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ARSTRACT

An organic dye laser has been employed to investigate the 2P17;

2P3/2 .excitation transfer processes in the second excited states of
the alkali metals rubidium and cesium induced by collisions with ground
state atoms of the same type. In preparation for the investigation, a
study of various dye laser systems is made. The rate equations for
the dye laser molecular state densities and mode phoﬁon densities are
set up for a flashlamp and a nitrogen laser pumped tunable dye laser.
These are solved numerically and the results are compared with the
experimental measurements. A method is presented for measuring the
intensities of resonance and sensitized fluorescence using a pulsed
nitrogen laser pumped dye laser. The alkali vapour densities were
kept sufficiently low to enable the cross sections for the mixing
processes to be determined under single collision conditions and to
ensure that radiatioﬁ trapping and auenching effects were negligible.
The alkali vapour was irradiated with each camponent of the 2p
doublet in turn and measurements of the relative intensities of the

fluorescence vielded the following cross sections:

Rb: Q (62P -+ 62p ) = 245 +39 A2
12 1/2 3/2

s 2 2 = 163 + 26 A?
Ro Q21(6 p1/2+ 6 P3/2)

Cs: Q (7°p =+ 7%P ) =121 +15 A2
12 1/2 3/2

Cs: Q (7°P , « 7%p , ) = 107 +13 A2
21 1/2 3/2

iii

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



These results are consistant with the empirical relationship
between the magnitude of the cross sections and the fine structure
splitting that has previously been determined for the alkalis.
Measurements indicate that the dye laser excitation system produces
‘high signal-to-noise ratios and much improved sensitivity over prev-

ious methods,

iv

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



ACKNOWLEDGEMENT'S

I am most grateful to Dr. J.B. Atkinson for his supervision
of this work and for his reading of this dissertation in manuscript.
I should also like to express my gratitude to Dr. L. Krause for his
.advice and support throughout the course of this work.

Special thanks are due to Mr. B. Masse and to Mr. D. Clarke
for their expertise in designing and in maintaining the necessary
electronic equipment and for valuable technical advice. Acknowledge-
ments are due to Mr. R.G. Campbell for his skill in construction
of the glassware, to Mr. A. Buzzeo for his assiatance in the prepar-
ation of some of the diagrams found in this dissertation and to Mr.
W. Grewe and the machine shop staff who constructed the intricate
pieces of the apparatus.

To the National Research Council of Canada I am grateful for
financial assistance in the form of a graduate scholarship.

To my fellow graduate students and to the postdoctoral fellows
and staff of the physics department with whom I have been associated,

I express thanks for many stimulating and instructive discussions.

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



TABLE OF CONTENTS

PAGE
ABSTRACT iii
ACKNOWLEDGEMENTS v
LIST OF FIGURES viii
LIST OF TABLES | x
I. INTRODUCTION 1l
II. ORGANIC DYE LASFRS 5
1. Properties of Organic Dyes 8
2, The Dye Laser Rate Fouations » 11
3. Tuning Mechanisms 16
4, Calculated Results , | 19
(a) Iong Pulse Fxcitation Results 21 -
(Flashlamp~Purped)
{b) Short Pulse Fxcitation (Laser—Pumped) 26
5. The Flashlamp-Pumped Dye Laser 30
(a) The Flashlamp Circuit 33
(b) The Optical Pumping Cavity 37
(c) The Flashlamp~-Pumped Dye Laser Configuration 40
(d) Experimental Data 41
6. The Nitrogen Laser 44
(a) The Rate Equations For The Nitrogen Laser 45
(b) General Description Of The Nit;ogen Laser 49
(c) Mechanical Construction Of The Laser 50
(d) Electrical Construction Of The Laser 53
(e) Operation And Performance 57
vi

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



page

7. 'The Nitrogen Laser Pumped Dye lLaser , 60
(a) General Description 62
(b) The Dye Lasér Amplifier 64
(c) Output Mirror And Beam Expansion Telescope 65
(d) The Diffraction Grating 67
(e) Operation And Experimental Data 68

IIT. TRANSFER OF ELECTRONIC EXCITATION BEIWEFN THE 62P
3

/2
AND THE 62P1/2 STATES OF RUBIDIUM AND THF 7293/2 AND
THE 72P1/2 STATES OF CESIUM INDUCED BY COLLISIONS WITH
GROUND STATE ATOMS OF THE SAME TYPE 71
1. Theoretical 7
2. Fxperimental | 83
(a) Description Of The Apparatus 83
(b) The Pulse Counting System 88
(¢) Counting Limitations ‘ 93
(d) Experimental Procedure 97
| 3. Results And Discussion , 102
Iv. CONCLUSIONS 113
APPENDICIES
).} Experimental Data 117
BIBLIOGRAPHY 120
VITA AUCTORIS 128

vii

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



17.
18.
19.
20,
21,

22.

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

LIST OF FIGURES

The Dye Laser Enerqy levels

The Tuned Dye Laser Lineshape At Different Times
During The Laser Pulse

The Tuned Dye laser Normalized Lineshape

The Dye Laser Linewidth As A Function Of The Peak
Output Power

The Untuned Dye Laser Lineshape At Different Times
During The Pulse

Lineshape Of The Laser Pumped Dye Laser
Circuitry Of The Flashlamp Pumped Dye Laser
The Flashlamp And Dye Laser Configuration
Flashlamp Pumped Dye Laser Output

Energy' Levels Of The Molecular Nitrogen lLaser
The Nitrogen Laser Charging And Firing Circuit
The Molecular Nitrogen Laser

Circuitry Of The Thyratron Pulser

The Thyratron Pulser Power Supply

The Nitrogen Laser Output Pulse

Nitrogen Laser Output Power As A Function Of
The Nitrogen Pressure

The Nitrogen Laser Pumped Tunable Dye lLaser
Nitrogen Laser Pumped Dye laser Temporal Lineshape
Energy Ievel Diagram For Rubidium And Cesium
Schematic Diagram Of The Experimental Apparatus
The Detection And Counting Apparatus

The Power Supply, AND Gate and Timer Circuitry

viii

PAGE

22

23

24

27

29
35
38
42
46
51
52
54
55
58

59

63
70
72
84
90
921



23. Plot Of The Intensity Ratios Against Density
For Rubidium

24, Graph Of The Intensity Ratios Against Density
For Cesium

25, Variation Of The Alkali-Alkali Cross Sections With
Fnergy Splitting AE

26, Fluorescence Lines Using The Pulsed Dye Laser Fxcitation

ix

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

103

104

109

111



LIST OF TABLES

page
1. Thg Alkali-Alkali Collision Cross Sections 108

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



I. INTRODUCTION

In recent years, collisionally induced excitation transfer
between various atomic and molecular states has heen the subject of
a number of experiments. These inelastic proéesses are of a fundamental
and practical nature, as they directly influence the understanding
of systems such as gas lasers, stellar atmospheres, the earth's
atmosphere and gas plasmas. In these systems, atoms and molecules are
continually being excited and de-excited by the absorption and the
emission of radiation and bv atomic and molecular collisions. To
understand such systems it is essential to have a knowledge of the
cross sections for the various collisional processes. Such a know-
ledge also provides a basis for the testing of various theoretical
models of the collisions.

Among the many possible atomic and molecular systems, coll-
isionally induced excitation transfer between the fine-structure
doublets of the alkali metals has probably been studied the most
thoroughly, The 2P fine structure states of the alkalis are parti-
cularly suitable for the studv of energy transfer collisions since
they are connected to the ground state by optically allowed tran-
sitions. In addition, the energy splitting between the states ranges

from essentially zero in the higher excited states to 554 ant

in
cesium. This allows the influence of the energy splittings on the
excitation transfer processes to he evaluated.

The collisional energy transfer process may be represented hy the

following:
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A(n2P3 2) + M e A(nZPl 2) + M + Fnergy

/ /

where A is an alkali atom and M the collision partner, may be an
atom 6r avmolecule. Basically the experimental procedure consists of
selectively exciting one of the alkali fine-structure states and then
measuring the relative intensities of the fluorescence emitted from
-various excited states. The fluorescence component having the same fre-
quency as the exciting light is called the resonance fluorescence,
while the other frequency components emitted by states populated by
collisional excitation transfer constitute sensitized fluorescence.
The ratio of the intensities is a measure of the population ratio
and by solving the collisional rate equations, the cross sections
for the collisional processes may be extracted from the measurements;
Previous measurements of the cross sections for the first excited
states has been accomplished in the cases where M is an inert gas
(Krause 1966, Pitre and Krause 1967, Gallagher 1968), a diatomic or
a polyatomic molecule ( Stupavsky and Krause 1968, Stupavsky and Krause
1969, McGillis and Krause 1968, Baylis et al 1973) or a ground state
alkali atom of the séme or different type (XKrause 1966, Pitre and
Krause 1968, Hrycyshyn and Krause 1969).

Collisionally induced excitation tranfer between fine-structure
states higher than the first resonance states has also begun to be
studied experimentally. For the cases where M is an inert gas the

cross sections have been measured for the second excited states of
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cesium (Siara et al 1974, Cuvellier et al 1973), the third excited
states of cesium (Pimbert 1972) and the second excited states of
rubidium (Siara et al 1972). Cases where M is a molecule have been
measured for the second excited states of rubidium (Siara and Krause
1972a) and the third excited states of cesium (Rocchiccioli 1972).
.and cases where M is a ground state atom of the same type for the
third excited states of cesium (Pimbert 1972). These processes have
been studied theoretically by a number of authors and agreement with
the experimental results depends mainly on the c¢olliding partner.

In all cases except the experiments of Cuvellier and Pimbert
the excitation of the fine-structure levels has been by optical
absorption from a radiCrfrequency or a micro-wave frequency excited .
lamp containing the alkali of interesttogether with an inert bhuffer
gas. A detailed description of this type of lamp is given by Phaneuf
(1970). For the third excited states of cesium, there is a fortuitous
overlap of the cesium resonance line and the 388.8 nm line of helium,
while a flashlamp pumped dye laser was used to excite the second
excited étates,of cesium in the studies of Cuvellier et al (1973).
The technical difficulties associated with these measurements have
been discussed by Pimbert (1972) and Cuvellier (1973). Work with
higher excited states using previous technicues is even more diffi- |
cult for three reasons. Firstly, the intensities of the exciting
spectral lines from the resonance lampsaremuch lower than the inten—
sities of the first excited state resonance lines, Secondly, the

absorption coefficients for the transitions to the higher excited states
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are much smaller than that for the first excited states. Both these
factors give rise to much smaller excited state populations than that
for the first excited states. Thirdly, the smaller spectral separ-
'étion of the lines increases the probhlems of adaquate spectral res-
olution., The decrease in the absorption coefficient does delay the‘
~onset of radiation trapping to higher alkali densities, but care
must still he taken to avoid radiation trapping.
In the present investigation, excitation transfer between the

62P  and the 62P3/2 fine-structure states of rubidium atoms and the

1/2
7%p and the 7%p fine~structure states of cesium atoms, induced

1/2 3/2
by collisions with ground state atoms of the same type, has been
studied using the method of sensitized fluorescence. To excite the
alkali atoms to the second excited states, a nitrogen laser pumped
" organic dye laser was used.

The first séction of this report will discuss the theory and practice
of constructing a suitable dye laser system and the second section
will discuss the theorectical and the practical considerations nec-
essary when using the dye laser as an excitation source for a .sen-
sitized fluorescence experiment. The results of the measurements
indicate that the good spectral resolution and improved intensity
of the dye laser over resonance lamp sources allows the accurate
measurements of extremely low sensitized to resonance intensity
ratios which exist when M is a ground state alkali atom of the same

type as A. The results of the cross section measurements will be

presented and suggestions for futher research are given.
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IT. ORGANIC DYI' ILASFRS

Many organic compounds exhibit very efficient luminescence,
making their use as laser materials very attractive. Initial
experiments proved disappointing and as a result, interest declined.
However within the past few years the production of coherent, visible
'and near infra-red radiation by fluorescent organic dyes in solution
has been demonstrated. The device based upon this phenomenon is
called the organic dye laser. The purpose of this section will be to
discuss the theory of dye laéer operation and to review flashlamp-
excited and laser-excited organic dye lasers.

The organic dye laser is to be distingquished from the inqrganic
liquid laser which is based upon the rare earth ions in liquid sol-

. vents, The properties of the inorganic licuid laser have heen re-
viewed by Lempicki and Sammelson (1966) and by Heller (1968,1968a).

The earliest suggestions that organic materials could be made
to lase were proposed by Brock et al (1961) and by Rautian and
Scbel'mann (1961). They proposed that triplet state phosphorescence
could serve as the mechanism for the organic laser. In 1964
Stockman et al advanced the idea of a laser process based upon the
singlet state fluorescence. The first laser action from organic
dyes was reported by Sorokin and Tankard (1966). These authors used‘
a giant pulse ruby laser to excite solutions of chloroaluminum
phthalocyanine and 3,3' diethylthiadacarbocyanine iodide (DTTC)
placed in an optical cavity. Similar results were obtained by Schifer

et al (1966) and by Spaeth and Bortfield (1966) using cyanine dyes
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-

with structures similar to DTTC.

Using the results from these laser-pumped dve lasers, Sorokin
et al (1967) suggested that a flashlamp could also be used to excite
organic dye lasers and estimated the flashlamp requirements. A suit-
able flashlamp was built and laser emission from solutions of several

"dyes of the xanthene class was reported by Sorokin and Lankard (1967a)
and by Schmidt and Schafer (1967). Flashlamp excited dye lasers have
since been studied in many laboratories.

Continuous wave operation of organic dye lasers was first achieved
by Peterson et al (1970)using rhodamine 6G excited by an argon-ion
laser. A sumary of OW dye laser configurations is given by Hercher
and Pike (1971). Laser excited dye lasers have also been reported
using a frequency doubled neodymium:glass laser as the excitation
source (eg. Pradley et al 1971). Pulsed molecular nitrogen lasers

:have also been used as dye laser excitation sources by Capelle and
Phillips (1970), Broidaand Haydon (1970) and by Myer et al (1970,
1970a).

One of the most useful properties of the organic dye laser is
its tunability. This occurs because the spectral width Sf the fluor-
escence is 1érge enabling the lasing wavelenath to be tuned to any
desired value within a reasonably wide range. Furthermore, the number
of fluorescent dyes is large and compounds may be selected for emission
in any given region of the visible spectrum and near IR sﬁectrum.
Thus the dye laser is truly the first tunable laser to operate throu-
ghout the entire visible spectrum.

As a result of these developments, the oraganic dye laser is
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proving to be one of the most powerful tools available in atomic

and molecular spectroscopy. In particular, the techniques of fluor-
escence and saturation spectroscopy have permitted precision spec-
tral measurements to be made on atomic sodium (Hénsch et al 1971a),
and an accurate determination of sodium concentrations in the lab-
oratory (Hansch et al 1972) and in the atmosphere (Kuhl and Marowsky
'1971) has been accomplished. In these experiments, as in all experiments
involving optical excitation, a knowledge of the lineshape of the
excitation source is necessary for a correct interpretation of the
data. A theoretical model that predicts the spectral and temporal
lineshapes of the organic dye laser will be presented. This model
will then be used to calculate the expected results for a typical
flashlamp pumped dye laser and for a nitrogen laser pumped dye laser.
The results of these calculations will then be campared with the

experimental data.
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1. PROPERTIES OF ORGANIC DYES

An energy level diagram, characteristic of an organic dye
molecule, is shown in fiqurel. The electronic ground state of the
molecule is a singlet state, designated as So, which spans a range
of energies determined by the quantized vibrational and rotational
excitation of the molecule. The enerqy between the vibrational states,
indicated in figure 1 by heavy horizontal lines, is typically 1400
to 1700 cm"1 (Snavely 1969). The energy spacing between the rotational
levels is smaller by a factor of 100, The collisibnally broadened
rotational levels, therefore, essentially provide a near continuum
of states. Fach excited state of the molecule consists of a similar i
broad continuum of states, and optical transitions between all these
states give rise to the characteristic broad absorption spectra.
Allowed radiative transitions can occur between the singlet pair
and between the triplet pair. A disallowed radiative transition
between the lowest triplet state, which is metastable, and the ground
singlet state may also occur, although for dye used in dye lasers,
the metastable triplet state usually decays through collisional
effects. Generally, nonradiative transitions occur between the sin-
glet states and the triplet states. Thev are discussed more fully
by Bass et al (1971) and by Birks (1970) and apart from the tran-
sition between the first excited sinalet state and the metastable
triplet state they are generally neglected in modelling the dye laser.

The dye laser behaves in mény respects like a four level laser

system, with all four levels in the singletsystem. These levels
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10

are labelled 1 through 4 in figqure l. The populations of the sub-
levels follow a Boltzmann distribution due to the rapid thermali-
zation. The presence of the triplet system introduces complications
to thé simple operation and in all but a few families of dyes prevents
laser operation. The dye molecules are first optically excited to the
various vibrational sublevels of the upper sinalet state. They then
.rapidly decay nonradiatively to the thermal distribution in a time
shorter than 10"'.Ll second (Bass et al 1971). From this state they

can make a radiative transition to any of the various vibrational
sublevels of the ground state to give rise to a broadband fluorescence
spectrum. The decay of these vibrationally excited sublevels of the
ground state to a Boltzmann distribution is also characterized by

a time constant of less than 1011 second. Since the lifetime for the
radiative transition is more than 1072 second, we have in principle

a very efficient four-level laser system. The transition from the |
upper singlet state to the metastable triplet state has two deleterious
effects. Firstly, it reduces the number of upper state molecules

that can decay radiatively, and secondly, the triplet molecules
usually absorb light at the fluorescence wavelengths in a transition
to the upper triplet states, All these processes can be described

by simple rate eaquations and the approach will be a phenamenological

one starting with the spontaneous emrission term.
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2. THE DYE IASER RATE FQUATIONS

In a dye laser, the dye molecules form a broadband amplifier
and noise generator, while the opticai cavity selects a few modes
with high O from the free-space mode spectrum. The total rate of
increase éf photons in all modes in the wavelenagth range A to X +
aA due to spontaneous emission is NBE(A)dA/r , where N3 is the
population in the lowest vibrational sublevel of the upper singlet

- state, T is the lifetime of this state and E()\) is the lineshape
function that is related to the quantum efficiency ¢ by the relation-
ship JS[E(A\)d\ = ¢. If the total mode volume of the cavity is V, then
the number of modes in the wavelength range A to A + dX is given by
8mn*vd\/A" where n is the refractive index of the dye solution.
Therefore the rate of increase of photons in one cavity mode due to
spontaneous emission is dN /dt = NBA“E(A)/Bnn3TV where N is the
total number of photons in mode m. From the theory of stimulated
emission, it is well known that the rate of stimulated emission into
a cavify mode is equal to the product of the spontaneous emission
rate into the mode and the number of photons in that mode. We there-
fore add the spontaneocus and stimulated emission rates to give the

total rate of increase of photons in cavity mode m:
= 4 3
dbln/dt = N3>\ E(}) (Nm + 1)/8mn°tv (1)

It is convenient to define a cross section o()) given by o(})) =

A“E(X)/chhzT where c is the velocity of light.
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Birks (1970) indicates that we can write 1/t = nz/ro , where
To is the lifetime of the upper state in a medium whose refractive
index is unity and therefore a more general definition of o (})
would not contain the n? factor. Since the lifetime values quoted
later were measured in a solution, the factor n? is retained for
ease of comparison. It will also be seen later that factors of the
order of n? do not significantly affect the results. Then dN/dt =
Nao(x)c(Nm + 1)/nv. We define the fraction of mode volume occupied
by the dye molecules to be F and, since the mode volume is V, the
 total population of the excited state N can be related to the pop~
ulation density n by N =Fun. Thus dN/dt = Fnac()\)c(Nm + 1)/n.
This'assumes that the densities are uniform throughout the active
medium. Analogous terms can be written for the rate of loss of photons
from cavity mode m due to singlet-singlet and triplet-triplet

absorption, Thus we get:

AN, /dt = ={nqg opp(}) + nloss(k)}cFNm/n (2)

where nq, n are the molecular densities in the triplet state and
the ground state and UTT(A), Ogg(}) are the respective triplet
and singlet absorption cross sections. Note that the factor is My

instead of N, + 1 since there is no spontaneous absorption. The
cross sections are related to the experimental absorption coefficients

by the usual relationships:

o= aqp(l) +a gg0) = npomp(l) + nogg() (3)
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where o 1is the absorption coefficient., Finally there is the rate

of loss of photons from cavity mode m due £o the transmission losses
in the optical elements of the cavity and to mode diffraction losses.
This i; written in the form dN/dt = -N /1., where 1, is the cavity
lifetime for the mode m. The variation of 1, with mode will be dis-
cussed in the section on tuning mechanisms. Collecting together all

j:he terms for the rate of change of photons in cavity mode m gives:

dN/dt = Np{ (nao()\) - npopp(X) - nloss(}\)) Fc/n
- 1/tm} + anao()\)/n (4)

The rate equations for the populations of the upper laser level Na'

the ground state N1 , and the triplet states Np and N5 are:

dN /Jd&t=WN ~-N/t-Z%IN Nmo()\)c/Vn
3 31 3 m ,

+ I)I:\Nlegss()‘)an (5)

dNp/dt = KN - Np/7q
- I NTNmo.IT(A)c/Vn + NS/TS ()

m

st/dt = N.I.ch,IT(A)c/Vn - NS/TS (7)
N=N +N + Ny +N (8)

1 3 s

In (5) the first term is the optical excitation term, the second
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is the decay rate due to spontanecus emission and the nonradiative
transition to the triplet state, the third is the decay rate due to
stimulated emission caused by the photons in all cavity modes and
the final term is due to singlet-singlet absorption repopulating the
upper singlet state. In (6), k is the singlet to triplet crossing
‘rate » Tp is the metastable triplet decay time, and T, is the excited
triplet state decay time. Equation (8) simply stateé the conservation
of molecules.

These absolute populations can be converted to the more common
population densties. The active volume of the dye molecules is FV
where F and V have previously been defined. In many dye lasers the
cavity length is much greater than the dye cell length. Provifiing
the mode cross section does not vary appreciably within the cavity
F can be taken as the ratio of dye cell length to cavity length.

Substituting into equations (4) to (8) gives:

dn /dt = n {(n o(A) = ngo, ()
- nloss(k))Fc/n - l/Tm}+ Fcnso()\)/nv (9)

dn /A&t = Wn - n/tT-IZInna(d)e/
3 31 3 m3m
+ I)]?‘nlr)moss()\)c/n - (10)
dnT/dt = kn3 - nT/'rT - fr.ln,l.nmo(k)c/n + ns’/ﬂc5 (11)
dns /at = ?nnqpmc O)eh- nS/TS (12)
n = n +n3 +np +n, ‘ (13)
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These equations resemble the rate equations that have been derived
and solved by Sorokin et al (1968) and by Snavely (1969) to obtain
the time dependence of the laser output power. However, in this case,
all the cévity modes have been takeh into account and the triplet
absorption has also been included. Keller (1970) has done some cal-
culations for typical flashlamp-pumped dye lasers assuming that the
time derivatives of the populations can be set equal to zero since
the relaxation rates are rapid compared to the time variation of

W, the optical excitation term, and all the populations are in
dynamic equilibrium with values depending only on the instantaneous
value of Wé. If more than one cavity mode is oscillating, it is easy
to see that this is not valid for the photon populations in each .
mcde, - even though it may be true for the molecular state populations.
In addition, the solutions of Keller are not valid for the short
pulse laser-pumped dye lasers, as the time variation of W3 (Ali 1969)
is the same order of magnitude as the relaxation rates of the dye
molecules,

In the equations it is assumed that all spatial inhomogeneities
due to the standing wave nature of the cavity modes can be neglected
as has been done by Sorokin et al (1968), Snavely (1969) and Huth
et al (1970). This assumption considerably reduces the complexities
of solving both the time and the space variations of the populations

and the photon densities.
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3. TUNING MECHANISMS

A number of different schemes for tuning dye lasers has heen
used including prisms, diffraction gratings, Faraday rotators, Lyot
filters and tilted Fabry-Perot etalons. The diffraction grating
and the Fabry-Perot etalon will be described here as they are the
most common means of producing narrow lines. We shall start by dis-
cussing the Fabry-Perot etalon. In order to tune the dve laser the
etalon is placed within the optical cavity and the tuninag is acc-
omplished by altering the angle of the etélon. The etalon was mounted
in a precision anqular orientation device with an angular resolution
of 0.02 arc-second. The transmission of the etalon is given by Porn

and Wolf (1970) with the result:

T o= T/0+ zsin? (2md cos6/)) } | (14)
where To is the peak transmission, d the etalon plate separation,
® the angle with the optical axis and 7 = 4R/(1 - R)? where R is
the refectivity of the etalon plates. For values of [ corresponding
to reflectivities of 60 percent or hicher, this transmission function
may be approximated by the Gaussian:

T o= T exp{-4 () - A y2en2/(Ax) %} (15)

where A\ is the full width at half maximum (FWEM) and where ) is

the wavelength for peak transmission. The cavity lifetime is related
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to the laser mirror reflectivities and the trammission of the dye

cell windows and the Fabry-Perot etalon transmission T by:
T = =2L{1 + FP(n - 1)}/cin(t?t*T?R R ) (16)
m 12 12

where tl and t2 are the dye cell window transmissions and Rl and

R2 are the laser mirror reflectivities. In general the reflectivities
and window transmissions are wavelength independent over the region
of interest, so that the wavelength or mode dependence of T arises
only fraom the wavelength variation of T.

Another means of tuning the dye laser was first demonstrated by
Soffer and McFarland (1967) and Sorokin et al (1967) who replaced
one mirror of a dye laser with a diffraction gratina. The grating was
mounted in a Littrow arrangement and was adjusted to the angle for
which the desired wavelenagth was reflected back upon itself along
the axis of the optical cavity. In effect a mirror with a highly
peaked reflectance spectrum is provided; the wavelenagth of the peak
is altered by rotéting the grating. Hansch (1972) has calculated
the linewidth of the diffraction grating when used in a nitrogen
laser pumped dye laser. This will be presented in section II.7(d).

For the present, it will be assumed that the selective reflectivity

can be given by equation (15) such that:
R = R exp{~-4(\ - AO)ZRnZ/(AA)z} (17)

where Ro' is the peak reflectivity and AX is the FWHM as agiven in
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section IY.7(d). With this assumption equation (16) becomes:
T ~-21{1 + FP(n - 1)}/c2n(tft§RlR ) (18)

where Rl is the reflectivity of tﬁe output mirror and R is given
by equation (17).

The region in which the laser is tunable is determined by the
fluorescence and absorption spectrum of the dye. The short waveléngth
extreme of the tunable region is determined by the loss associated
with singlet-state absorption. At the long wavelength extreme the
gain of the laser becames too small for oscillation as a result of
the decreased quantum yield.

| For dye lasers w1th no tuning element in the cavity, the output -
depends on the wavelength dependence of the cross sections and on the
dye concentration. The wavelength can be altered by changing the
dye concentration (Sorokin et al 1967). Many other methods of tuning
the dye laser have been reported, the results of which are surmar-

ized by Snavely (1969).
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4, CALCULATED RESULTS

The differential equations were solved numerically using an
Euler inteqration routine (Collatz 1966) on an I.B.M. 360 computer
for typical flashlamp-pumped and nitrogen laser~pumped rhodamine
6G dye lasers. The cross sections for this dye are well known and
.there are several published results with which to compare the cal-
culations. The cross sections were derived from the results given
by Snavely (1969). The photon density is related to the power output
by P = hcv( rﬁ%) /Tp, where Tp, the output coupling lifetime, is
given by Tp ==2L(Y + (n~ 1)F)/cn(l - Tp) , where TP is the trans-
mission of the output mirror. The optical pumping term W., was ass-
umed to be of the form W3 = WBOt exp(l - t/2)/2, where t was mea-
sured in microseconds. This is in good agreement with typical flash-
-lamp outputs. The term W3 was assumed to be a Gaussian for the nitrogen
laser-pumped dye laser. This is also in good agreement with the actual
shape of the nitrogen laser pulse. (Ali 1969). The total optical
pumping pulse length was about 10 microseconds for the flashlamp—
pumped dye laser and about 10 nanoseconds for the nitrogen laser-
pumped dye laser. The etalon and the grating parameters were chosen
to have a peak at 5896 A corresponding to one of the sodium resonance

lines. The following parameters were used in the calculations:
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FIASHLAMP PUMPED IASER PUMPED
t =t = 0,9 t =t =0,9
1 2 1 2
R = 0,97 R = 0.04
1 1
R = 0.87 T = 0,93
2 P
T =0.10 _ L = 30cm
P
L = 50cm F = 0,03
F = 0.30
Tp = 0.9x10~/ sec (Snavely 19€9)
T = 5.5%10"° sec (Mack 1968)
k = 2.8x10"7 sec (Snavely 1969)
15 = 5.0x10"2 sec
V = 5am Vo= 1.36x107> amd
n = 1.2x10}7 o3 n = 3.0x10"® em3
(2x10~4 M concentration) (leo"3 M concentration)
n = 1.33 (methanol as solvent)

The lower order axial modes have a spacing of approﬁc:imately 0.0004

mm. It was found that the modes could be grouped together to give an
effective mode spacing of many times the fundamental mode spacing

and still accurately preserve the envelope of the mode photon den-
sities as a function of the wavelength. For the case of the etalon
whose FWIEM was 0.25 nm, an effective mode spacing of 0.002 nm was
found to give a good compromise between accuracy and computing time
and for the laser-pumped laser, the FWHM of the grating (see section
I1.7(d)) was 0.01 nm and the effective mode spacing used was 0.001 nm,

The peak transmission of the etalon (or reflection of the gratina)
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was assumed to be 0.70 except were noted and the value of Wé was

adjusted to give a suitable output power.
4(a). LONG PULSE EXCITATION RESULTS (FLASHLAMP-PUMPED)

Figure 2 shows the laser output lineshape or envelope of the
mode photon densities at different times during a typical laser
pulse. The left-hand side of figure 3 shows the same results with the
peak photon densities normalized to unity, while the tine—inte§rated
lineshape is shown on the right-hand side of fioure 3. The lineshape
is symmetrical about the peak and at any instant has a Gaussian
shape. The time-integrated lineshape is symmetrical but it does not
have a Gaussian shape since it is due to the integration of Gaussians
of differents widths and heights. Figure 3 clearly shows how most
of the narrowing occurs hefore the onset of laser action at 1,75
microseconds and that the rate of narrowing decreasés when the laser
is saturated. The peak output for this laser was 1.05 kw.'Fiqure 4
shows the linewidth as a function of peak output power, obtained
by varying W

3
16 an? Curves are also given for the case where o is twice

0 The curves are given for 'I‘0 = 1.0 and 0.7 and 0 =
2.14x10
the above value. The solid lines in figure 4 indicate the instantaneous
values at the peak of the laser pulse, while the dashed lines show

the time integrated linewidth for two values of Toand for a laser
cross section of twice the measured value. This value of ¢ is larcer
than the value obtained by neglecting the n? term that was discussed

in the definition of the cross section. The results show that the

linewidth decreased slightly with increasing laser power output.
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The increase in the laser cross section, o(}), decreased the threshold
pump power by a factor of two as expected; however, the linewidth
at a given peak power output was smaller bw only 10 to 15 percent
and hed a very similar dependence on peak power, as can be seen in
fiqure 4. The increase in T0 also decreased the threshéld pump power,
but the linewidth increased by less than 5 percent for the same
'output power,

The effects of the variation of Ter k and Tp were also studied.
The changes in instantaneous lineshape and linewidth were less than
1 percent for values of 15 as large as ‘leo—3 second, while the
change in the integrated lineshape was less than 3 percent, the
optical pumping conditions being identieal to those shewn in figure
2. The peak power of the laser pulse was unchanged for values of 15
less than 5.0x107° second, but showed an increase of 10 percent for
Tg = 5.0x10"7 second and a further increase of 10 percent fortg =

5.0x10™°

second. Thereafter it remained constant as Ty was increased
further. Since Tg is not expected to be larger than S.Oxl()“6 second
(Birks 1970), the results as given should be satisfactory. Furthermore,
the results obtained by neglecting the excited triplet state ( state
5 in figure 1) were identical to the results shown in ficures 2,3
and 4. Changes in k and 1 changed both the output power and the
linewidth for a given optical pumping term, but in such a way
that the graph of fiqure 4 was reproduced. A change in the spantan-
eous emission term by a factor of 10 did not change the results by
more than 1 percent.

chnlthe differential equations, it is clear that, provided

the cross sections are constant over the laser linewidth,
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the ratio of the linewidth of the Fabry-Perot etalon to the final
laser linewidth is a constant and the results indicate that for
rhodamine 6G under the previously mentioned conditioﬁs this ratio
is about 100:3. For wider filters the wavelength variation of the
cross sections will distort the output lineshape towards the peak
of the untuned dye laser.

The output of the lasér with no tuning elements in the cavity
was also computed. The wavelength dependence of the laser output
is now due to the wavelength dependence of the cross sections.
Similar calculations have been performed hy Vrehen (1971). However,
Vrehen does not explicitly introduce the wavelength variation of the
cross sections. Figure 5 shows the computed output for a simulated
power of 4.5 kw. The integrated linewidth is 2.6 nm and the peak of
the laser pulse exhibits a sweep to longer wavelengths with time
of about 1.2 nm, with most of this occuring during the risetime of
the pulse. Results for a simulated power of 1.5 kw were almost
identical, the linewidth being larger by 0.2 mm and the sweep smaller
by 0.4 nm. A small shift in the absolute value of the laser cross
section shifted the peak of the laser wavelength, but did not change

either the width or the sweep.
4 (b). SHORT PULSE EXCITATION (LASER-PUMPED)

It has been shown in the above section that a substantial

'gain narrowing' occurs in flashlamp-pumped dye lasers with a
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wavelength selector of low dispersion. In dye lasers pumped by a
nitrogen laser, the short pulse duration (10 nsecond) severly limits
the number of light passes and there will not be sufficient time
for much'gain narrowing'. Also, if the cavity length is of the order
of the coherence length of the llight, no discrete axial mode stru-
cture is expected (Hansch 1972). This means that the summation over
-the various modes in the rate equations should be replaced by the
integral over the wavelenath . In addition, Sorokin et al (1967)
have shown that the effects of the triplet system can be ignored
under short pulse excitation.

The rate equations were solved under these assumptions using
an Fuler integration routine, with essentially the same dye solution
parameters as the flashlamp pumped case. The results indicate that
essentially no line narrowing occurs during the duration of the laser
pulse. This means that the output linewidth of the nitrogen laser-
pumped dye laser will be essentially identical to the bandwidth of
the tuning element. In this case the filter consisted of a diffraction
grating and a beam expansion telescope (see section II.7(c) and IT.
7(d)). The FWIM of this filter was about 0.0l nm and the calculated
output linewidth was 0.0)l nm indicating no 'gain narrowing'.
Figqure 6 shows the integrated output lineshape assuming the filter

has a Gaussian shape 0.0l nm FWHM and the peak output is 10 to 20 kw.
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5. THE FLASHLAMP PUMPED DYE IASFR

By studying the solutions to the rate equations for various
excitation pulse lengths, triplet decay and intersystem crossing
rates,: the importance of using a rapidly rising flashlamp to over-
come the effects of the intersystem crossing becomes obvious. Thus in
the early flashlamp excited dye laser work, the emphasis was placed
'on the design of a suitably fast excitation source. The first reported
flashlamp-excited dye laser (Sorokin and Lankard 1967a) utilized a
lamp which discharged 100 joules in a pulse with a risetime to peak

- intensity of about 0.3 microsecond and a duration of 1 microsecond.
The lamp used by Sorokin and Lankard was similar in design to that
of Claesson and Lindqgvist (1958). In this arrangement the induétance
was kept at a minimum by using a coaxial arrangement for the dis- |
charge and the electrical connections and by mounting the lamp in the
centre of the energy storagecapacitor. The discharge took place
an annular region between two guartz tubes, the inner of which served
as a dye cuvette. The outer .tube was surrounded by a metal sleeve
which provided the electrical connections between the capacitor
and the lamp, and alsb provided a reflector for the lamp. In the
experiments of Sorokin et al (1968) no advantage was found in using
anything but air at low pressure in the annular region.

Schmidt and Schidfer (1967) obtained similar risetimes with a
conventional xenon flashlamp driven by a low inductance capacitor.
They used a coaxial arrangement for the lamp and the electrical
connections in order to minimize the inductanc-e,‘ and a spark gap

in series with the lamp to permit operation at voltages higher
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than the lamp breakdown potential.

Under certain conditions the risetime requirements for the
flashlanmp are not as severe as previously supposed. Snavely and
Schafer (1969a) showed that air-saturated methanol solutions of

. rhodamine 6G and rhodamine B can be maintained above laser threshold
for periods as long as 50 microseconds while the excitation eneray
‘remains constant. Recently Peterson et al (1970) have obtained CW
operétion of a rhodamine 6G laser using an argon laser to pump the dye.
A summary of other (W dye lasers is given by PFercher and Pike (1971).
Thus by using the proper dyes, conventional flashlamps and flashlamp
circuitry can be utilized to excite a dye laser. This is only possible
however for dyes in which the triplet lifetime is short or in which
a quenching agent can be added to quench the triplet state. A com-
pféhensive survey of most of the dyes capable of flashlamp excitation
has been published by Warden aﬁd Gough (1971).

It has been found in the experiments of Snavely and Schafer
that laser emission can be terminated while the excitation source
is above threshold. This termination was found to be due to refractive
index inhomogeneities caused by nonuniform excitation of the dye. The
effects produced by nonuniform heating of a licuid laser have been
discussed by Winston and Gudmundsen (1964). Results indicate that the

optical cavity deoraded to the point of terminating laser action
in 20 to 30 microseconds.

The excitation produced by a linear flashlamp is nonuniform
and the dye closest to the lamp receives the most energy. As the

temperature of the solution increases, the refractive index changes.
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This hotter dye solution near the flashlamp causes the active medium
to bend the laser beam. The length of the laser pulse will be deter-
mined by the time during which the beam remains within the optical
cavity. 'I"his indicates that the cavity should remain short for longer
laser pulse lengths. In the case.of the coaxial lamp with cvlindric-
ally uniform excitation, the heating produces a lenslike active med-
:Lum The hotter dye near the cuvette wall will have a lower refractive
index and thus a positive lens is produced. This positive lens reduces
the effective radius of curvature of the mirrors that make up the
cavity. The system will continue to oscillate until the effective
radius of curvature of the mirrors decreases to a value for which

the cavity is no longer stable (Kogelnik and Ii 1966). Accordingly,
the longest period corresponds to the shortest cavity.

Iong term heating effects are also observed and produce thermal
schlierenwhich may persist for many minutes in a stagnant dye solution.
These effects are easily eliminated by circulation of the dye solution
through the cuvette. Sorokin et al (1968) observed that without
circulation the pulse repetition rate was limited to ahout one pulse
per ten minute interval. By circulating the dye, a repetition rate
of about one pulse per second was obtained and Loth et al (1972)
obtained repetition rates up to 20 per second.

In the design of a dye circulation system care must be taken
to avoid materials that will react with the dye solvents. These
problems can be overcome by using a magnetically coupled teflon pump
or stainless steel pump and polypropylene tubing for the circulation-

system.
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5(a). THE FLASHLAMP CIRCUIT

In the approach to the design of the flashlamp system, one
must ébnsider the conditions imposed by the explosion limits of the
flashlamp envelope, the voltage on the capacitor and the geometrical
constraints on the size of the lamp. Knowing the voltage-current
.relationships for the flashlamp, one can write the loop ecuations
for the single mesh driving circuits and find their solutions. These
solutions together with the constraints mentioned above can be used
to determine the best methods of constructing the flashlamp system.
The equations characterizing the voltage-current relationships have
been solved by Holzrichter and Schawlow (1970) with the folloQinq
results,

The initial capacitor voltage should be as large as possible
and the circuit impedance should be as small as possible. However,
the self inductance of the lamp is proportional to its length and
its ability to dissipate enerqgy is also proportional to the length.
Consequently one cannot arbitrarily increaseythe capacitor voltage
Vb and with it the tdtal energy dissipated in the lamp and also
decrease the inductance L. These relationships must be optimized
subject to additional restraints.

The design of the circuitry is also dependent on whether or not
the dye is subject to triplet state effects., If the triplet state
can be neglected, the output power of the laser depends only on the
discharge power, until the heating effects discussed earlier term-

inate the laser action. If the triplet state does guench the laser
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butput, high peak discharge power must he sacrificed to achieve

fast rise times. In many cases of interest it appears that the triplet
state'quénching is relatively unimportant and peak power is often
more important than‘rate of rise of the excitation pulse., This is

true for the rhodamine and the coumarin dyes.

Using the results of Holzrichter .and Schawlow (1970) a simple
continuously evacuated linear flashlamp was constructed. The design
of the flashlamp was similar to that proposed by Ferrar (1969). The
lamp was made of quartz tubing with a wall thickness of 1 mm and a
3mm inside diameter. A diagram of the lamp is shown in figure 7
along with the electrical circuitry used to operate the lamp. The .
rubber tubes shown absorb the shock and prevent damage to thé ends
of the lamp. They also provide a vacuum seal. The elctrodes were

- made of stainless steel. The lamps were continuously evacuated to
enhance the risetimes and to minimize internal explosive shock.
Fnergy storage was provided by a 1 microfarad capacitor, triggered
by a spark gap. The arrangement of the circuit and construction of
the spark gap are also shown in figure 7.

The equation given by Folzrichter and Schawlow for the explosion

enerqgy Ex is:

E, = yzd(Lc)‘/“ (19)

where v is a constant, £ is the length of the lamp, d the diameter,
L the circuit inductance and C the circuit capacitance. The value of

Y depends on the lamp and is estimated to be about 6x104 (Ferrar 1969).

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



35

dV9 NYVdS Q3YIOONHL

300442313
recwamTIY

XDMHL W 9°0
“¥IG wa TOL

MIIML WIST
o wI T

HIONITAD \

SS¥I9IX3Td A

l]/—-/

D\

Avid
ONLLNNON WINIWATY

u. Sv3s

oNg-o

HOIHL WD CT r
vig w3 |
a30W1TAD \
ssvul

-

—

—

1

NG WIWSE
EREYET YA

A1 O

3IAVA 3wl Ounv

v

/

154 SZ NIO0MIIN

1

N

s108

b 300812373
¥39914)

WANSYA OL

L 'Ol4

1iN2YID dWVIHSY
CECLITT AHr

s
Av
Wi >
>

¥

xﬁ"/
H
E
dYD  REVSS
L
209
AAAA—
ONQY WIGH :
TIWM %DIHL Q) WwE
3008103713 3801 2.8VN0 300840373
133S wmw;i.(»m/ Q3348 SS3INIVLS
/m | 7.7 : 21 £ 23
= !
| % /1 - 4

FenL «umn:\

43SV 3AQ

d3dnd

dWVIHSVT3

40

A¥LINDHID

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



36

For values of C = 1 microfarad and L = 0.1 microHenry, the explosion
energy is about 200 joules., The number of pulses obtainable from the
lamp is given by Huth et al (1970) as: |

log N = =8,5 log(FO/Ex) (20)

-where N is the number of shots, and E0 is the input energy. This
gives an expected lifetime of 350 to 400 pulses at an input energy
of 100 joules. This value is in agreement with the number of shots
obtained from this lamp operating at 100 joule input energy.

Some experiments were performed using conventional commercially
available linear xenon flashlamps in a double elliptical pumping
arrangement ( described in the next section), However the number
of pulses obtainable from these lamps was aporoximately the same as
the above simple air flashlamp. The xenon lamps did however provide
higher peak output powers, but due to the high cost of the xenon

‘ flashlampé and the comparable lifetimes to the simple design of
Ferrar, most of the experimental work was done with the simple flash-

lamp system.
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5(b). THE OPTICAL PUMPING CAVITY

Organic dye lasers with linear flashlamps have used elliptical,
spherical, close coupled and circular pumping gecmetries. Analyses
of the efficiencies and pumping uniformities in elliptical cavities
have been made by Bowness (1965) and by Fvtuhov and Neeland (1967),
‘and in circular cavities by Wildey (1971).

Both elliptical ahd circular pumping configqurations were used
in the construction of the flashlamp~pumped dye lasers described here.
The elliptical cavity consisted of a double ellipse with a semi-
major éxis of 3.5 ocm and a semi-minor axis of 2.5 cm. The dye cuvette
was 15 am long, 6 mm in diameter and was located at the mutual foci
of both ellipses. This design cavity utilized the commercial xenon
flashlamps located at the other two focii. The diameter of the flash-
lamps was 9 mm with a discharge length of 15 cm. The arrangement of
the dye cuvette and the flashlamps is shown in figure 8. From the
calculations of Bowness (1965) the efficiency, assuming verfect
reflection from the walls, is about 30 percent. The efficiency is de-
fined as the amount of light trapped by the dye cuvette compared to
that emitted fram the flashlamps. Since the reflectivity of the pol-
ished aluminum walls is only about 70 percent, the overall efficiency
is only about 20 percent.

Wildey has shown that the efficiencies of the double ellipse
and the double circular confiquration are almost the same. The double
circular cavity has a similar geometry to the double elliptical
cavity except that the reflecting surface is circular. The distances

between the dye cuvette and the circle centres, and between the
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circle centres and the flashlamps are equal, and in this case have
a value of 1,75 an. For a dye cuvette ¢ mm in diameter and a flash-
lamp 3 mm in diameter, Wildey (1971) indicates the transfer efficiency |
to be about 30 percent. The reflecting surface is a rear surfaced
silvered mirror with a reflectivity of about 80 percent. Thus the
overall efficiency will he about 20 to 25 percent.

Actually purping efficiencies as high as 70 percent can be
achieved from the double elliptical design with the appropriate
selection of the cavity parameters, lamp and dye cuvette dimensions
(Bowness 1965). In contrast, peak efficiencies of only 60 percent
can be achieved with the double circular desion of Wildey, again
with the appropriate cavity, lamp and cuvette dimensions. However,
Wildevy has shown that the circular design produces an improvement
in the pumping uniformity over the elliptical design and since the
efficiencies are approximately ecual, most of the experimental work
was done with the circular reflector and the simple air flashlamp.

For simplicity, only a single circular reflector was used. Calculations
indicate that the efficiency is somewhat larger, although the pumping
uniformity is not as good as the double circular design. Ficure 8

shows the circular gecmetry and the optical cavity and tuning elements

for the flashlamp-pumped dye laser.
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5(c). THE FLASHILAMP-PUMPED DYF LASER CONFIGURATTION

For reasons discussed in the previous sections, the dye laser
used fbr the majority of the experimental work consisted of a flash-
| lamp of the kind described by Ferraf (1969) and a circular pumping
cavity of the kind described by Wildey (1971). The dye cuvette was
‘a quartz tube 7mm outside diameter with a wall thick‘ness 1 mm,

15 mm long. The flashlamp was constructed of quartz tubing with a

3 mm bore. The circular reflector was a pyrex tube with a radius of
1.75 cm and coated on the outside with silver, giving a reflectivity
of about 80 percent.

A 1 microfarad capacitor, charged to voltages of 14 to 15 kv
was discharged through the lamp by a spark gap, which was triggered
by an E.G. and G. TM11 trigger module. The inductance of the circuit
was kept at a minimum by mounting the spark gap directly on the end
of the capacitor, both of which were mounted inside a brass cylinder
to provide a coaxial current return path. The connections to the
flashlamp were also made in a coaxial manner to keep the inductance
minimal.

The dispersive element consisted of a mica spaced Fabry-Perot
etalon of the type described by Dobrowolski (1959) together with a
broad band filter (FWEM 3.0 nm). This arrangement allowed only one
of the Fabry-Perot resonance lines to oscillate, as the free spectral
range of the étalon was about 1.6 nm. The linewidth for this filter
cambination was 0.25 nm as measured with a 0.75 metre Jarrall-Ash

spectrograph.
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5(d). EXPFRIMENTAL DATA

Experimental performance characteristics are given for
operation near 600.0 nm using a 2 x 10—4 M/litre solution of rhodamine
6G in methanol.

The output beam exhibited a divergence of 5 milliradians. The -
‘output power of the dye laser was measured with a calibrated SGD-100A
photodiode, after attenuation of the beam with neutral density filters.
An energy output of about 10 millijoules was measured, which corres-
ponds to peak powers of 3 to 5 kw. This corresponds to a conversion
efficiency of about 0.0l percent since the energy stored in the cap~
acitor was 100 joules. The flashlamp-pumped dye laser pulse shape
was measured using the‘SGD-lOOA diode and a Textronix 551 oscilloscope.
The results indicate a pulse with a duration of 5 to 10 microseconds.
The pulse shape is shown in figure 9 along with the flashlamp pulse.
The bandwidth for the tuned output was measured using a Fabry-Perot
etalon withan instrumental bandwidth of 0.003 mm. The results in-
dicate an output bandwidth of about 0.0l nm at an output power of
1 kw with an estimated error of 10 percent. This is in good agreement
with the calculated results from the rate equations. The output of
the laser with no tuning element in the cavity was also measured.

The untuned linewidth was 3.0 nm. This is to be compared to 2.6 nm
as calculated by the rate equations.

Repetition rates of 1 to 2 pulses per second were achieved
with this lasef. By the use of water cooled flashlamps and rapidly
circulating dye solutions, repitition rates as high as 20 pulses
pér second have been demonstrated for a flashlamp-pumped dye laser by

Ioth et al (1972).
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However, it was found that it was difficult to excite the
near ultra-violet and blue laser dyes with the type of flashlamps
described previously as they did not produce the rapid risetimes
necesséry to overcame the triplet state losses described earlier.
'Also, in order to achieve relatively fast repetition rates (>20
pulses per second), the flashlamps must be water cooled. Both of
.these criteria make it desirable to obtain an alternative method
for pumping the dve laser. For the above reasons it was decided
to use a molecular nitrogen laser to pump the dye laser. This
choice was made because the nitrogen laser-pumped dye laser design
is simple, reliable, has a relatively fast repetitioh rate and can

- be tuned over the entire visible spectrum. The short pulse duration
(210 nanoseconds) make this laser ideal for transient studies such
as atomic or molecular collisions and lifetime measurements. The
next section describes the design and the construction of the

molecular nitrogen laser and the nitrogen laser-pumped dye laser.
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6. THE NITROGEN IASFR

Laser action from the electronic transitions of molecular
nitrogen was first observed in the first positive bands by Mathias
and Parker (1963)and in the second positive bands by Heard (1963).
The laser construcﬁed for pumping the dye laser was based on the
‘superradiant laser line 337.1 nm which is the 0-0 vibrational tran-
sition in the second positive band (C3Hu+ B3Hq). Calculations of
the saturated laser power density at 337.1 nm were first made by
Gerry (1965) assuming direct excitation to the laser levels by elec-
tron impact and later refined by Ali et al (1967) to include the
collisional mixing of the laser levels by electron impact and by
ionizations from the upper laser level, canu. In order to determine
the dependence of the laser power density and its duration on various
circuit and physical parameters, the rate ecuations for the nitrogen
laser will bhe presented. These will be solved for the inversion
criterion and a description of the construction and operation of the
laser and the electrical circuits will be given. Detailed descrip-
tion of the rate equation solutions for the various design para—

meters has heen given by Ali (1969) and will not be presented.
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6(a). THE RATE FOUATIONS FOR THE NITROGFN IASFR

let Ni, N2 and N3 denote the population densities of the
ground state ,' the lower and upper laser levels respectively, and let
Xiﬁ dencte the rate of collisional excitation by electron impact
fram level i to level j where i< j; in is the rate of collisional
'de-excitation fram level j to level i and (Tji)-l is the rate of
radiative decay from level j to level i. let Pji denote the rate
of induced emission, which includes the Einstein's B coefficients,

the linewidth and the energy densitv. The processes involved are

shown in figure 10 (Gleason et al 1972). The rate equations are:

- -1
dN /dt = X N +X N -=- (Y +Y 41 1+T N
3 13 1 23 2 31 32 31 32 3
-R* (N - (g /9 )N) (21)
32 3 3 1 2
-1
N /dt = X N + (1 +Y )N -
2 lZi 32 32 3 .
(1 ~+Y +X )N +R" (N - (g /g )N) (22)
21 21 23 2 32 3 3 2 2
AN /dt = -(X + X IN + (1t "1 +v )N
1 12 13 1 21 21 2
+(t ey N (23)

31 31 3

The enerqgy density OL at the laser frequency is given by:

i
(1/El)dQL/dt = N3T32 +R32(N3 - (qs/gz)Nz) | (24)
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where g3 and g2 are the statistical weights of the upper and lower
laser levels respectively, and E, = hv is the energy of a laser
phéton.f Using the fact that 'r“>> T, ( since the intermultiplet
transitions have much smaller transition probabilities compared to
those among each set), X!; X12 according to the Franck-Condon prin-
ciple, and T, Taz{rszz 40 nsec while .5 10" second (Ali 1967) }

the sum of equations (21l)and (22) can be written as:
d(N +N)/Adt = X N (25)
2 3 13 1.
which has the solution:
N + N = X Nt (26)
Fouations (26)and (21) will give:
AN/dt = X N + (X Nt-N)X - BN (27)
3 13 1 13 1 37 23 3

where B = (_T;:: + Yzz). The solution to (27) is given as:

N o= (NX /2 4t - NX Ja?) (Y +th
3 1 13 32 32 1 13 32 32

- + (N X X (28
exp (-at) ( X, zat/a) {28)

where a =8 + X“. For small times the exponential can be expanded

in terms up to t? giving:
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N = NX t-NX (Y +1 "l)tz/z (29)
3 1 13 1 13 32 32
Equations (2€) and (29) vyield:

N = WBNX (Y + v g2 (30)
2 1 13 32 32 _

The condition for inversion will be that N > N2 and therefore:
3

2/(Y32+ T::ZL) > t - (31)
which implies that inversion takes place in times small compared to
(v, + r;i)"l. Ali et al (1967) have shown that if electron impact
ionization is taken into account, equation (31) should be modified

to include the rate of oqllisional ionization X3m as shown in figure
10, Equation (31) then becomes:

1

2/(Y +1T°- +X )> t (31)
32 32

300
The above quantity is about 15 to 20 nanosecond (Ali et al 1967)
and thus the population inversion must occur in the first few nano-
seconds after the start of excitation. This implies that the electri-
cal circuits used to produce the discharge in the nitrogen gas must
be capable of producing pulses with risetimes of a few nanoseconds.
Since the laser must be constructed with an electrical circuit
capable of producing excitation pulses with risetimes in the range

of a few nanoseconds, the cross field excitation method was chosen
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(Leonard 1965). In the cross field or transverse discharge the dis-
charge occurs hetween two electrodes which are placed each side of
the laser channel along its entire length. This enables long laser tubes
to be used with short interelectrode spacings, so that appropriate
electric field strengths are produced by comparatively low voltages
(10 to 20kv). It has been shown by Ali(1969)that if the discharge
is instantaneous along the entire length of the chamber, one has to
consider the time history of the power density when designing the
length of the laser cavity. In most nitrogen lasers, the laser pulse
density terminates in about 5 to 10 nanoseconds. This implies that
the cavity length must be no longer than about 1 to 2 metres (d =

ct) because the lower laser level is a long lived state (10 micro-
secohds) and hence it will absorb the laser light. However, if one
utilizes travelling wave excitation along the length of the laser
cavity (Shipman 1967), the excitation pulse is synchronized with the
arrival of the laser light from the preceding section and in prin-

ciple the laser cavity can be made as long as desired.
6(b). GENERAL DESCRIPTION OF THE NITROGEN LASER

The laser channel consists of two plates of glass supported
by an aluminum U-channel which serves both for support and as the
grounded anode. The cathode side of the laser channel consists of an
aluminum bar and a band saw blade electrode. Both the aluminum bar

and the U-channel are water cooled. Forty two dumping capacitors
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are rﬁounted in parallel along the laser channel. These are connected
to the cathode by a copper bus bar. The dumping capacitors are also
connected to a low inductance storage capacitor by an aluminum bus
bar pléced over the oopper bus bar (see fiqure 12).

The storage capacitor is charged to 10 to 15 kv through a hleeder
resistor. When the thyratron switch closes grounding the positive
-side of the floating storage capacitor, the other side is established
at a high negative wvoltage. Its charge then flows on the bus bar to
the dumping capacitors which provide the energy for the discharge
in the nitrogen. "hen the dumping capacitors reach the nitrogen

gas breakdown voltage, the discharge is initiated and the dumping
capacitors rapidly discharge. The electrical circuit is constrﬁcted_
in a coaxial arrangement to minimize the inductance and provide the
fast risetimes necessary to cause a population inversion in the nit-
rogen gas. The pulsed molecular nitrogen laser electrical discharae

circuit is shown in fiqure 11.
6(c). MECHANICAIL CONSTRUCTION OF THF IASER

The base of the laser channel is a one metre length of aluminum
U-channel 4.8 x 6.2 cm with a thickness of 1.3 am (see ficure 12).
Four double strength tempered glass plétes (Shenck 1973) form the
side walls of the laser channel. Fach side is formed by two plates,

one 0.5 x 5.6 x 99 av, the other 0.3 x 6.3 x 100 cm, which are sealed

to the aluminum U-channel using General Electric silicon sealant
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(RTV102). The silicon sealant alleviates the problem of mechanical
construction because it is easily applied and stays flexible when
cured. A good vacuum seal is not important because the operating
pressure of the flowing nitrogen in the laser is 15 to 20 Torr.

The dumping capacitors are mounted on each side of the U-channel
as shown in figure 12, Two 3 mm holes centred in the bottam of the
U-channel are used to admit and withdraw the nitrogen.

The band saw blade is about 1 mm thick, 15 mm wide, with verv
little set and teeth every 2mm. It was 1 cm shorter than the laser
channel to prevent the discharge from contaminating the end windows.
The ends of the channel are sealed with optical grade cuartz w;‘ndws
2 mm thick, vhich are attached to.the ends of the glass walled U-
channel with silicon sealant. The entire laser channel was mounted
in an aluminum box 110 x 56 x 34 cm. This provides mechanical supp-
ort for the electrical components and an adjustable front silvered
mirror as well as providing electrical shielding. The nitrogen flow
system contains a standard fore pump to purp dry tank nitrogen with
a nominal purity 99,997 percent, through the laser channel. The pre-
ssure is monitored by an Fdwards C.G.3 speedivac gauge and requlated

by a Hoke 233454B needle valve in the input line.

6(d)., FLECTRICAL CONSTRUCTION OF THE LASER

The camlete circuitry of the molecular nitrogen laser is shown

in figures (13) and (14). The circuit incorporates a unijunction
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oscillator and an SCR to fire the thyratron through a trigger trans-
former. The thyratron is a hydrogen filled F.G. and G. HY35 which
will switch the high voltage when provided with a 1000 volts pulse
to the}grid. In order to prevent hich voltage grid flashback,
which will destroy the triggering circuitry, a negative voltage
must be applied to the grid to shut off the thyratron. This is pro-
vided by a filter between the grid and the triggering transformer,
so that the back voltage produced by its reactance turns off the

A thyratron. The oscillator section has provisions for manual, auto-
matic and external posiﬁive or negative trigger pulses at a repit-
ition rate of from 0 to 100 pulses per second. A reference pulse
is also provided for external use.

The storage capacitor is a léw inductance, 12 nanofarad, 20 kv
capacitor. The low inductance is necessary as the transfer of charge
must be accamplished early in the breakdown of the nitrogen. The
storage capacitor is mounted on the aluminum bus bar, both for mech-
anical support and to make the electrical connection to the dumping
capacitors. The thyratron is mounted on the eﬁd of the storage cap-
acitor, separated from it by a heat dissapative fin. The ground
end of the thyratron is connected to the U~-channel by a metal cyl-
inder that fits coaxially around the storage capacitor and the thy-
ratron. The discharge system is thus coaxial minimizing the inductance.

The high voltage was supplied by a Universal Voltronics 25 kv

supply. The laser required about 5 milliamperes when operating at

20 pulses per seéond and 13 kv,

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



57

6(e). OPERATION AND PERFORMANCE

‘The use of the band saw blade as a multiple electrode structure
resulted in a very uniform discharge in the nitrogen laser cavity
over a pressure range of 10 to 20 Torr. The pulse-to-pulse uniformity
.of the laser was about 10 percent. The threshold of the laser's
operation was about 9 kv at a pressure of 17 Torr . At an input
voltage of 13 kv, the output power was about 110 kW (measured by an
SGD~100A photodiode). The pulse duration was measured using a delayed
coincidence technique (eg. Phaneuf 1973) and found to be about 19
nanoseconds, This gives an energy of about 0.4 to 0.5 millijoules
per pulse. The efficiency is thus, about 0.05 percent since the eneray
stored in the 12 nanofarad capacitor is 1 joule. Fiqure 15 shows
the pulse shape as measured by the delayed .coincidence technicue,
along with the pulse shape calculated from the rate equations as
solved by Ali (1969) and figure 16 shows the peak output power for
various nitrogen pressures. It can be seen that the optirmum operating
pressure is about 17 ‘Torr for an initial voltage on the storage
capacitor of 13 kv.

The power decreased drastically if the first surface mirror
is removed or misalicmed. Removal of the mirror increases the beam
divergence and produces a very inhomogeneous beam. The spectral
output (Massone et al 1972) is a composite of lines in a N,1 nm
bahd about 337.1 nm. The laser will operate with aii' flowing through

the cavity, but with a reduced output and pulse uniformity.
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7. THE NITROGEN IASER-PUMPED DYE LASER

Pulsed molecular nitrogen lasers operating at 337.1 nm have
been used to stimulate dyes to lase with broad band outputs in var-
ious regions of the spectrum by many authors (eqg. Capelle and Phillips
1970, Broida and Haydon 1970, Meyer et al 1970,1970a). A list of
dyes and their lasing ranges when pumped by the molecular nitrogen
laser have been summarized by Capelle and pPhillips (1970a). Fxamples
of the different ﬁethods of obtaining tunable narrow band emission
from organic dye .lasers by inserting dispersive elements into the
cavity have been reported by Soffer and McFarland (1967), Gibson
(1969) , Bradley et al (1968), Walther and Hall (1970) and by Taylor
'et al (1971). As has been shown in section IT.4(a), long-pulse
flashlamp~pumped dye lasers exhibit substantial line narrowing and
the spectral width of the output can be a fraction of a nanometre
using a dispersive element of low wavelength dispersion. In dye
lasers pumped by a molecular nitrogen laser, bandwidthe below 1.0 nm
are more difficult to achieve. As shown in section II.4(b), the
output linewidth of the nitrogen laser-pumped dye laser should not
be significantly different from the bandpass of the dispersive element
inserted into the laser cavity. Capelle and Phillips (1970a) used
a high dispersive grating, but could only achieve a linewidth of
0.5 nm. This is partly due to the short pulse duration and the small
beam diameter of the dye laser. The use of a thick holographic grating

reduced the linewidth to 0.04 nm (Kogelnik et al 1970) and single
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axial mode operation of a nitrogen laser-pumped dye laser with a
linewidth of 0.001 nm has been achieved with a holographic grating
and a Lyot filter (Hansch and Schawlow 1970) or a grating and a
Fabry?Perot etalon (Hansch and Schawlow 1970, Itzkan and Cunningham
1971). Bowever the wavelength reproducibility of the last two methods
was unsatisfactory.

Stable narrow band emission (0.0004 nm FWHM) of a nitrogen
laser-pumped dye laser has been described by Hansch (1972). In this
design, an intracavity beam expansion telescope together with a
diffraction grating in a Littrow mount and a tilted Fabry-Perot
etalon provided convenient, highly reproducible wavelength tuning
with good stability. Peék output powers in the kilowatt range can be
generated with pulse lengths in the 5 to 100 nanoseconds ranage at |
repitition rates up to 100 pulses-per-second. Since this design
proved to be a reliable narrow band dyve laser, the laser constructed
was based on the design of Hansch. Futhermore, since the sensitized
fluorescence experiments that were done with this laser did not re-
cquire linewidths as narrow as 0.0004 nm. the Fabry-Perot etalon was
not used. This resulﬁed in some inefficiency in exciting the alkali
vapours, as the resulting linewidth of the dye laser was about a
factor of ten larger than the Doppler widths of the alkalis that
were studied., However, it ensured a thermal velocitv distribution
of excited atoms as the exciting line is much wider than the absor—-
bing line, and reduced the problem of maintaining the dye laser

wavelength at the centre of the absorption peak.
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7(a). GENERAL DFSCRIPTION

Since an unsaturated single pass power gain of 1000 over a
pathléngth of a few millimetres can be easily achieved in a dye
laser puwped by a nitrogen laser (Shank et al 1970, Hinsch et al

- 1971 ), one can use very narrow band wavelength selective devices,
'despite their losses.

The basic components of the dye laser based on the above criteria
are shown in figure 17. A side pumped dye cell is placed in a cavity |
30 em long using a diffraction grating as a wavelength selective
end reflector. Since only a thin layer near the inner wall of the dye
cell is excited by the pump light from the nitrogen laser (seé figure
17), diffraction causes a substantial angular spread of the emerging
light, which would limit the resolution obtainable from the angle
deperident grating (Born and Wolf 1970). In addition only a small
portion of the grating would be illuminated, further limiting the
resolu_tion. As a result an inverted telescope is placed inside the
cavity to ensure that the beam illuminating the grating is well
collimated and oovers a large area to ensure good resolution. Fine
tuning is achieved by mechanically changing the angle of incidence
of the diffraction arating. All parts of the dye laser head were
mounted rigidly on an opt:'gcal bench. The output mirror and the diff-
raction grating were supported in precision anqular orientation de-

vices with adjustments controlled by micrometer screws.
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7(b). THE DYE LASER AMPLIFIFR

The dye cell is 10 mm long and constructed from pyrex tubing
of 14 mm outside diameter. Pyrex end windows were sealed to the cell
under a wedge angle of about 10 degrees to avoid internal cavity
effects. The seals were made with epoxy glue or RIV102. Dve solutions
.that, contained methyl alcohol dissolved the epoxy and in this case
the silicone sealant was used. A quartz cell with quartz windows was
also constructed using Vittal quartz transfer tapes to make the seal.
The dye solution is transversly circulated at a rate of approximately
1 litre per minute using a small centrifugal pump.

The ultraviolet light (337.1 nm) from the molecular nitroéen
laser was focused by a spherical cquartz lens of 10 am focal length
into a line approximately 0.07 mm wide at the inner cell wall. To

. provide a nearly circular cross section, the dye concentration was
adjusted so that the penetration of the pump light from the nitrogen
laser was about 0,07 mm. This means that the dye solutions will be
relatively insensitive to small amounts of impurities, as the con-
centrations used werev about 5 x l()"3 M per litre to achieve the above
conditions. By solving the rate equations of section II.2 it can be
shown that the relative density of the excited singlet state can
reach 20 percent under these conditions.

Even though the pumping energies are high (several Joules per

1. Vitta Corporation, Wilton Conn.
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cm3) , no thermal optical distortions are observed during the short
excitation pulse, thus the amplifying medium remains very homogen-
ious :during the pulse. The thermal schlieren effects occur with

a time delay after the absorption of the pumping light (Hansch 1971la).
The return to optical uniformity before the next pumping pulse is
‘ensured by circulating the dye solution.

Most of the previous nitrogen laser-pumped dye lasers used
longer dye cells (Myer et al 1970, Capelle and Phillips 1970a, Kogelnik
et al 1970, Capelle and Phillips 1970). Tn this situation the small
signal gain is so high that gain saturation is reached in a single
pass and the tuning element has no effect. This saturation of the
dye medium by amplified unfiltered spontaneous emission is called
superradiance. In addition it is difficult to match the active vol-
ume to a diffraction limited beam due to the large ancular diver-

gence resulting fram the small active cross section.
7(c). OUTPUT MIRROR AND BEAM EXPANSION TELFSCOPE

A plane mirror is mounted at one end of the cavity as an output
mirror. For use with high gain dyes such as rhodamine 6G, POPOP and
4 methyumbelliferone, an uncoated quartz surface with 4 percent
reflection is sufficient. However for dves with relatively low gain,
a higher reflectivity mirror should be used.

Spontaneous fluorescence emitted into the near axial directions

in the active region is amplified. Part of this light is reflected
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by the plane output mirror back into the dye cell, where it is
further amplified and emerges as a narrow beam at the other end.

The angular divergence of the beam is essentially diffraction limited
(Hénséh 1972). If one assumes a Gaussian beam profile with radial

intensity distribution given by:

I = Io exp (-2r?/w?) (34)

with waist size wl at the centre of the active volume, the diffraction
limited angular divergence of the emerging beam is given by (Kogelnik

1965) as:
Ael = A/'nwl (35)

At a waist size of 0.07 mm and a wavelength in the 500.0 to 600.0 nm
range, the divergence angle Ae1 is about 2.4 mpilliradians.

The cavity telescope consists of two lenses L1 and L2 of focal
lengths f1 = 3 mm and f2 = 80 mm. PBoth are antireflection coated
multielement systems.'The separation between the dye cell and L1 is
about 2 cm. The telescope is mounted in such a manner that it can
be moved freely in all directions using micrometre adjusting screws.

The waist diameter w, of the ‘expanded beam at optimum colli-

mation can be calculated according to Kogelnik (1965) to be:

w? = (/) {w? + (F -d)2(\/mw )?} (36)
2 2 1 1 1 1 1
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 The initial waist size of 0.07 rm is thus enlarged by the telescope
to about mz = 4 mm. (if ) is about 500.0 nm), and the divergence is

reduced to:

A8 = Mmw_ = 0.04 mrad. (37)
7(d). THE DIFFRACTION GRATING

The high order diffraction grating (blaze angle €3 degrees,
600 lines/mm) is held in a precision anqular orientation mount with
a mechanical resolution of 0.02 arc-second. If the angle of inci-
dence is ¢, the anqular dispersiqn of a diffraction grating in a

Littrow mount is given by Born and Wolf (1970):
d¢/ax = (2 tanéd)/X (38)

Since the attainable resolution is proportional to the number of
grooveé, the grating must be at least as large as the oblique beam
cross section 2w2/cos(¢). Tf the back reflected heam is displaced

by one beam waist at the dye cell active volume, it will not be tran-
mitted and thus further amplified. The deflection angle at the grating
will thus be at least equal to the heam divergence Aez. The corres-—

ponding wavelength deviation is given by equations (37) and (38):

= 2 '
AAg = A /Zﬂmztan(¢) (39)
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Under the above conditions the estimated linewidth of the nitrogen
laser-pumped dye laser will be about 0.01 nm. From the earlier dis-
cussions, the resultant linewidth of the nitrogen laser-pumped

dye laser should also be about 0.01 nm.
7(e). OPERATION AND EXPFERIMENTAL DATA

Experimental performance characteristics of the dye laser are

given for operation near 600.0 nm using a 5 x 1073

M per litre sol-
ution of rhodamine 6G in methanol. Similar data has been obtained
in other regions of the spectrum with POPOP in toluene and 4-Methy-
lumbelliferone in methanol.

The output beam exhibits a near diffraction limited divergence
of about 2,4 milliradians. Some weak side maxima, which arise due
to the nonuniform transverse gain distribution in the side pumped
confiqguration, are easily eliminated by the insertion of an external
pinhole. The output power of the dye laser was measured with a cal-
ibrated SGD~100A photodiode. An energy output of 50 microjoules: was
measured which c,orresponds to peak powers of 5 to 10 kw, assuming
a dye laser pulse FWHM of about 4 nanoseconds. This corresponds to
a conversion efficiency of about 10 to 15 percent as the molecular

" nitrogen laser output energy is ahout 0,04 millijoule per pulse.

The dye laser pulse shape and duration were measured using a delayed

coincidence technicque (eg. Phaneuf 1973). The results indicate a
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pulse with a duration of about 10 nanoseconds (see fiqure 18).

The bandwidth was measured using a Fabry-Perot etalon with a free
spectral range of 0.02 nm and an instrumental bandwidth of 0.004 nm
at 600.0 nm. The results indicate a bandwidth of about 0.01 nm FWHM.
This result is in good agreement with the theoretical value dis-
cussed previously.

"1t has been shown (Hansch 1972) that the fluctuations in the
frequency are less than 0,001 nm, in the absence of undue temperature
variations and mechanical vibrations. However the variation in the
peak output power was measured to be about * 15 to 20 percent. This
fluctuation is indicated in figure 18, |

This design of tunable laser is capable of operation up to 100
pulses per second. The spectral purity, nearly diffraction limited
beam divergence and reproducible wavelength tunability render this
laser a powerful tool for optical spectroscopy. The short pulse
duration (10 nanoseconds) make this laser an ideal instrument for
dynamic studies, such as the measurement of relaxation rates, life-
times and collisional processes. It has also proven to be useful
for nonlinear spectroscopy technicques and high resolution spectro-
scopy of Doppler broadened transitions (Hansch et al 1971b). In the
remainder of this report the description and results of two atomic

collision experiments performed with this laser will be discussed.
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11T, TRANSFFR OF ELFCTRONIC EXCITATION BETWEEN THE 6°P /
3/2

/2 S'I‘ATESOFKIBIDIIMANDTHE?zP/ AND
3/2

STATES Or CFSIUM INDUCED BY COLLISIONS WITH

AND THE 62Pl
THE 72P

1/2
GROUND STATE ATOMS OF THE SAME TYPF

1. THEORETICAL

'I‘he processes that ensue when one fine structure state of the
n’P alkali doublet is irradiatéd with a short pulse (=10 nanoseconds)
of light are shown schematically in fiqure 19. The energy levels are
taken from the tables of Moore (1952). The inelastic interactions

of interest for rubidium may be represented by:

Rb(62PJ) + Pb(SZS;E) > Rb(GZPJ.) + Rb(SZS%) + Ehem (40a)

Rb(GZPJ) + Rb(st;s) > 2Rb(SZS;5) + Fnergy : (40b)
2 2 - 2 2

Rb(6%P) + Rb(SVS;s) 2 Rb(4,5,6 xJ..) + Rb(5 S%) + Fnergy (40c)

where J or J' is 1/2 or 3/2 and J'' is 1/2,3/2 or 5/2 depending on
whether X represents the states S,P or D. Similar equations.can be
written for cesium involving the 628;5 ground state and the 72P doublet.
Equation (40a) describes the mixing of the 2PJ substates and is the
primary subject of this investigation. In addition to the mixing

processes, quenching to the ZS; ground state and transfer of excitation
. 2
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to the lower lying 28, 2D and %P states, described by equations
(40b) and (40c) respectively, may also occur.The latter processes
jointly manifest thémselves as the total effective quenching of the
2p stétes. In figqure 19, the mixing collisions in the lower lying
2p and 2P states havebeen neglected, since although they will be
present, they will not influence the measurements. If we represent
'the 62P3

state of rubidium ( or the 72P3 state of cesium) by the

/2
subscript 2, and the 62Pl

/2

state of rubidium ( or the 7%P state
/2 - 1/2

of cesium) by the subscript 1, and define the pumping rate to state

2 as sz(t) and to state 1 as sl(t), we can write the following rate

73

equations for the P states ( the following arguments apply to both

rubidium and cesium) :

e
i

s (t) +NZ2 -N(@Q/r +1/t +1/t +1/t +
2 1 12 2 2 3 7 6

2 +2 +3% . +2 . +7Z )
20 21 20" 22" 21"

P
1}

s (t) + N2 -N{(1/r +1/t +1/t +
1 2 21 1 1 " 5

Z +7 +12

+Z )
12 10 21

If we now write :

1/t 3/2

1/t + 1/t + 1/t + 1/t
2 3 6 7

1/t

1/1l + l/r“ + 1/15
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and letting:

r- = 1/t +2 + (2 +72 + 7 +7Z ) ‘ (45)
2 3/2 21 20 20! 22" 21"

r = 1/t +2 + (2 +7Z + 2 ) (46)
1 1/2 12 10 21! n'

we get the following equations:

N = s (t)+NZ ~-NT (47)
2 2 1 12 2 2

N = s (t) +N2Z =NT . (48)
1 1 2 21 11

where N1 and N2 represent the density of atoms in the levels 1 and
2 respectively.

Previous work on collisional mixing between the fine structure
states of the alkalis has been performed with continuous excitation
by either sl(t) or by sz(t). The solutions for N1 and N2 are then
constants together with transients that depend on the initial con-

ditions. Neglecting the transients, equations (47)and (48) become:

0 = s2 + le -NT (49)

o
]
w0
+
=]
~
~N
1
2z
~4

(50)

The solutions to these equations and the relationships between
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the measured intensity ratios of the fluorescence and the values

of the Z's are discussed by Siara (1973) and Phaneuf (1973). Fauations
(47) and (48) can also be integrated over all time for the case of

s (t) and s, (t) having a finite duration and assuming that the initial
and final values of N1 and N2 are zero. Equations (47) and (48) then

. become:

0 = g' +N'Z = N'T , (51)
. 2 1 12 2 2

[
i

s'l + N;Z21 - N;l"1 (52)
where the prime indicates the value of the time integrated cuantity
(eg. N; = {Nz (t)dt ).
The similarities between (49), (50) and (51),(52) are obvious
and by measuring the time integrated-fluorescence intensities, Zl ,
and Z21 can be determined by the same formilae as were used in the
continuous excitation method that was used by the above authors.
Unfortunately measurements of the total time integrated fluor-
escence are not possibie because of the presence of laser light that
is scattered by the glass surfaces of the fluorescence cell. In
order to eliminate the errors due to this scattered, unabsorbed laser
light, the detection system was gated on after the termination of the
laser excitation pulse. The values of the time integrated populations,
as calculated from the equations (47) and (48), now depend on the I''s,

the Z's and also on the exact time dependence of s (t) and s (t).
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The intensity of the fluorescence at the photodetector can be
written as:
I = k ‘ 5
abhvabNaAab (53)
where kabis a factor that depends on the geametery of the detection
'system and the transmission of the optical elements, hv .1, is the eneray
of a photon of frequency Vab where a is the upper state and b is the
the lower state, Na is the population of radiating level a, and
Aab is the Einstien A coefficient for the transition a -+ b. The

integrated signals from the detector corresponding to the fluorescence

from each level can be written as:

D = khv NA : D = khv VA (54)
1 1210 1 10 2 21 20 2 20

where the k's are apparatus constants to be determined and Nl and

ﬁz are defined by:

N = SfNat s+ N = [fWNat (55)
1 1 2 2
t t
9 g

with tg being the gate turn on time.
The A values for the transitions are derived from the measured
values of the lifetimes and the theoretical branching ratios. The

lifetimes for rubidium are:
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11.4 x 10—8 second (Pucka et al 1966)

2
T(6 Pl/z)

) = 11.68 x 10”° second (Gallagher 1969)

’ 2
1(6 Ps/2

and for cesium:

) 15.5 x 10"° second (Altman and Kazantsev 1970)

7%p
Tt 1/2

T(7%p )
3

/2 12.2 x 10°% second (Markova et al 1967)

The branching ratios for rubidium are:

6°p + 525 ; 0.27 (Heavens 1961)
1/2 1/2 -

62p + 52g 0.31 (Heavens 1961)
3/ 2 1/2

and for cesium the branching ratios are the average values taken

from the calculations of Heavens (1961) and Warner (1968) and are:
2 + 62 0.27
7 P1 /2 6 91 /2

7%p + 6% . 0,41

The ratio of the sensitized to resonance fluorescence signals

is defined by:
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u = kv NA /kv Na (s = 0) (56)
1 1210 1 10 2 20 2 20 1

u = kv NA skv NA (s = 0) (57)
1 2120 2 20 1 10 1 10 2

'ul and u2 are the measured cquantities and their values depend on the
collision numbers together with the I's, A values, tc7 and the time
dependence of s and s, The method of obtaining the Z values fraom
the measured M and M, was as follows. The dye laser pulse and thus
s (t) or s, (t) could be represented quite accurately by s, (t) =

’

: al’zsinwt for t < to where wt °=1r and to is the duration of the
laser pulse. The solution to the rate equations when s (t) and s (t)
have this form has been discussed by Copley (1969) and will be pre-
sented here for completeness.

For the dye laser used in the experiments, t0 = 10 nanoseconds,

thus the rate equations (47) and (48) can be solved to give the

following results:

i

N1 (t) Alexp(—rlt) + Azexp (—rzt) + Aasinwt + A“coswt (58)

it

N2 (t) Blexp(-r‘lt) + Bzexp(-rzt) + Basinmt + B“coswt (59)

The coefficients can be derived from the initial conditions

N1 (0) = NZ(O) = 0 and le (0)/at = 51(0) and sz (0)/dt‘= sz(O).

Using these conditions we get:
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A= (rA +WA)/(r -1r)
1 2 4 3 1 2
A = (rA +wA) /(r -r)
‘:2 1 &4 3 2 1
A = {(’T -2 2 =-w)(% a +Ta) +?( +T)al/
3 1 2 12 21 21 2 21 1 2 1

{((rrv =2 2 = )2 42’ +T )2}
1 2 12 21 1 2
A= {('T -2 2 -owdaw -l +T)(Z a +Ta)l/
1 2 12 21 1 1 2 21 2 2 1

{(CT =w?=-2 2 )24+ +T)2%
1 2 21 12 1 2

B = (rB +uwB) /(r -r)
1 2 4 3 1 2

B = (rB +uwB)/(r -r)
2 1 & 3 2 1

B = {('T -2 2 -w?)(Z a +Ta)+uw(’ +T)a}l/
3 1 2 12 21 12 1 1 2 1 2 2

{(rr -2 2 -w?)%4+ W3 +7)%
1 2 12 21 1 2

B = {('T -2 2
1 2 12

-wwa - w(l +T)(Z a +Ta)}l/
21 2 1 2 12 1 1 2

{rr -2 72
12 12

- w?)? + (. +T )32}
21 1 2t
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(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)
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and r and r are given by:

a1
i

(r +I‘)/2+L5{(I‘—I‘)2+47.z};5 - (68)
1 2 1 2 12 21

(r +TY)/2 - % -T)*>+42 7 }!S (69)
1 2 1 2 12 21

H
it

After excitiation ceases at t = 'to yielding a = a2 = 0, the initial

conditions for the decay become Nlo = N1 (to) and N20 = N2 (to)'

The rate equations for the decay became:

Ze
]
=
N3
[}
A
3

(70)
1 2 21 11
N = NZ - NT (71)
2 1 12 2 2
These have the solutions:
va(t) = A; exp(-rlt) + ‘A; exp(—rzt) (72)
= B - + B - 73
N2 (t) B1 exp ( rlt) ; exp ( rzt) (73)
Where the coefficients are given by:
A' = (M Z +N (r -T)H)}(lxr -r) (74)
1 20 21 10 2 1 2 1
A' = (N Z +N (r -T)}/(r -1) (75)
2 20 21 10 1 1 1 2
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B* = {N Z +N (r -T)H)}(r -1r) (76)
1 10 12 20 2 2 2 1

B' = (N 2 4N (r -T)}/(x -1r) (77)
2 10 12 20 1 2 1 2

The values of uland uz as calculated froan the above set of equations,
.were then campared to the measured values of the u's and the 2's
adjusted until agreement was reached.

In the above analysis it has been assumed that collisional tran-
sitions to the lower lying S,P and D states are negligible. This is
a reasonable assumption in view of the large energy separations
between the P states of interest and the lower lying states (Siara 1973).
Collisional quenching to the ground state would manifest itself as
a departure fram linearity of the plots of collisional numbers 2
against rubidium or cesium density (Siara 1973). As will be seen,
the plots are linear to within the statistical errors. We can there—
fore assuﬁe that quenching to the ground state is of negligible
importance in alkali - alkali collisions.

| The average effective collision cross section Qef' describing
the oollisional transfer e + £, is related to the differential cross
section for this process by the equation (Pimbert 1972):

[+ ]

Zef = No {qef(v)vf(v)dv 7%

where N0 is the density of ground state atoms, qpf(v) is the

aifferential cross section and f(v) is the wvelocity distribution
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of the colliding atams. Since the function q,¢(v) is not known, an
average or effective Qef is taken by writing ecquation (78) in the

form:
2 = N Q v ‘ (79)

where v is the mean relative velocity of the colliding partners
assuming a Maxwell=Boltzmann distribution of velocities. Vv is related
to the temperature of vapour by v = (8kT0/m"n')!5 where m is the reduced
mass of the colliding partners and 'I‘0 is the absolute temperature

of the vapour.

In this manner, by exciting the atoms with each ccmponent; of the
2p doublet in turn and measuring the corresponding fluorescence int- |
ensity ratios M and M, it is possible to determine independently
the mixing croés sections le and 0, - According to the principle

of detailed balancing, the cross sections should bhe related by:

Q Q. = (gz/gl) eXp(-AE/kTD) (80)

12 21

where 9 = 2 and g, = 4 are the statistical weights of the 2Pl /2

and the 2P3 /2 states respectively and AE is the enerqgy splitting

-1
of the fine structure states, amounting to 77 an = for the ?P states

of rubidium and 181 cmml for the 72P states of cesium.

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



83

2, FXPERIMENTAL

2(a). , DESCRIPTION OF THE APPARATUS

The arrangement of the apparatus is shown in fiqure 20. The
‘light fram the dye laser was focussed to a line in the corner between
the entrance and exit windows of a quartz fluorescence cell (Krause
1966). The cell is similar to the original desian of Wood (1914).

The fluorescence emerging at right angles to the exciting beam was
collimated and detected by a pair of photomiltiplier tubes, which
were adjusted to have the same sensitivity. Each phototube viewed
the same vplume element of radiating gas (Ocheltree and Storey 1973).
With this arrangement, both the sensitized and resonance fluorescence
can be observed simultaneously by placing the appropriate wavelength
- selectors in front of the phototubes. In this experiment one photo-
tube was used to observe the sensitized transition using a monoch-
romator as a wavelength selective device, while the other phototube
observed the total radiation emitted from the cbserved volume. Since
the sensitized fluorescence is weaker than the resonance fluorescence
by a factor of 10% to 104, the total emitted radiation essentailly
corresponds to the resonance transition.

The reasons for measuring both the sensitized and the resonance
transitions simultaneously are twofold. Firstly it shortens the |
data acquisition time and secondly it minimizes inacurracies duve to
fluctuations in the output intensity and frequency of the dye laser.

It was found that the pulse-to-pulse reproducibility of the dye
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laser was only £20 percent, and the output intensity tended to de-
crease with time. This decrease was attributed to heéting and photo~
bleaching of the dye. The freguency jitter was smaller than the
laser iinewidth, but still caused small fluctuations of the alkali
fluorescence intensities.
| Since the frequency selection of the dye laser was performed
5y a diffraction grating, the output tended to be polarized parallel
to the direction of the grooves in the grating. If we refer to fiqure
20, this means the laser output was partially linearly polarized
in a plane normal to the plane of the diagram. In the case of the
alkalis, if wé excite the nzP3 /2 state, the fluorescence from this
state will be partially polarizedgin the same direction as thehexciting
light. However, the sensitized fluorescence from the nzPl/2 state |
will not be polarized (Feofilov 196l1). With increasing alkali density,
collisions will tend to depolarize the resonance n2P3/2 state. This
effect can be very large for resonance depolarization between atoms
of the same kind (Feofilov 1961). Therefore, if the resonance rad-
iation detector is polarization sensitive, the signal from this det-
ector will not be a tfue measure of the population of the n2P3/2 state.
To enable both phototubes to view the same volume element of
fluorescing-vapour, a beam splitter was placed in the output from
the fluorescence cell. This intréduces polarization sensitive det-
ection into the system, since the beam splitter preferentially ref-
lects light polarized in a plane perpendicular to the plane defined

by the incident and the reflected rays (Shurcliff 1962). However,
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for a dielectric beam splitter near zero incidence, calculations
using Fresnel's equations for reflection and transmission coeffi-
cients: (Corson and Iorrain 1962) indicate all polarization directions
are reflected with almost ecqual intensity. Thus, provided the angle

8 in figure 20 is small, very little error will be introduced in
measuring the nzp3 /s transition, For this experiment, 6 was about

8 to 9 degrees. Since the sensitized radiation is always depolarized,
no error should be introduced by the beam splitter or the monochro-
mator. When the nzP1 /2 state is excited by the laser, both the res-
onance and the sensitized lines should be depolarized (Foefilov 1961),
and no errors will be introduced by the beam splitter.

I.T.T. FW130 photomiltiplier. tubes with S~20 spectral responses
were used. Power to the phototubes was supplied by independent Fluke
412-B péwer supplies. The outputs of the phototubes were sent to the
counting circuits described in the next section. The monochromator
used to isolate the sensitized lines was a 0.25 metre Jarral 1-Ash
instrument with a dispersion of 1.6 nm per mm. The output optical
system, which included the two phototubes, the monochromator,

. collimating lenses and the beamsplitter_; was enclosed in a light tight
.wooden box.
A glass vacuum system, evacuated by an Fdwards E02 oil diff-

usion pump and backed by an ES35 rotary pump was used to evacuate the
fluorescence cell through a greaseless stopcock placed inside the
oven. The vacuum in the system was measured with a C.V,C. model
GIC-110-B ionization gauge equipped with a GIC-OlS-C ion gauge head
(10“.3 to 10-'8 Torr). With this arrangement, pressures below ‘10-7 Torr

could be obtained consistently.
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A side~amm 2 am in diameter and 5 am long served as the resevoir
for the rubidium or the cesium metal, whose temperature determined the
vapour, density in the cell. The side arm was heated by circulating
oil through a copper coil placed around the side-arm. Thermal contact
was ensured by using silicon grease between the coils and the side-
.arm. The fluorescence cell was mounted in a doubled-walled oven con-
sisting of an outer transite box and an inner aluminum box. The
transite box was equipped with pyrex windows. The inner box was
heated by two G.E. JX2Bl strip heaters. The power to the strip heaters
was supplied by a Powerstat variable autotransformer (0 to 120 volts),
connected to a requlated AC line. The inner surfaces of the transite
box were lined with aluminum foil.and the space between the inner
aluminum box and the outer transite box was packed with fibre wool
to reduce heat losses and to improve the uniformity of the temper-
atﬁ.re within the oven. The temperature of the inner oven was maint-
ained at about 440 degrees K. Calibratéd copper-constantan therm-
ocouples, used in conjunction with a ILeeds and Northrup millivolt

- potentiometer permitted temperature measurements at various locations
in the oven and side~arm with an accuracy of * 0.1 degree K. The
temperature of the main oven was uniform to within * 2 degrees K

and remained stable to + 1 degree K for the duration of the experiments.
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2(b). THE PULSE COUNTING SYSTEM

The lifetimes of the excited states of the alkalis of interest
are abbut 100 nanoseconds and a computer simulation shows that 99.8
percent of the integrated fluorescence intensity will occur within
1 microsecond. For a typical laser repetition rate of 20 pulses per
.second, the duty cycle of the signal detection system is therefore
2 x 10-5. In the next section it will be seen that for the countinag
system, a collection rate of less than 1 signal pulse in 10 dye laser
pulses should be maintained. Hence the signal collection rate is less
than 2 pulses per second, whereas the dark current for the phototubes
is about 100 pulses per second. Ig order to improve the signai-to—
noise ratio, the phototubes were turned on for approximately 1 micro;
second. This does not change the average signal count rate, but it
reduces the average dark count rate to 2 x 10.-3 pulses per second
and the signal-to-noise ratio rises to a reasonable value. Furthermore,
gating the phototubes on after the termination of the laser pulse
eliminates the pulses due to laser light that is scaﬁtered from the
glass surfaces of thé cell. A narrower spectral linewidth of the
laéer output would be an advantage, since the iight would be absorbed
in a short distance within the cell. Fowever, a narrower linewidth
also requires a more stable wavelength control and the elimination

of vibration in the optical components.
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A number of methods have been used to gate phototubes (Albach
ahd Meyer 1973). Pulsing one of the dynodes tends to produce spur-
ious noise transients, while pulsing the cathode and/or first dynode
gives rise times in the response of more than 20 nanosecond. Pulsing
the last dynode does not give good cut-off ratios and all these
methods require pulses in the range 100 to 200 volts. For these
reasons the output of the phototubes was sent through‘ a simple ele-
tronic gate and the phototubes were left on continuocusly.

The electronic gate system consisted of a pulse amplifier, a
TTI, SN7408 AND gate, a Signetics NES555 timer used as a pulse shaper,
and E.G. and G. SGD-100A photodiode and a Universal AD-YU Flectronics
model 20Al delay line. The arrangement of the camponents is shown
in figure 21 and the electronic schematics are shown in figure 22.
The pulse amplifier, which has a gain of 200 and a bandwidth of
10 MHz is used to amplify the phototube pulses to a level of 1 volt
which is sufficient to activate the AND gate.

The system works as follows. The output pulse of the dye laser
is sampled using a 4 percent beam splitter and the photodiode. The
output of the photodiode is sent through the delay line. This allows
positioning of the gate pulse to accept only fluorescence pulses
and to reject the scattered, unabsorbed laser light. The pulse from
the diode is then shaped in the NES55 timer to give a sauare pulse
of 1 microsecond duration, 4.5 volts peak and a rise time of 40 nano-
seconds. This pulse is sufficient to activate the AND gate such that

the effective time resolution of the circuit is a few nanoseconds.
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The AND gate operates such that it will only produce an output pulse
if the pulse from the phototube arrives during the time interval
that the pulse fram the timer is at thé AND gate, otherwise no out-
put is seen.

Duplicate circuits were constructed for each phototube. The out-
puts of the two gates were fed to Philips PW4230 scalers and the
counts were recorded on a printer.

.

In order to obtain meaningful results the ratio k1/zk \ 1in equ-
ations (56) and (57) must be evaluated. This was acccxﬁplished by
tuning the monochramator to the resonance transition so that both
phototubes simultaneously viewed the same signal. Neutral density
filters were then inserted to reduce the counting rates of both
phototubes‘ to values such that corrections for the dead time of the
scalers could be made as described in the next section. The response
of both the monochromator and the phototubes is essentially the same
for both fine structure lines according to the manufacture's spec~
ifications and hence the ratio k1 {k \ 1(or k2 1/k1 2) was simply determined
from the counting rates and the transmission factors of the neutral

-density filters. The latter were measured on a Carey double-beam

1
spectrophotometer.

1. Gratitute is expressed to Dr. M. Schlesinger for performing the

measurements on the neutral density filters.
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2(c). COUNTING LIMITATIONS

The counter used in the experiment has a non-paralysable dead
time of approximately 1 microsecond. This places certain limitations
on the mean number of pulses per counting interval since‘the counter
can only register one pulse during one microsecond., We must therefore
‘ensure that m, the mean number of pulses per counting interval is
small enough that the probability of more than one pulse in the coun-
ting interval is very small and can be corrected in a simple stat-
istical manner. This can be done in practice be inserting neutral

density filters in front of the phototubes until the counting rate

is at the desired level.
Poisson statistics apply to évents which have a small but con-
stant probability of occurence. The probability of a photon beina
emitted at any instant is proportional to the number of ataﬁs in
- the upper state corresponding to the transition. We therefore do
not have a constant probability of detecting a photon during the
countihg interval. Bowever, the total number of excited atoms that
exist during the counting interval is constant to within the fluct-
uations of the laser intensity. The probability that a photon will
be observed during the counting interval is therefore constant from
interval to interval and the probabilities for observing zero, one,
two, etc. photons in phe interval will therefore obey Poisson stat-
istics.

Iet m be the true mean number of pulses per counting interval.
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The probability of observing n pulses is:
n
P(n) = m exp(-m)/n! (81)

where n! means n factorial. The ratio of the probability for
observing more than one pulse to the probability of observing one
‘pulse is given by:

Lo (82)

o 8
3

exp (~m) )23 mn/n!/{m exp(-m)} =

For small m, the first term dominates and the ratio is m/2. For an
error of less than 5 percent this means m must be less than 0.1.

It is possible to make corrections to the observed mean number
of pulses per counting interval to obtain the true mean m. If we

have N counting intervals, the true number of pulses is given by:
NE nP(n) = Nm (83)

The measured number of pulses is given by:

oo (=]

R = N 2; P(n) + N P(0) }1IP' (n) (84)

P(0) is the true probability of zero signal pulses and P'(n) is
the probability of n dark current or scattered light pulses. The
second term has this form because only those dark current pulses that

occur when there areno signal pulses will add to the counts. We can
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measure P'(n) in a separate experiment by tuning the laser off the
absorption line and measuring the counts. Since the dark current

and the scattered light chey Poisson statistics we have:

P'(n) = exp(-r)r'/n! (85)

where r is the mean number of noise pulses per interval. In the
dark current measurement, the total number of counts registered is
given by:

©

N')iIP' n) = N{1-P'(0)} = N'{1 - exp(~r)} (86)

where N' is the total number of counting intervals over which the

v}

measurements occur. Hence }1:P' {n) can be evaluated. The measured

number of pulses (signal + dark noise etc.) can be written as:

N{1 - P(O)} + NP(O)?P' (n) = R (87)
Rearranging gives:

P(M) = (1 - RrM)/{1 - ;;P' (n)} (88)
Since P(0) = exp(fm) , m and hence the true number of pulses in N
counting intervals can be calculated.

The error in m arises from the fluctuations in both the signal

and dark count rates. For true Poisson distributions, the variance
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of the mean value is equal to the mean value, with the error normally
being understood as the scuare root of the variance. Although the
statistics are not exactly Poisson, they are close enough to take

the variance of R to be R and hence the error in R is R%. Similarly

o

we can measure the error in ‘§P' {n) from the dark current counts.

©

Denoting )1:P' (n) as W we have:

P(0) = (1 -RMN)/(1-W (89)

therefore:

AP(0) /P(0)

AL -RM)/(L -RM) + AQL-W/(Q -W-
AR/(N - R) + MW/(1 - W) (90)

]

Sinée P(0) = exp(-m), it is easy to show that Am = AP(0)/P(0) and
the error in the true mean number of counts is NAm = NAP(0)/P(0).

For most practical purposes AP(0)/P(0) = AR/(N - R), thus:

e

NAm = NAR/(N-R) = AR/(l -R/N) = AR = (91)
The use of the above formulea enables faster éount rates to

be used and still preserve the linearity of the system. Values of m

of approximately 0.1 to 0.2 were used, which give rise to corrections

of about 5 to 10 percent. Since the error is of the order of R%, we

require R to be 1000 for an error of about 3 percent. For a laser

‘pulser rate of 20 pulses per second and m = 0.1, the data will be
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acquiredin about 8 to 10 minutes.

2(d). EXPERIMENTAL PROCEDURE

In prepération. for the experiments, the fluorescence cell was
attached to the vacuum system through the greaseless stopcock and
‘'was outgassed at approximately 600 degrees K for several days under
a vacuum of better than 10—7 Torr. A glass ampoule containing either
rubidium (99.99% pure) or cesium (99.95% pure), supplied by the
A.D. McKay Company, was broken under vacuum and a small cuantity of
the metal was distilled into the side arm, which was then sealed
off. In order to reduce the reflections and improve the temperature
uniformity, the cell was coated with Aquadag colloidal graphite.
After a small portion of the alkali metal was distilled into the cell
it was then baked at 600 degrees K with the side arm at 300 degrees K
for several days. This ensured that all the metal was now in the
side arm.

When aligning the optical system, the focused laser beam was placed
as closely as possible to the corner formed by the two cell windows,
withou£ producing spurious reflections. This reduced the optical
path length of the observed fluorescence to about 2 mm.

As described in section II.7 the dye.laser produced a pulse
with a duration of about 10 nanoseconds, with peak powers of a few
kilowatts at a repetition rate of 20 pulse per second. The dye used
for the rubidium experiments was POPOP (2,2'-p~Phenylenebis{5-pheny-

loxazole}) which lases in the region around 420.0 nm, and the dye
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used for the cesium experiments was 4=-Methylumbelliferone which
lases in the region around 450.0 nm. Both these dyes were mixed |
in concentrations of 5 x Z!.O'—3 M per litre . The solvent used for the
POPOP was toluene while that used for the 4-Methylumbelliferone
was methyl alcohol with a pH of about 9.

The fluorescence cell was kept at a temperature of 440 degrees K
‘for the rubidium experiments and 443 degree K for the cesium experi-
ments. The temperature of the side arm containing the licquid alkali
was varied to alter the vapour pressure of the metal in the cell.
The vapour pressure of the liquid alkali metals may represented

by (Nesmeyanov 1963):

10910P(Torr) =A - B/T(°K) + CT(°K) + D logloT(°K) (92)
For rubidium:
A =15.88, B= 4529, C = 0.0005866, D = -2,901
and for cesium:
A= 8.22, B= 4006, C = -0.0006019, D = -0.1962

and T is the temperature of the side arm. The vapour pressure is re-

lated to the alkali density by:

No(cm_3) - 9.656 x 100 P (Torr) /T (°K) (93)

where N is the density of alkali atoms and To is the temperature
o .

of the vapour.
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It has been assumed that there is no radiation trapping.
Imprisonment of radiation, if present, would cause an increase in the
effective lifetime of the doublet states (D'Yakonov and Perel' L 1965)
and would result in errors in the cross sections. Radiation trapping
was avoided by working at rubidium vapour densities below 6 x 1012

atoms per cm3 and cesium vapour densities below 1013 atams per cm3.
" Below these densities the graphs of p against alkali density were
linear, indicating the absence of trapping.

Four other factors which could influence the measurements of the
intensity ratios should also be mentioned. The first is the polar-
ization of the incident light. This has already been discussed. A
second consideration involves the possibility of saturating the
p |, « 2g transistions. Numerical solutions to the rate

1/2°3/2 1/2
equations (47) and (48) show that, for photon densitiés typical of
the dye laser, saturation and a considerable reduction of the ground
state. atomicdensityls possible. When this occurs, the Z values
are reduced since NO 1n equation (79) is less than that indicated
by equation (93). Since smaller values of Z will produce smaller u
values, care was taken to reduce the incident photon density so that
the values of the u's were ihdependent of the incident photon density.
The third consideration involves the possibility of photoionization
fram the excited states as discussed by Popescu et al (1973,1974).
Under conditions present in the experiments, it is possible to photo-
ionize atoms from all the excited states of both cesium and rubidium.

The subsequent recombination will populate all the excited states to

an amount depending upon the recombination coefficients. Any cascading
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to the second ?P levels which were not optically excited directly
will lead to larger values of p. The possible importance of this
was dej:ermined both experimentally and theoretically. Since the
probability of photoionization depends on the incident photon density,
the constancy of the values of U with respect to the incident photon
‘density was taken as evidence that the effect was negligible. As a
check that the effects of photoionization and saturation were not
simply cancelling each other, the rate equations for the populations
including the effects of photoionization were solved. The photoion-
ization cross sections were calculated using the quantum defect
method of Burgess and Seaton (1960). The total number of ions that
were produced was caculated to he negligible compared to the éxcited
state populations, even under conditions of saturation and hence the
effect could be neglected.

Finally there is the possibility of errors caused by line
broadening. The ratio le/ Q21 should correspond to the detailed
balance ratio as given by equation (80).regardless of the pressure
of the alkali vapour. Thus the violation of this ratio for mixing
due to collisions with inert gases as reported by Krause (1966) has
been interpreted by Gallagher (1968) as being caused by the non-
Lorentzian red wing of the collisionally broadened resonance lines.
The radiating 2P3 /2 line is broaaened due to collisiops and the
intensity received by the detector centred on the 2P1 /, transition

will have a component that is due to the 2P'3 line. This component

/2

will be proportional to the pressure and thus cause an error in the

measured cross sections. Although only a very small portion of the
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broadened resonance line is detected as sensitized signal, there is
also only a very small proportion of the excited atams that are
collisionally transfered to the sensitized state. Because the densities

are very low in these experiments compared to those in the experiments

with the inert gases, pressure broadening will be negligible.
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3. RESULTS AND DISCUSSION

'Ifhe graphs of the fluorescence intensity ratios ul and u2
plottéd against alkali metal density are shown in figure 23 for
rubidium and in figure 24 for cesium. In both cases the gate delay
time'tq was 170 nanoseconds. As expected fram equations (54) and
-(79) the plots are linear and have a slope proportional to the cross
section Q,, and Q, The error bars shown are the standard deviations
of the number of counts plus the error in the calibration of the
optical system. The experimental data for the'intensity ratios against
alkali densities are givén in Appendix A. As will be shown the in-
tercept in figures 23 and 24 is 1n good agreement with the vaiue
expected on the basis of measuring the scattered light and finite
resolution of the monochromator. This value is about 1.2 x 107 with
an error of about 4 percent. The intercepts from all the experimental
curves fell within this range, and thus in the results presented in
figure 23 and 24 all the curves were adjusted to have the same in-
tercept.

Linear least sqﬁares analyses were performed on the values
of u1 and uz in relation to the vapour densities, and the values
of the resulting slopes were used in the equations of section III.1
to evaluate the total mixing cross sections Q21 and Qu. The entire
analysis of the experimental data was performed on a Diaital PDP-

8/L laboratory computer, including the statistical corrections to the

number of counts of sensitized and resonance fluorescence signals.
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The results of the analysis gives the following values

for the mixing cross sections:

Rb: Q (62%P + 62p ) = 245 A?
12 1/2 /2

Rb: Q (62%p « 6%P ) = 163 A?
21 1/2 3/2 _

Cs: Q (7% + 72p ) = 121 A?
12 1/2 /2

Cs: Q (7%p « 7%p ) = 107 A?
21 1/2 3/2

The following sources of error were inherent in the
experiments:
1) Uncertainties in the lifetimes of the élkali metals.
For Cs the error is aboutIS% and for rRb the error is
about 1ll%.
2) Errors in the temperature, measurements of about 3%.
3) Uncertainties inithe least squares analysis. In this
case the errors in the standard deviations of the slopes
for Rb are about 4% and for Cs the errors are about 5%.
4) Uncertainty in the turn on time tg of the phototube
gate of about 8%.
5) Uncertainties in the transmissions of the neutral
density filters estimated to be about 5% maximum.
As the ahove sources of error are uncorrelated, they can
be combined in quadrature to give uncertainties in the
cross sections of about 16% for Rb and about 12% for Cs. At
the temperature at which the experiments were performed,
the ratio QH/Q21 from equation (80) should be 1.55 for Rb

and 1.12 for Cs. The measured values were 1.50 * 0.48 for Rb
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and 1,13 +.27for cesium. Both these values are in good agreement
with the principle of detailed balance.

The general behaviour of the alkali*-alkali mixing cross sections
can be interpreted in terms of the 'adiabatic criterion' (Massey
1971). A collision is designated adiabatic if its duration Tc is
considerably larger than h/27AE, where AE is the energy to be trans-

‘fered in the collision. Therefore in an adiabatic collision we have:
T, >> h/2T1AE (adiabatic) (94)

In this case the relative motion of the atoms is slow enough to
allow the electronic motion to adjust to small changes in the inter-
nuclear separation. The orbital aﬁgular momentum vector L and the
spin angular momentum vector $ remained coupled and any change in
the total electronic angular momentum vector 3 requires that there
be a change in g. The cross section for a'spin flip' transition is
very small and thus the probability for occurance of fine structure
transitions in adiabatic collisions is very small.

On the other hand, when the duration of the collision is con-
siderably smaller than h/2TAE, the collision is termed 'non-adiabatic’
and we have:

T, << h/2TAE (non-adiabatic) (95)

->
In this case § remains fixed in the collision and L is reoriented.

. -> - ->
After the collision L and S recouple to give the resultant J whose
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magnitude can assume any value between |L - S| and |L + 8. Since
>
the magnitude of the cross section for the reorientation of L. is the

same order asthe disorientation cross section (-—~10"14

cm?) the cross
sections for fine structure mixing should be large.

Whether a fine structure mixing collision is adiabatic or non-
adiabatic depends on the relative velocity of the colliding partners
‘as well as on AE., This accounts for the dependence of the mixing
cross sections on AE.If we examine the results of Krause (1966) for
the first excited states of Na and K (AE = 17 an T and 57 cm L
respectively), we find that the collisions are non—-adiabatic and
acoording to the above criterion the cross sections should be of the
order of 10-14 cmz. However for the first excited states o6f rubidium
and Cs (AE = 238 an T and 554 an t respectively) the collisions are
adiabatic and the above criterion states that the cross sections
should be much smaller than 10_:L4 cm2. In fact the cross sections
vary in a continuous manner in passing from Na to Cs. The results
presented in this report confirm the importance of the role played
by AE, the energy difference between the fine structure levels.

Table I gives all the measured values of the cross sections for alkali*-
alkali mixing collisions as determined by the various authors. It
should be noted that Pimbert only measured le and the principle

of detailed balance was used to detemmine Q2 . In the case of sodium,
only Q“ could be measured and the same method was used to obtain

the other cross section. The verification of the principle of detailed
balancing for the higher excited states of rubidium and cesium is thus

of importance. Figqure 25 shows the relationship between the value
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TABLE I

ALKALI-ALKALI COLLISION CT9SS SECTIONS

Collision Process A§1 Experiméntal. QlZ/QZI €, _AR Author
(em ™) Cross Section (&7) —LeIoh
gy kT
QlZ QZl
Cs(62Pl/2 pd 62P3/2) 554 6.4 £+ 1 31 +3 0.21 + 0.06 0.27 Krause
Cs(82P - 72D ) 360 20 + § - - 0.82 Pimbert
1/2 5/2 , - » ‘
cs(8%p 7% ,) 339 21 + 5 - - 0.59 Pimbert
1/2 3/2 = ‘
2 - 2
RB(S7P) ) & § P1/a) 238 53 + 6 68 + 9 0.78 + 0.2 0.85 Krause
2 - o2 : Present
Cs(7 Pl/2 -7 P3/2) 181 121 + 15 107 £ 13 1.13 £ 0.27 1.12 Investigation
2 2 .
cs(8 Pl/2 8 93/2) 83 190 + §7 - 1.62 Pimbert
Rb(62P1 , = 6%p ) 77 245 + 39 163 + 26 1.50 + 0.48 1.55 Present
/ 3/ Investigation
2 - 2
K(4 P1/2 ~ 4 P3/2) 58 370 + 37 250 + 75’ 1.48 + 0.59 1,60 Krause
2 - A2 -
Na(3 P1/2 3 P3/2) 17.2 - 283 + 28 - 1,88 Krause '(-GS;
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of Q21 for the different systems as a function of AE’l. "The value
of (%1 is chosen rather than le since it is the more fundamental
of the two. No energy is required to cause the transition fram level
2 to level 1 and thus the velocity distribution of the ground state
atams plays a lesser role in the valuve of (%1 compared to le as the
cross sections are velocity averaged. For all the transitions except
sodium, the graph indicates an essentially linear relationship between
Q21 and AE-l and thus Franck's rule is obeyed (Franck 1929). For. .
sodium, AE is so small that it does not influence the cross section
significantly (Krause 1966) and thus it does not fit the linear
relationship.

Unfortunately there are no theoretical calculations of th; Ccross
sections for the excitation transfer between the second excited states
‘of rubidium and cesium, induced by collisions with ground state atoms
of the same kind. The cross sections calculated by Zembekov and
Nikitin (1971) for the mixing of the third excited states of cesium
due to collisions with ground state cesium atoms are a factor of two
smaller than the éxperimental results. The work of Dashevskaya et al
(1969) and lewis (1971) on the first excited states of the alkalis
also produce results that are too small. It is hoped that the results
presented here will assist in producing a better theoretical model
of the interactions between the alkali atoms.

Finally it is of interest to écnpare the results obtained using
the dye laser excitation method to attempts made using a resonance
lamp as the excitation source. Figure 26 shows a scan across the

resonance and sensitized fluorescence lines for the second excited
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states of rubidium using the dye laser as the excitation source.
The spectral resolution was limited by the monochromator. The density
of rubidium was adjusted to give a peak-to-peak intensity ratio of
about 0.0066 + 0.0007. As can be seen from figure 26, the scattered
light and finite resolution of the monochromator indicate that f.he
intercept on the graph of sensitized to resonance intensity ratio
‘against alkali density should be about 1.2 x 10-3. This is in agree-
ment with the value actually measured. For the same experimental
conditions, the resonance lamp excitation method produced a statistical
error of about 70 percent compared to an error of less than 10
percent on the above measurement. Furthermore this value of the
intensity ratio is very close to the limits of detection using the
resonance lamp as an excitation source in the higher excited states. .
At present, it is difficult to estimate the ultimate sensitivity
of the apparatus. Using the present system, a sensitized to resonance
intensity ratio as small as 10-4 tc; 10-.5 can be measured. However
by using a monochromator with better resolution and with less scattered

-6 -7
light, ratios as small as 10 to 10 may be measured.
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IV. CONCLUSIONS

This report has discussed the theory and oonstrucﬁion of an
organic dye laser and the apparatus suitable for a sensitized fluor-
escence experiment. For the first time, the collisional energy trans-
fer cross sections between the second excited states fine structure
‘doublet of rubidium and cesium, colliding with ground state atoms
of the same type, have been measured. In addition, the upward and
the downward transition cross sections have been determined inde-
pendently.

In the first part of this investigation the dye laser
was discussed on the basis of the rate equation formalism. A set of
rate equations describing the dye/ laser were developed and solved
numerically to- give the dye laser pulse shape, along with the out-
put lineshape as a function of the intracavity wavelength selector
bandwidth. The investigation has led to the following conclusions:

1) For long pulse flashlamp excited dye lasers, line narrowing
down to a fraction of a nanametre can be achieved with optical
filters of 1§w dispersion.

2) For short pulse laser excited dye lasers, little or no 'gain
narrowing' occurs. This means that the output linewidth of
the laser-pumped dye laser will be essentially the same as
the linewidth of any inserted filter.

3) The dye laser constructed for the purpose of doing a sen-
sitized fluorescence experiment was based upon a nitrogen

laser pumped dye laser. This choice was made because the
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nitrogen laser pumped design is simple, reliable, has a rel-
atively fast repetition rate and can be tuned over the entire
visible spectrum.

in the second part of this investigation, the technique of

sehsitized fluorescence has been employed to determine the fine-
structure mixing cross sections in the second excited states of
rubidium and cesium induced in collisions with ground state atoms

of the same type. In order to utilize the dye laser effectively,

a pulse counting apparatus was developed to measure the alkalis'
fluorescence. This detection system has the advantages of a large
signal-to—noise ratio and the capability of measuring very small
sensitized to resonance intensity ratios. The results obtained in this
experiment togetherbwith the results obtained by other authors for
the transitions between the first excited states and the third excited
states, induced in collisions with ground state atams of the same
type indicate the following:

1) The alkali-alkali mixing cross sections exhibit a strong
depéndence on the splitting eneray AE., In fact the dependence
was found to be a smooth function of 1/AF. |

2) The values of the cross sections calculated by the theory
of Zembekov and Nikitin (1971) for the third excited states
mixing in cesium do not agree with the experimental results.
The work of Dashevskaya et al (1969) and Iewis (1971) on the
first excited states of the alkalis also produces results
that are too small. In these analyses, resonance dipole-

dipole interactions, polarization interactions, exchange
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interactions and intra-atomic spin-orbital interactions
have been taken into account. Since the theoretical results
are smaller than the experimental values by at least a factor
- of two, it would seem possible that additional interaction
forces should be included into the formalism, or a least
a re-evaluation of the above contributions is necessary.
An extension of the present study would be an investigation
of the quenching and depolarization properties of the higher excited
S and D states of the alkali metals. OQuenching of the higher S, P
and D states of sodium has been measured in a sensitized fluorescence

experiment by Czajkowski et al (1972); however, by using a double

15

resonance technique (Agirbiceau et al 1963), or a two photon excitation

process (Pritchard et al 1974, Levenson and Bloembergen 1974), pre-
viously inaccesable higher excited alkali states could be studied
by the method of delaved coincidences (eg. Phaneuf et al 1971,
Deech and Baylis 1971, Deech et al 1971). It would also be possible
to study mixing collisions in highly excited 2D states by ex~
citing the Vapour by two photon excitation.

Another poss‘i.ble experiment would be an investigation of the
multi-photon ionization pfocesses ‘that ensue when an alkali vapour
is optically excited with light of sufficient energy to cause photo-
ionization from the first and higher excited states. These processes
have been studied by Collins et al (1973) and Popescu et al (1973)
for the higher excited étates of cesium; however, further study is
necessary to understand the mechanisms involved in these complex

processes. With the development of the dye laser it should now be
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possible to study photoionization processes in several alkali metals,

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



APPENDIX A

117

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



EXPERTMENTAL

DATA FOR

CESIUM SECOND

EXCITED STATES MIXING CROSS SECTIONS

Density M1 Density Ho

(xlOl]émjg ) (xlO_3 ) (xlO]lcm— (x10~ 3 )
8.143 1.248(.110) 16.904 1.632(.186)
10, 621 1.217(.110) 19.995 1.672(.144)
15.009 1.285(.121) 20.331 1.565(.152)
19.338 1.412(.108) 20.672 1.652(.166)
- 21.371 1.346(.106) 24.792 1.702(.148)
24.792 1.501(.101) 26.903 1.789(.164)
26.468 1.472(.104) 31.126 1.833(.113)
32.144 1.535(.110) 31.631 2.006(.113)
32.664 1.482(.120) 32.664 1.814(.130)
39.540 1.509(.102) " 34.823 1.810(.137)
42.780 1.542(.106) 39.540 2.005(.144)
48.472 1.624(.145) 39.540 2.032(.163)
53.189 1.590(.108) 42.113 2.054(.119)
55.702 1.616(.143) 44.141 2.088(.150)
59.223 1.627(.124) 48.472 2,174(.135)
61.058 1.772(.104) 49.999 2.122(.143)
62.947 1.711(.151) 51.572 2.316(.150)
65.879 1.703(.125) 56.563 2.342(.162)
66. 883 1.832(.150) 60.134 2.386(.182)
67.903 1.692(.139) 61.058 2.554(.152)
78.905 1.906(.138) 67.903 2.604(.185)
72.122 2.775(.191)
75.444 2.674(.189)
80.089 2.983(.199)
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EXPERIMENTAL DATA FOR RUBIDIUM SECOND

EXCITED STATES MIXING CROSS SECTIONS

Density vy Density Ho

(x10 %em™3) (x1073) (x10 em™3) (x1073)
4.063 1.264(.095) 5.543 1.486(.135)
5.643 1.298(.099) 7.221 1.571(.130)
6.733 1.270(.084) 8.441 1.462(.102)
9.198 1.381(.063) 9.357 1.560(.150)
9.682 1.365(.058) 10.189 1.535(.128)
11.666 1.422(.074) 11.091 1.652(.150)
12.899 1.522(.081) 13.337 1.725(.145)
13.116 1.400(.079) 13.560 1.787(.144)
17.644 1.573(.088) 17.934 1.761(.154)
23.952 1.662(.111) 20,085 1.975(.143)
26.339 1.639(.106) 21.079 1.843(.094)
27.183 1.752(.111) 24.335 1.990(.117)
31.292 1.816(.079) 26.339 2.074(.099)
31.783 1.860(.104) 28.493 2.252(.236)
34.875 1.904(.134) 32.785 2.456(.179)
38.244 1.855(.116) 36.524 2.539(.214)
43.199 1.986(.123) 40.037 2.621(.188)
48.012 2.058(.139) 42.549 2.932(.232)
52.522 2.206(.126) 44.526 2.861(.218)
45.892 3.069(.254)
53.311 3.076(.239)
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