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Collisional excitation transfer and relaxation of K 52P
atoms ‘in collisions with noble gases, as well as the
radiative lifetimes of the K 5P, .6P and 7P fine-structure
states have been investigated by methods of atomic
flucrescence spéc;roécopy. -

Potassium vapour was mixed in a cell with a noble gas
and selectively excited by pulsed dye-laser radiation to the
52P1/2 or the 52P3/2 state in zero magnétic field and to the
52P1 y3-1/2 Or the 52P3,5_3,, Zeeman substate in a field of
70 kG. Interferometric analysis of the fluorescence emitted
from the directly (optically) excited state and that emitted
from the collisionally populated states allowed the
determination of tﬁe‘fine-gtructure mixing cross sections
for collisipns with He, Ne, Ar, Kr and Xe in zero magnetic
field. Excitation transfer between Zeeman substates was
investigated for collisions between the selectively excited
5P atoms and He, Ne and Ar atoms, allowing the determination
of the multipole relaxation (depolarization) cross sections
for dipole, qﬁadrupole and octupole decéy, as well as the
Zeeman and -fine-structure mixing cross sections and
Qrientation transfer cross sections. A comparison of
theoretical calculations with the experimental data has been
made and the rate equations govérning multipole relaxation
-and including effects due to strong fine-structure mixing con
the multipole relaxation, have been described in detail.



The radiative lifetimes of the individual fine-struc-
ture components of the X 5P, 6P and 7P states have been
determined experiméntally by means of time-resolved
laser-induced fluorescence techniques. These data are
compared with numerous theoretical calculations and the
available experimental values.
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11 ODUCTION

The experimental and theoretical study of collisional
interactions of excited atoms with ground state atoms and
molecules has continued to be of interest since the
piqneering work of Wood (1917) to the present day., These
interactions are of fundamental importance to the
understanding of phenomena taking place in the upper
atmosphere, plasmas, sfellar atmospheres, lasers and other
systehs where atoms and molecules are cqentinuocusly being
‘excited and de-excited by the absorption and emission of
radiation and by processes of collisional excitation
transfer. These processes may be described in terms of
reaction rates or cross sections governing the particular
interaction. The knowledge of these parameters allows the
development Qf theoretical models describing the interac-
tion, which may then be used to predict certain experimental
observations. The intensive' investigation of the collision-
al interactions of alkali metal atoms with pertuéber gas
atoms has been aided by their .relatively simple electronic
structure, which lends ltself readily to thecretical
.modeling, and by the facility with which relativély high
density vapours of these metals may be obtained at easily
produced temperatures in a laboratory. )

The collisional interaction may be either elastic or
inelastic. Elastic collisions are those which preserve the
kinetic energy of the system, however the long range
electromagnetic. forces distort the electron distribltion
about the colliding'partners, resulting ‘in the broadening
and shift of the emission lines. 1Inelastic collisions
include a variety of interactions in which all or part of
the initial excitation enefgy is transferred out of the



originally excited state. Quenching is a process in which
the energy'of an excited state is transferred to its ‘
collision partnetr without the direct emiésioﬁ of radiation
(this may be due to the excitation of various degrees of
freedor of the perturber, such as the rotational and
vibrational states of a molecule). Inelastic collisions, in
which only a part of this energy is Eransferred, are
characterized by the emission of sensitized fluorescence of
wavelength different from the direct fluorescence emitted

. from the initially excited ‘state. ‘

The study of quenching and excitation transfer Began
with the investigations by Wood (1918) and coworkers (Wéod
nd Dunoyer 1914). Other groups (Lochte-Holtgreven 1928)
studied resonance fine-structure mixing in Na with various

collision partners. cCario and Franck (1922) studied
excitation transfer between Hg and Tl. In later investiga=-
tions Seiwert (1956) measured and calculated cross sections
for fine-structure mixing in Na with corrections for
trapping of resonance radiation which occurs in high density
" vapours. Many of the subsequent experiments, carried out
here and elsewhere, are described in review articles by
Krause (1972), Baylis (1978) and Elbel (1978). '

Wood (1922) discovered the pressure broadenzng of the
Hg resonance line, and also, that the additioh ofa buffer
gas destroyed the polarization characteristics of the
resonance fluorescence emitted from excited Hg vagaur. An
atomic vapour is said to be polarized if a non-Boltzmann
population disfribution of Zeeman substates exists in the
. Vvapour. von Keussler (1927) measured the degree of
polarization of the fluorescence emitted from Hg vapoﬁr in
the presence of perturber gases and Mrozowski (1932) used _
selective excitation techniques to excite hyperfine
structure substates of Hg. Many of these early studies,
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along with desqriptions of the ingenious optical excitation
"methods employed, have been described by Mitchell and
Zemansky (1934). o

N The optical pumping of a particular atomic state or h
substate may create a non-equilibrium population of states
within an ensemble of atoms. In particular, the selective
optical excitation of Zeeman substates results in the
polarization’of the vapour, which also manifests itself in
the polarizatioﬁ of the emitted fluorescence. 'The atomic
polarization may be described as the crégﬁion of a bulk
magnetic multipole moment 'in the vapour. The density matrix
formalism (Fano 1957, Omont 1977, Baylis 1978) may be
employed to express the population distribution of the
poiafized vapour in terms of irreducible tensor operators
which define the 2Llth multipole components of the bulk
multipole moment. The monopole or occupation component
(L=0) corresponds to the total population of the
fine-structure Zeeman manifold. The dipole or orientation
component (I=1) describes a population characterized by the,
preferred occupation of deman substates whose quantum
numbers are of the same sign (e.g. my= +3/2,+1/2). The
alignment or the guadrupole component (L=2) describes a
population distribution corresponding'fb the predominant
occupation of Zeeman substates whose magnetic quantum'
numbers have the same absolute magnitude (e.g. my= +1/2) and
the octupole component (L=3) describes a higher order atomic
polarization distribution.

Collisional depolarization experiments may be
classified into those performed in low magnetic fields\éﬁd
those done in higher fields. In low magnetic fields:the
coupling of the nuclear and electronic angular momenta is
preserved in the hyperfine structure of the atom. In higher
fields these momenta are effectively decoup}ed (Paschen-Back
effect
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of the hyperfine-structure) simplifying the analysis of the
experimental observations (Bulos and Happer 1971). The
influence of the hyperfine coupling must be considered in
the law field measurements begcause, even though the nucleus
may be considéred to be decoupled during the collisional
interaction, its immediate recoupling tends to realign the
system and dampen the observed effects (/flywheel effect’).

Ceollisions of the polarized atoms with buffer gas atoms
such as atoms of noble gases, cause the redistribution of
the Zeeman state populations (through collisional excitation
transfer) and result in the depolarization of the_
fluorescence. The depolarization may be described in terms
of relaxation rates or cross sections which are different
for the various multipole components. The depolarization of
‘a 2P1/2 state is described only by a dipole relaxat%on or
disorientation cross section, while the depolarization of a
2P3/2 state involves the relaxation of dipole, quadrupole
and octupole moments.

An experimental detérmination of disorientation and
disalignment cross sections requires the measurement-of the
degree of circular and linear polarization P...P.. of the
f£luorescence, which is defined in terms of the relative
-intensities of right- and 1eft-circﬁ1arly and linear
polarized radiation emitted by the polarized vapour 1
parallel and perpendicular to the field. Howevef, in order
to determine the cross sections for the relaxation of higher
moments, the fluorescence must also be spectrally resolved
to determine the relative intensities of all the Zeeman
components present in the fluoreScénce. Thé first reported
study in which all the relaxation cross sections were
determined, dealt with the interaction of Na(3P) atoms with
noble gases in magnetic fields up to 80 KG (Gay and
Schneider 1976).

1 Pmc"-(!,.,-‘1,-)/(1,-*'],-) Ptin-(fll-ll)/(lll+ll)

-



The resolution of the individual Zeeman components in the
fluorescence allowed the determination of the_mj mixing
cross sections and of all the multipole relaxation cross
sections. Boggy and Franz (1982) studied relaxation of
K(4P) atoms in collisions with He, Ne and Kr. Using a
modified Zeeman scanning method for optical excitation,
Skalinski and Krause (1982) determined the multipole
relaxation cross sections for K(4P)-K and K(4P)-Ar
interactions in fields up to 10 kG and Berends et al. (1984)
carried out a similar determination for interactions with N
and Hy. Theoretical calculations of the relaxation cross
sections for noble gases have been reported by several
groups, with a varying degree of agreement with experimental
data. Depolarization cross sections have been calculated by
Behmenburg et al. (1985) for Na-Ar collisions ‘and by
Rebentrost et al. (1587) for He in collisions with all of
the resonance~state alkali metals, producing order of
magnitude agreemenf with experiments. A detailed theoreti-
cal test of interatomic potentials for collisions of K(4F)
atoms with Ar carried out by Pascale et al.(1984) yielded
good agreement with the experiment of Skalinski and Krause
(1982). "

Far fewer studies have been attempted to probe
interactions of-atoms-excited to states higher than the
resonance states. This investigation describes the first
experimental determination of the multipole relaxation cross
sections for collisions of K(5P) atoms with He, Ne and Ar in
a high magnefic field (70 kG) and these values have been
compared with. several theoretical calculations of these
cross sections. A comprehensive theoretical and experimen-
tal study of the K(5P) level by Spielfiedel et al. (1879)
-yielded'the pressure broadening and shift constants for
interactions with noble gases. The authors also calculated

w?



the corresponding multipole relaxation cross sections based
on the interatomic model potentials of Pascale and
Vandeplanque (1974) and utilized both semiclassical and
fully quantal éomputation methods. Spielfiedel and
Feautrier (1988) recalculated these cross sections using a
fully quantal close coupling method and the model potentialsl
computed by Masnou-Seeuws (1982) for collisions with Ne. A
recent calculation of the multipole relaxation cross
sections and Zeeman mixing cross sections for collisions of
K(5P) atoms E}th He has been carried out by Pascale (1987)
using 1mproved interatomic potentials.

This thesis also describes an experimental study of
the radiative lifetimes of the 5P, 6P and 7P fine-structure
states. The precise knowledge of excited state -lifetimes is
required for many experimental investigations and alsc
provides.a useful vehicle for comparison of experimental
data with increasingly accurate theoretical calculations.

' The S and D states of potassium have been previously
investigated both theoretically and,experimeﬁtally by Hart
and Atkinson (1986), who determined the lifetimes for the
fine structure 3,5,6 and T-ﬁ states. A recent theoretical
treatise and review of alkali metal lifetimes by TheodOSﬁeu
(1984) distinguishes between the fine structure states of
these atoms. While the'P states of pota551um are relatively
easy to excite using %aser tec@niques! separate measurements
of the lifetimes of the fine-structure P states have been
performed only for the 4P states (Copley and Krause 1969),
although the lifetimes of the 5P3,; and 6P3,, states have
been measured by Svanberg (1971) using Hanle level-crossing
methods; the lifetimes of the 7P states have not been
determined expefimentally. A partial Grotrian diagram for
potassium is shown in Fig. 1.



The experiments described in this thesis were
-accomplished with pulsed dye laser excitation; previous
experiments to determine multipole relaxation cross sections
(Gay and Schneider 1976, Boggy and Franz 1982, Skalinski and
Krause 1982) have utilized various forms of cw excitation.
The complexity of pulsed laser excitation coupled with the
simultaneous scanning of an interferdmeter, required the
development of a synchronized photon counting technique
which produced interferograms of, the resolved fine-structure
or Zeeman manifbld, digitized in intensity as well as in
wavelength resolution. The experiments required the
development and modification of a considerable amount of
equipment, all of which was of considerable benefit to the
ultimate success of the investigations.



Figure (1)

Partial Grotrian diagram for the potassium atom.
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2 THEORETICAL

-

2.1 Fine-structure Mixing Between the 5P States of Potassium

The collisional excitation transfer between the
fine-structure (fs) states of the SP level may be described

by

K{S*Py,,)+ X ® K[S?P,,,)+ X+ 4E (2.1.1)
where X is a ground-state noble gas atom and 4£-18.7Sem™ is
" the energy defect between the s fs states, each of which
was efcited in turn by a pulsed dye laser. When the sf,,,
statelis radiatively excited, the time evolution of the
population densities of the two states may be described by
the fate equations’ -

dN, '

E—-sl-Nl(r-l."'zlﬁ"hzl)*!szzl (2-1-2)
A N\ Zip-Na(r e 25 v 2,) 2.1.3
dt t€12 = V27T 21 2 _ 5 .1.3)

- - .

where N, and ¥, are the population densities of the s*r,,., and
$'Py.: substates, respectively, ﬁ-is the s*°f,,. radiative
excitation rate, r is the radiative lifetime of the 57 |
staée, and Z,, are the frequencies of inelastic collisions
pef excited atom, leading to the transfer a=s. 2, and 2z,
represent the non-radiative depopulation rates (per excited
atom)} of the fs states by quenching collisions which result
in excitation transfer to all states below the SP state, -
including the ground state. en the 5°P,., state is
_populaiﬁé by laser excitation, the time evolution of the two
substates is described by the rate egquations

10



T '+ Zy+Z,)+*N 2, _ (2.1.4)

—_-NQZQI—N|(T-1+2121’Z|] (2.1.5)

where s, is the s’P,, radiative excitation rate. Although,
because of pulsed excitation, the population densities of
the 5P states are time-dependent eqs. (2.1.2-5) can be

integrated to give the following ratios (Pace and Atkinson
1974).

N—z-(r')‘»«z,,»fz;)/z,, (2.1.6)

/ ' _
&-(’r"+zlz+z,)/22, (2.1.7)
N,

-In eq. (2.1;6),\N, fepresents the pépulation_produced by

. col;isional tranéfer, while N, is the population due to
direct radiative éxcitation; in eqg. (2.1.7) the reverse is
the case. Assuming that the measured fluorescence
intensittes are proportional to the products of the
appfopriate populations‘énd Einstein A coefficients, ggs.
(2.1.6-7) may be expressed in terms of.the measured time
integrated intensities of the two’spectral components.

Zu"U:(Auz/fisu)(r-l..*zzt"'22) - (2.1.8)

Z?l=UI(A312/AH'2)(T-I+ZI2+Z ) (2.1.9)

where 7, and n, are the measured ratios of the fluorescence
intensities:

-1(404.7nn1) . _I(404.4nnﬂ

M T404.anm) * 127 7(402.7 nm) (2.1.10)

In each case the component appearing in the denomlnator is
$f the same wavelength as the exciting radiation.

-
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Since the A,. and 4, coefficients are very nearly
equal to one another (Wiese_.et al. 1969), as are the
freéuencies of the two spectral components, their ratios
were omitted from further consideratgon. The lifetimes of
the two fs states were assumed to be equal to each other
t=7,=7,=133rs (Svanberg 1971); in a subsequent experiment
(see sec. 4.3) these lifetimes were measured directly and
found to be equal within the stated limits of experimental
error. Tt was also assumed that Z, and Z, could be
heglected because quenching of alkali_ﬁluorescence by .
collisions with noble gases has been faupd too weak to be
observed, even at buffer gas pressures much higher than
those employed here ( < 250 mto ) (Siara et al. 1572,
Bellisio et al. 1968). This assumption was later verified
directly by measuring the lifetime of the 5P state in the
presencg of 50 torr of Ar and detecting no noticeable change
from the lifetime measured in the absence of a buffer gas;
with the addition of as little as 60 mtorr of N, a 10%
decrease in the effective lifetime was measured. Using
kEhese approximations.eqs, (2?1.8) and (2.1:9) may be soclved
for the collision numbers.

~

\ Z,,m (’72""71772

(1'7?:772)) 2110
)

-

.
M (2.1.12)

(1"7?:772)
Equations (2.1.11) and (2.1.12) provide the connection
between the measured fluorescence intensity ratIAQ\and the
collision numbers Z,, which are related to the transfe
cross section Q, which are defined analogously toc the gas

S Z?l

kinetic cross section,

Zap= N(X)Qasv, . (2.1.13)

12



where N(X) is the density of the noble gas atoms and v is
the average relative speed of the colliding partners whose
reduced mass is u. ’

\ -
v, =(8kT/mu)'’? (2.1.14)

where k is the Boltzmann constant and.T is the absolute
temperature of the fluorescing vapour-gas mixture. ’

According to the principle of detailed balancing, the
cross sections Qe and Q; should be in the ratio

>

le_Q(’U%;a/z)_(gg)e-%

.1.15
0n 0(3725172) \g, (2.1.15)

where g1=2 and gp=4 are the statistical weights of the f£s
states. :

o
~
NS -
e N
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!
2.2 - hgglication of Density Matrix Formalism to the
Collisional Decay of Atomic Multipole Moments

When a potassium atom, excited to one of the 5’7 Zeeman
substates, collides with a buffer gas atom such as He, Ne or
Ar excitation transfer may be induced to other substates
within the S Zeeman manifold.

The collisional process may be described by the
following expressions :

K(S*P ,ayin) ¥ X2 K(S?P, )+ X+4E° -~ (2.2.1)

K(S*Pyyaezsa)* X > K(S*P . )+ X+ AE" (2.2.2)
where X is a buffer gas atom and 4f° is the change in the
kinetic energy of the buffer gas atom. When J or J’=1/2, m
or m’="% 1/2 ; when J or J’= 3/2, mor m’ = + 3/2 or i 1/2.
There are altogether six Zeeman substates within the 5P
doublet. The population density vector N, describing the
pbpulation density of the-potassium atoms in these Zeeman
substates, must accordingly be described by a
six~dimensional vector.

The time evolution of the population density vector ¥
may be described using density matrix formalism (Baylis,
1978) . '
dN

ﬁ-E-E—I‘N-?_ﬁ (2:2.3)

where § represents the rate at which the Zeeman states are
being optically e§cited, I' is the matrix describing the
spontaneous decay rate of the excited state to the ground

14
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state and ¥ is the matrix describing the rate of collisional
transfer between all the available Zeeman sublevels. Under
steady—-state coﬁd;tions an equilibrium is reached such that
the change in the population denéﬁty with time approaches
zero. When optlcal excitation is accompllshed by means of
short laser pulses, eg. (2.2.3) can be 1ntegrated (Pace and
Atklnson 1974) to yield the follow1ng expression for the
time-averaged population of the exlted state in terms of the
spontaneous decay, collisional transfer and the radiative
excitation rates.

?—f‘N- =0 (2.2.4)

The horizontal bars indicate time-integrated quantities (the
bars will be suppressed throughout the foilowing discussion
for the sake of simplicity). ¥ may be expressed in terms of
the spherical basis vectors directly related to the
multipole density distribution. The vectors describing the
six-dimensional Zeeman manifold are defined by the feollowing
expressions.

T, =(a}.o) L=0,1 - (2.2.5)
I, =(0.97) L=0,1,2.3 5 (2.2.6)

Where ¢! and ¢ are the 2-dimensional and 4-dimensional./
spherical-basis vectors, respectively (Baylis 1983). .

A

‘&3-3%(1'1) . (2.2.7
o] '
u,-ﬁ(l.-—l) (2.2.8)
53-%(1.1.1..1) : (2.2.9)

15



1

T . )

TR 3,1.-1,-3 2.2.10
1,2\5( ) ( )

\

ﬁ§-%(1.-1.-1.1) - : (2.2.11)
~T I Y - .

§3=~——=(1,-3,3,-1 2.2.12
3 2@( ) g )

The quantities N, 5§, I and ¥ can be expressed similarly,
bearing in mind the statistical weights of the fs states:

Nay
N Ny : Na
- -V . 7 = 22 . v 22 .
N (ﬁz) (2.2.13): W, N (2.2.14); N, e (2.2.15):
2 2 - - T 2
éF Nas
¥ x
7 S1
\/ 23
S!l . - 3‘.‘1
|52 (2.2, . 5,- 5, (2.2.18):
Sas
Aoy y
(2.2.19); y-(-" -2‘) (2.2.20);
1 ¥iz. Ya

1, is the two-dimensional identity matrix, 1, is 1'The
four-dimensional identity matrix and 0 represents the
appropriately dimensioned null matrix. r-r,-r, is the mean
radiative lifetime of the 5°» state which was taken to be
133 ns (Svanberg 1971) (see section (2.1)). The 7y,
componenté; of y are (21i)x(2j) dimensional matrices. The
individual elements of the %, are the collisional transfer
rates y,=y(im>=is'm>), which are equal in magnitude to the

collision numbers Z(J.m=J'.m") (defined in section 2.1). 1In
section 2.1 the direction of excitation transfer

16



isVexplicitly. included in the rate equations (2.1.2-35). In
order that the direction of the collisiocnal transfer be
consistent in this notation and all individual cross
sections o, be defined positive, all the off-diagonal
components v, of ¥ are defined to be negative and all
diagonal components y, positive. This notation is summarized
as follows:

y”="£VU,.O'U i# s Yu=Nvo'u ' O'”>O Yi,j (2.2.21)

Substituting egs. (2.2.13,16,19) and (2.2.20) inte
(5.2.4) leads to

-1 - - j— -

Li+y Y N S
d (‘E‘ A )(ﬁ‘)-(_') , (2.2.22)
Y12 Ty La* Y2 J\N2 Sa ’

The vectors ¥ and § are now expressed in terms of the
spherical basis of (2.2.5) and (2.2.6).

LRGeS
v EMA . _ 2.2.23
N, o im0 n(an:. ¢ )

n{P=aj N, (2.2.24)

P =5l -N,. (2.2.25)

The equatlons for ¥, st and s¥ follow in an analogous
manner. The quantities sl and Y represent the 2‘-:h.
rultipole moment density associated with ~, and W,
respectively.

Occupation or monopole component of W,:

" ' '
n!® = Jl_ N, ) _ (2.2.26)

[ t
212 373

17



Orientation or dipole component of WV,:

\ (y 1 ( )
-- N, -N,, 2.
- gl \[2 23 272 (

Occupation component of N,z .

-3N, 3) | (2

2
1
ntzz)"‘(Naa'N:n‘Nal"'N: :) (2.
2 33 i3 373 3"z
Octupole component of ¥,: 3
ntzaj' (-’Vgg 3N, 3N, ,-N, :) (2
S\ i3 23 ERE S Y ) .

When the system is collisionally .jgotropicy the
rotational invariance of the components of ¥y allow edq.
(2.2.22) to be expressed in terms of the appropriate
multipole densities »¥ given by eg. (2.2.24-5) (Baylis

1983) .
- () L L 2 .
( +Yy 7;1) )(n(l ))_( ) (2
- wy - L) (L) (L
Y12 “'Y(n Ity Sa

Where the matrix elements are defined by:

yiv = u.f(';“)&,_ L=0,1 o . (2
s =01(¥2)5, L=0,1,2,3 (2
:{@ﬂ .y(llz) LL,_( 12) L"O.l (2
y@P=ol(7a)a,  1-0.1 (2

18

*Na-z*'Ne-z) (2.
2 2 22

2.27)

2.28)

.2.29)

2.30)

.2.31)

.2.32)

.2.33)
.2.34)

2.35)

.2.36)



1

¥ and y&

depopulation rates.

are the multipole decay rates and y)' are the

&=

The elements y¥% and y4 are the £fs

. . ) A . AN
excltation transfer rates for the (5°P,,.=5°P,. and [5°P,.,=5P. =

transitions, respectively.

The elements y'Y and y.' are the

fs orientation transfer rates.

21l other ¥ must vanish to

conserve the symmetry relations obeyed by ¥ (Baylis 1983).

The following egquations define some of the
relationships among the ¥ elements defined in egs.
(2.2.33-36); the notation is consistent with eg. (2.2.21).

) (2.2.375

- 1

yiP = =V2(y{? v --=0)  (2.2.38)
J2

Y@= -Nuol®  (2.2.39) O Nye®  (2.2.40)

YV = Nval) (2.2.41) ¥ = Nyold (2.2.42)

PAIISN ALY (2.2.43) o n Lo (2.2.44)

J—;dm

The fs transfer cross sections measured in the absence

of a magnetic field (sec. 2.1) are equal to the depopulation

cross sections ¢\ and o'¥.

0%

Q.=0cly  (2.2.49) Q.

The multipole decay rates y\!

(2.2.46)

and y4 are described in
terms of two components, ' which describes the multipole
decay due to the collisional transfer of excitation between
the two fs states, and il which describes the collisional
relaxation due to excitation transfer among the Zeeman
substates within the L-th fs state.

(1) (0)

(AT Y +A'(Ill)

y$s = ysY
These rates are now expressed in terms of the corresponding
multipole decay cross sections oi) and oY (L-1.2,3), and the
multipole relaxation cross sections 4!

[

A

and A%, .

~

19
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P=Nuvell  (2.2.49) yil=Nuoll).  (2.2.50)

Y1
AP =Nual,  (2.2.51) AR =Nual,  (2.2.52)
ofP=oiP+ )y (2.2.83) o =0+ A%,  (2.2.54)

Inverting eg. (2.2.32) yields the following solution
for the population'densities in terms of the transfer and
excitation rates.

APV (e (s
w | =P (L) -1 (L) (2.2.55)
ng =Y T, *Yn Sq

Where D,, the determinant of the matrix in eg. (2.2.32)1 has
the following form:

Do=(r7" +yi®) (x5! +y2) -y Py lL . (2.2.56)

_=

The following K coefficients are defined in oxrder to
facilitate the manipulation of eq. (2.2.55f.

I ngm s
) a
Kao=—r5-—m @b-1.2 (2.2.57)
ng ) 3(1)
- e
(0} o(0) (0)~(0)
nz sl n-] 32
K= (2.2.58)
n{s® J\ nIg® |
(1) (D (1yo(n)
n s n S
UJ_ 2 ! 1 2
K (1) (1) (Dt (2.2.5%9)
L)

Where ki is the ratio of the population density of the
multipole components within- the same fs state, K(0)
(analogous to the product 7,7, in section 2.1) is the product
of the monopole (population) ratio of the‘Follisionally'

-
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populated fs state to the directly populated fs state and

k(1) describes the transfer of orientation between the two
fs states.
\u—
The solution of eq. (2.2.55) in terms of the K

coefficients follows by considering the levels that were
directly (radiatively) populated. The firgt case involves

laser excitation of the S°K,.... state while the second case
arises from 5%K.-.... eXcitation.

Case (1): When the K°7..... substate is optically excited,

- 0 ' o
5i=lg - . sP=0  (L=0,1.2,3) ,
1/2=-1/2
and egs. (2.2.55-59) yield the following K coefficients.
_ , a
o ns0_(23'+y®) D, o
T 20 [t o o) Dy (2.2.60)
s (73t eyeY) Do
(U)D :
- K?;-%—‘ (2.2.61)
b Yiz Do

Case (2): When the k%P,..: substate is opticélly excited,

-~
0
— 0
S,= 0 . si=0  (L=0.1)
33/2-3/2_
(O)D
Kg;-’%)—‘ : (2.2.62)
y21' Do,
7+ (9D
. K% (11 :f,) : (2.2.63)
(Tl_"")’u]Do
02 (0) D, ;
Kn-(l-t-rlyl!]-s-; (2.2.64)

21



oy D3
Kz=(1+79\0) 5
0

(0)..(0) 0 -1 0 -1 (0)
7:2721'”K()(71 +yﬂ3)(fz +?22)

4
1 13 -t 1 -1 1
7‘:2))’;1)’4’(( )(71 ""Y(n))(rz '-"7(22))
e

-

The explicit forms of the determinants Dy, are:
Do=(r1'+¥{P)(z2' +¥ &) - ¥y
- (3 =y @)(e3' =) (1- 5 )
Dy = (v1' D)3t + v0) -y
R CARSIY CRV
Dy=(v7")(r3' +vED)

Dy=(7i")(73' 7))

(2.2.65)

(2.2.66)

(2.2.67)

\
\\

(2.2.68) !

(2.2.69)
(2.2.70)
(2.2.71)

The K coefficients, -defined by eq. (2.2.57459), describe
the multipole population distributions within the Zeeman
manifold which are obtained from the intensities of the
components of the resolved Zeeman fluorescence spectra

through the appropriate A coeff;cients.

The spontaneous decay of the exgited states takes place
by iinearly polarized = radiation emitted perpendicularly to
the magnetic field and circularly poiarized o radiation
emitted parallel to the field. In this experiment only the
¢ components were detected because the superconducting

solenoid did not contain a port for perpendicular

observation.

For the 5%7,,,-4%$,,» and 5°P,.,~4%5,,, transitions in zero
field, the ratios of the Einstein A coefficients for.the

emission of polarized radiation are:

22
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P

The oscillator strengths for tﬂe transitions from the
two 5P fs states to the ground state are equal to a good
approximation (section 2.1), allowing eg. (2.2.72) to be
. expressed for the emission of circularly polarized light
{(Boggy and Fﬁspz 1982) by the following:

LA =3:1:2  (2.2.73)

1+ 11
- ———
2 22

2 2

A3 31 A5

2 ’

The Einstein A coefficients, which give the spontaneous
electric dipole transition probability associated with the
emission of circularly polarized radiation, must be modified
.to include the effect of increased mixing between the Zeeman
substates due to perturbation by the magnetic field. -The
calculation of 4he magnetic field correction (the first
order Zeeman perturbation) was carried out in detail by ,
Boggy and Franz (1982). They performed a Clebsch-Gordan P’W
exbansion of the eigenfunctions of the Zeeman manifold and.
evaluated the expectation value of the perturbation
Hamiltonian which yielded the off-diagonal matrix-elements
for the perturbed wave functions. The pertufbed wave
functions were then expressed in terms of the unperturbed
wave functions and the expectation value of the electric
dipole operator was calculated to determine the required A
coefficients: ‘

LY

A3 2(B) : A.(B) : Af .(B)-

23



. 2y2u,B J2p,B
=3 r 1l : 2+ -
34F 34E
=3 : .83 : 2.09 (2.2.74)

where x, is the Bohr magneton, B = 70 kG and 4£-18.7Ssem™' is
the fs splitting. This correction is important in the
present experiment as, at this field strength, the Zeeman
splitting and the fs splitting are comparable.

The population ratios are related as fcllows to the

measured ratios of fluorescence intensities:

s

Nou _ Tou ASu-(B)
NJ'H" IJ‘M" Ajy(B)

(2.2.75)

-

In order to determine the multipole relaxation cross
sections from the measured intensity rétids, the collision
rates y¥. vi¥. ¥¥ and y§, appearing in egs.(2.2.58-71), must
be determined. These rates are directly obtainable from the
fs mixing cross sections which have been determined in zero
field (see eqgs. (2.2.45-46) and sectién 2.1), and may also
be determined from the experimental data determined in the
presence of a magnetic field. Equations (2.2.64-65) may be
solved directly for y and y¥ using these values of <% and
s%'. Equations (2.2.60-63) are coupled through the orienta-
tion transfer rate product'ywyw contained in eg. (2.2.69).
An estimate for ylyd can.bé'obtained from the experimental
data assuming single collision conditions, which require the
collision rate to be much smaller than the reciprocal-
lifetime of the excited state, mv.QUm-J'm’)«r'. Under this
condition the Zeeman mixing cross section may be exprecsed
as follows. '

24 - .

3



AN

s 1 Ny
T QUM=JI"M™) =07 NJ:,

(2.2.76)

The fs orientation transfer rates are defined by

y{D=-Nuol) (2.2.77) yi)=-Nvol) (2.2.78)
where o\% gnd ¢y are the fs orientation tqansfer cross
sections. Various definitions of the fs transfer rates and
o;ientation transfer rates may be found in the literature
(Baylis, 1978; Elbel, 1978); the essential difference
between them lies in the normalization factors.- The
normalization factors used here are obtained by invérting
eg. (83) in the article by Baylis (1978), or may be
determined by évaluating eqgs. (2.2.35-36} and result in the

fdllowing éxpressions. -
- m._.l_( (1-1 §_§); (.1_1 2_1)_ (1_1 21)_ (l_£§§)) \
om T o\ PU2727272) 2727372 ) U272 ") TP 2T T 22
w . {10 (z;é 1_-*1)_ (g_z 11) 7
diz= 3 (Q3737573)" A 373723 (2.2.79)

1 3 1 1 1<l3 -
(o] - __E _—_ - o :
02'(2 ‘2) 2,,,Q(2' 2 _2,m)

11 3 3 .11 :
—)5.—5)-&@(5'—5—}5.5)) (2-2-80)

The resulting experimental values of the fs orientation
transfer ¢ross sections are smaller than\the fs transfer
cross sections by an order of magnitude and thus the product
o'%~% may be neglected to a good approximation. Under this
approximation egs. (2.2.60,63-65) yield the multipole decay
rates i!Y and A4 which, in conjunction with’eqs. (2.2.49-54),
give Ehe multiﬁole relaxation cross sections ai;=-4!/ and

14 12
Asrz™Axz.
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1 [~ K% ] , .
. 1) [+ (0)
- -1 -1 . (2.2.81
Ay NUT;[ H ]+ | 1+NwT,(efP) | u ( )
_ 1 _ ey - " )
AL = K3L-11+ T P 2.2.82
. /2 NUTQ[ 22 ] _1+NUTI(U(I?J) B 22 ( )

It is useful to note that the first terms of egs.
(2.2.81-82) are similar to the definitions of the Zeeman
mixing cross sections which . are defined in ;ﬂfms of the
population density ratio of the collisionally~ to directly-
populated Zeeman substates:

1 N

- . JM=aT M )=
Q( JM ) Nuv,.t N,y

(2.2.76)

When a single Zeeman -substate is optically populated, the
multlpole relaxatlon cross Sections are expressed in'terms
of the ratlos of the populatlon density of the monopole
moment to that of the multipole moment. -
1 n® ‘
w1 {re
A7 Nu,r(c oo | (2.2.83)

where the normalization factor ¢ is specific to the

excitation conditions and is determined by the ratio of the
multipole excitation ' rates given in eq. (2.2.57).

I will now show that,fin the limit of low pressure,
eqs. (2.2.81-82) are identical to the definitions of the
multipole relaxation cross sections given by Bogéy and Franz
(1982) and Spielfiedel et al. (1979). To this end it is
useful to state the explicit form of the K coefficients in

terms of the experimentally determined populaticn ratios.
: \
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N1t N3z - Nay Mo,
1_‘- 22 2‘.’+~‘22+~22+1
Ny N33 Naa M3a
ol 22 ol 21 212 22
K| == 2.2.84 Konm= -
Y My ( ) 2 Mag N3y Ny
22 22 22 2 2
1 - ettt
N1 VN33 N33 3Ny
22 232 732 72
N3z Ny Na,
32+ 22+ +1
Naa N33 ¥N3a
02 22 22 22
K=
Naz N3 N3,
Naa N33 WNas
22 22 22
Nag  Nap Mo,
22 22 22
— -—_] -
Vaz Naa Mas
ol 212 22 22
22 N3ys 3N3; 3N,
33 33 53
— — —— +1
Nas N33 Naa .
22 22 22

(2.2.85)

12.2.86)

(2.2.87)°

When the populaticn density ratios are very small and

(i)

—_— K]
N(3-3)

N(%fg)

eqs. (2.2.84-87) may be written in the form

, (1+20®)
(1-2n)

where the population ratio sums appearing in eq.

are represented by 42 and aa'.

. of the denominator in eqg. (2.2.89) yields:

Kt=(1+4n)(1+4n").

(2.2.88)

(2.2.89)

(2.2.84-87)
The first-order expansion

(2:2.90)

Neglecting second-order terms in this product, the K
coefficients are now of the form .

klz(l +An(°)+:ﬂnm)
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which, when substituted into the first terms of egs.
(2.2.81-82}, yield the relaxation cross sectlons in the
" following form. . . /

T S W I

In the low pressure limit, eqg. (2.2. 92) describes the
multipole relaxatlon Cross sectlons aS\g 1linear sum of the
population ratios, divided by Nyt. Aécordlng to
eqg.{2.2.76), eqg. (2.2.92) may be expressed in terms of the

Zeeman mixing cross sections:

AE;I)-QQ(%-%"%%) (2.2.93)
Aé”' Q@'%"gg)*%Q@-g*g%]'réQ(g—gﬁg—%) (2.2.94)
Aézy 2Q(2-§—>%)+2Q(g-g*g-é) | (2.2.95) -
'Aé”'2‘?(3‘3*33)-2@@-3%§§)+4o(§-§->§—§)  (2.2.96)

Equations (2.2.93-96) may be shown to be identical to
the definitions used by Boggy and Franz (1982), Spielfiedel
et al. (1979) and others. This may be done with the aid of
the following relationship (2.2.97) which results from the
fact that the hexadecapole-relaxation rate y'' equals zero
(D’Yakonov and Perel 1965). This relation is required for
the comparison'of the definitions, as Q(3/2-1/2-3/2-1/2) is
not directly.dbtaihabie from the experimental data because

the 5'P;.:.1,2 State was not optically excited.

3 1 3 | ' 3 3 1 4 3 3 31 3 3 33
0(5 '"37332 ) Q( 27375 '5) 3‘?(5-‘5‘*55)*9(5"5*5-5)

(2.2.97)
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ﬁquations (2.2.81-82) have a slightly different form if
the relationship between the depopulation cross sections and
the fs mixing cross sections is not assumed (egs.
(2.2.43-44)) and the orientation transfer terms are not
neglected. The solution for the multipole relaxation cross ,
sections in the absence of these approximations, in terms of
the K coefficients defined by egs. (2.2.57-59), is as
follows:

Ko(1-K© !
hii"Nv,fAil’-(—E‘l—(_W—)—l ' ey®) L=1.2  (2.2.98)
AR =N, AR = (Ko (1- K- 1)(z7 +yY) L=2.3 .« (2.2.99)
Rearranging (2.2.98-99) yields the following:

N

(-x) N ot af?
Nu,rl(i{ﬂﬁ{“—)—l *‘b-—“—)*-Nu,rLA—(ﬁ L=1,2 (2.2.100)
LL

o
! 1 0%y

‘ .-Vu,'rz[K‘._’,_-_f(l 'Km)"’ 1)- = Acz)+NU’r:_5§

L=2,3 (2.2.101)
22 .
Tt is interesting to note that an equation of identical form
may be simply derived from eg. (2.1.6), describing the
collisional transfer between the two fs states in the
absence of a magnetic field, when-‘the Z,) are expréssed in
a terms of their respective cross sections and quenching is
neglected: '

Ny r(—'\-fi)-l'-L»vU <z 3 (2.2.102)
AN, Qiz ' Qi o :

A cross section may be regarded as a measure of the
probability for a particular collisional transfer process.
While the cross sections themselves are presgure-
independent, the measured population ratios are not linear
with pressure under conditions involving multiple colli-
sions. It is only at pressures where the population ratios
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are sufficiently small (<0.0l) that eqgs. (2.2.81-82) and the
theoretical definitions of the multipole relaxation cross
sections given by (2.2.93-96) are in good agreement.
Equations (2.2.100-102) havé been written in the form Y=A+BX
where X is propotional to the pressure and A, the low
pressure intercept of a plot of Y against X, is the inverse
of the relaxation-cross sections and the slope B, the ratio
of the depopulation cross section to the relaxation cross
section, is a measure of the rate at which the multipole
density distributions come to equilibrium with increased
collision=rates. The equations, when written in this form,
define the relaxation cross section to be a pressure
independent measure of the collisional relaxation process
and are therefore consistent with equations (2.2.93-96). It
should be noted that «* and k', are second-order terms
which vanish at low pressure, justifying the expansion of
eqgs. (2.2.81-82) in terms of the first bfdgf term «i.

-

In this investigation the population ratios were
determined under almost single collision conditions:
' Nv,Q(Jm=J'm")r€0.2. Because thé ’single collision condition’
was only weakly satisfied, the use of equations - -
(2.2.81-82{100—101) would seem most appropriate for the
calculation of the multipole relaxation cross sections.
However, it is also apparent from equations (2.2.84-87),
that egs. (2.2.81-82,100-101) involve the manipulation of a
larger number of population ratios, with their associated
experimental errors, than do egs. (2.2.93-96). The smaller
propagation of expérimental.error inherent in egs.
(2.2.93-96) provides an argument in favour of using these.
equations for the calculation of the multipole relaxation
Ccross sections and outweighs the error associated’/with the
imperfect fulfillment of the single collision condition.
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2.3 The Radiaéi&e Lifetimes of the Potassium

N 5P, 62 and 7P States

The time evolution of the population of an excited
atomic state is governed primarily by the process of
radiative decay. When stimulated emission, absorption and
quenching are negligible, the probability of decay from an
initial state i to a final state j is described by the
Einstein coefficient Ajj. The total probability Aj, for the
transiticgd out of the excited state i by spontaneous
emission, is given by th sum of the Ajj coefficients over
all the final states. '

A=) A, (2.3.1}
J

aAn allowed electric dipole transition from state i to a
state j is governed by the following selection rules

Adl==x=1, 4J=0,%21 (J=0#>J=0) (2.3.2)
Am,=0,x1 (m,=0%>0 ifaJ=0) (2.3.3)

The time evolution of the excited state population Nj
decaying by spontaneous emission is given by

gﬁ& AN (t 2.3.4
20 AN . (2.3.4)

which has the solution
N.(t)=N (0)e ™ ' (2.3.5)

where Nj(0)-is the initial population of the’ state.

The lifetime r of the excited state is given by the
reciprocal of the Einstein Aj coefficient. - A
- '
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r-—-'zf_i;,' _ (2.3.6)

- The total "fluorescence 1nten51ty emltted in the ‘decay
of the excited state is d1v1ded between the transitions to
the various possible flnal states. In this experiment,
where only a single transition was observed, the time
evolution of the fluorescence was governed by the population
of the excited state which decayed at a rate defined by Aj:
the intensity I(t) of the observed fluorescence was given by,

Ny (t)Aij .
2 1
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3 TEE APPARATUS AND EXPERIMENTAL PROCEDURES

3.1 The Apparatus and Procedure Used in Pine-structure

e A e e —————

and Zeeman Mixing Experiments

A schematic diagram of the épparatus is shown in figure
(3.1). The apparatus was used for the determination of the
fs mixing cross sections in zero magnetic field and the
Zeeman mixiﬁg cross sections at a field of 70 kG. The
following description will be mainly relevant to the Zeeman
mixing experiment with particular differences pertaining to
" the fs mixing experiment pointed out when appropriate.

Potassium atoms, ﬁixed with a noble gas and contained
in a fluorescence cell located at the center of a
superconducting solenoid, were irradiated with pulses from a
Ny laser (N,L) -pumped dye laser (DL) which excited one of
the «5°#..,..,:,45°P;5.2.:» Zeeman substates. The resulting
polarized fluorescence, monitored at right-angles to the
direction of excitation and parallel to the magnetic fie;d,
consisted in each case of a direct fluorescence component
emitted in the decay of the optically excited state, and
sensitized components emitted from the collisionally
populated Zeeman substates of the 5P manifold. The fs mixing
experiment was carried out in the absence of a magnetic
field, the fluorescence was not polarization analyzed and
the individual s$’f.; and s°r,.. fs states were selectively
excited.

The output from the dye laser was condensed into an
optical fibre and conveyed to the fluorescence cell where a
termination consisting of a lens and mirmor directed a
parallel beam 3mm in diameter into the cell at right angles
to tHe direction of observation. The circularly polarized
fluoréséénce was collected by a lens, rendered parallel,
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v
passed through a quarter-wave plate (manufactured by’

. Meadowlark Optics for 405.5 nm (the centre of the
fluorescence doublet)) followed by a linear dhalyzer
(Polaroid HN38) and\wgs made incident on the mirrors of a
piezoelectrically scaﬁq\: Fabry-Perot interferometer (FP).
The interferometer out Jyas focussed ontp the photocathode
of an ITT FW130 gefrlge ted photoemultiplier (PM1l) (operated
at 1800 V) whose output pulses were amplified by an Ortec
9302 amplifierfdiscriminator (AMP) and transferred to an
in-house built inverter-amplifier (50/MHz maximum count
rate) with a gated detection window (GATE): its standard TTL
output pulses (20 ns pulse width) were accumulated in a
multichannel scaler (MCS). To avoid detecting scattered
laser light, the amplifier was gated-on by the signal from a
fast photodiode which monitored the dye;laser output. The
amplifier operated in a time window starting from the
gate-on pulse through 1400 ns (approximately 10 lifetimes of
the 5P state). The experimental data were corrected for
this time delay (sée section 3.1:4). The MCS charrel
advance was synchronifed to the interferometer sweep and
thus the recorded spectra nmay be regarded as lnterfezwg%ams,
digitized in wavelength resolution and intensity.

The fluorescence count rate was adjusted to produce 1-2’
counts per MCS sweep (35 laser pulses) by varying the output
power of the nitrogen laser as well as the degree of
focussing of the exciting laser beam into the optical fibre.
The count rate was frequently checked and adjusted to keep
it constant as the laser dye (DPS) deteriorated. The
excitation waveiength was periodically changed to alternate
‘between the Zeeman states or two fs statesi the resulting
fluorescence signals were stored in different sect;ons of
the -MCS memory.
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The spectra accumulated in the MCS were transferred to
a Commodore Pet2001 coméuter for further analysis and final
plotting. The plots, corrected for background noise, wefe
analyzed to determine the integrated intensities of the
individual Zeeman fluorescence peaks. This information was
used, with the approﬁriate Einstein A coefficients, to
obtain the population ratios of the collisionally-to-radia-
tively populated Zeeman substates in relation té the buffer
gas pressure. After correcting for the time delay between
optical excitation and fluorescence detection, these data
yielded the Zeeman mixing creoss sections as well as the
multipole relaxation, fs mixing, and orientation transfer

—-

cross sections. ; ¢

This technique was first uéed to determine the fs
mixing cross sections in zero field which did not require
extremely high resolution as the spectrum consisted of only
two fluorescence components. A measurement of the Zeeman
mixing cross sections was first attempted at 37.5 kG,
however the resoclution of the individual Zeeman peaks was
unsatisfaétory."The extensive fs mixing of the 5P state
(due in part to its small fs splitting of 18.75 cm™1)
required the full resolution of the six Zeeman components,
emitted from both fs levels. The experiment was then
modified to obtain better resolution. This was accomplished-
by operating at 70 kG, at which the Zeeman splitting was
larger and by separating the left- and right- circularly
pelarized fluorescence components with a circular analyzer,
effectively increasing the resolution by factor of four.

The N, laser, which generated considerable electrical noise,
was relocated 15m away from the detection equipment,
‘reducing the shot noise to barely detectable levels and the
single grating dye-laser oscillator was replaced with a o
double agrating design with a narrower bandwidth (see section
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3.2). The dye laser tuning arm was modified to include a
piezoelectric transducer? which facilitated the fine-tuning
of the laser to the selected Zeeman transition.

The identification of the spectral components was .
accomplished by means of sequential optical excitation of
the individual Zeeman substates. The dye-laser was
calibrated with a thermionic diode (see section (3.1.5)) and
its.setting was calculated for each Zeeman substate (see
Appendix 2). The Zeeman substates were then optically
excited in turn, starting with the lowest energy state; the
highest fluorescence peaks in these spectré (see for example
Figs. {4.2.2-3)) correspond to the fluorescence emitted from
the directly excited Zeeman substates. It was possible to
selectively populate subs@ates.using'laser wéveleﬁgths
corresponding to their = transitions, but it was not
possible to observe the direct z fluorescence with the
detection geometry which was employed in the experiments.

2 The piezoelectric elements were taken from two —
barbecue lighters supplied .by the Canadian Tire Corp.
+5X10"% m displacement with a + 2500 V bias,

~ . 3 6 . -



Figure (3.1) Schematic arrangement of the apparatus for

.

fine-structure and Zeeman mixing.

NoL, nitrdéen.laser; DL, dye Jlaser; PD, photodiode; D, delay
line; A, vacuum and gas filling system; FP, Fabry-Perot
scanning interferometer:; T, telescope; PM, photomultiplier
tubes; S1, S2, shutters; AMP, qyplifier-disciiminator: GATE,
gated pulse-inverter amplifier:; LT, channel advance and - -
laser trigger controller; SC, shutter controller; PC, ///
polarizer controller; P, circular polarization analyzer.

B indicates the 70 kG qééﬁgeic field.
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3.1.1 The Fluorescence Cell, Oven and Vacuum System

~ The quartz cell had a square cross section (2.5X2.5X4.0

~em) and was fitted with a 1 om long sidearm protruding

downwards, which contaiped a small gquantity of potassium
metal. Thé\cell was connected to the vacuum system through
a 2 mm (ID) capillary tube and a greaseless teflon stopcock.
The cell and the sidearm were mounted in an oven located in
a brass tube extending 0.5 m from the mounting of the vacuum
system into the bore of the superconducting solenoid. The
oven surrounding the cell was made of thick copper plates
containing channels through which silicone oil was
circulated. The sidearm oven, mounted beneath the main oven
and. insulated from it, consisted of windings of narrow-bore
copper tubing in thermal contact with the sidearm of the
cell, through which silicone &il was circulated. The heated
silicone oil was supplied by two Neslab thermostats, one
controlling the sidearm temperature and the other
controliing the temperature of the maih oven.

Thé temperatures of the cell and of the main oven were
monitored with 5 copper-constantan thermccoupleéilocated at
various points on the cell and referenced to the ﬁriple
point of water (273.16 K). The temperature stability was *
0.5 K over a period of 6-8 hours, as long as the room '
temperature remained reasona?}y stable.

2

The vacuum system consisted of an Edwards 2" diffusion
pump backed By an Edwards EM2 forepump. Back streaming of
pump oil was minimized by a chevron baffle and a liquid
nitf;gzg.(LN) cold trap. The gas-filling system consisted
of pyrex bottles of research-grade gas supplied by the Linde
company, separated frdﬁ«the'vacuum system by individual
teflon stopcocks as well as a main stopcock and a microleak
valve which was used to admit controlled -quantities of gas
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to the cell. Gas pressures were measured with an MKS
Baratron capacitance gauge ( 0-1 torr, full scale prec151on
5 parts in 105).

Before beginning the experiment the entire glass vacuum
system was repeatedly flame heated to remove impurities on
the'glass surfaces. The ultimate vacuum attainable by the
system was of the order of 7x10~8 torr. Before each
experimental run, the fluorescence cell was pumped down to
about 5X10~7 torr and isclated from the vacuum system. For
a period of about 12 hours, the main oven was kept at 116°'C
and the sidearm at 15°C to ensure the condensation of all
the potassium in the sidearm. The cell was then reopened
and evacuated for 1-2h with the sidearm at 74°C in the case
of the ?ero—field fs ﬁixing experiment and at 94.5°C for the
Zeeman mixing experiment (this correquﬁds to a K vapour
pressure of 1X10~5 torr at which radiation trapping is
insignificant (see section 4.3)). During this time the
nitrogen laser and other systepé were. aligned and )
stabilized. The laser was tuned to excite the selected fs
state at 4044 or 4047 A by observing the fluorescence
_produced in an aux111ary high temperature cell coentaining
potaseium vapour. Tuning of the dye-laser teoc the selected
Zeeﬁan_leyel was done by calibrating the tuning assembly
with the ;id\of the thermionic diecde and fine-tuning with
the pieéoelectric transducer. The fldoregpence cell was -
then flushed with clean buffer gas, pumped down again and
flnally £filled with buffer gas at the requlred pressure,
allowed to come to equilibrium and isolated from the vacuum
system.

40
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3.1.2 The Superconducting Magnet

The superconducting magnet, an Oxford Instruments
(Mod.s7/123/1) superconducting solenocid (NbTi), was capable
of generating magnetic fields up to 70 kG with a specified

thomogeneity of 1% within 11 mm of the centre of the coil

along its axis. The solenoid had a room temperature access
bore in which the potassium cell and oven assembly was
placed. ’

The slight non-uniformity of the field had no
significant effect on the experiment as the field variation
over the volume of fluorescing vapour (10 mm3) was
negligible. Test measurements of the field variation were
made with a Bell Incremental Gaussmeter fitted with a Hall
effect 10X reducer probe. At 50 kG the axial "field
variation within 10 mm of the solenoid centre along the
axis, was found to be at most 25 G, corresponding to a
homogeneity of 0.05 % over this regiocn. The bandwidth of
the laser (4 GHz) was sufficient to excite any atom in the
excztatlon volume with thls field variation, but sufficient-
ly narrow to cause no overlap of optical excitation to other

Zeeman substates.

The magnet assembly consisted of a 100-1 E;}reservoir
connected to a lower 30-1 IH reservoir surrounded by a
vacuum containment vgssel and several iﬁtern&l heat shields.
The LH boil-off rate was found to bewappfoximately 41/day
and thus it was necessary to refill the magnet every 7 days
in order to.avoid complete depletion of LH, which would then
require a warm restart of the magnet. The LH level had-to
be maintained at a minimum of 10% to reduce the possibility
of a field quench which would take place if the .
superconductivity were l}st with full current through the
coil (56.3 A was required to generate 70 KG).

-
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Several attempts were made to lower the boil off rate.

The external electrical solenoid contacts were continuously
cooled with IN, but this had no noticeable effect on the
boil off rate. The only success in slowing'the evaporation
rate of the helium was achieved by pumping on the LN exhaust
ports with a rotary pumb. With a pressure of 220 torr above
the LN, a tenmperature of 67 K was obtained (the temperature
of IN at'atmospheric pressure is 77 K). Temperature '
measurements were made with a copper-constantan thermocouple
referenced to LN at atmospherié pressure. Care had to be '
taken when refilling the LN reservoir because the vacuun,
created when ‘warm’ nitrogen vapour condensed on the colder
pumped LN surface, tended to draw air and water vapour into-
the tanks. eare also had tb be taken to avoid freezing the
IN {63 K), as solid nitrqgén is a good insulator. The
estimated LN boil-off-rate reduction amounted to only 1.5%.

-

The magnet was mounted on a wheeled platform which
moved on rails fixed to the concrete floor. This_'
arrangement, which was made possible by the light weight of¥
the mégnet (100kg eﬁpty), é;léwed easy dtcess to the.oven
and cell assembly for the occasiocnal alignment of the
optical components normally positioned at the centre of the
~solenoid, also permitted the magnet to be moved to a '
location with greater overhead cleazypance requiied when
filling with ILH. An additional advantage of this design was
that the vacuunm system remained rigidly fixed.
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3.1.3 The Interferometer and synchronization gystem
o~y

A Burleigh Mod. 110 scanning interferometer was used to
resolve the Zeeman fluorescence. An analogue high voltdée'
ramp, épplied to the piezoelectric transducers attached to
one mirror, produced repetitive scans through several
interference orders. This instrument, fitted with broadband
A/200 mirrors having an average reflectivity of 94 # 2%, had
a finesse of 30 and a free spectral range of 12.5 cm~1l.

The alignment of the interferometer was very sensitive
to vibrations and temperature shifts which, if uncompensat-
ed,. cause changes in the alignment of the mirrors and thus
in the free spectral range, and also decrease the resolving
power of the instrument. Thermal instabilities in the
laboratory were buffered by a temperature-contreolled
enclosure which compensated-for slow changes of several
degrges. Vibrational effects, which are particularly large
on the upper floor of the building, were reduced by loading
the interferometer table with cement slabs and placing
rubber-pads under the table supports. These attempts to
stabilize the interferometer were partially successful, but
the stabilization problems were finally solved with the aid
of the Burleigh DAS-10 stabilization system. This instru-
ment actively corrected the interferometer alignment by
1ocK1n§ it to a He-Ne laser interference pattern. The
DAS-10, coupled to the ramp generator, sampled this
1nterference pattern in a particular time ’wlndow' of the
scan and adjusted the spacing and alignment of ‘the
interferometer cavity to maintain the He-Ne peak within this
window at a maximum peak amplitude {finesse). The .
instrument maximizes the finesse through an automatic
procedare of trial and error test steps, adjusting the bias
«voltage to.oné of the three piezoelectric stacks fixed to
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the sc;nning mirror and then obéerving the resultant
increase or decrease in finesse or alignment. If the
finesse diminishes as a result of the voltagg/pégﬁ step, the
test step is then applied in the opposite directiqn, or to a
different stack. This automatic alignment resultted in a
stable average fringe pattern with a high average finesse.
The test step amplitude was kept as small as possible to
decrease the resulting slight broadening of the spectra.

The system worked well at scanning fregquencies of 0.5 Hz or _
higher, and this lower limit was chpsen"for the gxﬁérimen;.

An electromechanical system was developéd to synchro-
nize the analogue scanning of the interferometer with the
firing of the pulsed dfe laser. This was done in such a way
that the fldorescence,_resolved with a polarization analyéer
and the interferometer after each laser pulse, could be
detected and stored in the memory of the MCAa, synchronized
with—the-interferometer spacing. The DAS-10 was also
interfaced to the scan of-the interferometer in order that
the He-Ne laser light could be passed through the optical
path of the instrument in the time_window.required for the
alignment test step without interfering with the fluores-
cence detection (this was accomplished with the aid of two
mechanical Optikon leaf-shutters). The analogue high

-voltage ranmp_generator and the DAS-10 formed the nucleus of

the synchronization system. A trigger pulse was produced by
the ramp generator at the beginning of each scan and was
sent to the shutter controller, the polarizer rotator, and
the MCA start and channel advance controller.

The shutéer controller opened and closed the shutters
in secquence. The first, when oben, allowed a parallel beam
of He-Ne 'laser light to pass.through the interferometer.

The transmitted signal was detected’with a photomultiplier
(PM2), aﬁgiified by a high speed picoammeter and directed to.

’
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the DAS-10 stabilizer which used this signal to align the
interferometer. This operation took approximately 150 ms

L 4

after which the shutter was closed and the second shutter
opened. The second shutter; located -in front of the

photomultiplier which detected the fluorescence, was open
for the remainder of the two second duration of the ramp.

The fluorescence first passed through a quarter wave
plate which converted the two circularly polarized |
fluorescénqe components to linearly polarized light. These
components were then directed through a rotatable linear
.analyzer, which changed orientation with every trigger
pulse. The ana;;zer assembly inclgded a high speed stepper
motor (80 ms per rotation) which rotated a set of polarizers
mounted on a platform. The polarizers were set perpendicu-
lar to one ancother and aligned at 45 to the horizontal to
avoid any polarizatien bias to the light transmitted through
the two beam splitters further along the optical path.

These beam splitters were mounted so that the rotation axis
- was aligned for one beamsplitter with the horizontal and for
the other with the vertical. The fs mixing experiment
carried out in. zero field did not requife the polarizatiocn
analyzers. The MCA was triggered by a pulse derived from the
polarizer rotator after every second rotation to ensure that
the polarization components regiétered by the MCA were
always in the same order. ’

The MCA start and channél advance controller (LT)
synchronized the firing of the nitrogen laser with the
channel advance of the MCA. The MCA recorded the
fluorescence in 512 channéls, the first half of which
recorded the ¢ components and the second half the o
components. ‘Thus two interferometer scans were recorded
before the MCA was réady‘to accept the next start pulse.' In
order to collect fluorescence in each channel during a scan,

< . -
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the laser would have to fire at 128 Hz. Since the laser was
limited to frequencies not exceeding 40 Hz (if one wished te
obtain a stable, repetitive power output), the MCA channel
advance controller was programmed to interleave the
channels; during each scan only every fourth channel
registered the PM signal. This scheme allowed the laser to
be fired at 32.5 Hz and all MCA channels to register a
signal after 4 MCA scans. Several channels were not used
for the registration of fluorescence signals as they were
located in the time window in which the polarizers were
rotated and the DAS-10 was in operation. After sufficient
fluorescence signal had been accumulated, the MCA data were
transferred to the PET2001 computer and the dye-laser tuned
to the other excitation wavelength.
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3.1.4 The Effect of Gating on the Measured
Fluorescence Intensjty Ratios

To obtain accurate values of fluorescence intensity
ratios and thus of the cross sedtions, the measured
intensity ratios had to be corrected for the effects of
gating which was described in section 3.1. The most obvious
result of gating the detection system (besides dramatically
improving the signal to noise ratio) is to artificially
enhance the ratio of the sensitized-to-direct fluorescence.
The sensitized fluorescence is derived from the excited
states whose populations, initially zero, gradually increase
through collisional excitation transfer and decrease through
spontaneous decay. The direct component is derived from the
directly excited level whose population immediately begins
to decrease through spontaneous decay and collisional
transfer.

The fs mixing experiment (zero field) had a.delay of 8
ns and the multipole relaxation éxperiment had a delay of
30ns. The theoretical analysis of the two experiments
(discussed in section 2.1 and 2.2) assumes a
time-integration period extendinghfrom 0D to w,

In practice, the integration time extended from the
gate-on time of tpé amplifier through the data accumulation
period of 1400 ns (roughly 10 lifetimes of the 5P state).

- or )
f Ndt= Ndt. (3.4.1)
0 t

A computer simulation of the time  evolution of the excited

state population density was developed to test the validity
of this approximation.
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The change in the population of the i-th Zeeman
substate dN,, due to optical excitation, radiative decay and
collisional excitation transfer in a time interval dt may be
expressed as follows: o ~
L

HN:-(Fi—ﬁ,/r'-ZN‘ZU«*-ZNJZ“)dt : (3.4.2)

Y ITY;

3

where .3, denotes the excitation rate of the i-th level which
was modeled by the functida §,=Asin(/7t/10) describing the time
evolution of the 8 ns (FWHM) laser pulse (Pace and Atkinson,
1974). N, is the population of the i-th level and Z, are the
collision rates. Quenching has been neglected in eq.
(3.4.2) (see section 2.1). The expé%imental data were used
to determine a first approximation of the collision numbers
for the collisional transfer, between the Zeeman substates.
These numbers z,=Z(j.m=;".m’) were related to the average
Zeeman mixing cross sections calculated from experimental
integrated fluorescence intensities determined from the
areas under the peaks in the spectra:

(15[ A7
ZU-N*%,Qch)-;(I—,)(A—L). (3.4.3) -
. : { i

_ As it was only necessary to excite the 5°r,..... and the
S5?Pya0: State in order to determine all the multipole
relaxatioﬂ'rates, not all the 2z, were determined
independently.' Most of the collision rates were obtained
directly from the experimental data assuming the symmetry
‘relationship z(j.m=;.m)=2(j.,-m=j".-m") (Boggy and Franz,
1982). It was also assumed that the reverse process
Z(j.me«j.m’) was related to the forward process through the
principle of detailed balancing. In this manner all but six
of the rates were determined. The remaining six were
approximated by various sums and differences of the known
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rates. The validity of these approximations was evident in
the noticeable lack of sensitivity of the final gorrection
factors to moderate variations in these collision numbers
aighough the correction factors were pressure dependeﬁt.

The computer simulation produced the sensitized-to-di-
redt fluorescence ratios for the three follgwing cases: (1)
' ew excitation with.zero time delay; (2) Pulsed excitation
with zero time delay; (3) Pulsed excitation with 30 ns time
delay. As expected, cases (1) and (2) produced nearly the
same ratios while the comparison of the population ratiocs
determined in case (3) to the population ratios determined
in case (1) provided the factors needed to correct the
measured‘intensity ratios. The final average correction
factors are 0.74 + 0904 for S*P,..,. excitation and 0.75 #
0.04 for S°P,..., excitation. These factors correspond to gas
pressures mf&ﬁiy between the experimental pressure limits,
and were appfied to the measured fluorescence intensity
ratios. The error associated with the correction factors
represents their predicted variation over the pressure
limits used in the experiment, and a plot of this variation
is shown in figure (371:4).for He (the correction factor
variation from one gas to another was within the stated
error). .

P
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Figure (3.1.4)
-

Fal .
A plot of the time delay correction factor against

He pressure.
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3.2.5 The Design and gperation of a
Potassium Thermionic Diode

The thermionic diode (TD) was developed to make
possible the accurate .setting of the dye-laser wavelength
fér the excitation of various transitions in potassium. The
operating principle of this device in similar to that of a

]
vapour between the electrodes, induces photoionization when

Geiger counter. Pulsed laser light, focused into t

t:J‘ the laser wavelength coincides with an atomic transition.
The resulting ions, accelerated by the electric field
applied between the electrodes, gain sufficient kinetic

. energy to collisionally ionize the buffer gas atoms and
. create an avalanche resulting in the agplification of the
initial ion current. ' '

The TD consisted of a cylindrical glass tube 14 cm long
and 2.5 cm in diametef fitted with two metal feed-throughs
.which were connected to.the internal anode and cathode, and
a sidearm 4 mm in diameter and 1 cm long which contained a
— small quantity of K. The cylindrical cathode consisted of a
' 3 cm long Al tube 1 cm in diameter and the anode needle was
centred in it. Argon'was added to sustain the diode
operation. Several diodes were constructed with buffer gas
pPressures ranging from 20 mtorr to 20 torr. All the models '
worked, although the operating characteristics (especially CS*\
voltage) were different. The best model contained 2 torr of
argon and was operated at 50 V (just below the voltage
;s;equired for glow discharge). The diode was housed in an
* electrically heated oven’which produced a maximum _ "p
temperature of 230" C. The sidearn temperature was held at
about 15° C below that of the TD to avoid condensition on .

. - ‘., / :
the input window. . j’ .

52 /;7 )
- N "



To produce maximal sensitivity, the excitation region
was located between the eledtrodes, but the capability for
fs resolution was not as good-as in a Doppler-free shielded
TD where the excitation region takes place in a field-free
region; this eliminates Stark and Zeeman broadening and has
been found useful in doppler-free two-photon absorption
investigations (Harvey 1981, Niemax and Weber 1978).

An osdfiloscope, triggered by a fast photodicde, was
used to monitor the potential across a 2 Ma resistor
connected in series with the TD electrodes. When the laser
was tuned to an atomic transition, a voltage spike,
nominally 100 us in width and having an amplitude up to
severg;-volts, resulted from the.B ns iﬁ%ut laser pulse.
The output pulse height depended on the diode temperature (K
density) and voltage as well as the oscillator strength of
the transition. It was possible to observe a voltage spike
for the 4S-5P transition even in the absence of a potential
difference across the electrodes, but the 45-4D transitaon,
with its anomalously low oscillator strength, was barely
observable under the most favourable conditions. The
transitions which could be readily detected are listed in
table (3.5).

The TD facilitates simple and quick dye-laser tuning to-

‘hard to find’ }Egg;itions in K and has been used for the -V
calibration of the dye-laser. -The optogalvanic effect in Ne
and Ar discharge lamps (Nestor, 1982) has alsc been used for
this purpose although these optogalvanic signals tend to be
more difficult to observe because of electricai{noise and
discharge lamp oscillations.

J
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Table (3.5) E;;;;gg §§g§es Detected with Eh_
Potassium

M&m& m.__ode

EXCITED STATE XC o] wa NGTH
(nm)
52¢ Quadrupole 475
62 Two photon T 728
a3
728 Two photon 661
1
82 Two photon ] 630
9%s Two photon 613
52p Dipole 404.721
;e 404.414
62P Dipole 344.738
172,372 344.637
_ 7% Dipole 321.762
. 172,372 321.716
82P /2.3 Dipole .310.2
g92p Dipole 303.
: 102p Dipole 299.2
ol
32p Two pHoton 464.68
172,372 464.24
2 p Two photon 662.6
’ > . \ %_
62D " Two photon 631
A
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3.1.6 A Fizeau Wavemeter with Single-Mode Optical Fibre

Coupling

i d

" The Fizeau wavemeter is one of the most promising
devices for measuring the wavelength of both cw and pulsed
dye lasers with an accuracy comparable to the linewidth
produced by most pulsed lasers. Most wavemeters for use
with pulsed lasers use a spatial filter with a metallic
pinhole which is susceptible to damage caused by the high
power density. .Diamond_pinholes; which can withstand high -
powers, have inherent drawbaqk% due to the translucence of ..
the material and to the limited range of available pinhole
sizes which are rather large. The present design uﬁil}zes a
single-mode optical fibre coupling which overcomes these
difficulties as well as the procblem of input-beam alignment.
The fibre coupling is more convenient and eesier to-use than
the spatial pinhole as the input fibre can;é?tily be aligned
with the input laser beam while the fixed pinhole design

requires the laser beam to be aliéned with the wavemeter.
\

a Principle of gﬁeration

'Ihe laser light entering the wavemeter is spatially
~filtered by a single-mode fibre which creates a beam with a
spherical wave front. This is made incident on an off-axis

parabollcxmlrror(ghldh préduces a wide and well-deflned

parallel beam hav1ng a gaussian 1nten51ty proflle, and
directs it onteo a wedge consisting of two fused silica
interferometer plates. After reflection from the yedge, the
beam now qénsists of two coherenf parts almost parallel to
each other, which produce a Fizeau interference pattern; the
fringes are registered by a photodiode array interfaced to a
computer. The wavelength of the incident laser light is

%
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determined from the spacing and phase of the fringe pattern.
The approximate value of the wavelength A, is obtained from
the expression (Morris et al., 1984):

-

- yd A,=2pa WL (3.6.1)
where p = fringe"spacing and « = wedge angle. ‘Tﬂé optical
path difference (opd) 4d(x), corresponding‘tp a fringe
minimum chosen for reference at a value x along the ™
interference pattern, is calculated from the wedge spacing
and the wedge angle, and' yields the interference order N of
this fringe (Lu and Wu, 1984): '

_4d(x) o

Ao
where N is rounded-off to the nearest integer (a phase ,shift

- N (3.6.2)

of = is introduced in the beam reflected from th: inner

wedge surface). The final value of the wavelength i can

‘then be determined with an accuracy limited by the error in

the measurement of the wedge-spacing: | -

Ad! . ' .

A== 3.6.3
AT ( )
L )

b Details of Construction

The optical layout of the wavemeter, is shown in fig.
(3.2), is similar to that proposéd by Morris et al. (1984).
All optical components, “except the precision fibre coupler,
are mounted on a 4-cm thick aluminum plate placeéﬁinside an

-

_» aluminum vacuum chamber maintained at 2 Pa.. Laser light is
spatially filtered by focusing it onto the 4 um’'core of a
=5V Newport single-mode fibre with the aid of the external
fibre éoupler, and is formed into a parallel beam by
rgflection from the surface of a 20 cm focal length 21° _
off—aézg’parabolic mirror. The parallel beam is reflected
. from the two inner uncoated Fizeau wedge surfaces and the

.
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resulting interfering components are focused by a
cylindriéal lens of 5 cm focal length onto a 2.5 cm long
1024-e1ement photodiode array (RETICON RL1024H) placed at
the zero-shear position (Snyder, 1981)\5_;k/ fibre optlc
cable ends must be properly cleaved in order to yleld a hlgh
quallty output beam and allow proper focusing into the
fibre. The input fibre end is susceptible to mechanlcal -
damage and power damage caused by too tlght focussing . of the
input beam into the fibre. If the wavemeter is tested with
a He;Ne laser and alignment or focussing into the fiber is
difficult, this is a good indication that the fiber input
end is damaged.. This damage is readily repaired by
re-cleaving e input end and-an excess of fibre was left
inside the vicuum chamber to allow for this. The fibre was
fed into the chamber through a small pinhole made in a
rubber membrane. The membrane was then cdmpressed with a
pressure plate to ensure a tight vacuum seal. To lengthen
the external fibre, the excess fibre inside must be unwound
by obening the top plate and the preséure plate loosened
after¢hich the fibre may be carefulf& pulled through.

b 4

" The Fizeau wedée was manufactured (by Interoptics Ltd.
of Ottawa) -of optically contacted guartz components. The
wedge plates were flat to A/20, inclined at an angle of
5.5364p$\;gj4 rad,_amdstparated by a quartz wédge ring with
a spacing of 1 mm. The outer surfaces of the plates were
antlreflectlon coated for visible light while the tactive’
inner plate surfaces were uncoated. We dec1ded to use
uncoated wedge surfaces in order to avoid fringe shift -and
asymmetry (Rogers 1982) and to eliminate the spectral
dependence of the finesse due to the coating banapass
characteristics.

R
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The temperature of the aluminum plate was maintained at
305 + 0.5K and the vacuum chamber was maintained at 301 +
0.5 K using two temperature controllers of the same type as
that used to stabilize the Burleigh scanning 1nte{ferometer.
Without temperature stabilization a very small systematic
wavelength drift ias observed of one part in 107 per gggree
temperature change of the aluminum plate. The temperature
stabilization must be kept on constantly because of the
. large thermal capadity of the instrument which-delays the
establishment of a thermal eqﬁilibrium. '?he electronic data
acquisit%pn system is shown schematicaily.in Fig. (3.3).
The optical signal, registered by ®he RETICON RL1024H
monolithic.self—scanning linear todiocde array, is - ' ‘ o
converted into a series of elecéﬁf? pulses which are sampled
and held by a sampie;sff:gp{d amplifier, and are then
digitized with 0.8 us conversion speed by an 8-bit ADC,
loaded into a 1K memory buffer and finally transferred to an
IBM XT computer. An additional variable amplifier was later -
added‘between-the Reticon array and the ADC and adjuﬁyed.to
ensure that the largest possible signal-ﬁJom the Reticon
array (correspending to the output signal just below the -
optical saturation point) used the full 8-bit resolution of
the ADC., The ﬁringe data processing and wavelength -
calculation is performed using the-algorithm of Snyder
(1980) in a Turbo Pascal program at a réte of about 1 Hz
(higher speeds are pdssiﬁle with minor meodifications to the
computer and electronic hardware). The power requirement is
about 0.01 mW for a TEMOO cw laser source and about 2 rJ
energy per puise for a pulsed laser source. At high power
densities, particularly ?S?%ihe case of pulsed laser
wavelength measurement, one can expect the generation of _
Stokes-shifted wavelengths in the fibre due to the nonlinear
susceptibility of the optical material, which may lead to
unexpectedly large errors in the célculated wavelengths. 1In

[ 3
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order to estlmate and minimize these errors we reduced the
power enterlng the optical fibre by a factor of about fifty
and allowed the photodiode a;ray to accumulate and integrate
the signal of 50 pulses before each scan of the array. This
procedure gives'an average wavelength of 50 laser pulses but
‘with « negligibly small contribution from Stokes-shifted
wavelengtgs. Bota the single shot or the 50 pulse average
method produced the same wavelength measurements under
normal input powers, indicating that Stokes-shifted
wavelength generatlon in this fibre was negllglble at the
power den51t1es employed. As long as the input power 15 not
so high that it saturates the photodlode array or too weak
to be registered, the lnstrument yields reproducible
repetitive measurements. High input power densities can
easily be compensated by redﬁcing the input focussing into
the fibre. When measuring weak signals the resolution
capability of the ADC cannot be fully used, and this leads
to lower accuracy because of increased round-off errors by
the ADC. Increased accuracy of the wavelength measurements
could be cbtained with a higher resolution ADC (>8 bit) and.
. a larger photodiode array (e.g.2048 channels).

¢ Calibration

™

The accuracy of the wavemeter depends crucially on the
precision of its calibration. The calibration procedure,
especially a methed for caiculating the-Fizeau wedge
spacing, was described by Lu and Wu (1984). For a
preliminary calibration we used an argon ion laser and a
ring dye laser. The calculation of the wavelength included
a correction for dispersion by the quartz plates (Morris et
al. 1984). A modified version of this calibration procedure
was used, which employed a scanning ring laser with its own

o
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built-in wavemeter. The calibration of this device was
checked against several accurately known absorption lines of
icdine and was fouﬁgfté/ie in excellent agreement.

Tﬂe\wedgé\aﬁgle e was first accurately détermlned with
a He-Ne iaser, using the fringe spacing P calculated from
the interference pattern. It was found that the minima
vielded a more consistent fringe spacing as they are less‘
affected by the input power and the 'no;se' present on the
interference’ spectrum. Assigned to each frlnge is the total
phase difference due to the path difference between the two

. beams, given by
¢°-%£Ad(xy . (3.6.4)
4]

The re;ative phase within an interference minimum of order N
is given by ’

L

~ ¢-——Ad(x) (2N +m) 3.6.5
/” f—\ﬁ-ﬂ- /_\ ( )
where the factor of =« 1s due to the phase shift of the beinm
on reflection. Seolving thlS express;on for N yields:

CN{(A )R- (3.6.6)

When two wavelengths can be found whose relative phase
is equal and wgich are separated in frequency within one
interference order, (3.6.6) yields the following expression
from which the opd may be determined. lg/

1=N(x,)=N(a)=(17"-13")ad(x) (3.6.7)
Knowing the opd allows the wavelength to then be calculated
from (3.6.3).

K
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While the above method is quite similar to the actual
computer routine used in our system, certain mo@ifications
were made to improve the stability of the calculation. 1In
our calculatigpr—thE/;::erence fringe was specified to be
the minimum which is closest to the first photodiode in the
photodiode array. The position of this fringe is calculated
from the inte:cépt of a least squares fit of the position of
all the interference fringe minima against the relative
fringe order on the array. The first photodiode was also
chosen to be the relative origin of the interference pattern

and the opd 40 (now a constant since the position x has been
fixed) was calculated for this diode. '

. The accurate determination of the opd 40 for this was
accomplished by usiné the ’‘Autoscan’ Cocherent ring‘laser'to
determine three wavelengths<for which the phase in eq.
(3.6.6) was zero. A particular wavelength was é%dsen for
which the phase was nearly zero and a scan about this
wavelength, while determining the fringe spacing using our
wayemeter, gave sufffcient information that a least-squares
fit of this data yielded an accurate wavelength value at
which the phase was zero. A second wavelength was similarly
determined, differing by one free spectral range of the
wedge. Subtracting these two wavelengths as shown in eqg.
(3.6.7) yields the opd 40. Once a first estimate of the opd
was calculated from this expression, a third wavelength 100
free spectral ranges away was located at the farthest
working range of the ring laser allowing a more accurate
calculation of the opd.

¥
« The determination of an unknown wavelength follows from
the solution of a modified form of eq. (3.6.6).

A-—-ﬂ7 ~ (3.6.8)
N(l)“';

L) i
e
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where N is the interference order found with eqg. (3.6.2) and
"the phase ¢- i( the relative phase shift of the reference
fringe (withij\oﬁe interference order) from the origin where
the opd is known. This phase shift ¢ =Intercept/P, determined
from the intercept of the least-squares fit of the
interference minimum, has been normalized to the fringe
spacing P such that it has a maximal value of + 1 which
corrésponds to a wavelength shift equal to one free spectral
range of the wedge as a function of the wavelength of the

-

input light.

The final wavelength was determined from an expansion
of eq. (3.6.8) neglecting higher order terms; this is
essentially just a modified version of eqg. (3.6.3):

4D 4D ¢-

. Am—=
1S N Nz-n: \ \

L s

(3.6.9)

d Realignment of the Optical Components

Realignment of the wavemeter should not be recquired
unless the optical fibre has to be replaced. Whenever this
becomes necessary the following procedure is followed.

A new length of fibre is prepared and coupled to a
He-Ne laser input beam. fhis coupling should be very good
and should result in a power transmission of 50% or better
of the input laser power through the fibre (and should be
verified with a power meter). After removal of the top
plate and loosening the fibre inpu@ sealing flange, the
fibre chuck screw should be carefully loosened while noting
the amount of fibre protruding from the end of the chuck. |
The old fibre should be replaced with the new section
without tightening the chuck. This end of the fibre should
produce a perfectly symmetric gaussian beam pattern if it is
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correctly cut.

The new fibre end must be placed at the focus of 'the
parabolic mirror. To this gnd the bottom plate may be
removed from the vacuum chamber after disconnecting the
electrical contacts from the varicus components and removal
of the plate hold down springs, though'this is not
recommended because critical allgnments such as the (f

zero-shear position may be disturbed and this operatign mag
" not be necessary if the_aligmment can be carried out in
situ. The fibre position may be checked by using an
interferometer to test the wavefront flatness on reflection
from the mirror while adjusting the fibre end location,
though this is rather difficult. The simplest way to ensure
that the fibre is correctly positioned is to measure the
size of the reflected pattern and adjust the position of the
fibre-end until it appears 'that the pattern is non-
divergent, even at considerable distances'awéy from the
wavemeter (this pattern may.be observed through the window
located behind the wedge). If the pattern remains
non-diverging along one axis but diverges along another
axis, the tilt of the fibre énd has to be adjusted. The
location and orientation of the wedge, cylindrical lens and
the'Reticon_;frdg {which have all been mounted with their
faces parallel to one another) does not require adjustment.
The final test for the adjustment of the fibre is that the
interference pattern height is properly aligned with the
center of the photodiode array (this may be checked by
maximizing the amplitude of the video output signal from the
photodiode controller). If it is not, the flbre end position
has be changed and the above procedure repeated.
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e Performance, Specifications

The accuracy of the wavemeter depends strongly on the
precision of its calibration. For preliminary calibration
we used several Art lines and the 632.8 nm He-Ne laser line.
In addition we used approximately 50 wavelengths in the
range 575-620 nm from a Coherent Auto-scan ring laser
equipped with its own internal wavemeter. The Auto-scan
wavemeter, which was dedicated to_the ring laseé and
restricted to cw operation, was checked against two

" calibration lines of the I, absorption spectrum. Its

accuracy was better by a factor of 5 than that of ours which
we found'capable of wavelength measurement with an absolute.
accuracy of one part in 106 for cw input ané, for pulsed
input, better than two parts in 109; the short term
precision was better than two parts in 107. The accuracy of
this instrument is limited mainly by systemafic offsets due
to the limited resolﬁtion of the ADC and, to a lesser
extent, by statistical scatter.

/
7
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Fig. (3.2) Optical laygut of the Fizeau wavemeter. A,
microscope objective; B, optical fibre; C, off-axis
ﬁaraboloid: D, Fizeau interferometer; E, cylindrical

N
uncoated interferometer surfaces, v = vent. The air-gap
spacing was 10~3 m, the wedge angle was 5.5364 X 1074

rad. |

lens; F, photodiode array. The arrows indicate the

o
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3.2 Description of the Apparatus for the Measurements
of Atomic Lifetimes

The arrangement of the apparatus is shown in figure
(3.4) and is similar to that described by Hart and Atkinson
(1986). The output of a Ny lasér pq#ped,dye laser, directed
into a pyrex cell coﬁtaining potassium vapour, was used to
selectively excite the 5P, 6P or 7P fs states. The
fluorescence, resulting from the decay of the excited state

~to the 45 ground state, was monitored at right-angles to the
direction of excitation, resolved by a monochromator and
detected with a photomultiplier. The amplified PM signal
was analyzed by a transient digitizer interfaced to a
computer, yielding a time-evolution spectrum of the

flucrescence.

The N, laser and dye laser were both._manufactured in
house. The N laser produéed an output energy'of 2mJ per
pulse and was operated at 12 Hz. The dye laser consisted of
an oscillator and an amplifier. The oscillator incorporated
two holographic 1800 lYmm gratings, one held at near grazing
incidence and the other mounted on the tuning arm in a
Littrow configuration. The funing arm was coarsely adjusted
by means of a micrometer screw and fine-tunéd by means of a
piezoelectric transducer which acted as the stop for the
micrometer screw and allowed a + 20 ym movement for a +
1000 V bias., The dye laser oqtput spanned-3-4 modes and had
an effe iﬁglbandwidth of 4 GHz. A saturated seclution of ’

rkaS in a solution of p-dioxane was used for the excitation
of the 5P state, 1073 M nile blue in ethanol was used for
the 6P state (the €89 mm .output was frequency doubled), and
the 7P state was excitedlusing-the frequency doubled 643 nm
_output produced by 2x10~2 ‘M solution ofl3640 in ethanol.
—

Ed
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The dye laser output, after frequency doubling (if
required), was made incident on a Pellin-Broca prism where
the uv and visible components were separated. The visible
component was used to trigger a fast photodiode and. the uv
component was directed into the fluorescence cell. - The
diameter of the laser beam was sufficiently small that tight
focussing into the cell was not necessary; this reduced the
occurrence of photoionization which has a higher probability
at higher laser power densities.

' The cylindrical flupresdence cell-was 10 ¢m long and 5
cm ‘in diametér, with pla@e end-windows  perpendicular to the
cell axis. It wa; fitted with a 7-cm long sidearm, 1 cﬁ in
diameter, which contained a few grams of potassium and
protruded in a horizontal direction. The cell.was connected
by a narrow-bore tube 2mm in diameter through a magnétically
operated greaseless stopcock to the vacuum system, composed
primarily of an Edwards 2 inch diffusion pump backed by an
ﬂ§§3d forepump which produced a nominal vacuum of 5x10~7
_torr. During the experimental runs the cell was continuous-
ly pumped through the capillary and the closed greaseless .
stopcock (as this leaked sightly) to remove any gaseous
impurit{;i desorbed from the glass surface&, however no
noticeable trace of K metal diffused from the cell. The °
.cell and sidearm were mounted in a two compartment
electrically heated oven and were separated from the heaters
by a stainless steel enclosure. The sidearm was'heated
separately and was insulated from the main oven heaters.

The temperature was measured with 4 copper-constantan
thermocouples attached at various points on the cell and’
sideaxrm which wasqkept at a temperature 15 K below that of
the cell to avoid condensation of metal on the windows. The



whole oven assembly was located aﬁ the centre of Helmholtz
coilsﬁyhose purpose was to counteract the effects of the
earth’s magnetic field on the measurement of -the lifetimes. |

R,

The fluorsscence emitted by the vapour was focused on
the entrance slit of an ISA Mod. HR-320 grating
monochromator fitted with an 1800 l/mm holographic grating
and a stepper motor drive for wavelength scanning. The
entrance and exit slits were set to produce af 80 A band
pass. The radiation passing through the exit slit was,
focused onto the photocathode of a refrigerated RCA 31034
photomultiplier tube operated at 2070 volt, whose signal was
amplified and sent to the Biomation 6500 transient digitizer
interfaced to a Commcdore Pet 2001 computer.

The signal was amplified with a fast Ortec 9301 10X
preamplifier whose 50 2 terminate@ output was further
amplified (29X) by a slower Ortec 9302 ampiifier. This
configuration was the final result of numerous trials with
other amplifiers and various terminations to minimize the
after-pulse ringing and noise pickup. The Ortec 9302, when
used at a gain of 200X, produces considerable after-ringing
which results in false signal modulatibn, The final
combination of the tyo amplifiers still produces some pulse
ringing which was observed on a 1 Gigasample/sec transient
analyzer; however, the amplitude was small and Of sﬁch high
frequency that the 100.MHz input bandwidth limit of the
.Biomation waveform analyzer did not easily detect it.

The Biomation Mod. 6500 waveform analyzer is a 1024
chanfiel TD capable of a time resolution of 2 ns per channel.
The time resolution was set at 2 ns for the 5P and 6P
states, and 5 ns for the 7P state. The TD was gated-on
after a short time delay from the start of the laser pulse
to avoid the detection of scattered lasér light. After each
pulse was analyzed, the"éiaitized signal was sent to the

L
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. computer where the data were summed until the first channel
had accumulated more than 65000 counts. The data were then
stored on disk along with the temperature profile and

further analyzed to determine the lifetime of the excited
state. '
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Figure (3.4)

Schematic diagram of the apparatus for lifetime measure-
ments. D, thermionic diode: PB, Pellin-Broca prism; :PD,
photodiocde;A, amplifiers; TD, transient digitizer; MC,

computer.
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3.2.1 Experimental Procedure

-

Before starting the experiment, the fluorescence cell
and sidearm were baked under vacuum for 2 days and then
potassium was vacuum distilled into the, sidearm. The main
oven was kept at operating temperatufe throughout the
experiment while the sidearm was allowed to cool between
runs. Before each run the sidearm oven was turned on and
allowed to stabilize over a 2 hour period. During this time
q:uned to the

selected wavelength with the aid of the thermionic diode or

the lasers were stabilized, the dye laser was

the Fizeau wavemeter, and the Pellin-Broca prism, fregquency
doubling crystal, monochromator and lenses adjusted for the
pProper wavelength and alignment. The oven and sidearm
temperatures were periodically checked during each run and
were found to be stable within + 0.5 K over the average run
of 4 hours.

The initially recorded spectra exhibited modulation
components, even though the earth’s magnetlc field had been
cancelled to within + 2x10~3 G with the aid of the
Helmholtz coils. To suppress the

antum\(hfs) beats, a
linear polarizer was first inserte&gbetween the cell and the
£ 54.7 '
first zero of the quantum beat polarization/characteristics
al. 1986). The
modulation was then suppressed to barely noticeable levels,

monochromator at the ‘magic angle” which is the

(Dodd and Series 1978, van Wijngaarden

but the low transmission of the linear polarizers for this
wavelength region (< 20%) resulted in a noticeable reducticn
of the signal-to-noise ratio. An alternative and more
successful device for suppression of the quantum beats was
then applied, by setting the Helmholtz coils to produce a
field of 25 gauss at the cell, thus shlftlng the frequency

of the modulation to a range which was not detectable or was
¥

74



time-averaged to zero by the TD. At this field, the Zeeman
splitting of the fs P states was still only 10% of the pump
laser bandwidth, ensuring uniform excitation of the
broadened fs state. The main advantage of this method was
found to be the good reproducibility of the data and the
high signal-to-noige ratio.

1%
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4 RESULTS8 AND DISCUSSION

4.1 FPire-structure Excitation Transfer

Figure 4.1.1 shows typical interferograms of the
fluorescence Zeeman spectrum consisting of two components,
one due to direct fluorescence and the other due to '
sensitized fluorescence resulting from collisions with noble
gas atoms. A iarge number of such spectra was recorded over
‘a range of buffer gas pressures. qihe integrated intensity
ratios n of sensitized-to-direct fluorescence are plot&ed in
figures (4.1.2) and (4.1.3) in relation to the buffer gas
pressure and the collision numbers 2,,, corresponding to
these ratiost are plotted in figqures (4.1.4) and (4.1.5).
The plots exhibit a moderate curvature which indicates the
presence of multiple collisions at higher gas pressures. As
expected, the plots of the Z numbers are linear. The cross
sections Q, which are proportional to the slopes of the
plots of the collision numbers, were calculated with egs.
(2.1.11-12) from all the data points and averaged. They are
presented in Table (4.1.1) and are cbmpared with the )
theoretical values of Spielfiedel et al. (1979). Our values
are considered to be accurate within + 15-20%, the main
source of experimental error arising from the uncertainty of
the gas pressure measurements and from the counting
statistics, since the count rate was kept low to avoid
pileup corrections. , -

Thé ratio Q.;/Qx of the independently measured créss
sectlons is in better agreement with the value of 1.9
predlcted from detailed balancing than might be expected
from the stated limits of error. While no estimate is
available for the accuracy of the theoretical values,

i
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Spielfiedel et al. (1979) gquote a range of values obtained
by their various calculations, which differ among-each other
by a few percent. %It is apparent from Table (4.1.1) that,
although there is agreement as to order of magnitude between
the experimental and calculated values, the experimental
resuits are larger except for the Xe cross section.
Nevertheless, the two sets of cross sections exhibit a
similar overall trend, showing minima for Neon bracketed by
relatively larger He and Ar values. No fully satisfactory
explanation can be offered for the decrease of the measured
cross sections from Ar to Xe, since the opposite trend
should be expected on the basis of the polarizabilities of
these atoms, though previous experiments with the second and
third P-doublets in Rb (Siara et al., 1572) and Cs (Siara et
al., 1974; Pimbert et al., 1970) alsc produced cross =~
sections which were not fully correlated with the
.polarizabilities of the noble gases. The fact that the
mixing cross sections do not increase monotonically with the
polarizabilities, might be due to the effect of the
different relative velocity of the colliding pairs from K-He
to K-Xe. These results are compared to.those measured at 70
kG and with the most recent theoretical calculations in
Table (4.2.2).
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Figure (4.1.1)

Interfefogram of the 4044 A/4047 A fluorescence doublet
.in K with 200 mtorr Kr, arising from the 52P->428§
transitions (2 orders), showing direct and sensitized
components; (a) with laser excitation of the 52P3/2

state; (b) with laser excitation of the 52P;,; state.
. .
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Figure (4.1.2)

Plots of flllorescent intensity ratios 7,“and 7, against He
and Ar pressure. ’
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Figure (4.1.3)

Plots of fluorescent intensity ratios 5, and 7. against
Ne, Kr and Xe pressure. ‘
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Figure [4.1.4)
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x
Plots of collision numbers Z1, and Z;j; against Ar and He

pressure. . )
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Figure (4.1.5)

Plots of collision numbers

© Xe pressure.

Z12 and 2,1 against Ne, Kr and

w—

’\./
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Table (4.1.1):

for He-Xe (10'm cmz)

5P Fine-structure Mixing Cross' -Sections

N\
R Q12 0 Q12
Collision . Q_ Ref.
Partner (5°P,,. S Ays) (S?P,,2¢SPya) 2!
K-He 561:84 \ 260:39 2.2 a
156 b
K-Ne 19629 98=18 2.0 a
75 b
K-Ar 31745 15322 2.1 a
139 b
K-Kr 195:29 99:18 2.0 a
K-Xe 146221 6711 2.1 a
_ 166 b
a, This work: b, Spielfiedel et al. (1979)
3
J
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——clearly resolved (the experimental data usuaily in

4.2 Relaxation O0f The 5p- Multipole Moments
N\

The energy Ievels of the 5P Zeeman substates and the
transitions between them are shown in Fig.(4.2.1). The
fluorescence spectrum obtained with S$°P,.... excitation in the
presence of 50 mtorr is shown in Fig. (4.2.2). The peaks

- ‘are identified as arising from the transitions labelled A-F

in Fig. (4.2.1). The spectrum consists of two traces, one
above the other, which represent the two polarization
components ¢ and ¢ of the fluorescence; the two components

were detected and reqisﬁered separately in aXternate sweeps

b
- of the interferometer. ““The traces include two }strference

orders in which the six separate Zeeman compcnentsare
Qﬁuded'B
orders). The asterisks in the figure indicate contributions
of the opposite polarizati?n due to ieakage through the
linear polarizers. The polarizer leakage was less than 5%
and introduced little error in the measured cross sections

___as it could be identified and compensated for. The trace

represents typical data accumulated during an 8-h run and
consisted of over 30,000 counts. A similar trace of the
fluorescence spectrum recorded fox S°Pi...; excitation with a
Ne pressure of ;So‘mtorr is shown in Fig. (4.2.3). As the
buffer gas pressure is considerably higher here than in Fig.
(4.2.2), the sensitized fluorescence peaks have a
correspondingly higher intensity relative to the direct
fluorescence peak. The resoclution of the Zeeman\;ompénents
is considerably better than might be appar=nt frqﬁ;the
figures in which the horizontal scale has been compressed.
The area under each peak in these fluorescent spectra was
‘calculated by hand from a plot of the data listing the

number of counts accumulated in eachdchannel. The ratio.of
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the sensitized-to-direct fld¥rescence peak areas was then
found and correcteg for the time delay between excitation
~and detection as discussed in section (3.1.4).

The rétios of seﬁsitized to direct fluorescence
intensities, multiplied by the appropriate A coefficients,
are plotted in relation to the buffer gas pressures in Figs.
" (4.2.4-5) for He, Figs. (4.2.6-7) for Ne, and Figs.

(4.2.8—53 for Ar. The plots reprégzzt the population ratios
of the'collisionally-to -radiatively populated Zeeman
aublevels in the 5P Zeeman manifold as a function of
pressure of the buffer gas; the plots ate reasonably linear
over a range .of buffer gas pressures which extend from 20
mtorr (He) to 160 mtorr (Ar). The linearity of the data
suggests the absence of multiple-collisional excitation
transfers, including back transfer. The individual Zeeman
. mixing ‘cross sections Q(/.m-J'.m"), determined from the
'.slopes of the plots of the experimental data presented in
Figs. (4.2.4-9) against Nv,r, were calculated from weighted
1east—square§ fits of the data and are listed in Table
(4.2:1). In order to verify the observed linearity of the
population ratios with pressure, the evolution of the
population density of ﬁhe Zeeman substates with pressure was
computer-simulated (see section 3.1.4), using the experimen-
tal Zeeman mixing cross sectlons. The result of the
simulation for He is shown in Fig. (4.2.10). It predicts a
roughly linear dependence of the ratios with pressure, with
a slight downward curvature at increased pressures. This
curvature is within the experimental error indicated in the
pléts of the experimental ratios shown in Figs. (4.2.4-5).
The simulation agrees (within error) with the observed
experimental trends, indicating that the slopes of plots of
population ratios against Nv,r are representative of the
Zeeman mixing cross sections. \
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The results presented in Table (4.2.1) show a trend
which has been noted in some previous experiments, namely,
that the Ne cross sections are relatively smaller when
compared with the He and Ar values (Gay and Schneider 1976,
Berdowski and Krause 1968). The last entry in Table (4.2.1)
is the cross section Q(3/2,-1/2-+3/2,1/2) which was not '
determined experimentally but may be calculated from the
other cross sections using eg. (2.2.93). The uncertainties
listed with the cross sectionéﬂkepresent one standard
deviation of the average'éalue of the cross section
determined from the raw data points. These statistical
uncertainties are of the order of 10% for most of the cross
sections with the exception of Q(3/2.-3/2-3/2,-1/2) and
Q(S/i;-3/241/2.41/2), which were more difficult to deté;mine
because of a slight overlap of the fluorescence peaks and
the small ‘leakage’ through the polaroid analyzers.

Tabi; (4.2.1) also includes theoretical values of the'
cross sections calculated for He by Pascale (1987) and for
Ne by Spielfiedel and Feautrier (1988). The experimental
and theoretical cross sections for He agree on the whole
withiﬁ_the:stated error limits, with the notable exception
of the_cross sections Q(i/2.-1/2-243/2.-372) and |
Q(1/2,-1/2-43/2,-1/2). The latter were derived from clearly
resolved fluorescence components and were consistent from
one run to another as indicated by the standard deviations
as well as by the linearity of the data points shown in Fig.
(4.2.4). This difference between the experimental and
theoretical values cannot be re;dily explained in terms of
only experimental error. The experimental and theoretical
cross sections for Ne agree well for traﬂéfers between
Zeeman substates within the directly excited fs state, but

not nearly as well for the transfers between the fs states.

21



The fs and orientation transfer cross sections, ¢ and
o', respectively, ﬁé:e derived from the Zeeman nmixing cross
sections using egs. (2.2.79) and (2.2.80) and are listed in
Table (4.2.2) for He, Ne and Ar along with the theoretical
values calculated by Spieifiedel et al. (1979), Pascale
(1987) and Spielfiedelland Feautrier (1988). The.error _
limits accompanying the experimental cross sections in Table
(4.2.2) were derived from sums of the standard®
deviations of the individu;aSZeeman mixing cross sections
from which the transfer and relaxation cross sections-were
calculated. The fs transfer cross sections provided a
useful check against the values of these cross sections
determined in zero field, which are also listed in the
table. It may be seen that there is égreement (within
error) between the experimental cross sections obtained at
70 kG and those determined in zero field for Ne and Ar,
though the agreement for He is not as good. The He values
determined in both the zero and high field experiments are
consistently larger than the theoretical values. The
difference between the calculated cross sections and
experimental high-field data, particularly for the case of
Pascale’s calculation, arises from a disagreement between
the cross sections Q(1/2-1/2>3/2-1/2) and Q(1/2-1/2-3/2-3/2).
The agreemenf between the experimental and calculated fs
mixing cross sections for Ne is not very good. The \
theoretical calculations of Spielfiedel and Feautrier (1388)
are a factor of four smaller than the corresponding cross
section for He and are a factor of two smaller than the
previous calculations of Spielfiedel et al. (1979); they are
also much smaller than the experimental values determined in
zero field and at 70 kG. The orientation transfer cross .
sections o' are derived from the sums and differences of
considerably larger cross sections which renders them
subject to considerable error. It should be noted that the

L3
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practice of presenting the negative of the orientation
transfer cross sections (Berends et al. 1988 eq.(1ll)) has
not been adopted here. The large variety of conventions for
normalization and for the sign indicating the direction of
transfer (Elbel 1979, Wilson and Shimoni 1975) leads to
confusion in the comparison of theoretical and experimental -
values; the convention used here is stated by eqg. (2.2.79).
The comparison of the orientatiocn transfer cross secflons
with the calculated values of Spieifiedel (1979) and Pascale
(1987) is interesting in that, though the magnitudes of the
cross sections are similar, the transfer direction for
0'(1/2-3/2) is diffeMent. This difference in sign is
consistent for all the buffer gases as indicated in Table
(4.2.2). It may be seen in Table (4.2.f) that, in each
case, the cross sections Q(1/2-1/2-3/2-372) and
Q(l/2-1/2-3/2-./2) are larger than QU/2-1/2*3/2~5/2) and
Q(1/2-1/2~372+1/s2), respectively, indicating the preferred
excitation transfer to the negative m; compenents of the
collisionally populated fs Zeeman manifold, in contrast to
the theoretical predictions. This-is equivalent to the
preservation of orientation during the collisional interac-
tion,-which was not observed with the Na(3P) atpmé‘in
‘collisions with noble gases (Gay and Scéhneider, 1976). It
should be_noted, however, that the orientation transfer
cross section ¢'(3/2+1/2) for He agrees both in magnitude and
direction with the predicted value. The disagreement in the
sign of the orientation transfer direction for the
transition S°P,,.=+5°P,, states is most 1ikely.due to the large -
Zeeman splitting which is shown to scale in Fig. (6.1),
Appendix A. The energy difference between the $°P,.... and
the s°7,..,. States is 13,3“cm~l while the energy difference
between the 5?°P...... and the SPi..,. is 26.4 cm~1. Although
the Boltzmann factor is not appreciably different'féi these
two cases at the experimental temperatures, nevertheless the
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non-negligible difference in energy splitting would suggest
a greatgr:brobability of excitation transfer between states .
with relatively smaller energy separation. This is verified
by the geeﬁan mixing cross sections shown in Table (4.2.1).

The multipole relaxation cross sections for collisions
with He, Ne and Ar are presented in Table (4.2.3). They
were calculated from the Zeeman mixing cross sections
presented in Table (4.2.1) using egs. (2.2.83-96).

The murtlpqle relaxation cross sections may also be
calculated from eqs. (2.2. 81-82) which require the
determiration of_all the population ratios in the directly
excited fs state if. the zero-field transfer cross sections
are used, oy by egs. (2.2.98- 101) which recquire the accurate
determlna on of all the populatlon ratios for the complete
Zeeman 5P manifold at a particular pressure. The
denominator of the coefficient k% in egs. (2.2.é4w87)
approaches zero when the individual population ratios
approach unity; this should be expected at high buffer gas
pressures, when the high collision rate would create a
uniform population density distribution among the Zeeman
substates. Because of the form of the denominators, the
coefficient K and thus eq (2.2.81-82, 98-99) have a
non-linear pressure dependence. The pressure variation of
equation (2.2.98-99) has been plotted for He in Fig.(4.2.11)
using the experimental cross sections to predict the_
population ratios, which were then substituted into the K
coeff;czents, and in Flg. (4.2.12) for the theoretical cross
sectlons (Pascale 1987). The plots in Fig. (4.2.11), the
slopes of which are representative of the multipole
‘relaxation cross sections’ defihed by eg. (2.2.98«99) for
all the gases;, are characterized by their curvature which,
though small for the dipole components, increases for the
quadrupole and octupole components. It thus seems clear /
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that fhe ingerpretation of the data by eqs.'(2.2.98—99) and
shown in Fidures kﬁ.z.ll-lz), is imprecise as the cross-
sections cannot be pressure dependent (as indicated by the
curvature of the plots). We. are alsc led to the conclusion
that both egs. (2.2.81-82) and (2.2.98-99) are only valid at
low pressures. Equatiohé (2.2.100-101)  however, are of the
form Y=A+BX, where X is proportional to the pressure, A, the
low-pressure intercept, is defined as the inverse of the
relaxation cross secti;n and B may be regarded as a
coefficient describing the rate at which the multipole
coﬁponents equalize at increased collision rates and
indicates the degree of curvature of the plots presented in
Fig. (4.2.11-12). A simulation of egs. (2.2.100-101) Lkas
been plotted for He in Figs. (4.2.13) and (4.2.14) using the
experimental and theoretical Zeeman mixing cross sections
(Pascale 1987), respectively, presented in table (4.2.1). ®
The inverse of the low-pressure intercepts in boéﬂFFig.
(4.2.13) and (4.2.14) accurately'Qields the multipole
relaxation cross sections presented in Table (4.2.3) and the
slopes of the plots should be positive and in the ratio °
a®sa4'. Figures (4.2.13-14) indicate that a correlation . >
exists between all the Zeeman mixing cross sectionsgzand
provide a sensitive test of the self-consistency of both the
expertmental and theoretical cross sections. The values of
¢'" which may be obtained from the slope of these plots do -
not agree with the values presented in Tab&e’??jz.Z) in
magnitude or, in some cases, in sign. This is not
unexpected consideiing the experimental error stated with
the experimental cross sections in table (4.2.1), and
indicates that the error associatéd with the individual -
Zeeman mixing cross sections is compounded in the — - ,
calculation of the multipole relaxation cross sections for
both the experimental and theoretical values.
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Table (4.2.3) also includes three sets of theoretical
multipole relaxation cross sections. -The calculations of
Spielfiedel. et al. (1979) were carried out for He, Ne and
Ar; some of their values are in good agreement with the
experimental data, and somé:clearly disagree. The more
recent calculations of Spiélfiedel and Feautrier (1988) for
Ne are in agreement within the limits of error assigned to
the experimental data, as are the calculations of Pascale
(1987). for He. All the theoretical calculations indicate
that, for P3/» relaxation, the quadrupcle relaxation
component should be the largest. This trend, though noted
. for Na(3P) in collisions with noble gases by Gay and
Schneider (1976) and for XK(4P) by Skalinski and Krause
(1982) and Boggy and Franz (1982), is not clearly borne out
in the present gkperiment in which the octupole cgmponent is
consistently the largest.l The large uncertain present in
the octupcle relaxation cross sections may mask the
theoretically predicted trend, but it is also possible that
the relatively large Zeeman splitting between the s$°r,:5.. and
the §§y,y,(13 cm ~1) states due to the szibng magnetic
field may have enhanced the measured octupole relaxation
cross section. The determination of the population ratlos
from the mefsured 1nten51ty ratios depends on the Elnsteld“A
coefficients listed in eq. (2.2.70). The magnetic
field-dependence of the relative intensities of the
C1rcular1y pelarized components was not determined
experimentally and is a possible source of systematlc error.
.THe zerd~field and high-field fs mixing cross sections are
within the stated error for Ne and Ar indicating that the
predicted field variation of the A coefficients is not
inconsistent with the experimental results, but the
reliability of the ratio of the,A coeff1c1ents for the 5P3/2
state could not be experimentally" verified.
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The calculations of Spielfiedel et al. (1979) were
based on the intératomic model potentials' of Pascale and -
Vandeplanque (1974) and were carried outrsemiclassically
(using a straight-line trajectory approximation) and also
fully quantur mechanically. The cross sections listed in
Table (4.2.3) are the mixed results quoted by these authors,
though the semiclassical and quantum mechanical methods did
not yield significantly different values. The aﬁthorsu
employed the impact approximation in all the calculations
and neglected coupling to states other than the 52p; their
principal aim was the treatment of the broadening and shift
of the spectral lines emitted in the s*P=4'S transition. - It
is not surprising that the agreement of the 1979
calculations with our cross sections is not particularly
good as the calculations are highly depehdent on the model
potentials which, as the authors themselves indicated, were
of doubtful accuracy. The more recent calculations of
Pascale (1987) are based on improved interatemic potentials
as are those of Spielfiedel and Feautrier (1988)
(Masnou-Seeuws 1982) and, as may be seen, they are in better
aéreement with the experimental measurements of transfers
within each fs-étate, though there are sone differences
between the experimental’and calculated fs and orientation
transfer cross sections.

The multipole relaxation cross sections are larger by
roughly a factor of two than those for collisions of X(4P)
atoms with noble gases (Skalinski and Krause 1982; Boggy and
Franz, 1982):; this is‘due,in part to the larger fs splitting
of the 4P state (58 cm~l). They are also somewhat larger
than the corresponding valueé for the Na(3P) state (Gay and:
Schneider, 1976) which has a fs splitting (17 cm™1l), similar
to the K 5P state. * |
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The errors attributed to the cross sections listed in
Tables (4 2.1- 3), arise from both statlstlcal and systematic
sources. The systematic uncertainty in the cross seccions
is estlmated to be of the order of 15%. The statistical
error stated in the tables of the cross sections is inherent
in the photon counting procedure used to obtain the
fluorescence intensities and alsc includes a contrlbutlon
due to ‘laser power fluctuations in the pump laser. The
laser power was adjusteé to maintain a steady count-rate by
setting the dye laser frequency and by adjusting the N»
laser power to compensate for:the deterioration of the laser
dye. The pulse-to-pulse jitter was averaged over the 8 hour
run time. Error due to ‘pile up’ was most probably
eliminated by maintaining a low count rate of 2-4 pulses per
interferometer scan; it was determined experimentally that
pile up became negligible at ccunt rates lower than 6 pulses
per scan. There were also several sources of systematic
error. As it was necessary to introduce a time-delay
‘between excitation and the detection of the fluorescence to
avoid the detection of scattered laser light, the
experimentally determined intensity ratios had to be
appropriately corrected. The correction for the magnetic
field perturbation to account for increased mixing between
the Zeeman substates affecting the relative intensities of
the’circuiarly polati:éa—compcnents emitted from the various
states, may also have contributed to the systematic error.
The magnetiCPfield dependence of the Zeeman mixing cross _
sections was not determined as the experiment was carried -~
‘out at only one field strength, in order to fully resolve
the Zeeman components in the spectra. A field-variation of
the Zeeman mixing cross sectiqns may account for systemdtlc
differences in the comparisoéggf the experim )' al data with
theoretical calculations, which do not allow for the effects
of large Zeeman splitting.
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'Figure (4.2.1)

Energy level diagram of the 52P Zeeman substates in
potassium, showing their ¢ decays to the ground state.
Either the 52P1/2_1/2 or the 52P3/2-3/2 substate is
optically excited. All other substates are populated

T
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Figure (4.2.2)

A trace of the Zeeman fluorescence spectrum emitted from
potassium vapour mixed with 50 mtorr Ar. The 52P3/5-3/2
state is optically excited and the peaks are labelled to
correspond to the transitions indicated in Fig. (4.2.1)-
The free spectral range of the interferometer is 12.5
cm™l. The asterisks (*) indicate components due to
polarizer leakage.
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Figure (4.2.3) _ . >

A tface of the Zeeman fluorescence spectrum emitted from
pctassium vapour mixed with 150 mtorr Ne. The 52P3,3-3/2
state is optically excited and the peaks are-labelled to
correspond to the transitions indicated in Fig. (4.2.1).
The free spectral range of the interferometer is 12.5
cm~l. The asterisks (*) indicate components due to
polarizer leakage. ' '
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Figure (4.2.4)
!

Plots of the Zeeman fluorescent intensity (and population)
ratios arising from 52P1/2_1/2 excitation, showing effects
of mixing induced in K-He collisions. The separate origin
for égch plot is indicated on the vez;}cal axis. The error
bars represent statistical scatter of the measurements.
Each point represents the intensity ratio of the specified
" components,- multiplied by the 5atio of the appropriate 4’.

coefficients. . . —_
B

02.09T(F)/3I(A); [12.09I(E)/0.83I(A); O2.09I(C)/3I(A):
VI(B)/I(A); A2.09I(D)/0.83I(A)
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Figure (4.2.5)
; _ N .
Plots of the Zeeman fluorescent intensity (and population)
ratios arising from 52P3/2_3/2 excitation, showing effects
of ‘mixing induced in K-He collisions. The separate origin
for each p}ot is indicated on the vertical axis. The efror
bars represent statistical scatter of the measurements.
Each point represents the intensity ratio of the specified
compoﬂ%nts, multiplied by the ratio of the appropriate ;.
-coefficients. T ‘
OI(EMI(C); O3I(A)/2.09(C); O3I(E)/0'83I(C);
¥3I(B)/2.09I(C); A3I(D)/0.83I(C)
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___Eigure {4.2.6)
Plots of the Zeeman fluorescent intensity (and population)
ratios arising from 52P1/2_1/2 excitation, showing effects
of mixing induced in K-Ne collisions. The separate origin
for each plot is in&f&éteg on the vertical axis. The error
bars represent statistical scatter of the measurements. #
Each point represents the intensity ratio of the specified
domponents, multiplied by the ratio of the appropriate 4:.
coefficients. ! -- _
$2.09I(F)/3I(A); 02.09I(E)/0.83X(A); O2.09I(C)/3I(A);
VI(B)/I'({A): A2.09T(D)/0.83I(A)
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Plots of the Zeeman fluorescent intensity (and population).

"Figure (4.2.7)

ratios arising from 5223/2_3/2 ex?itation, showing effects
of mixing induced in K-Ne collisions. The separate origin
for each plot is indicated on the vertical axis. The error
"bars represent statistical scatter of the measurements.
Each point represents the intensity ratio of the specified
componeﬁts, multiplied by the ratio of the appropriate Ai:\
coefficients. o -

O3I(a)/2.09(C); OI(F)/I(C): O3I(B)/2.09I(C);

" ¥ 3I(E)/0.83I(C): A3I(D)/0.83I(C)
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Figure (4.2.8) -
C \

Plots of the Zeeman fluorescent intensity (and population)
ratios arising from 52P1/2_1/2 excizééion, showing effects
of mixing induced in K-Ar collision The separate origin
for each plot is indicated on the vertical axis. The error
bars represent statistical scaEEgr of the measurements.
Each point represents the intensity ratioc of the specified
components, multiplied by the ratio of the appropriate 4.
coefficients. , . ,

$2.09I(E)/0.83I(A): O2.09I(F)/3I(A):; [O2.09I(C)/3I(A):
) VI(B)/I(A); A2.09I(D)/0.83I(A)

TS

113 L ~



0.3
j.z
¢
o o4}
o
x
&
o
T
-
=9
Q.
o
(I
7 0.0 1 | 1 ] ] | 0.0
0 50 100 50 °

~Ar  PRESSURE (mTorr)

114 .



Figure (4.2.9)

\

Plots of the Zeeman fluorescent intensity (and population)
ratios arising from 52P3/2_3/2 excitation, showing gffects
of mixing induced in K-Ar collisions. The separate origin
for each plot is indicated on the vertical axis. The error
bars represent statistical scatter of the measurements.
Each point represents the intensity ratio of the specified'
components, multiplied by the ratio of the appropriate 4:.
coefficients. o '
Q3I(A)/2.09(C); OI(F)/I(C); V3I(E)/0.83I(C):
O3I(D)/0.83I(C); A3I(B)/2.09I(C)

-
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Table (4.2.1)

Collisions with He, Ne and Ar.
QJ.M=J" M) (107'%cm?)

\

SP Zeeman Mixing Cross Sections for

" Collision Partner

a, This investigation; b, Pascale (1987);

¢, Spielfiedel and Feautrier (1988)

n.b.: The error limits represent the statistical
scatter of the data.

Designation R He ‘Ne Ar
a 9527 739 80:11
Ql1/2=1/2=1/2+1/2) b 74
' c 63
' : a 78:6 35:5 5422
Q(1/2-1/2=3/2+3/2) b 79
c 17 °
al 777 3624 476
Q(1/2-1/23/2+1/2] b 68
c 15
B ’ a 1394 73=8 94:8
Q(1/2-1/2=3/2-1/2) b 56 -
c 14
. a 9427 6123 6815
Q(1/2-1/2=3/2-3v2) b 45 .~
c 12
al -~ 59«10 6143 62:5
Q(3/2-3/2=3/2+T3/2) b 48
G 52
a 80:15 813 70:5
Q(3/2-3/2=3/2+1/2) b 108
' c 101
a 137:26 125:11 142:29
Q(3/2-3/2=3/2-1/2) b 127
c 121
a 102=17 743 110:26
Q(3/2-3/2=1/2+1/2) b 85
c 19
la 6229 50:4 5727
Q(3/2-3/2=1/2-1/2) b 48
’ (o] 13
. al -135:34 121:15 15735
- Q(3/2-1/2m3/2+1/2) b 73— )
Me 79
s
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TABLE (4.2.2) 5P Fine-Structure Mixing and Orientation
Transfer Cross Sections (107*cm?)

Collisieon Partner

Designation r - .-
e . He: Ne Ar
£
a 274220 145+14 186215
~ b| 397:59 _| 139220 224232
o (1,3) ° c 156 77 139
Oi2\ 57 5 d 174
1 e 41
al 232:37 175:10 236:47
bl 376s55 139225 216231
o (3,1 d 187
Iul 575 e , 45
a 35:16 36:12 28=11
(1,3 c -66 -22 -52
2 273 d -36
e -5
al -41s27 . =2617 -56:35
V(3.1 d -39
On{5%3 e -6
Y il

a, This experiment 70 KkG:; b, This experiment zero field:

c, Spielfiedel et al. (1979): d, Pascale (1987);

e, Spielfiedel a
n.b. The error lim
of the data.

nd Feautrier (1988)
its represent the statistical scatter
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TABLE (4.2.3) 5P Multipole Relaxation Cross Sections
{10°'*cm?)

Collision Partner
_DESIGNATION |R . - :
- . e He Ne Ar
fl- P -
a 190 =14 145 =18 160 =22
A(I) b 40.5 258 109
172 c 149 -
d 125
a 316257 314 =17 312 =46
/1(1) b 155 340 253
2 c 325
d 321
a 434 282 411 =28 425 =68
A(2) b 256 725 504
3/2 c 471
d 445
a 506x154 46256 551136
/1(3) b 236 438
3/2 c 388
o d 387
Ref.: a, this experiment; b, Spielfiedel et al. (1979):

c, Pascale (1987); d, Spielfiedel and Feautrier (1988).
n.b. The error limits represent - the statistical scatter

of the data.

-
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Figure (4.2.10)

Plots of the Zeeman population tatios obtained from a
computer simulation of the relaxation. of the 5P
Zeeman manifold, showing the effects of mixing
induced in K-He collisions.- The 52P3/3-3/2 Zeeman
substate was optically excited. The separate origin
fcr each ratio is indicated on the vertical axis.

The population densities of the Zeeman substates are
labelled as follows: - .

v ~

N(1)=(1/2-1/2); N(2)=(1/2+1/2); N(3)=(3/2-3/2):
N(4)=(3/2-1/2); N(5)=(3/2+1/2); N(6)=(3/2+3/2).
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Figure (4.2.11)

Plots of multipole relaxation rates il against ~Nv.v for
He (see egs. (2.2.98-99). The slopes.of the plo%s
correspond.to the multipole relaxation cross sections.
The K coefficieﬁﬁs were determined with the experihental
Zeeman mixingscfbss sections presented in Table (4.2.1)

assuming single: lision conditions.
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Figure (4.2.12)

Plots of multipole relaxationSrates i)Y' against Nv,r for
He (see eqs. (2.2.98~99). The slopes of the plots
correspond to the multipole relaxation cross sections.
The K coefficients were determined with the theoretical
Zeeman mixing c¢ross sections (Pascale 1987) presented in

Table (4.2.1) assuming single collision conditions.
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Figure (4.2.13)

Plot of egs. (2.5.100-101) for He. The Zeeman'mixing
cross sections determined: experimentally were used to
predict the K coefficients for these plots assuming
single collision conditions. These eguations are of the
form Y=A+BX, where A, the low pressure intercept is the
inverse of the multipole relaxation cross section and the
slope is a measure of the degree of curvature of the -~ -
plots shown in Fig. (2.2.11).
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Fiéure (4.2.14)

Plot,of egs. (2.2.100-101) for He. The calculated Zeeman
mixfgé-cross sections,(ﬁascaie 1987) were used to predict
the K doefficients fdr these plots assuming single
collision conditions. These -equations are of the form
Y=A+BX, where A, the low pressure intercept is the .
inverse of the multipole relaxation cross section and the

slépe is a measure of the rate of curvature of the plots
shown in figure (2.2.12).

A: /1(1]1)-]
B: Aé?-l
ey .- :
D: AcM"
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4.3 Radiative Lifetimes of the 5P, 6P and 7P
Fine-structure Stutes of Potassium

A semilogarithmic plot of the fluorescence time-decay
spectrum, representing the'decay of the 72P1/2 state is
shown'in Fig. (4.3.1). This was the most difficult of the
spectra to record, as the transition has the smallééf
oscillator. strength and the 7P atoms are relatively easily
photoionized because of the short wavelength of the pump
radiation. It may be seen that the plot is linear and free
from modulation (on the average the signal-to-noise ratio
exceeded 200). The first 30 channels show a small
non-linearity attributed to a photoionization cascade which
could not be completely elimiqated. The lifetimes were
calculated from the data recorded in time segments where
these effects were considered negligible. For each fs state
several (4-15) experimental runs were carried out, to test
the consistency of the data and probe the temperature-depen-
dence of the lifetimes.

The lifetime of the excited state was calculated from
the experimental data by a weighted least squares fit to a
single exponential decay constant (Bevington, 1969). The
spectra were corrected for a small contribution of
electronic noise accumulated over the 3-6 hour recording
times, by subtracting a constant background (noise) which,
for the:SP state, was determined from the average of the
signal recorded in the last S0 channels, representing(%he
fluorescence and noise detected after 14 zlifetimes of the 5P
state. The nolise correction, on average, amounted to 5
countg per channel for the 5P and 6P states and 20 counts
per channel for the 7P state which reqﬁired the longest data
acquisition times. ‘
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The lifetimes were calculated from the data at various
time intervals and over various time periocds along the
fluorescence decay path (this was done in a random fashion
through computer iteration of. the data). Each value was
calculated with -wh associated r* fit and th€ most linear
fits corresponding to the largest time span of the data were
chosen as the most representative. The stated limits of
error represent the standard deviations 4r of the measured
values calculated from several (n) éxﬁerimental runs. The
systematic error due to the background and to the cascades
is estimated to fall within the stated error limits.

The lifetimes are listed in table (4.3.1l) for the 5P,6P P
and 7P fs states together with experimental and theorgtical'
values reported elsewhere. The experimental values reported
by Svanberg (1971), Ney (1969) and Schmeider et al. (1965)
were determined using vael crossing techniques. The
present experimental lifetimes are in*good agreement with
those cf Svanberg who ;employed the Hanle effect to measure
‘the lifetimes and the hyperfine coupling constants for these
states. The limits of error assigned by the various authors
appear in the table along with the temperature at which the
lifetimes were determined. The e%rors assigned to the 5P
.and 6P states are rather low in view of the authors’ stated
difficulties in fitting a theoretical curve to experimental
data which exhibited a relatively low siénal—to—noise ratio
(Svanberg 1971).

In most cases the theoretically determined lifetimes
(none of which-éhows the respective limits of error) agree -~
with those found experimentally. The “theoretical calcula-
tions were performed by various methods. Grudzev. et al.
(1982) used a numerical coulomb approximation (NCA)
calculation based on a semi-empirical method employing an

effective orbital parameter. Wiese et al. (1969) also used .
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an NCA method correcting for spin-orbit interaction in
determining the transition probabilities whose sum yielded
the lifetimes ‘shown in the table. Theodosiou (1984)
employed the Bates-Damgaard approximation method with
corrections for core—polarization, spin-orbit interaction
and blackbody radiation. The theoretical temperature
correction for the effect of blackbody radiation on the
lifetime of the P states has been listed in table (4.3.15
for the 0, 355 and 600 K. The experimental data is listed
with the temperature employed. A study of the temperature
dependence of the lifetime of the 6P states was undextaken
over a limited range as listed in the table. The effect of
increased temperature on the lifetime due to quenching
caused by higher potassium density and by stimulated
emission ‘due to increased blackbody radiation was not found
to be experimentally significant. A recent study by Hart
(1983) of the potassium $ and D states alsé showed the
temperature variation of the lifetime to be insignificant
over a similar temperature range.

The values calculated by Theodosiou are not in as good
agreement with the experimental data as are some of the
ofher experimental/and thégretical results (Svénberg 1971,
Grudzev and Denisov 1982). In particular the blackbody
correction seems to have been overestimated and the
lifetimes of all the states are consistently lower than the
measured values, but the difference between the P, and the
Ps; lifetimes is in agreement with the experimental
observations. It should also be noted that the theoretical
calculations of the S and D lifetimes reported by D.Hart and
Atkinson who employed Warners’ method corrected for
blacxbody radiation, are in somewhat better agreement with
their own experimental measurements‘than are the
calculations of Theodosiou .

- 132

L IY



Figure (4.3.1)

A semilogarithmic plot of fluorescent intensity against
time showing the decay of the 72P;,; state. °
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Table (4. 3 1) Lifetimes of the 5P, 6P and 7P States

in Pota551um (ns)

-’

Level n Lifetime (ns) Ref. Temperature
x {K)
10 13722 ex. * 372
130 cal. 2 0
- 127.06 cal. 3 0
S2P,,, 127.05 cal. 3 355
'126.86 cal. ‘ 3 600
138 cal. 6 0
122 cal. 8
12 134=2 ex. * 372
133:3  ex. 1 353
130 cal. 2 g
124.02 cal. 3 07
52pP,,, 124.02 cal. 3 /355
‘ 123.82 cal. 3 - 600
120=4 ex. ! 4 ~363
140.824 ex. 5 n.a.
135 cal. 6 o -~
118 cal. 8 j
8 34423 ex. * 432;378;355
¥ 320 cal. 2 0
321.67 cal. 3 0
62P,,, 319.86. cal. 3 355
306.33 cal. 3 600
298 cal. 7 0
437 cal. 8
115 333s3 ex. * 432;369;355
310«15 ex. 1 403
315 cal. 2 0 *
62P,,, /312..77 cal. 3 0
311.04 cal. 3 ) 355
298.21 cal. 3 600
300 cal. 7 0
412 cal. 8 ,
4 626:6 ex. * 431
. 620 cal. \ 2 0
72P,,, 619.47 cal. - 3 ']
590.93 cal. 3 355
523.75 cal. 3 600
7 59526 ex. * 431
600 cal. 2 o
72P3n 601.8 cal. 3 0
ST 574.8 cal. 3 355
511.19 cal. 3 600

A
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-n =

Refere
(*)
(1)
(3)

4 (&)
(5)
(6)
(7)
(8)

number of measurements

nces :
= This work.
Svanberg (1971)

Grudzev and Denisov (1982)

Thecdosiou {1984)
Ney (1969)
Schmieder et al.

Wiese et al. (1969) (transition

Heavens (1961)

(1968)

Warner (1968) (gf valdgé).

prqbabilities)

v
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5 CONCLUSIONS

This dissertation describes a set of experiments
dealing with the radiative and collisional relaxation of the
5P, 6P and 7P states of potassium, as well the apparatus and
techniques developed for this investigation. - The collision-
al interactions of selectively excited 5P potassium atoms
with noble gas atoms at thermal energies have been —-
investigated both in zero magnetlc field and in a field of

.70 XG. The experimental data have yielded the cr%ss

sections for fs mixing, Zeeman m1x1ng and multipole
relaxation. The radiative lifetimes of the 1nd1v1éual 5P,
6P and 7P fs substates have been measured using methods of
time-resolved fluorescence spectroscopy. The design, con-
struction and operation of an improved Fizeau wavemeter and
a potassium thermionic diode for accurate laser wavelength
tuning hawve also been described.

The fs.mixing and;ﬁaltipole relaxation experiments were
accomplished using a photon-counting technigque synéﬁroﬁized
to the firing of a pulsed laser and the scanning of a
high-resolution Fabry-Perot interferometer. Measurements of
the relatjve intensities of the spectral components allowed
the determination of cross sé&tlons for the colllslonal
excitation transfer. -The small fs splitting of the SP state
and the large Zeeman splitting at 70 kG result in the
non-negliéible mixing of the fs Zeeman substates, which
complicates the interpretation of the data. The determina-
tion of the.dbsolute multiple relaxation cross sections )
involves the consideration of experimental error propagation
and the interpretation of the dexrived rates equations. The
proper measure of the cross sections requires the
extrapolation of the data to low buffer gas pressure. The

- various cross sections determined in the experiment are

- -
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listed in Tables (4.2.1-3). This study is believed to be
the first direct experimental determination of all the

. multipole-relaxation cross sections for a state lying above

the resonance state in an alkali-metal atom, for colligions
with noble-gas atoms.

The measurements of the 5P, 6P and 7P fs lifetimes are
sin good agreement with theoretical predictions and with
previous experimental data, where available. The lifetimes
determined as part of this investigation are presented in
Table (4.3.1).

An improved wavemeter for cw and p¥lsed laser
wavelength measurements, incorporating single-mode optical

" fibre coupling was developed as part of this investigation.

It is capable of wavelength measurements with an accuracy
better than 2 parts in 106. A potassium thermionic diode
was also developed to allow rapid and accurate dye-lasgr
tuning to the various excited states of potassium.

s

K
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6 APPENDIX A

—

The hyperfine-structure of the potassium atoms placed
in a strong magnetic field exhibits a complete Pascher-Back
effect with the Zeeman substate energy dlsplacement 48, of
each substate given by (Woodgate 1980):

AE=g,usBm,. : . (6.1)

Expressing eq. (6.1) in terms of the frequency difference 4v

in wavenumbers (cm~1):
3

Av=4.669X107°8nf g, (6.2)
7 o
where B is the magnetic field in gauss and g4 is the Lande g
factor: 1 LS(s- 1)+ J(J+1)-L(L+1) -- 6.3)
L 2J(J+1) (c.

. The Zeeman displacements per gauss “for the 42s, 52P and _
52D states, as calculated using eq.(6.2) are listed in Table
(6.1). | i

4

Table (6.1) Zeeman Displacement 4dv in Relation to Magnetic
Field Strength B(Gauss) (x10"Scm™'/C)

- .

FS State mi= # 1/2 mi= + 3/2 mj=Ai 5/2
52D, 2.8014 © 8.4042) 1.4007
S2D,,, 1.8676 \\/i 5.6028
S2P,, - 3.113 - 9.338
S2p ., TR _

525 ,,4 4.669
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Figure (6.1)°

The relative displacements of the 5P Zeeman substates
> in a magnetic field of 70 kG (drawn to scale)

~ - -
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7 APPENDIX B: Feasibility of an Experimental Study
of Zeeman Mixing In the 5D State

| — r—

1. Applications of Density Matrix Formalism
to the Collisional Decay of Atomic
Multipole Moments ir the SD State =

) Collisional Zeeman mixing with noble gases within the SD°
state may be described by the following egs.:

-

K(SZDE-EJ*X—’K(SQD,.M)-*-X«*-AE (7.1.1)
2 12

K(S’DE_,)+X—> K(S’D,. n-}~X+dE (7.1.2)
2 2 .

where X is a buffer gas molecule. When J or J’=5/2, m or
m’= + 5/2,3/2 or 1/2: when J or J’= 3/2, mor m’ = #* 3/2
or + 1/2. There are altogéther ten Zeeman substates within
this doublet manifold. '

The population vector N describing the population
density of the potassium atoms in the Zeeman substates must
accordingly be described by a ten-dimensional vector. The
time evolution of the population density-vector N¥ may be
_ represented using density matrix formaEEEE(TBaylis, 1978).

> —~ dN - — ..._.l
N=—=85-TN-YN (7.1.2)

d! /
Assuming pulsed excitation and time integration of the

. population as was done for the 5P state in section (2.2},
one has the rate gquation;

»
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R ' S-FN-yN=0 . ©(7.1.4)

where the horizontal bars indicates the time-integrated
quantities. W~ is expressed in terms of the spherical basis
vectors corresponding to the multipole density distribution

——

which are defined as follows:
77~ (al,.0) © L=0,1,2,3 B (7.1.5)
T;L'-[o'agl') L'-Olll2|3!4!5 (7.1.6)

Where ¢, and ¢i,. are the 4-dimensional and 6-dimensional
spherical basis vectors, respectively (Baylis,b1987),
identified with the multipole distributions associated with
the D3/p and Dg/p states. -

.

&’3'0-%(1.1.1.1) ‘ : (7.1.7)
(3.1,-1,-3) (7.1.8)

e - _
. / &;2-:—2(1,-1.—1.1) (7.1.9)
aT 1, —1‘ 7.1.10‘
. 2J_( .- 1) ( )
ago-"\/—:(l.l.l.l'.l.l) (7.1.11)
gl = J_(SSI -3,-5) - | (7.1.12)

T V4

u? 4’[_(10 -2,-8, _.2f10)'| - J(741.13)
~T 1 - - . s R .
 fig=——=(5,-7,-4,4,7,-5 - (7.1.14
53 6@( - Sy, L ( )

v _ 1 -
gi,=—=(1,-3.2,2,-3,1 7.1.1S
54 zﬁ( ) ( )_
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T 1
Gee=—=(1,-5,
67 |

10,-10,5.,1)

~

L (7.1.16)

The quantities ¥ ,5 ,I and ¥ can be expressed to reflect the
separate population and excitation of the two fs states. In
the following equations the subscript (3) indicates the S°D,.
state and the subscript (5) represents Ehe_sﬂhn state.

|

Ny
Ns

) (7.1.17)

0.
» (7.1.19)
Tg ls

) (7.1.20)

1, is the, four-dimensional identity matrix, l; is the
six-dimensional identity matrix and O represents the

appropriately dimensioned null matrix.

The radiative decay-

matrix components rt,=t(S!D,;)=572a14,and t,=7(5°0,,/=553+16 ns are

- the lifetimes of the S'0 state (Hart and Atkinson, 1986).

The y, components of y are 4X4,4x6,6x4,6x6 dimensional

matrices, respectively.

obtains:

% )(
-'l -
Tg ls*Vss

144
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S,

Using these equations as shown in section (2.2), one

(TS'L':;* Y3
Yas

(6.2.21)

(6.2.22)

(7.1.23)

(7.1.24)

-—



[

where the vector ¥ is now expressed in terms of the
spherical basis vectors (7{1.7-16). The equations for 5, s¥
and-sﬁ have a similar format. The quantities™»Y% and i
represent the 2‘-t. multipole moment density associated*with '

N, and N,, respectively.

-

.Equation (7.1.21) may be expressea in terms of the
multipole densities:

. 1 1 .
1 (D ~(0) 73] (L)
Ty *Ya3 1 Yis 3 _[ s 6.2.95
, : -t 0L ) (|- (6.2.23)
Ys3 Tg *¥Vss g \Ss - .

The matrix elements are defined.as follows.

Xy B agl (3,,)@,, L=0,1,2,3 | (7.1-.26)
yéé’-&'gl(%s)aﬂ [~0.,1,2,3,4,5 (7.1.27)
v =2.(¥ss)as,  L=0.1.2.3 | | (7.1.28)
¥ = a3 (¥ss)is, [-0.1,2,3 (7.1.29)

’

y¥ and y{ are the multipole decay rates. The elements
y® and 3 are the fs excitation transfer rates for the
{3Ds2+5%D,.2) and (5°Ds.2.+5°D,..) transitions, z:espactively. ‘The
elements v\., are the fs orientation trQﬁsfer rates.

The multipole decay rates are expressed in terms of the
depopulation rates y' and the multipole relaxation rates i'“.

- Y=y A (7.1.30)

' yR=y@al (7.1.31)
~
The multipole decay cross sections ¢ and of (L-172.3) are

defined by

« YR =N =Nuold, (7.1.32) y$s = Nvold=Nvallh (7.1.33)
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The muliipole relaxation rates i‘ are:

AL = NpAl)  (7.1.34) ASS = NuAGY (7.1.35)
af,!,’-af,?,’*zigﬂé . (7.1.36)
agé’-d§§’+/i§,’;’, (7.1.37)

where 4% and 4% are the multipole relaxation cross

N
sections. ' . ~

X

Substitution of equations (7.1.30-37) into (7.1.25)

yields: [
A A R R
23 =D, () -1 3] (1) (7.2.38)
ns “ Vs Ty * Y S5 )

D= (v3' =y ) (s vy} -v&vss - (7.1.39)
. In order to simplify further manipulation, the
following variable is defined as the ratio of the multipole
population multiplied by the excitation rate ratio.

Sf;’.') ﬁ

a.b=3.5 (2.2.40)

nit
nit? s

Koo = w
° _
The solution of eg. (7.2.38) for the multipole
relaxation cross sections follows by considering the
conditions of optical excitation. The first example
involves' the excitation of the 5'0,,.,; state while the second
results from only 5°Dy.:.... excitation. '

(i) When the k7?D,.... is optically excited,

—

51=(0.0.0,5;,2.0,2): $7=0 L=0.1,2.3.4.5.

/

Ly

«l -1 L -1
RASER IS SRR (7.1.41),

which reduces to:
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oL n§M st (T 7(0)) D,

- —_— (6.2.42)
BERPsP (75 ) Do |
D
gor- YD (7.1.43)
L)
; ¥5$' Do
(ii) When the K*D.....; state is optically excited,
L)-O [."'0.1: 3‘.;-(0,0.0,0'70.35/2_5/2)
“Dx,sm('f,s +y§f,’) ) (7.1.44)
- -
oL (Talfygg))Dl
Kss=— o (7.1.45)
(73 *+Yas )Do
or Y52 Dy
K== L=0,1,2,3 (7.1.46)
SIp0 .

The K coefficients are related to the experimentally
measured intensities of the components in the resolved
Zeeman fluorescence spectra. The explicit forms of X are
derived from the definitions of the muliipble population and
excitation densitieﬁ_given in egs. (7.1.7-13).

The population ratios required for the K coefficients
are obtained from the ratio of the experimental fluorescence
intensities multiplied by the. appropriate A coefficients
assuming single collision conditions: '

NJ‘H - ]J’H .AS‘H'

Nyy Tru Ay

The A coefficients for the decay of the 5D state to the 4P

state have been summarized in table (7.1) for zeroc magnetic
field.

(7.1.47)

»

-
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The final equations for the multipole relaxation cross
sections of the D states analogous to those for the P states
and are now listed.

ot o o (23 (L)
K33Ts0 35053 . T5055 055

l oL oL (0)
AL m k-1 |+ (K33-1)0%) -
372 Nur3[ =1+ Q} Joss 1/Nu+t502 1/Nu+rsold
(7.1.48)
- A\ :
(L) I oL ot (o) Kgér:'ag:lags TSOgL:)O(:I‘:.'S)
5/2 _[Kss'll*(xss"l)oss - w0 7y
Nuts 1/ Nu+150357 1/ Nu+T,05
) (7.1.49)
{
V . . /'/
Table (7.1) Relative Aj Coefficients for 5D->4P

Radiative Polarized Emission

(1) 61.98 (7) 9.00 (12) 57.80
(2) 24.79 (8) 6.00 (13) 38.53
(3) 37.19 (9) 6.00 (14) 19.28
(4) 6.198 (10) 1.00
(5) 37.19 (11) 8.00

The various Aj are numbered to correspond with the
transitions shown in Fig. (7.1).

Note: The geometrical observation factor nr:¢ has not
been included in the above values. When comparing
intensities observed perpendicular to the magnetici .
field with ¢ components observed parallel to the
magnetic field, the = components are a factor of two
weaker (Woodgate, 1980).

The relative A coefficients were derived using the
folloying transition probabilities for the 5D->4P £s
transitions (Hart 1983).

.S?p,,,»4%P,,,=7.302X10°

S?p,,,+43Py,,=1.178X10°

S2P,,, 2 43P, ;4= 4.540X 107
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Figure (7.1}

Transition diagram for the radiative decay c{\the 5D
state. The (#) listed under individual transitions
references the relative A coefficients presented on the
previous page.
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2. Preliminary Experimental] sStudy of the D States

In order to determine whether it would be possible to
excite a single Zeeman sublevel of the 2D states, it was
first necessary to deter%;ne which D states were
experimentally accessible.

" > The first state to be directly pumted was the Bﬁdstate;'
which was easily excited by means of a quadrupole transition’ w
at 464 nm. The 3D fs splitting is 2.33 cm~1 which was
suff1c1ent to allow the selective pumping of either
sublevel. The osc1llator strength for the 3D->4P decay,
which has a value of .9 (Wiese et al. 1969), is the highest
among the various D=->4P transitions. Unfortunately the
3D->4P decay wavelength is in the infrared (1170nm) and not
.dlrectly detectable, although the cascade from the 4P->4S
was detected.

In the 4D state the fs splitting is 1.1 cm™l and its
decay to the 4P level gives rise to fluorescence at 694nm.
All attempts to excite this state either by a quadrupole
tra?sition at 365nm or by two-photon excitation at 730 nm
were unsuccessful. These wavelengths are in general very
difficult to generate with a No laser—éumped dye laser and
further trlals were attempted with the aid of the more '
-powerful Nd: YAG 1aser. A very faint signal from this
trznsition wast%ntermlttently registered on the thermionic
dicde with intense laser excitation, however the signal was
not stable.andffluorescence was not observed. The primary
reasongfor these difficulties is the anomalously small
oscillator strength for the 4D->4P transition (4x10~%)
(Theod051ou (1980)). Thfs state had alsoc been investigated
by Hart (1983) who experlenced similar difficulties. -

.
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The 5D state has a fs splitting of 0.5 em~1l, it decays
to the 4P state emitting fluorescence of wavelength near 582
.nm and -has an oscillator strength of 0. 003. .This state was
, readlly excited and fluorescence from both fs levels was ‘
.getected. The bandwidth the laser (4 GHz) was not
su§F1c1ently narrgy to exci e the fs states separately,J
using frequency doubling or two photon excitation, although
‘the SDg,5->4P3,/2 and 5D3/2;352172_transitions were spectral-
ly resolved and tentative lifetime determinations cf 5D fs
states were found in ajyreenment wlth those by Hart (1983).
The 6D state, whose fs splxttlng is 0.3 cm~l, was also
investigated with similar results.

The use of a ring laser with its inherently narrow
bandwidth would facilitate selective “excitation. D-state
excitation requires elther two-photon or quadrupole pumplng :
from the 4S8 ground state and as these are noﬁilnear
processes, they require high laser power densities to be
effective. The ring laser is a cw-device whose power is S
orders of magnitude iower than the peak power of a modest
pulsed dye laser, which is not sufficiently powerful to
adequately populate these states. Very tight focussing of a
ring laser beanm into a cell containing a high density of
potaséium vapour, at a wavelength appropriate for 7D and 6S
state'excitaticn, produced no detectable fluorescence,
indicatigg that m%Eh higheé_power densities will be required
to excite these states by two-photon absorption.

It is, however, also possible.to utilize the ring laser
as the effective oscillator cavity for a N; laser-pumped dye
laser. tﬁe ring laser ocutput would enter the dye cells of a
three- or four—-stage dye laser where the c¢w input would be

converted into.a pulse of sufficient energy to produce the

o
-
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.required excitation® wavelength and of bandwidth much
- narrower~than that produced by the usual pulsed dye laser
(3-4 GHz). , ’

' There are several difficulties to be anticipated in -
attempting to determine the multipole relaxation cross’ ‘
,’/ sections for a set of substates whose sheer number adds to
the complexity of the problem. The fs states are very close:
to each other and fs mixing will be a dominant process. This
. will have to be initially studied in zero field, using the
nethod employed for the SP states. The Zeeman sublevels of
the two fs states begin to cross at a field strength of 1500
G, and at higher fields additional level crossings and
anti-crossings will require that the field strength be
chosen so as to avoid accidental degeneracy. The equations
for the multipole relaxation cross sections are coupled and
can only be solved through an iterative process. The
felaxation_cross sections may be obtained if a sufficient
number of individual Zeeman mixing cross sections can be
determined from the fluorescence inténsity ratios at low
buffer gas pressures. However, with a total of 10 different
trafsitions to resolve, accidental overlaps of the
" interferometer peaks may oécur cpscuring the spectrum.
Althongh . the accurate determination of the multipole
relaxation cross sections may not be possible, it should be
possible to excite selected Zeeman sub;eveis and gptain the
» » .* Zeeman mixing cross sections from the resolved fluorescence.
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