MOLECULAR GAS COLLISIONS
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Rb ~ H, DATA

2
P (mm Hg) nl nz
' .0095 .00190 .00147
.016 .00341 .00256
.018 .00386 .00290
.033 .00752 .00565
.037 .00792 .00593
.037 .00796 .00615
.056 .0126 00953
.076 .0169 ,0127
.091 .0192 L0146
.110 . .0240 .0183
.121 .0268 .0202
.129 .0280 .0210
193 .0399 .0299
2234 .0L96 .0377
o245 0531 .0396
A17 .0813 .0627
62 .875 .0673
568 .106 .0816
650 123 L0947
658 .120 .0920
697 .128 .0995
.90L .155 .119
1,02 .181 .136
1,08 .185 .140
1.21 .200 .150
1.34 .218 .166
1,48 .231 .175
1,50 226 .171
1.67 257 .193
1.68 .253 .19
1.79 265 .203
1,96 .28, 216
2.19 . .305 .238
201+5 0327 '251
3.03 374 279
3,31 .386 - ,295
L,21 430 2327

62 163 .340
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Rb -~ HD DATA

P (mm Hg) n m,
.0091 .0021,5 .00214
.015 .00425 .00343
.033 .00948 .00750
043 ,0120 .0959
.050 .01,0 L0111
.059 .0167 .0132
074 .0208 .0163
.096 .0269 .0212
.106 .0307 .0236
.131 .0378 .0287

.158 .OLLB .0359
.198 0554, »OLLO
231 .0629 .0507
296 .0792 L0640
.01 .10, .823
433 112 .868
516 .128 .102
«592 o147 115
.698 .167 .132
.807 .188 L1147
.930 21h 165

1,12 237 .185

1.25 .258 .200

1.41 .286 217

1,71 .326 L2LL

2,03 T 364 271

2.40 1405 302

2.60 430 31

2.95 455 335

3442 ‘ 189 366

3'89 0521+ 0381
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Rb - D, DATA
P (mm Hg) o N
.0075 .00200 .00161
.0087 .0021,2 .00198
.016 .00438 .003L9
.028 .00829 .00659
.033 .00968 .00770
.037 .0110 .00869
.051 .0156 .0123
061 .0187 L0148
.073 .0215 .0168
.109 .0327 .0257
.128 : .0379 .0301
.171 .0507 L0417
.285 0824, .0657
.329 .0930 .0730
479 ' .129 .102
586 155 .121
o Thh .191 L1147
.896 221 ‘ .170
1,12 .260 .193
1,26 291 213
1.52 329 , 243
1.76 0357 .26l
1,97 .395 .290
2’)4‘2 ‘LFSO 0317
2,72 4,80 L343
3.32 553 375
La.17 .60L Llh
l"‘95 0651 .Lpl.pl
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Rb - N, DATA
P (mm Hg) T uY
.0085 ,000887 .000669
L01L .00158 ,00114
.020 ,00218 ,00161
.026 : .00267 .00198
.027 ,00267 .00210
.033 ‘ .00353 .00260
.035 .00342 ,00268
.036 .00371 .00261,
.038 : ,004,03 ,00293
0Ll .00L89 .00355
.051, .00596 .0036
.063 .00677 .00496
.067 .00725 .00535
.069 .00755 .00546
.073 .00753 ,005),1
074 .00791 . .00575
.083 .00798 .00631,
.085 .00930 ,00673
.106 ,0112 ,00807
.120 L0126 . ,00946
135 L0141 ,0107
.165 .0166 ,0126
.201 _ .0198 .0150
.204 ,0202 .0155
218 .0218 L0164
256 L0241 ,0180
2276 .02L7 .0193
.323 .0303 ,0226
364 .0345 0253
385 .0346 .0257
.01 L0364, . 0261,
452 .0L04 .0304
A58 20411 .0315
569 OL87 20366
.592 .0508 .0390
678 .0568 LOLL2
o Th2 ,0606 L0L67
.837 .0685 .0523
.950 .07L0 L0576
1,12 .0857 .0656
1,19 ‘ .0868 ,0670
1.25 .0919 ,0688
- 1,29 ,088L .0688
1.31 .0907 LO7L1
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80

Rb - N, DATA (continued)

2 .

P (mm Hg) nl Tb
1.41 .0081 .0756
1.47 .0986 .07L9
1.56 .106 .0826
1.77 111 ,0916
1.78 115 .0889
2.21 126 ., 106
2,80 o 10l ,121
3.45 .163 .133
holz 0176 ¢1L|—6
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Rb - CH, DATA

L
P (mm Hg) . 0 X
,0l1 ,0024, ,00192
.016 .00385 .00307
.022 .00516 .00L16
,028 .00670 .00535
.035 .00860 .00670
LOLL L0106 .00825
.053 .0125 .0100
.060 L0145 .0113
1,072 L0171 - ' ,0133
.083 .0193 .0153
.108 .0255 ,0196
.127 ,0292 .0230
154 L0347 .0278
232 L0511 .0388
.285 .0601 .0L80
347 L0754 ' .0588
,1,00 .0867 L0671,
.522 .110 C 0847
705 145 .109
.895 175 132
1.21 .230 .168
1.50 276 L 194,
1,70 , «297 214
2.19 359 254
2.56 L0 275
2.89 426 .291
3'05 .L\,Lpé ,30[4,
3‘14'5 01+92 .330
L.10 o 5hly 360
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Rb -~ CD, DATA

L
P (mm Hg) n Y
.0092 .0018L, .00152
.019 ,00360 .0027),
.031 ,00621 .00511
LOL3 .00811 .00657
OLS .00879 .00731
.052 .0100 .008214,
.060 ,0120 .0096/,
. ,076 .0150 ,0116
.086 L0161 ,0130
.093 .0184 L0149
.118 .0235 .0181
JL5 .0269 L0212
70 - .0338 .0262
.188 L0341 .0272
251 L0473 .0370
.30L L0543 .0423
.320 L0615 .0480
. o407 LO7L9 .0575
.508 .0875 .0680
.600 .107 .0820
.780 .130 .101
.815 .128 .106
.980 .165 .125
1.10 , .182 .135
1.36 .220 .163
1,60 L2L7 .185
1,91 .283 .208
2029 03214- n235
2'814' 0375 o270
3.2L 412 .292
3.95 L67 324
L.82 «530 .358
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Rb - C_H, DATA

24
P (mm Hg) nl Tb
.0042 .000617 .000510
,010 .001L46 .00116
.022 .00313 ,00250
.033 .00460 ,00376
.0L0 .00566 . 00466
045 .00633 ,00500
.055 00747 ,00597
.063 .00883 .00708
.073 ,0101 .00803
.096 ,0128 ,0104
116 .0155 . .0125
.139 .0179 L0145
179 .0225 .0181
.226 .0265 .0228
331 L0367 L0317
418 LOLL1 .0383
478 L0485 .0L19
626 .0598 ,0528
. 756 067U, .0607
.876 L0736 k L0642
1.08 : .0827 .0752
1.34 .0926 . L08L1L,
1,63 .101 .0933
1.83 .109 .101
2.12 .111 .109
2.51 121 .115
3,12 .130 .125
3.7 134 .130
L.26 o143 141
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Rb - C,H, DATA

26
P (mm Hg) n T
.0061 ,00210 ,00166
.0L17 ,00583 L0045,
.02l .00833 . 00644,
.037 - ,0129 .0101
.052 .0179 0141
.070 ,0237 .0185
.089 .0298 ,0232
.109 .0352 .0275
.136 OLL7 20347
.195 L0610 .0L89
271 ,0850 .0667
.309 ,0968 ,0752
436 .129 - .lo1
«529 .155 .119
656 .184 141
777 214 165
.896 243 ,182
1,17 .295 217
144 3hiy ~ 2251
1,85 415 +290
2.30 L76 329
2.92 547 37h
3.50 .603 404
L,15 651 435
L.89 .'707 4,68
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