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interval E,, —AE, < E< E, + AE,, where AE,=3(dE,/
dn). Here, E, is considered as a “smooth” function of
quantum number z. See U. Fano and J. W. Cooper,
Rev. Mod. Phys. 40, 441 (1968), Sec. 2.4.

Uyor a qualitative understanding, Eq. (4) may be
considered as an expansion of the exponential factor in
Eq. (1) in an effective parameter K7gpf, ¥opf being a
“transition radius” weighted by zl);zpo. For the transi-
tions considered here, 7 is much larger than it is

for the transitions from the ground state; therefore
Eq. (4) is slower in convergence for a given K. For
further discussion on the convergence, see E. N.
Lassettre, J. Chem. Phys. 43, 4479 (1965).

%y -K. Kim and M. Inokuti, to be published. The
1's~3'D excitation will be discussed in this reference.

Bp, G. Burke, J. W. Cooper, and S. Ormonde, to be
published.
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The electronic excitation transfer processes,

K(Py ) + Rb(Sy3) —K(Sy9) + RbC Py, + AE

and K(*Py/5) + Rb(2Sy,9) — K(Sy;5) + Rb(*Py,) + AE,

have been studied by irradiating a cell containing a nonequilibrium mixture of potassium and
rubidium vapors with either the 7665 A D2 line or the 7699 A D1 line of the potassium resonance
doublet. The resulting collisionally induced rubidium 7948 A fluorescence signal, isolated

by interference filters used in tandem, is detected with a liquid-nitrogen—cooled S-1 photo-
multiplier placed at right angles to the direction of excitation. Measurements of the intensity
ratio of the potassium and rubidium fluoresence combined with an optical absorption determi-
nation of the rubidium atom density yields the following excitation transfer cross sections:

QIK(Py)y) - Rb(*Py,p)1=2.2 A%+ 25%

and QIK(Py;5) —Rb(*Py,p)1=2.6 A%+ 20%

at T=365°K+ 2%. Throughout an experimental run the potassium and rubidium vapor pres-
sures are varied, but data are taken for only the lowest vapor pressures for which corrections
due to resonance radiation imprisonment are unnecessary.

I. INTRODUCTION

When a gas gains energy by photo-excitation,
electron impact, shock heating, radiolysis, chem-
ical reaction, etc., appreciable concentrations
of electronically excited atoms and molecules are
often generated. These excited species may emit
radiation, or they may be de-excited through var-
ious collisional encounters in which the energy is
redistributed among the collision partners. The
competition among the different deactivation path-
ways controls the subsequent physical behavior
and chemical properties of the gas. Knowledge of
the absolute cross sections (reaction rates) for
energy transfer is thus of fundamental importance
in understanding such diverse phenomena as flash

photolysis, flames, discharges, shocks, auroras,
and stellar atmospheres. Among the various types
of energy transfer, those between colliding atoms
in different states of excitation are, in principle,
some of the simplest. Of these, the excitation
transfer between different alkali atoms has been

of particular interest to us not only because such
systems typify a large class of near-adiabatic in-
elastic processes, but also because these systems,
which can be treated as hydrogen-like, offer
promise of allowing a critical comparison between
theory and experiment. We report here an experi-
mental study of the interchange of electronic excita--
tion between the lowest-lying excited states of
potassium and rubidium in which cross sections
for energy transfer between some of the fine-
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structure levels have been determined.

“Sensitized fluorescence” resulting from colli-
sional transfer of excitation between different
atoms (so-called collisions of the second kind) is
easy to detect and there have been numerous
experimental studies.*™® The standard method for
studying excitation transfer is to illuminate a
mixture of two gases, A and B, with radiation
which only one gas, say A, can absorb and to ob-
serve the resulting fluorescence. The excited
atom A™ may lose its energy directly by re-
radiation

A* ~Ahy (resonance fluorescence),
or A* may become de-excited through collisions
in only three ways (excluding ionization):

A*yB-A+B*~A+B+hv

(sensitized fluorescence),

A*.B~A+B (fluorescence quenching),

and A*+B~ABhv (two-body rediative re-
combination).

If the energy difference between B* and A* is
small, sensitized fluorescence is the dominant
atomic-collision process for energy loss.

The excited states A* and B* normally will show
a fine-structure splitting because of spin-orbit
interaction. This makes it possible to investigate
the relative efficiency of energy transfer to and
from the different multiplets of A* and B*. The
presence of multiplet structure also gives rise to

TABLE I. Atomic excitation transfer studies.

Collision System References listed in Table II

He" +Ne 38, 39, 41, 51
K*+Rb 34, 54
Kr*+Hg 16. 19
Rb*+Cs 47
cd*+cCs §36
" 8, 9, 11, 14, 15, 21
Hg +Na 122, 35, 40, 42, 45
Hg*+K 27
Hg*+Cr 33
Hg* +Fe 32
Hg™*+7Zn 6, 10, 12, 13, 46, 55
Hg*+Ag 1
Hg*+cd 2, 17, 18, 53
Hg*+In 3, 30
Hg* +sn 24, 25, 31
5'1, 2, 3,5, 7, 20,
Hg*+ Tl 123, 26, 28, 37, 43,
44, 48, 49, 50, 52
Hg* +Pb 4, 29, 31

Hg™* + Bi 4

TABLE II. References to Table I given in chronological
order.

Cross-reference to Table I

G. Cario, Z. Physik 10, 185 (1922).
G. Cario and J. Franck, Z. Physik 17, 202 (1923).
K. Donat, Z. Physik 29, 345 (1924).
H. Kopfermann, Z. Physik 21, 316 (1924).
S. Loria, Phys. Rev. 26, 573 (1925).
J. G. Winans, Proc. Natl. Acad. Sci. U.S. II,
738 (1925).

7 W. Orthmann and P. Pringsheim, Z. Physik 35,
626 (1926).

8 F. Rasetti, Nature 118, 47 (1926).

9 H. Beutler and B. Josephy, Naturwiss. 15, 540
(1927).

S G R W N

10 J. G. Winans, Phys. Rev. 30, 1 (1927).

11 H. Beutler, Physik Z. 29, 893 (1928).

12 J. G. Winans, Phys. Rev. 31, 710 (1928).

13 J. G. Winans, Phys. Rev. 32, 427 (1928).

14 H. Beutler and B. Josephy, Z. Physik 53, 747
(1929).

15 H. W. Webb and S. C. Wang, Phys. Rev. 33, 329
(1929).

16 H. Beutler and W. Z. Eisenchimmel, Z. Physik
Chem. (Frankfurt), B10, 89 (1930).

17 A. C. G. Mitchell, J. Franklin Inst. 209, 747
(1930).

18 A. C. G. Mitchell, Phys. Rev. 35, 1422 (1930).

19 H. Beutler and W. Z. Eisenschimmel, Z. Elektro-
chem. 37, 582 (1931).

20 O. S. Duffendack, Phys. Rev. 37, 107 (1931).

21 A. Ferchmin and S. Frisch, Phys. Z. Sowietunion
9, 466 (1936).

22 8. E. Frisch, Izv. Akad. Nauk SSSR Ser. Fiz. 3,
431 (1936).

23 S. Mrozowski, Acta Phys. Polon. 6, 58 (1937).

24 J. G. Winans and R. W. Williams, Phys. Rev. 52,
250 (1937). .

25 J. G. Winans and R. W. Williams, Phys. Rev. 52,
930 (1937).

26 J. G. Winans and F. J. Davis, Phys. Rev. 53,
930 (1938).

27 E. A. Krause, Phys. Rev. 55, 164 (1939).

28 J. G. Winans, F. J. Davis, and V. A. Leitzke,
Phys. Rev. 55, 242 (1939).

29 J. G. Winans, F. J. Davis, and V. A, Leitzke,
Phys. Rev. 55, 1126 (1939).

30 J. G. Winans, F.J. Davis, and V. A, Leitzke,
Phys. Rev. 57, 70 (1940).

31 J. G. Winans, Phys. Rev. 60, 169 (1941).

32 J. G. Winans and S. Been, Phys. Rev. 62, 297
(1942).

33 J. G. Winans and W. J. Pierce, Phys. Rev. 64,
43 (1943).

34 M. A. Thangaraj, Ph.D. thesis, University of
Toronto, Toronto, Canada, 1948 (unpublished).

35 S. E. Frisch and E. K. Kraulinya, Dokl. Akad.
Nauk SSSR 101, 837 (1955).
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TABLE II. (cont.)

36 H. Friedrich and R. Seiwert, Ann. Physik 20, 215
(1957).

37 R. A. Anderson and R. H. McFarland, Phys. Rev.
119, 693 (1960).

38 A. Javan, W, R. Bennett, Jr., and D. R. Herriott,
Phys. Rev. Letters 6, 106 (1961).

39 E. E. Benton, F. A. Matson, E. E. Ferguson,
and W. W. Roberts, Phys. Rev. 128, 206 (1962).

40 S. E. Frisch and O. P. Bochkova, Zh. Eksperim.
‘1 Teor. Fiz. 43, 331 (1962) [English transl.: Soviet
Phys. — JETP 16, 237 (1963)].

41 A. B. White and E. I. Gordon, Appl. Phys. Letters
3, 197 (1963).

42 E. K. Kraulinya, Opt. i Spektroskopiya 17, 464
(1964) [English transl.: Opt. Spectry. (USSR) 17, 250
(1964)].

43 E. E. Step and R. A. Anderson, Phys. Letters 11,
127 (1964).

44 E. K. Kraulinya, A. E. Lezdin, and Yu. A. Silin,
Opt. i Spektroskopiya 19, 154 (1965) [English transl. :
Opt. Spectry. (USSR) 19, 84 (1965)].

45 S. G. Rautian and A. S. Khaikin, Opt. i Spektros-
kopiya 18, 722 (1965) [English transl.: Opt. Spectry.
(USSR) 18, 406 (1965)].

46 M. L. Sosinskii and E. N. Morozov, Opt. i
Spektroskopiya 19, 634 (1965) [English transl.: Opt.
Spectry. (USSR) 19, 352 (1965)].

47 M. Czajkowski, D. A. McGillis, and L. Krause,
Can. J. Phys. 44, 741 (1966).

48 B. C. Hudson and B. Curnutte, Jr., Phys. Rev.
148, 60 (1966).

49 B. C. Hudson and B. Curnutte, Jr., Phys. Rev.
152, 56 (1966).

50 E. K. Kraulinya and A. E. Lezdin, Opt. i Spek-

troskopiya 20, 539 (1966) [English transl.: Opt. Spectry.

(USSR) 20, 304 (1966)].

51 O. P. Bochkova, Yu. A. Tolmachev, and S. E.
Frisch, Opt. i Spektroskopiya 23, 500 (1967) [English
transl.: Opt. Spectry. (USSR) 23, 270 (1967)].

52 C. F. Gallo, Phys. Rev. 158, 1 (1967).

53 W. Gough, Proc. Phys. Soc. (London) 90, 287
(1967).

54 M. H. Ornstein, J. K. Link, and R. N. Zare, Bull.
Am. Phys. Soc. 12, 1147 (1967).

55 M. L. Sosinskii and E. N. Morozov, Opt. i
Spektroskopiya 23, 868 (1967) [English transl.: Opt.
Spectry. (USSR) 23, 475 (1967)].

a closely related energy transfer process?*:5 in
which collisions with A* induce transitions be-
tween the components of its multiplets:

A; + M~ A;, +M (intramultiplet conversion),

where M is A or B. In distinction, sensitized
fluorescence, resulting from the transfer of exci-
tation from the multiplet levels of A* to those of

B™ may be viewed as “intermultiplet conversion. ”

In Tables I and II we have collected all known
references to experimental studies of excitation
transfer between different atoms. Sensitized
fluorescence was first reported in 1922 by Cario,
a student of Franck, who irradiated a mixture of
mercury and thallium vapor with the mercury
2537 A resonance line. The gases were contained
in a bulb placed inside an oven such that the pres-
sure of the mercury vapor was 0.25 mm, and of
the thallium vapor 2 mm. Under these conditions
the fluorescence spectrum consisted, apart from
the mercury resonance line, of a large number of
thallium lines. In much the same way, sensitized
fluorescence was later obtained in the vapors of
sodium, potassium, cadmium, indium, lead, and
silver, always with Hg* as the sensitizer. The
next advance was due to Winans and his co-workers.
They devised an ingenious method for exciting
sensitized fluorescence in the vapors of the more
refractory metals. The metal is crushed to a
fine powder, placed inside a sealed quartz tube
containing mercury, and heated by torch to the
highest temperature the tube walls will withstand
without collapsing. This procedure expanded the
list of elements whose fluorescence spectrum had
been observed to include zinc, tin, iron, and
chromium. From Tables I and II, it can be seen
that from about 1940-1960 there was little prog-
ress, Recent developments such as the He-Ne
laser, which uses excitation transfer to obtain
population inversion, ¢ have rekindled interest in
this field and have provided us with perhaps the
most quantitative information to date. In view of
the total number of investigations listed in Tables
Iand II, it seems quite remarkable that almost
all known sensitized fluorescence studies of met-
al vapors have involved energy transfer with
mercury.

fluorescence has seldom been clear cut and a
critical examination of efforts in the past will
illustrate the difficulties associated with making
quantitative measurements of excitation transfer.
The excited Hg* atoms, possessing 4.48 eV above
the ground state, normally transfer their elec-
tronic energy to high-lying atomic levels of other
elements, producing a complex fluorescence ’
spectrum due to radiative cascade. The various
oscillator strengths are seldom known for tran-
sitions from these levels and it is often difficult

to determine which states have been directly
excited. Furthermore, at these excitation ener-
gies chemi-ionization may become an important
pathway. For example, in the Hg*+ K system the
ionization potential of potassium is below the elec-
tronic energy of Hg*. The use of the unfiltered
output from a mercury resonance lamp often fur-
ther complicated the explanation. Since the vapor
pressures are usually about 1 mm and seldom less
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than 0.001 mm, step-wise excitation, reabsorption
and imprisonment of resonance radiation as well
as fluorescence quenching can play a significant
role. There is also some question whether the
1849 A resonance line, exciting mercury atoms

to the 'P, level, might be responsible for exci-
tation transfer. It is believed to contribute ap-
preciably to the fluorescence observed in zinc
vapor. The first studies of Hg* + T1 by Cario and
Franck were performed under these poorly defined
conditions. In 1931, Duffendack replaced the
water-cooled mercury arc with a hot mercury
light source whose 2537 A line was self-reversed;
the thallium fluorescence was observed to dis-
appear. However, in 1937 Mrozowski demon-
strated that the thallium fluorescence spectrum
could be produced by primary excitation of the
Hg, molecules in the vapor. Mercury readily
amalgamates with other metals and it is not un-
common for molecular fluorescence bands to be
observed, This presents another difficulty. The
vapor pressures of the atomic vapors over the
amalgam cannot be assumed to be the same as the
vapor pressures of the pure metals at the same
temperature. Finally it is important to note that
Hg* may be converted upon collision to the meta-
stable Hg °P, state. This is favored at high pres-
sures or upon addition of a foreign gas such as N,
or O,. Sensitized fluorescence resulting by en-
ergy transfer from this state has seldom been
separated from that produced by the short-lived
Hg 3P, state. These considerations point up some
of the experimental pitfalls which must be avoided
in attempting quantitative measurements of atomic
excitation transfer,

Although sensitized fluorescence has long been
studied, determinations of absolute values for the
cross sections have only been reported recently
for the Hg* +Na, Hg*+Zn, Hg*+Tl, Cd*+Cs, and
Rb* + Cs collision systems. In all of these studies
serious questions can be raised regarding the
reliability of the measured cross sections due to
possible systematic errors. We present here an
experimental study of the K* + Rb collision system.
We have attempted to understand and control the
possible sources of systematic errors and to
make quantitative estimates of the uncertainty they
contribute to our measured cross sections, Be-
cause of the difficulties involved in making ab-
solute measurements, we place special emphasis
on consistency checks and other experimental
tests which were used to ensure the reliability of
our measurements,

II. RELATION BETWEEN EXPERIMENTAL OBSERVABLES
AND THE CROSS SECTION

The present investigation is a study of the photo-
sensitized reaction

K(ZPJ)+Rb(25i)-»K(ZSl)+Rb(2P ))+AE | (1)

whereby electronic excitation is exchanged be-
tween the lowest-lying excited states of potassium
and rubidium during a binary encounter. Figure
1 gives a schematic energy-level diagram of the
states involved. It illustrates the processes which
result when a cell containing a mixture of potas-
sium and rubidium vapors is irradiated with the
D2 component of the potassium resonance doublet.
The potassium and rubidium fine-structure levels
%P,,, and ®P,,, are labeled by the indices 1 and 2,
respectively. The resulting fluorescence contains
primarily the direct resonance fluorescence of the
exciting potassium D2 line, as well as weak lines
arising from a number of collisional energy trans-
fer processes between excited and unexcited K
atoms, excited K atoms and unexcited Rb atoms,
and excited and unexcited Rb atoms.

In treating these collision processes, we will
use the following simple notation: Ny, for the
Rb ground-state atom density, Nin for the Rb
ith excited-state atom density, 7;Rb for the Rb
ith excited-state radiative lifetime, and ;RP for
the Rb ith excited-state fluorescence intensity
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FIG. 1. Schematic energy-level diagram indicating
the energy transfer processes when a mixture of K and
Rb vapor is irradiated with K-D2 light. Arrows ter-
minating on the ground state indicate spontaneous decay.
All others, except the pumping light, represent col-
lisional excitation transfers. Dashed lines signify
secondary collisional transfers.
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(photons per second emitted per unit volume);
with a similar set of designations for potassium.
A subscript ¢ =1 or 2 is added to the symbols
NRb 7Rb  and IRb to indicate the 2P, Or 2Py,
level, respectively, for the excited state.

Under our experimental conditions (N <5x10%
atoms/cm?®, Njp~5x10'" atom/cm?), a number of
the transfer processes indicated in Fig. 1 can be
shown to be negligible, resulting in a simple re-
lation between the Rb sensitized fluorescence and
the direct K resonance fluorescence,

Rb K - K
11 :I2 QZIU Ty NRb' (2)
Here @,, is the Maxwell-Boltzmann averaged
cross section for transfer from K in level 2 to Rb
in level 1, and

U=(8kT/mp)"? ®3)

is the mean relative velocity between the collision
partners. In Eq. (3), T is the absolute tempera-
ture of the gas mixture, % is the Boltzmann con-
stant, and p is the reduced mass. The radiative
lifetime of the excited K atom is well known"(7=
2.78%x107% sec). The absolute cross section @,,
may thus be determined by measuring (a) the
absolute temperature 7 of the cell, (b)the rubidium
ground-state atom density, and (c) the J IR]O/IzK
fluorescence intensity ratio.

The derivation of Eq. (2) proceeds as follows.
Under our experimental conditions, the ratio of
Rb sensitized fluorescence to K resonance fluores-
cence was less than one part in 10%, Intramultiplet
conversion for K?P,, — K?P,,, has been studied
by Chapman and Krause® and for Rb P, ,, — Rb?P, ,
by Rae and Krause® who have reported cross sec-

tions on the order of 300 A% and 5010\2, respectively.

Relative to the excitation transfer process K*B,,,
~Rb?P,,,, shown by the solid arrow in Fig. 1,

all collision processes shown by dashed arrows thus
contribute less than one part in 10° to the colli-
sional population or depopulation of the Rb ZPU2
level at the low pressures we employed. For the
collision process shown in Fig. 1 the (steady-
state) rubidium fluorescence intensity I,7*° is

thus given by

Rb K
I/ " =N, Z,, (4)

where Z,, is the collision transfer rate, defined
as the number of transfers per second per excited
K atom in level 2 to Rb atoms in level 1. It is
traditional to write Z,, in terms of a Maxwell-
Boltzmann averaged cross section @,,(T) by

221=Q21(T)5NRb . (5)

The cross section @,,(T) defined in this manner is

actually an average of the velocity-dependent
cross section 0,,(v) weighted by the relative ve-
locity distribution function F(v,T),

)= [o P, T)o,,@)vdv

= 6
fow F(v, Tydv (®)

Q,(T

The excited-state potassium atom density may be
expressed in terms of the radiative lifetime of
the state by

NzK:IZK 'rZK . (n)
If we substitute Eqs. (5) and (7) into Eq. (4) we
obtain Eq. (2).

It should be noted that the above derivation is
strictly valid only when the cell is optically thin
to both K and Rb resonance radiation. Of the two,
the optical depth of potassium is more critical.

If the K radiation is trapped by reabsorption, the
calculation of the cross section is affected in two
ways: (1) by the change in the effective value of
the radiative lifetime of the potassium excited
state, and (2) by the change in the I,RP/LK fluo-
rescence ratio due to the angular distribution of
the fluorescence, The former is the more signi-
ficant way. When the potassium resonance ra-
diation is imprisoned, the effective number of
excited K atoms transferring excitation to Rb,NZK
in Eq. (4) can be much larger than the value of
N,K given by Eq. (7), which is the product of the
measured K fluorescence intensity times the K
atom radiative lifetime. This increases the ef-
fective lifetime of K photons and causes Ile to
exceed the value calculated from Eq. (2).

Under conditions of radiation trapping the re-
sultant fluorescence is anisotropic and depends
on the geometry of the cell. If fluorescent light
is collected over all 47 sr, the ratio Ile/I2 is
unaffected provided the radiation trapping is not
S0 severe as to cause appreciable alteration of
the intensities from excitation transfer processes.
However, if the fluorescence intensity ratio
IRb/1.K is measured by a detector subtending a
finite solid-angle element of the cell, radiation
trapping will cause an apparent change in the
IRb/I.K ratio, In contrast to K radiation trapping,
this is the only way Rb radiation trapping can
affect the cross-section determination. In our
experimental investigations the K radiation was
not trapped and the Rb density was varied from
5% 10'° atoms/cm® to 1x10*? atoms/cm?. In the
lower density region the optical depth of the Rb
resonance radiationwas muchlessthan1, but at the
higher densities the optical depth increased to
about 2, and the Rb radiation was becoming
trapped. The effects of such radiation imprison-
ment on the ratio I,RP/I,K were further minimized
by using a cell of cylindrical geometry and colli-
mating the exciting beam so that it passed through
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the center of the cell. ©
III. THE DENSITY MEASUREMENT
A. Theory

In determining the absolute cross section in
sensitized fluorescence experiments such as this,
a major source of difficulty is the reliable mea-
surement of the ground-state density of the atom
to which transfer is made. In similar experi-
ments the vapor-pressure curve versus tempera-
ture has been used, assuming that the accurately
known temperature of the coolest part of the cell
(usually a side arm containing a pool of metal)
determines the vapor pressure in the main body
of the cell.* We have found (as have others)s,"»11»12
that this method is questionable due to saturation
effects, whereby the alkali metals seem to diffuse
in and out of the glass walls of the cell, making
the actual vapor pressure a complicated function
of the entire cell, its history, and the time allowed
for equilibration. Besides, the vapor pressure
data of a potassium-rubidium amalgam are un-
known. To overcome these problems we have de-
termined the rubidium density by an optical ab-
sorption method, outlined as follows.

When a beam of Rb resonance radiation with
frequency spectrum i,(v) is passed through a
length I of absorbing Rb vapor, the transmitted
radiation is given by the well-known expression!

i(v):io(v)exp[— k(v,NR AR (8)

where %(v, Ngy,) is the absorption coefficient which
depends on the ground-state atom density. We
define

IO: f_oooo iO(V)dV, (9)
1=[% iy (10)
and  A=(I,-D/I, (11)

where 1, is the total incident intensity, I is the
total transmitted intensity, and A is the absorp-
tion. If we substitute Eqs. (8)-(10) into Eq. (11),
we obtain

-.k(V, NRb)l ]dV

AN )= f_o‘:io(u)[l—e

(12)
Rb f_o:; i(v)dv

The quantity A is readily measured in the labora-
tory; hence from a knowledge of / and the func-
tions 4,(v) and k(v, Ngy,), the density Ny can be
determined from the absorption measurement
using a simple computer program which.performs

RET(1=3/2) 27.8% RE(1:5/2) 72.2%

F’ AE (mK) F' AE(mK)
5% 2 +10.2 3 +5.0
Pt " =17.0 < T2 2707777
(x=7948R)
Y% abcd abcd
F
2 +855 F
3 +423
2
55,5
2 -59.2
I —142.5

FIG. 2. Hyperfine structure of the ground state and
first excited state of rubidium. Splittings from the
center of gravity are given in mK=10"% ecm~!, Natural
isotopic abundances are assumed.

the integrals in Eq. (12) to obtain A as a function
of NRb'

An important problem encountered in such mea-
surements is the line profile of the light beam.
One is seldom sure how broadened or even self-
reversed the resonance lines originating from a
lamp may be. Others'*~!* have resorted to com-
plicated Fabry-Perot measurements in attempting
to settle this question, however, the Fabry-Perot
instrumental width is a source of much concern in
interpreting such measurements. We believe we
have largely circumvented these difficulties by
using a Rb vapor fluorescence cell placed in front
of a Rb lamp (see experimental setup, Sec. III, B),
The fluorescent lines which emerge from the Rb
fluorescence cell at right angles to the lamp-beam
direction have a profile which is independent of
the line profile of the lamp beam.'®> For Rb vapor
densities in which the optical depth of the emitted
radiation is much less than unity, the emitted
resonance lines have a profile whose functional
dependence on v is the same as that of the absorp-
tion coefficient,

Under the conditions of our experiment the emit-
ted resonance lines have a pure Doppler profile
determined by the temperature of the Rb fluores-
cence cell. Itis this fluorescent light which is
passed through the main cell (containing K and Rb
vapor) in the density determination. A noteworthy
feature of this method is that the temperature de-
termination of the main cell and of the Rb fluo-
rescence cell is not critical, entering essentially
only through the Doppler widths, proportional to
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T2 (e.g., a change from 100 to 120°C in the
temperature of the Rb cell body causes less than
a 2% change in the value of NRb determined from
the computed curve of A versus NRp).

The 7948 A D1 rubidium resonance line, selected
by an interference filter (which transm1tted less
than 0. 1% of the 7800 A rubidium D2 line) is used
in the density measurement. Some complications
arise owing to the presence of the two naturally
occurring isotopes, Rb%(I =3) and Rb®" (I = 3),
in the lamp, the Rb cell and the main cell. Fig-
ure 2 shows the resultant hyperfine structure
(hfs) whereby the Rb-D1 line splits into eight com-
ponents, four for each isotope. In Fig. 2 the
ground-state splittings (in mK=10"% cm™) are
taken from Bederson and Jaccarino'® and the ex-
cited-state splittings from Senitsky and Rabi. !’
The Rb ground-state isotope shift is quoted by
Kopfermann and Kriiger!® as 0. 000 +0. 002 cm™*
and henceforth will be ignored.

The radiation which emerges from the Rb fluo-
rescence cell at right angles to the direction of
the lamp beam consists of a series of Doppler-
broadened hfs components whose relative intensi-
ties depend upon the population of the excited-state
hfs levels in the Rb fluorescence cell. The pop-
ulations of these levels are determined, in turn,
by the details of the lamp profile, thus making the
absorption measurement still somewhat dependent
on lamp conditions. However, we have found both
experimentally and theoretically that the absorp-
tion A is quite insensitive to a wide range of lamp
conditions, giving us confidence in the validity of
this technique as a means of making accurate den-
sity determinations.

The mathematical formulation of the density-
measurement method proceeds as follows. For the
the ith hfs component centered about the frequency
v; (in cm™'), the absorption coefficient is

ki(v)zKi exp[- (v - Vi)z/Auiz] , - (13)

where Aui=[2kT/Mic2]”2ui (14)

is the Doppler width (defined as the half-width at
the value for which the Doppler profile is e-! of
its maximum). In Eq. (14), c is the velocity of
light (cm/sec) and M; is the mass (g) of the Rb®s
or Rb* isotope. Integration of Eq. (13) over
frequency gives

f o v)dV KZ‘ITUZAV . (15)
This expression may be related to the familiar!

absorption f value for the transition of the i th com-
ponent of the hfs by

[k wav=mr f,N (16)
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where 7,=2.82 X10~'3 cm is the classical electron
radius and N; is the population of the lower-state
hfs level for the ith transition. From Egs. (15)
and (16) we find that

_1/2
K= roNl.fi /Aui . (17)

Denoting B; as the inverse of the Doppler width
[defined in Eq. (14)] of the ith hfs component in
the main cell in which the Rb density is to be de-
termined, we obtain for the total absorption coef-
ficient the expression

8 -BAv-v,)?
=2 ke ! Lo (18)

, i

i=1
Similarly, by denoting a; as the inverse of the
Doppler width of the jth Izlfs component in the Rb
cell, we obtain for the line profile of the radiation
emerging from the Rb fluorescence cell

_1 -a.t(v-v.)?
E z a.e I (19)
J=1 7

where 7,(j ) is the total intensity of the jth hfs
component. Substituting Eqs. (18) and (19) into
Eq. (12), we find

-a(v-v)P
io(7) A
A= dv Z Lol
'/w io(1) ]
8 - Biz(u- v,)?
Xll-exp[- 27 C.e
. i
i=1
8 . . —-al(v-v)?\"!
xf_:,dv EM ae 7 ]‘ , (20)
j=110(1) J
where C; =n'/2rl B;N; f; . We proceed to deter-

mine the values of f;, N;, and the relative in-
tensity ratios i,()/i,(1) required to evaluate Eq.
(20).

To find the f values for the eight hfs transitions
shown in Fig. 2, we use the expressions

fp_pr =Y @QF +)W(z F' 3 F;11)]? (21)

and

)

a5 or 81= Ve )85 or 87 tot (22)

In Eq. (21) y is the same for all transitions be-
tween the 5s %S, ,, and 5p*P, ,, levels, Wis a Racah
coefficient, and F and F’ are the total angular
momentum quantum numbers for the lower and
upper states, respectively. The notationa, b, c,
d in Eq. (22) refers to Fig. 2 and f; is the ab-
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TABLE III. The f values for Rb~D1 hyperfine tran-
sitions shown in Fig. 2.

Isotope fa Ty fc fa
Rb% 0.0744 0.261 0.186 0.149
Rb¥’ 0.0558 0.279 0.168 0.168

sorption f value, equal to 0. 335, for the D1line.”
The derivation of Eqs. (21) and (22) is presented
in the Appendix. The hfs f values obtained from
Egs. (21) and (22) are given in Table III:

The populations of the ground-state hfs levels,
N3, are related to the total ground-state
density, N®, for Rb® by

‘N}?=N85(2F+1)/2F(2F+1) ; (23)

with a similar expression for Rb®’. Assuming
natural isotopic abundances, *®

5_
N85=0, 722NRb (24a)

and N*'=0.278Np,,

(24b)
where NRp, is the total ground-state density, the
determination of which is the purpose of this part
of the experiment.

The 4,(j )/i (1) relative intensity ratios depend
on the relative upper-state hfs populations in the
Rb cell, and as pointed out earlier, it is only here
that the lamp conditions play a role. To estimate
the magnitude of their effect on the absorption
measurement, both theoretical and experimental
checks were carried out. The intensity of the jth
component in i,(v) is related to the transition prob-
ability per sec AF'(j)-»F(j) by

i

o) =Npr (AR ()~ F i) (26)

It follows then from standard Racah techniques
that the intensity ratio is given by?°
oo N |2F(F
Zo(]) ) F'(])[ (])+1]
io(l) NFt(l)[ZF(l)-I-I]

x( WGEFGYSF();1()1) ) : (26)

W(zF'(1)3F(1);1(1)1)

The ratios of the hfs populations N (/N Fr(1) in
Eq. (26) are determined by the lamp profile I(v).
Under steady-state excitation the relative popula-
tions can be derived?® from the expression

dN}?,/dt:O
= fdv? NEGY) By - £ IW)
-NE /TD1) @)

where N{j) (v) is the number of atoms in the
lower state of the jth transition capable of absorb-
ing light in the frequency interval v to v + dv, and
B is the Einstein absorption coefficient for the
transition. The summation in Eq. (27) is over the
two hfs transitions connecting the ground state to
F’ for Rb®5, A similar expression can be used for
Rb¥,

To investigate how the lamp profile might affect
the final absorption measurement, we calculated
A(NRp) for the following different physically rea-
sonable assumptions: '

(a) The lamp profile consists of a series of Dop-
pler profiles arising from assumed statistical
populations of the excited states in the lamp, with
natural isotopic abundances. The Doppler width
in the lamp is varied from 1 to 4 times the Dop-
pler width in the Rb cell.

(b) The lamp profile consists of a series of
Doppler profiles all of equal intensity for a given
isotope, but between isotopes the intensities are
in the ratio of the isotopic abundances. The Dop-
pler width is varied again from 1 to 4 times the
Doppler width in the Rb cell.

Cases (a) and (b) together cover a considerable
range of broadening as well as incipient self-
reversal. Equations (26) and (27) in conjunction
with a simple computer program were used to cal-
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FIG. 3. Calculated absorption curves for Rb-D1
light passing through a 1-cm path length of Rb vapor
in the main cell with the experimental setup shown in
Fig. 4. Dashed curves indicate extremes for the var-
ious Rb-lamp conditions discussed in the text. Curve
1 corresponds to case (b), line 1 of Table IV, and

~curve 3 corresponds to case (a), line 4 of Table IV.

Curve 2 represents the mean of curves 1 and 3.
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TABLE IV. Relative intensity ratios of the hfs components for the Rb-D1 line.

Doppler widths

in lamp 125 1%5 Iacs 135 127 1%7 Iﬁ? 137
Case (a)

1XAvsen 0.286 0.935 1.000 0.748 0.019 0.118 0.096 0.118

2X Avgeq 0.286 0.871 1.000 0.697 0.021 0.152 0.104 0.152

3 X Avger 0.286 0.841 1.000 0.672 0.027 0.192 0.136 0.192

4 X Aveell 0.286 0.831 1.000 0.665 0.036 0.216 0.182 0.216
Case (b)

1X AVcell 0.286 0.987 1.000 0.790 0.019 0.105 0.096 0.105

2 X AVcelI 0.286 0.953 1.000 0.762 0.020 0.144 0.102 0.144

3X AV, 0.286 0.934 1.000 0.747 0.026 0.188 0.131 0.188

4 X Aveeny 0.286 0.934 1.000 0.747 0.035 0.215 0.174 0.215

culate® the hfs intensity ratios for these two cases.

The results are displayed in Table IV,

Utilizing the data in Tables III and IV, A(NRb)
was evaluated from Eq. (20) for a range of values
of NRp- This was accomplished with another com-
puter program which performed the integration
over frequency. Thus we obtained a series of
curves for the various lamp conditions assumed
above. The two extremes, corresponding to case
(a) line 4 and case (b) line 1 in Table IV, are dis-
played in Fig. 3 by dashed lines; the mean is
shown as a solid line. It was found that case (a)
and case (b) gave almost identical A versus Ngy,
plots for the same Doppler width in the lamp.
This indicates that the absorption is not very sen-
sitive to the actual intensity ratios in the lamp.
More important is the Doppler width in the lamp.
Even so, a variation of this width by 1 to 4 times
the Doppler width in the Rb cell produced extreme
curves which, for a given value of A, represented
about a + 5% deviation in Ny, from the mean. #*

Hence we conclude that the density determination
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FIG. 4. Schematic diagram of the experiment:
A=aperature stops; S=shutters; Fy and Fy=K-D1 (or
D2) interference filters; F3, Fy, Fy, Fg=Rb-D1 inter-
ference filters.

by this absorption technique is quite insensitive to
the actual lamp conditions, providing reasonable
care is exercised to eliminate extreme broadening
and self-reversal. The solid curve in Fig. 3,
which represents the mean of the extremes, is
used as the theoretical A versus NRy, curve to de-
termine the density.

B. Experimental Arrangement

The experimental procedure for the density de-
termination is straightforward. A diagram of the
apparatus is shown in Fig. 4. The Rb fluores-
cence cell, constructed of Pyrex, was cylindrical,
2 cm in diameter and 2 cm long. A sidearm of
approximately 1 cm in diameter and 10 cm in
length was attached to the underside. The Rb
metal was transferred into the cell in the follow-
ing manner. The Rb cell was first evacuated and
baked at 200°C until a vacuum of 1x10® Torr was
achieved, then an ampoule of Rb metal was broken
and the metal distilled into the cell. The cell was
further evacuated until a vacuum of 107% Torr was
again obtained and the sidearm was then sealed
off. The Rb cell was painted with aqua dag to re-
duce light scatter, taking special care to cover
the edges of the entrance and exit windows. A
copper tube (6 cm long) was wrapped around the
cell. Apertures 1 cm in diameter were cut to
form two side windows. Copper tubes 2 cm long
were attached around each side window. The en-
tire cell was wrapped with asbestos tape and )
chromel-alumel thermocouples were attached.
The cell was further wrapped with asbestos tape
and nichrome heating wire, extending down the
sidearm as well, leaving approximately 3 cm at
the bottom of the sidearm bare. -The cell was then
heated at 100°C for several days until all the met-
al had migrated to the bottom of the sidearm. A
small heater was constructed by wrapping as-
bestos tape and nichrome wire around a tube of
Pyrex which fitted snugly around the bottom of the -
sidearm. This allowed independent variation of
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the sidearm temperature while maintaining the
body temperature constant at 100°C.

The Rb resonance lamp was a conventional Os-
ram lamp with the outer glass jacket removed.
The lamp was painted with aqua dag leaving a
1-cm diameter aperture in the middle which
formed the source window. The lamp was mount-
ed upside down inside an air-flow jacket consist-
ing of a cylindrical Pyrex Dewar with an air hose
attached to the bottom. Cooling fins of copper
were wrapped around the bottom of the lamp to
prevent metal from coating the source window.
The air-flow jacket allowed the operating tem-
perature of the lamp to be varied. The appro-
priate lamp operating conditions were determined
in the following manner.

In order to maintain a vapor pressure so that
the optical depth in the Rb cell is less than one,
the sidearm temperature of the Rb cell must be
near room temperature. With the body of the Rb
cell at 100°C and the sidearm at room tempera-
ture, absorption measurements were taken (at
about 70% absorption in the main cell) for vary-
ing lamp temperatures. The absorption in the
main cell and the fluorescence of the Rb cell
were monitored as the lamp operating tempera-
ture was reduced. It was found that the absorp-
tion first increased rapidly and then leveled off
with decreasing lamp operating temperature.

(All absorption measurements were corrected for
window absorption in the main cell by techniques
described in the next section.) At the same time
the Rb cell fluorescence was observed to increase
by a factor of 40 and then gradually to decrease.
The level region of absorption was maintained

for a factor of 50 decrease in the Rb cell fluores-
cence. We interpret the initial rapid increase

in absorption as due to the extreme broadening
and self-reversal of the hot lamp (enclosed in the
air flow jacket when no air was flowing). This is
substantiated by the large increase in Rb cell
fluorescence as the lamp was cooled.

The lamp operating conditions were adjusted for
the level absorption region described above. Tests
were then carried out on effects of the Rb vapor
pressure in the Rb cell by varying the tempera-
ture of the sidearm. It was found that with the
sidearm at room temperature, the Rb fluorescent
radiation emerging from the side window of the
Rb cell was negligibly self-reversed and had less
than 1% residual scattered light from the lamp, 22
It is in the level region of absorption as a function
of lamp temperature that we believe our density-
measurement procedure is most valid. With these
operating conditions our density determination was
carried out.

IV. EXPERIMENTAL PROCEDURE AND RESULTS

The experimental arrangement is shown in Fig.

4. The K lamp was an Osram spectral lamp mod-
ified in the same way as the Rb lamp described in
Sec. III, thus allowing us to vary its operating
temperature. The lamp profile was adjusted to
match the absorption profile in the main cell in
order to provide the maximum useful signal. 23 The
exciting K line was isolated with one or two in-
terference filters, ?* each separating the two D
lines with a leakage of less than one part in 10°
for the unwanted component.

The main cell, constructed of Pyrex, was cylin-
drical (1 cm long and 2 cm in diameter) with two
sidearms (1 cm in diameter and 10 cm long) at-
tached to the bottom through a tube (4 mm in diam-
eter and about 1 cm long). The cell was baked
out, filled, sealed off, painted with aqua dag, and
wrapped, all as described for the Rb cell, except
that the main cell contained only one side window
(6 mm long and 10 mm high). One sidearm con-
tained Rb metal; the other contained K metal. A
valve (glass-encased soft iron slug) allowed us to
open or close the sidearm containing K metal,
using a small magnet. Chromel-alumel thermo-
couples were attached at various positions on the
main cell during wrapping. Thermocouples were
also attached to the sidearms, whose temperatures
could be varied independently from that of the main
body by means of small heaters constructed as
described in the previous section.

The main cell was mounted on a sliding track so
that it could be accurately positioned to allow the
light beam to pass through its center, or it could
be removed from the path of the light beam as part
of the absorption measurement for the Rb density
determination. A sliding mirror (see Fig. 4)
could be similarly positioned to allow either Rb
or K light to pass through the main cell.

The fluorescence intensities were detected with
an S-1 RCA 7102 photomultiplier, specially se-
lected for high sensitivity. The photomultiplier
was housed in a liquid-nitrogen-cooled Dewar?°
which reduced the dark current to 11073 A at
1100 V. The K or Rb fluorescence signals were
selected by interference filters mounted in cyl-
inders on a sliding track inside a light-tight box
(see Fig. 4) interposed between the main cell and
the detector. The “cross-fluorescence” channel,
for detecting Rb-sensitized fluorescence, con-
tained either two or three Rb interference filters.
Both filter combinations had a leakage of less than
5 parts in 10° for the undesired Rb component.
(Potassium leakage is discussed later in this sec-
tion.) The other channel in the filter train con-
tained a neutral density filter for attenuating the
K fluorescence signal, which was more than 6
orders of magnitude greater than the cross flu-
orescence. An S-20 photomultiplier in conjunction
with a blue-blocking red-transmitting filter de-
tected the Rb-D1 line used in the Rb density de-
termination.
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The output from both photomultipliers was dis-
played on a strip chart recorder used in conjunc-
tion with a Keithley 417 picoammeter. The design
of the apparatus permitted rapid alternation be-
tween the density measurement and the K and Rb
fluorescence measurements. This minimized
systematic errors arising from slight nonequilib-
rium drifts in the vapor densities and from short-
term fluctuations in the lamps. It is noteworthy
that this experimental design allows the measure-
ment of Rb density in exactly the same spatial re-
gion of the main cell in which the excitation trans-
fer takes place.

The body of the main cell was maintained at
100°C during and between runs to minimize errors
due to the saturation effects noted previously. The
K concentration could be varied by opening the
valve on the K sidearm and driving a small
amount of K into the cell., The valve was then
closed and the cell allowed to equilibrate for sev-
eral days with the Rb sidearm at room tempera-
ture and the cell body at 100°C.

It was pointed out by Gallagher, 5 and subse-
quently found to be true in our system as well,
that after the cell is allowed to equilibrate as de-
scribed above, if the body temperature is sudden
ly reduced from 100°C to room temperature, the
vapor densities in the cell will drop considerably
below those corresponding to the room-tempera-
ture equilibrium vapor pressures, then gradually
increase over a period of several days to the
equilibrium values. This fact was used to ad-
vantage in the present experiment. Just prior to
taking a run, the body temperature was reduced
and the K fluorescence and Rb cross fluorescence,
as well as the Rb absorption, were monitored as
the cell cooled. All values leveled off and re-
mained constant within experimental error as
room temperature was approached. This tech-
nique permitted us to measure the residual scat-
tered light (used to correct the fluorescence sig-
nals), and the window absorption of the main cell
(used to correct the absorption measurement).

At the lowest density data point in a run, the scat-
tered light was about a 25% correction to the K
fluorescence signal and was a correction of the
order of the dark current to the Rb cross fluores-
cence signal.

We found experimentally that the K and Rb vapor
densities in the main cell were proportional to
each other (within experimental error) as the tem-
perature of the Rb sidearm was varied from room
temperature to 70°C during a run. 26 This fact is
inferred from the linear plot of K fluorescence
versus rubidium atom density shown in Fig. 5.
This linearity was verified repeatedly to within
5% over the entire range 5%10'°-1x10*2 Rb
atoms/cm? for low K atom concentrations in the
cell, and this proportionality between Nk and Ngy,
was used as a consistency check on the other
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FIG. 5. Plots for two consecutive runs of the nor-
malized potassium resonance fluorescence as a function
of rubidium atom density (which we found experimentally
to be proportional to the potassium-atom density). The
data points on the vertical axis represent scattered
light (see text).

data. To correct for slight drifts in lamp inten-
sity (which amounted to about +5% during a run)
the fluorescence intensities were normalized by
dividing by the incident signal measured with the
S-20 photomultiplier through a neutral density
filter with the main cell removed from the beam.

By extrapolating the linear plot in Fig. 5 to
zero Rb density, a value was obtained for the re-
sidual scattered light. This value was found to
agree within experimental error with the value
obtained by the previously described technique of
cooling the cell (given by the data point on the
vertical axis of Fig. 5).

The window absorption in the main cell was also
measured independently. A Cs lamp was placed
at the position of the Rb lamp (see Fig. 4) and the
Rb cell was replaced by a cell containing a col-
loidal gold suspension. The absorption in the
main cell of the scattered Cs red lines agreed
with the value obtained for the window absorption
using the previous technique of cooling the cell.

The entire apparatus was thoroughly shielded
against stray light and unwanted light signals.
During a typical run (which was conducted in the
dark) the window absorption and the scattered
light were first measured as described above.
Then, the body was reheated to 100° C and al-
lowed to_equilibrate. The Rb absorption and the
1¥ and IBP flyorescence intensities were then mea-
sured for various Rb sidearm temperatures in
steps of about 5° from room temperature to 70°C.
About 30 minutes was allowed between temperature
changes in the sidearm to ensure steady-state
equilibration.

Three criteria were used to establish the region
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in which the K vapor was optically thin. First, as
more K was added to the cell in subsequent runs,
the plot of K fluorescence versus NRy, was linear
in the low-density regions and bent over toward
higher densities. The linear region was assumed
to correspond to optically thin conditions. Second,
the plot of the fluorescence ratio I™*"/ X as a func-
tion of NRy, was linear for low densities and bent
upwards at higher densities, as the K radiation
became trapped. This latter bend consistently
occurred just slightly above the bend in the cor-
responding K fluorescence curve, This behav-
jor was observed for runs taken with various K
concentrations, thus substantiating the region in
which K was optically thin. Finally, two com-
plete series of runs were taken, each extending
over a period of about a month. At the start of a
given series of experimental runs, an oversupply
of K was driven into the cell. Runs were then
taken in three-to-four day intervals. It had been
found that the K concentration in the cell gradually
decreased as a function of time. A reasonably
linear fit could be made to the Im’/lK versus Npy,
plots, even in the early runs of a series. Never-
theless, it was apparent from the extreme curva-
ture of the K fluorescence versus NRy, plots that
the K radiation was considerably trapped through-
out these runs, and the cross sections so obtained
using Eq. (2) were spuriously large, by as much
as a factor of 4. As the K concentration con-
tinued to diminish in the cell, the apparent values
of the cross section decreased in a systematic
fashion, and toward the latter runs of a series
the location of the valid linear region became
evident from the bends in the two curves. Cross
sections calculated in this linear region’agreed to
about +10%. Although a direct determination of
the K vapor density was not made, it can be
roughly estimated to be 5 5x10'* atoms/cm? from
the onset of nonlinearity in the K and Rb D1
fluorescence curves (Figs. 5 and 6).

Figure 5 shows the potassium resonance fluo-
rescence curves for two consecutive runs taken
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FIG. 6. Plot of the normalized rubidium resonance
fluorescence from the main cell as a function of rubidi-
um-atom density. The data point on the vertical axis
represents scattered light (see text).

in the latter stages of one of the series and illus-
trates the departures from linearity when K ra-
diation starts to become trapped. These depar-
tures occur in the reciprocal ratio of the f values
for the potassium D1 and D2 lines. The ratio of
the slopes also satisfies the proper dependence.

Figure 7 shows the corresponding IRb/I K fluo-
rescence ratio measured as a function of Rb atom
density for the same two runs as shown in Fig. 5.
The nonzero intercepts of the curves in Fig. 7 are
due to K fluorescence leakage through the Rb in-
terference filters. For the K-D2 line the leakage
was about 2 parts in 107 for the two-filter com-
bination and 5 parts in 10° for the three-filter com-
bination. The K-D1 leakage was about a factor of
2 worse. The actual intercept is the ratio of K
to Rb fluorescence transmission. These rejection
ratios were independently measured and agreed
within experimental error with the values deter-
mined from the intercepts. This leakage, al-
though substantial at the low densities necessary
to ensure the absence of radiation trapping, did
not affect the slope of the curves from which the
cross sections were obtained, and hence was not
subtracted from the data. Note that in Fig. 7 the
departures from linearity again show the antici-
pated dependence on the fvalues for the two K lines
involved. The deviations in Fig. 7 consistently
occur slightly above the corresponding deviations
in Fig. 5.

Table V lists the cross sections obtained for the
two alkali-atom excitation-transfer processes we
studied. The values quoted are averages of five
experimental runs for Q(K?P,,, ~Rb?P, ,,) and
three experimental runs for @(K2P,,,~Rb?P, ,),
all taken in the linear region where K radiation
was not trapped. These values all agreed with
each other to about + 10% for the former and =+ 15%
for the latter., We were unable in this study to
determine cross sections for excitation transfer
to the Rb 2P;,, level owing to too much light leak-
age through our filter system, but efforts are
underway to make these measurements possible.

V. ERROR ANALYSIS
A. Radiation Trapping

The experimental checks used to ensure the ab-
sence of potassium-radiation imprisonment have
already been discussed. Several arguments can
be advanced to show that rubidium-radiation trap-
ping was a minor source of error. First, some
runs extend down to a Rb optical depth of 0.1 and
others to as high as 2.0. The cross sections cal-
culated from all these runs gave the same value
to about + 10%. Second, the incident K beam was
imaged down to one-fifth the diameter of the main
cell, and scanned from the center of the cell to
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the edge of the exit window by moving the cell back
on the sliding track. The I 1-‘\"U/IKfluorescence
ratio was found to differ with position by less

than 20% at the highest Rb densities (1 x10'2
atom/cm?®) and by much less at lower densities.
The K vapor was optically thin for these tests.

The diameter of the K beam used in our runs was
normally one-half the diameter of the cell, and

we conclude that Rb-radiation trapping did not
contribute appreciable error at the Rb densities
for which our cross section was measured. Final-
ly, cross-section measurements were originally
taken for Rb densities about a factor of 30 larger
(using absorption of the blue lines of Rb for the
density determination) and a corresponding K con-
centration about a factor of 30 smaller. The val-
ues of the cross sections under these conditions
were only about a factor of 2 too small,

B. Spectral Purity

The leakage of potassium light through the Rb
interference filters was discussed in Sec. IV,
Dark current, black-body radiation, and residual
light were subtracted for each data point by block-

ing the incident K beam with a shutter (see Fig. 4).

These stray signals, along with the K leakage,
contributed considerable scatter to the low-density
data but were less important at higher densities.
A least-squares fit, weighted by the reciprocal
squares of the estimated uncertainty in each data
point, was made to the linear region of the plot
(see Fig. 7).

The transmission of the Rb filter combination to
the Rb fluorescent light and the transmission of
the neutral density filter to the potassium fluores-

ZARE 181

FIG. 7. Ratio of Rb cross fluorescence to K resonance
fluorescence detected at right angles to the exciting
K-D2 (or D1) beam for the same two consecutive runs
shown in Fig. 5. The intercept is due to K leakage
through the Rb-D1 interference filters of the detection
system. " A weighted least-squares fit was made to the
points in the linear region as described in the text.
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cent light were measured i situ by using fluores-
cence excited in the main cell under optically thin
conditions. This procedure minimized systematic
errors from geometrical effects, but not without
several percent uncertainty due to the angular de-
pendence of the transmission.

The separation of the K-D lines in the incident
beam was achieved by using one or two K inter-
ference filters, each with a transmission of the
undesired K component of less than one part in
10%. A more important concern was the possible
Rb contamination in the K lamp. With one K fil-
ter the Rb contamination in the beam was deter-
mined to be less than 1 part in 10°. As a check,

a second K filter was inserted in the beam. The
use of two K filters yielded the same cross sec-
tion as one, indicating that direct Rb fluorescence
excited by the incident beam was negligible. More-
over, such an error would not yield the linear de-
pendence we found in Fig. 7.

C. Molecular Fluorescence

The question arises as to what extent band emis-
sion from the molecular species K,, RbK, and
Rb, leaking through the approximately 50A half-
widths of the Rb interference filters can contrib-
ute to the measured signal IRb, The band struc-
ture of these molecules-is poorly known.?? If the
incident K line excited fluorescence in these spe-
cies, it would give the same density dependence
as the cross fluorescence signal since we found
experimentally that NRp, was proportional to Nk
in our cell. This potential source of error was
easily checked (and found to be negligible) by in-
serting a rubidium vapor absorption cell between
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TABLE V. Absolute cross sections for excitation transfer from potassium to rubidium.

(T=365°K+2%) The

reaction rate is defined here as Q7.

Excitation Transfer Process

Cross section (%)

Reaction rate (cm®/sec)

K(Zpg/z) - Rb(zpuz)
K(2P1/2) - Rb(zpuz)

2.6+ 20%
2.2+ 25%

1.4 x10"1+ 209
1.2x 10"+ 259

the main cell and the detector. For various den-
sities in the Rb absorption cell, we found that the
same percentage of the cross fluorescence was
absorbed as Rb resonance fluorescence excited in
the main cell by Rb light. This test, in conjunc-
tion with the purity of the exciting K beam, served
as an important consistency check confirming

that we were, in fact, observing only sensitized
fluorescence.

D. Molecular Impurities

Potassium and rubidium intramultiplet transfer
cross sections for collisions with molecular gases,
such as N,, are of the order of those with the al-
kalies themselves.?® In Sec. IV we described our
procedure for transferring high-purity alkali met-
als?? into the cells, in which the cells were tipped
off under a vacuum of 10~¢ Torr. At no time in
the main cell’s history was there any evidence of
foreign-gas contamination. Hence mixing between
tha alkali doublets due to such impurities is be-
lieved to be negligible. At the alkali-atom pres-
sures we used the alkali dimer concentrations®®
could not contribute to the signal by these means.

E. Velocity Dependence of the Cross Section

Equation (6) shows that the cross section we
measure is an average of the velocity-dependent
cross section o(v) over the relative velocity dis-
tribution of the colliding partners. The velocity
dependence of the cross sections for excitation
transfer from one alkali atom to another has not
been measured. Two sources of error are then
possible, (a) non-Maxwellian velocity selection of
the K* atoms due to the profile of the incident beam
and (b) temperature gradients in the main cell.

If the exciting light had a uniform intensity across
the absorption profile (white light excitation), then
the excited-state velocity distribution function
would be the same as the ground-state distribution.
For the conditions of our experiment, the incident
K-light profile was adjusted to maximize the useful
signal, and the nonthermal velocity selection of
the K atoms in one direction had a small effect on
the relative collision velocity distribution. This
source of error should be neglibible, as was in-
deed found by Gallagher® under similar conditions.

Temperature variations across the main cell
were measured and the center of the windows was

found to be about 15° cooler than the walls of the
cell. All temperatures in the main cell were con-
stant to better than +1 degree, and in the side-
arms to +0.3 of a degree. It should be noted that
our cross sections are average cross sections for
T=365°K (+2%).

F. Density Measurement

Errors in the density measurement arise pri-
marily from deviation in the experimental line
profile from the assumed profile used in the theo-
retical analysis. The theoretical and experimen-
tal checks appear to dismiss any large error here,
but several percent uncertainty is reasonable.
Errors in the absolute temperature contribute
about 2% uncertainty. The length of the main cell
(inner dimension)® was known to better than 1%,
and the slight nonparallelism of the beam, which
amounted to a maximum divergence of approxi-
mately 4° at the detector, produces negligible ad-
ditional error in the optical path length. Errors
associated with the window-absorption correction,
slight drifts in the cell’s vapor pressures and in
the lamp’s intensity add a few percent uncertainty.
The over-all error in the density measurement is
estimated as +10%.

G. Spectral Response of the Detection System

The S-1 cathode of the photomultiplier has a
nearly flat spectral response over the range 7600
to 8000 A. No correction was made for the change
in quantum efficiency between the K and Rb wave-
lengths, which adds a few percent uncertainty to
the IRb/IK ratios.

H. Polarization Corrections

The exciting beam in our experiment was un-
polarized and the detection optics were insensitive
to polarization. However, excitation by a uni-
directional beam causes alignment of the atoms
in the excited state. The fluorescence observed
at right angles to the beam direction is some-
what polarized for a 2P, state but unpolarized
for a 2P, , state.' The polarization was measured
and introduced a correction which lowered the
cross section Q(K 2P, —~ Rb?P, ,,) by 5% from that
given by the measured intensity ratio in Fig. 7.

The cross sections we measured are averages
over all the individual Zeeman transitions. The
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cells were heated by current (1 A) flowing through
bifilar windings. The magnetic field at the loca-
tion of the cells, including the earth’s field, was
about 1 G and produced negligible Zeeman scan-
ning of the magnetic sublevels of the atoms. 32

I. Conclusion

The cross sections are shown in Table V with
their estimated errors. The K?P,,,~Rb?P,,,
data were less accurate than the K*P;,, ~Rb?P, ,,
data because for the former there was greater K
leakage through the Rb filters and smaller fluores-
cence signals. We have assigned an accuracy of
+20% for Q(K?2P,,,~Rb2P,,,) and +25% for
Q(K?P,,,~Rb2P,,,), well in excess of measured
fluctuations.

Note added in proof: Since this work was sub-
mitted we have learned of the recent investigation
of the K*+Rb collision system by E. S. Hrycyshyn
and L. Krause, Can. J. Phys. 47, 215 (1969).
They report cross section of Q(K?P,,,~Rb?P,,,)
=2.7+0.6 A% and Q(K?P,,~ Rb2P,,,)=1.940.6 A
based on a quite different density-determination
procedure. Within the stated experimental errors
their cross sections and our cross sections are
in agreement with each other.
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APPENDIX

We outline®® below the derivation of Eqs. (21)
and (22) used in the density determination. The
fvalue for F - F'is related to the transition prob-
ability per sec by

¢ 2F'+1
fF-—F’_Bﬂzrovoz 2F+1 “F'<F"' (a1)
Since
1
A == 2 A (A2)
F'wF 2F'+1 F'M_,,~FM_’
MF’MF F F
where
A =64ﬂ"‘ezun3 1
F'M_,-FM 3nc®  2F'+1
F F
X[C(FIF';M _ M _,,-M _,M_,)]?

X [(J'IF'| |7V | |JIF)|?, (A3)
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it follows that

_64nmfy’ 1

AF’-.F~ 3nc? 2F'4'-1

X | (J'IF' || v D || JIF)|? . (A4)

The double-barred matrix element is in the usual
notation of Racah.3® Racah’s methods can be used
to reduce the matrix element in (A4) giving

- 4.2.,3 3
Aps p=(647%% /30c*)(2F +1)

X[W(J'FJIF; 1112 1(J' 117V [1J)12. (A5)
From Egs. (A1) and (A5) it follows that
fF-—F'=71 @F'+ 1) [W(J'FUF; 1)}, (A6)
where 7, is a constant. Equation (A6) is the
same as Eq. (21) in the text.

The f sum rule in Eq. (22) is derived as follows.
Since

2}3 @F'+1)AL,

-F
Agi_ gt : (a7)
- 2 (@F’+1)
F’
Egs. (A5) and (A7) may be combined to yield
= Y2 1[4 (1) 2
Ay g G T M 112, (A8)

where 7, is a constant. We also obtain with the
help of Eq. (A5) the relation

> ’ = _ZL":_I aIrass 2
P.%(zp +1)AF,__F~722J+1 (T N D 1)1,

(A9)
Equations (A8) and (A9) may be combined to give

_2J+1 0 2F'+1
Jlad 2J'+1 Y 2F +1

Api _pe (A10)

The total f value for the fine-structure transition
is given by

c 2J'+1

fJ-J’=81r21’oVoz 20+1 A’y (a11)

Equations (A1), (A10), and (A11) are then used to
establish the desired relation

fJ-.J'=F2,'1fF-.F' ’ (a12)

of which Eq. (22) is a special case.
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