
University of Windsor University of Windsor 

Scholarship at UWindsor Scholarship at UWindsor 

Electronic Theses and Dissertations Theses, Dissertations, and Major Papers 

1-1-1974 

Inelastic collisions of excited atoms at thermal energies: Studies Inelastic collisions of excited atoms at thermal energies: Studies 

of sensitized fluorescence of rubidium and cesium using a pulsed of sensitized fluorescence of rubidium and cesium using a pulsed 

dye laser. dye laser. 

Paul W. Pace 
University of Windsor 

Follow this and additional works at: https://scholar.uwindsor.ca/etd 

Recommended Citation Recommended Citation 
Pace, Paul W., "Inelastic collisions of excited atoms at thermal energies: Studies of sensitized 
fluorescence of rubidium and cesium using a pulsed dye laser." (1974). Electronic Theses and 
Dissertations. 6114. 
https://scholar.uwindsor.ca/etd/6114 

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor 
students from 1954 forward. These documents are made available for personal study and research purposes only, 
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution, 
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder 
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would 
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or 
thesis from this database. For additional inquiries, please contact the repository administrator via email 
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208. 

https://scholar.uwindsor.ca/
https://scholar.uwindsor.ca/etd
https://scholar.uwindsor.ca/theses-dissertations-major-papers
https://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F6114&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.uwindsor.ca/etd/6114?utm_source=scholar.uwindsor.ca%2Fetd%2F6114&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca


INELASTIC COLLISIONS OF EXCITED ATOMS AT THERMAL 
ENERGIES: STUDIES OF SENSITIZED FLUORESCENCE OF 
RUBIDIUM AND CESIUM USING A PULSED DYE LASER

by

Paul W. Pace

A Dissertation

Submitted To The Faculty of Graduate Studies Through 
The Department of Physics In Partial Fulfillment of The 
Requirements For the Degree Of Doctor of Philosophy At 

The University of Windsor 
Windsor, Ontario 

1974

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



UMI Number: DC52695

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.

®UMI
UMI Microform DC52695 

Copyright 2009 by ProQuest LLC.

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 E. Eisenhower Parkway 

PO Box 1346 
Ann Arbor, Ml 48106-1346

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



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



APPROVED BY

Dr. L. Krause

Dr. FT! Czajkowski

 ' d  ________
Dr. Ji B . Atkinson (Chairman)

 ...........
Dr. R.N . Zare (BScternal Examiner)

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



ABSTRACT

An organic dye laser has been employed to investigate the 2P +r+1/2
2P excitation transfer processes in the second excited states of3/2
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 photon densities are 
set up for a flashlarnp 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 radiation trapping and quenching effects were negligible.

The alkali vapour was irradiated with each component of the 2P 
doublet in turn and measurements of the relative intensities of the 
fluorescence yielded the following cross sections:

Rb: Q (62P ■* 62P ) = 245 + 39 A212 l/2 3/2
Rb: Q (62P , *■ 62P , ) = 163 ± 26 A221 1/2 3/2
Cs: Q (72P ->■ 72P ) = 121 ± 15 A212 1/2 3/2
Cs: Q (72P . <- 7ZP . ) = 107 ± 13 A2

21 1/2 3/2
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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
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I .  INTRODUCTION

In recent years, collisionally induced excitation transfer 
between various atomic and molecular states has been the subject of 
a number of experiments. These inelastic processes 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 by 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 stud'/ 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 cm“^ in 
cesium. This allows the influence of the energy splittings on the 
excitation transfer processes to be evaluated.
The collisional energy transfer process may be represented by the 
following:

1
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A(nzP , ) + M ■*-+ A(nzP . ) + M + Energy 3/2 1/2

where A is an alkali atom and M the collision partner, may be an 
atom or a molecule. 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 same or different type (Krause 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 (Pocchiccioli 1972). 
and cases where M is a ground state aton 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 colliding 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 radio-freguency or a micro-wave frequency excited 
lamp containing the alkali of interesttogether with an inert buffer 
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 398.8 nm line of helium, 
while a flashlaitp pumped dye laser was used to excite the second 
excited states 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 techniques is even more diffi
cult for three reasons. Firstly, the intensities of the exciting 
spectral lines fron the resonance lamps are much lower than the inten
sities of the first excited state resonance lines. Secondly, the 

absorption coefficients for the transiti ons 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
ation of the lines increases the problems 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 be taken to avoid radiation trapping.

In the present investigation, excitation transfer between the
62P and the 62P fine-structure states of rubidium atoms and the1/2 3/2
72P and the 72P , fine-structure states of cesium atoms, induced1/2 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 section 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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TT. ORGANIC DYE JASFRS

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 laser operation and to review flashlamp- 
excited and laser-excited organic dye lasers.

The organic dye laser is to be distinguished from the inorganic 
liquid laser which is based upon the rare earth ions in liquid sol
vents. The properties of the inorganic liquid laser have been 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 
Sobel'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 Schafer 
et al (1966) and by Spaeth and Bortfield (1966) using cyanine dyes

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



6

with structures similar to DTTC.
Using the results frcm these laser-pumped dye 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 frcm 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 summary of CW 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. Bradley 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 (1̂ 70, 
1970a).

One of the most useful properties of the organic dye laser is 
its tunability. This occurs because the spectral width of the fluor
escence is large enabling the lasing wavelength 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 spectrum.
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 organic 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 atonic sodium (Hansch 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 compared 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 figurel.The electronic ground state of the
molecule is a singlet state, designated as S , which spans a range0
of energies determined by the quantized vibrational and rotational 
excitation of the molecule. The energy between the vibrational states, 
indicated in figure 1 by heavy horizontal lines, is typically 1400 
to 1700 cm-'*' (Snavely 1969). The energy spacing between the rotational 
levels is smaller by a factor of 100. The collisionally broadened 
rotational levels, therefore, essentially provide a near continuum 
of states. Each excited state of the molecule consists of a similar 
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. They are discussed more fully 
by Bass et al (1971) and by Birks (1970) and apart from the tran
sition between the first excited singlet state and the metastable 
triplet state they are generally neglected in modelling the dye laser.

The dye laser behaves in many respects like a four level laser 
system, with all four levels in the sing let system. These levels
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10

are labelled 1 through 4 in figure 1. 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 the 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 singlet state. They then 
rapidly decay nonradiatively to the thermal distribution in a time 
shorter than 10”^  second (Bass et al 1971). Frcm 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 10" ̂  second. Since the lifetime for the 
radiative transition is more than 10“  ̂second, we have in principle 
a very efficient four-level laser system. The transition frcm 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 eouations and the approach will be a phenomenological 
one starting with the spontaneous emission term.
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2. THE DYE LASER RATE EQUATIONS

In a dye laser, the dye molecules form a broadband amplifier 
and noise generator, while the optical cavity selects a few modes 
with high O frcm the free-space mode spectrum. The total rate of 
increase of photons in all modes in the wavelength range X to X + 
dX due to spontaneous emission is N E(X)dX/t , where N is the

3 3
population in the lowest vibrational sublevel of the upper singlet 
state, x is the lifetime of this state and E(X) is the lineshape 
function that is related to the quantum efficiency <f> by the relation
ship /E(X)dX = <{). If the total mode volume of the cavity is V, then 
the number of modes in the wavelength range X to X + dX is given by 
8iTri3VdX/X‘* 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 = N X‘*E(X)/8ttti3tV where N is them s m
total number of photons in mode m. Frcm the theory of stimulated 
emission, it is well kncwn that the rate of stimulated emission into 
a cavity 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 spontaneous and stimulated emission rates to give the 
total rate of increase of photons in cavity mode m:

dliydt = N̂ X**E(X) (N^ + 1)/8ttti3tV (1)

It is convenient to define a cross section a(X) given by o(X) = 
X^EM/Sircn2! where c is the velocity of light.
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Birks (1970) indicates that we can write 1/x = n2/x , whereo
t is the lifetime of the upper state in a medium whose refractive 0
index is unity and therefore a more general definition of cr(X)
would not contain the n2 factor. Since the lifetime values quoted
later were measured in a solution, the factor n2 is retained for
ease of comparison. It will also be seen later that factors of the
.order of n2 do not significantly affect the results. Then dN^dt =
N a(A)c(N + l)/nV. We define the fraction of mode volume occupied 3 m
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-3
ulation density n by = FVn^. Thus dN^dt = Fn a (A)c (1̂  + l)/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:

dNj^/dt =  -{n p  OppU) +  n ^ac^A ) JcFN^n (2)

where iVp, n are the molecular densities in the triplet state and 
the ground state and a^fA), oss(A) are the respective triplet 
and singlet absorption cross sections. Note that the factor is 
instead of ^  + 1 since there is no spontaneous absorption. The 
cross sections are related to the experimental absorption coefficients 
by the usual relationships:

a = a <h >(A) + a SS(A) = npa.pp(A) + n^a^A) (3)
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where a is the absorption coefficient. Finally there is the rate 
of loss of photons from cavity node m due to the transmission losses 
in the optical elements of the cavity and to mode diffraction losses. 

This is written in the form dl^/dt = -Nn/Tm' ^ ere %  the cavity 
lifetime for the mode m. The variation of Tm with mode will be dis
cussed in the section on tuning mechanisms. Collecting together all 
the terms for the rate of change of photons in cavity mode m gives:

dN^/dt = (n̂ crfX) - nrparjĝ X) - n^a^X)) Fc/n
- l/xm} + cFn^a(X)/n (4)

The rate equations for the populations of the upper laser level N ,
3

the ground state , and the triplet states NT and are: 

dN /dt = W N - N / t  - E N N o(X)cAn
3 3 1 3 m 3 m

dl'Lp/dt = kN - Nt/Tt
- E NjiyxppMc/Vn + N /x (F)

m  5

dN /dt = NTNm0irr(X)c/Vri - (7)

N = N + N + N„ + N (8)
1 3 1 S

In (5) the first term is the optical excitation term, the second
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is the decay rate due to spontaneous 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 inodes 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, rT is the metastable triplet decay time, and t is the excited

5
.triplet state decay time. Equation (8) simply states the conservation 
of molecules.

These absolute populations can be converted to the more contnon 
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. Providing 
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:

dnn/dt = nm {(n3a(X) " nTcW X)
- n a (X))Fc/n - 1/x } + Fen a(A)/nV1 SS I*i 3 (9)

dn /dt
3 3 I

n /t - E n n a(A)c/n 3 m 3 m
+ En rig (A)c/n 

m 1
(10)

dn^/dt - kn^ - (X)c/r] + (11)

(12)

n (1 3 )
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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 cavity modes have been taken 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 Wv  If more than one cavity mode is oscillating, it is easy 
to see that this is not valid for the photon populations in each 
mode, 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 (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 inhcmogeneities 
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 been 
used including prisms, diffraction gratings, Faraday rotators, Lyot 
filters and tilted Fahry-Perot etalons. The diffraction grating 
and the Fabry-Perot etalon will be described here as they are the 
most carmon means of producing narrow lines. We shall start by dis
cussing the Fabry-Perot etalon. In order to tune the dye laser the 
etalon is placed within the optical cavity and the tuning is acc
omplished by altering the angle of the etalon. The etalon was mounted 
in a precision angular orientation device with an angular resolution 
of 0.02 arc-second. The transmission of the etalon is given by Pom 
and Wolf (1970) with the result:

T = T /{I + £sin2 (2-nd cos0/X)} (14)o

where T is the peak transmission, d the etalon plate separation,0
0 the angle with the optical axis and £ = 4P/(1 - F)2 where P. is 
the refectivity of the etalon plates. For values of t, corresponding 
to reflectivities of 60 percent or hicrher, this transmission function 
may be approximated by the Gaussian:

T = T exp{-4(X - X )2en2/(AX)2} (15)o o

where AX is the full width at half maximum (FWFM) and where X is 
the wavelength for peak transmission. The cavity lifetime is related
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to the laser mirror reflectivities and the tranmission of the dye 
cell windows and the Fabry-Perot etalon transmission T by:

T = -2L{1 + F(n - l)}/c$,n(t2t2T2R R ) (16)m 1 2 1 2

where t and t are the dye cell window transmissions and R and 1 2  1
R are the laser mirror reflectivities. In qeneral the reflectivities 
2

and window transmissions are wavelength independent over the region 
of interest, so that the wavelength or mode dependence of arises 
only fron 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 grating. The grating was 
mounted in a Littrcw arrangement and was adjusted to the angle for 
which the desired wavelength 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 wavelength of the peak 
is altered by rotating 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 11.7(d).
For the present, it will be assumed that the selective reflectivity 
can be given by equation (15) such that:

R = R exp{-4(A - A ) 2JLn2/(AA)2} (17)o o

where R is the peak reflectivity and AA is the FWHM as qiven in o
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section 11.7(d). With this assumption equation (16) becomes:

T = -2L{1 + F(n - 1)}/c£n(t2t2R R ) (18)m 1 2 1

where R is the reflectivity of the output mirror and R is qiven i
by equation (17).

The region in which the laser is tunable is determined by the 
fluorescence and absorption spectrum of the dye. The short wavelength 
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 becomes too small for oscillation as a result of 
the decreased quantum yield.

For dye lasers with 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 summar
ized by Snavely (1969).
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4. CALCTTIATED results

The differential equations were solved numerically using an 
Euler integration 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( En^J/r , where t , the output coupling lifetime, is 

m p p
given by Tp = -2L(1 + (n - l)F)/c£n(l - Tp), where Tp is the trans
mission of the output mirror. The optical pumping term r was ass
umed to be of the form = t ^t exp (1 - t/2)/2 , where t was mea
sured in microseconds. This is in good agreement with typical flash-
lamp outputs. The term 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 in 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 vised in the calculations:
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FLASIILAMP PUMPED LASER PUMPED

t l = t = 0.96 
2 t = t = 0.96 1 2

R
1
= 0.97 R = 0.04l

R2 = 0.87 T  = 0.93 
P

TP = 0.10 L = 30cm
L = 50cm F = 0.03
F = 0.30

xT = 0.9x10 7 sec (Snavely 1969)
T = 5.5xl0" 9 sec (Mack 1968)
k = 2.8xl0~7 sec (Snavely 1969)
t = 5.0xl0~ 9*5 sec

V V  = 1.36x10"3 cm3
n = 1 .2xl017 an" 3 n = 3.0x10 cm

M ^ 3
(2x10" M concentration) (5xl0~ M concentration)

n = 1.33 (methanol as solvent)
The lower order axial modes have a spacing of approximately 0.0004 
ran. 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 FWHM was 0.25 nm, an effective mode spacing of 0.002 nm was 
found to give a good camprcmise between accuracy and computing time 
and for the laser-pumped laser, the FWHM of the grating (see section 
11.7(d)) was 0.01 nm and the effective mode soacing used was 0.001 nm. 
The peak transmission of the etalon (or reflection of the gratino)
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was assumed to be 0.70 except were noted and the value of was 
adjusted to give a suitable output power.

4 (a). LONG PULSE EXCITATION RESULTS (FLASHLRMP-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 shews the same results with the
peak photon densities normalized to unity, while the time-integrated
lineshape is shown on the right-hand side of figure 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 before the onset of laser action at 1.75
microseconds and that the rate of narrowing decreases when the laser
is saturated. The peak output for this laser wras 1.05 kw. Figure 4
shows the linewidth as a function of peak output power, obtained
by varying W . The curves are given for T^ =1.0 and 0.7 and o =
2.14xl0-^  cm? Curves are also given for the case where a is twice
the above value. The solid lines in figure 4 indicate the instantaneous
values at the peak of the laser pulse, while the dashed lines shew
the time integrated linewidth for two values of T and for a lasero
cross section of twice the measured value. This value of a is larger 
than the value obtained by neglecting the n2 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, a(A), decreased the threshold 
pump power by a factor of two as expected; however, the linewidth 
at a given peak power output was smaller by only 10 to 15 percent 
and had a very similar dependence on peak power, as can be seen in 
figure 4. The increase in also decreased the threshdld pump power, 
but the linewidth increased by less than 5 percent for the same 
output power.

The effects of the variation of t ,̂ k and tt were also studied.
The changes in instantaneous lineshape and linewidth were less than

-31 percent for values of t as large as 5x10 second, while the5
change in the integrated lineshape was less than 3 percent, the
optical pumping conditions being identical to those shown in figure
2. The peak power of the laser pulse was unchanged for values of 

—8less than 5.0x10 second, but showed an increase of 10 percent for 
Tg = 5.0x10“  ̂second and a further increase of 10 percent fori5 = 
5.0xl0-  ̂second. Thereafter it remained constant as x5 was increased 
further. Since t,- is not expected to be larger than 5.0x10 6 second 
(Birks 1970), the results as given should be satisfactory. Furtherirore, 
the results obtained by neglecting the excited triplet state ( state 
5 in figure 1) were identical to the results shown in figures 2,3 
and 4. Changes in k and tt changed both the output power and the 
linewidth for a  given optical pumping term, bu t  in such a  wa y  
that the graph of figure 4 was reproduced. A change in the spontan
eous emission term by a factor of 10 did not change the results by 
more than 1 percent.

Frcm the 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 conditions 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 laseir.

The output of the laser with no tuning elements in the cavitv 
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 by 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 vdth 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 nm 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 PULSF EXCITATIO N (LASER-PUMPED)

It has been shown in the above section that a substantial 
'gain narrowing1 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 light, no discrete axial mode stru
cture is expected (Hansch 1972). This means that the summation over 
•the various inodes in the rate equations should be replaced by the 
integral over the wavelength . 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 Euler 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 11.7(c) and II.
7 (d)). The FWHM of this filter was about 0.01 nm and the calculated 
output linewidth was 0.01 nm indicating no 'gain narrowing'.
Figure 6 shows the integrated output lineshape assuming the filter 
has a Gaussian shape 0.01 nm FWHM and the peak output is 10 to 20 kw.
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5. THE FLASHLAMP PUMPED DYE LASER

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 Lindqvist (1958). In this arrangement the inductance 
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 storage capacitor. The discharge took place 
an annular region between two quartz 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 also provided a reflector for the lamp. In the 
experiments of Sorokin et al (1968) no advantage was found in using 
anything but air at lew pressure in the annular region.

Schmidt and Schafer (1967) obtained similar risetimes with a 
conventional xenon flashlamp driven by a lew inductance capacitor.
They used a coaxial arrangement for the lamp and the electrical 
connections in order to minimize the inductance, 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 

flashlamp 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 07 
operation of a rhodamine 6G laser using an argon laser to pump the dye. 
A summary of other 07 dye lasers is given by Hercher 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 
hcwever 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
prehensive survey of most of the dyes capable of flashlamp excitation 
has been published by Warden and 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 licruid laser have been 
discussed by Winston and Gudmundsen (1964). Results indicate that the 
optical cavity degraded 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. This 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
ium. 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 Li 1966). Accordingly, 
the longest period corresponds to the shortest cavity.

Long 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 vzithout 
circulation the pulse repetition rate was limited to about 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 pimp 
or stainless steel pump and polypropylene tubing for the circulation 
system.
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5 ( a ) . THE FLASHLAMP C IR C U IT

In the approach to the design of the flashlamp system, one 
must consider the conditions imposed by the explosion limits of the 
flashlanp envelope, the voltage on the capacitor and the geometrical 
constraints on the size of the lamp. Knowing the voltage-current 
relationships for the flashlanp, one can write the loop eouations 
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 following 
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 energy is also proportional to the length. 
Consequently one cannot arbitrarily increase the capacitor voltage 
Vq and with it the total 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 quench the laser
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output, high peak discharge power must be sacrificed to achieve 
fast rise times. In many cases of interest it appears that the triplet 
state quenching 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 shewn absorb the shock and prevent damage to the 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.
Energy 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 Holzrichter and Schawlow for the explosion 
energy is:

e = y M ( l c)1̂ 1* (19)X

where y 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 6xl04 (Ferrar 1969).
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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 
lanp is given by Huth et al (1970) as:

log N = -8.5 l o g t F ^ ^  (20)

• where N is the number of shots, and Eq 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 lanp operating at 100 joule input energy.

Sane experiments were performed using conventional carmercially 
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 approximately the same as 
the above simple air flashlanp. The xenon lamps did however provide 
higher peak output powers, but due to the high cost of the xenon 
flashlamps 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 geometries. Analyses 
of the efficiencies and pimping uniformities in elliptical cavities 
have been made by Bowness (1965) and by Evtuhov and Neeland (1967), 
and in circular cavities by Wildey (1971).

Both elliptical and circular pumping configurations 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 axis of 3.5 cm and a semi-minor axis of 2.5 cm. The dye cuvette 
was 15 cm 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 perfect 
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 from 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 configuration 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 eoual, and in this case have 
a value of 1.75 cm. For a dye cuvette 6 imi 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 be about 20 to 25 percent.

Actually pumping 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 design of Wildey, again 
with the appropriate cavity, lamp and cuvette dimensions. Howeyer, 
Wildey has shown that the circular design produces an improvement 
in the pumping uniformity over the elliptical design and since the 
efficiencies are approximately ecrual, 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. Figure 8 
shows the circular geometry and the optical cavity and tuning elements 
for the flashlamp-pumped dye laser.
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5 ( c ) .  THE FLAEFILAMP-PUMPED DYF LASER CONFIGURATION

For reasons discussed in the previous sections, the dye laser 
used for the majority of the experimental work consisted of a flash- 
lamp of the kind described by Ferrar (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 thickness 1 mri,
15 nm long. The flashlamp was constructed of quartz tubing with a 
3 rrm 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. 13411 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 (FWHM 3.0 nm). This arrangement allowed only one 
of the Fabry-Perot resonance lines to oscillate, as the free spectral 
range of the etalon was about 1.6 nm. The linewidth for this filter 
combination was 0.25 nm as measured with a 0.75 metre Jarrall-Ash 
spectrograph.
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5 (d). EXPERIMENTAL DATA

Experimental performance characteristics are given for
-4operation near 600.0 nm using a 2 x 10 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 0.01 percent since the energy stored in the cap
acitor was 100 joules. The flashlamp-pumped dye laser pulse shape 
was measured using the SGD-100A diode and a Textronix 551 oscilloscope. 
The results indicate a pulse with a duration of 5 to 10 microseconds. 
The pulse shape is shewn in figure 9 along with the flashlamp pulse. 
The bandwidth for the tuned output was measured using a Fabry-Perot 
etalon with an instrumental bandwidth of 0.003 nm. The results in
dicate an output bandwidth of about 0.01 nm at an output pcwer 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 laser. By the use of water cooled flashlamps and rapidly 
circulating dye solutions, repitition rates as high as 20 pulses 
per second have been demonstrated for a flashlamp-pumped dye laser by 
Loth 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 flashlarnps 
described previously as they did not produce the rapid risetimes 
necessary to overcane the triplet state losses described earlier. 
Also, in order to achieve relatively fast repetition rates (>20 
pulses per second), the flashlarnps must be water cooled. Both of 
these criteria make it desirable to obtain an alternative method 
for pumping the dye 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 repetition rate and can 
be tuned over the entire visible spectrum. The short pulse duration 
(=10 nanoseconds) make this laser ideal for transient studies such 
as atonic 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 LASER

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 constructed 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 (C3n -*• B3IT ). Calculations ofu q
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, C 3ITu. In order to determine 
the dependence of the laser power density and its duration on various 
circuit and physical parameters, the rate equations for the nitrogen 
laser will be 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 been given by Ali (1969) and will not be presented.
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6 (a). THE RATE EQUATIONS FOR THE NITROGEN IASFR

Let N , N and N denote the population densities of the
1 2 3

ground state, the lower and upper laser levels respectively, and let 
X.. denote the rate of collisional excitation by electron impactI
frcm level i to level j where i< j; Y.. is the rate of collisional

J

de-excitation frcm level j to level i and is the rate ofli
radiative decay frcm level j to level i. Let R.. denote the rateji
of induced emission, which includes the Einstein's B coefficients, 
the linewidth and the energy density. The processes involved are 
shown in figure 10 (Gleason et al 1972). The rate equations are:

dN /dt = X N + X N - - (Y + Y +T _1 + T _1)N
3 1 3 1  2 3 2  31 32 31 32 3

- R1 (N - (g /q )N ) (21)
32 3 " 3 ' 1 2

= X N + (t “1 + Y )N -
12 1 32 32 3
(T -1 + Y + X )N + R1 (N - (q /q )N ) (22)

21 21 2 3 2  3 2 3  3 2 2

(X + X )N + (x _1 + Y )N
12 13 1 2 1 2 1 2

+ (x -1 + Y )N (23)
3 1 3 1 3

The energy density O at the laser frequency is given by:L

( l /E n ld C ^ /d t = N ^ ' 1 + e U s ! -  ( g / g 2)N a) (24)

dN /dt = -
1

dN /dt 
2
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where g and g are the statistical weights of the upper and lower3 “ 2
laser levels respectively, and = hv is the energy of a laser 
photon. Using the fact that T31>:> T 32 ( since the intermultiplet 
transitions have much smaller transition probabilities compared to
those among each set), X > X according to the Franck-Condon prin-13 12

~5ciple, and t »  t {t =40 nsec while t = 10 second (Ali 1967)}2 1 32 32 2 1
the sum of equations (21)and (22) can be written as:

d(N + N )/dt = X N (25)2 3 13 1

which has the solution:

N + N = X N t (26)3 2 13 1

Equations (26)and (21) will give:

dN /dt = X N + (X N t - N )X - BN (27)3 13 1 13 1 3 2 3 3

_1where 8 = (x + Y ). The solution to (27) is given as:32 32

N = (NX / a 2)(Y +x _1) - (N X /a2)(Y +x -1)3 1 1 3  32 32 1 1 3  32 32
exp(-at) + (N X X t/a) (28)1 13 2 3

where a = 8 + X . For small times the exponential can be expanded2 3
in terms up to t2 giving:
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Equations (26) and (29) yield:

N = J5N X (Y + T_ 1 )t2 (30)2 1 13 32 32

The condition for inversion will be that N > N and therefore:
3 2

2/(Y + t " 1 ) > t  (31)32 32

which implies that inversion takes place in times small compared to 
(Y + x )̂""̂ . Ali et al (1967) have shewn that if electron impact32 32
ionization is taken into account, equation (31) should be modified 
to include the rate of collisional ionization X as shown in fiqure3»
10. Equation (31) then becomes:

2/ (Y + r-1 + X ) > t (31)3 2 3 2 3°°

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 between 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 cctnparatively low voltages 
( VLO 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 lcwer laser level is a long lived state (10 micro
seconds) 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

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



50

are mounted 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 placed over the copper bus bar (see figure 12).
The storage capacitor is charged to 10 to 15 kv through a bleeder 
resistor. When the thyratron switch closes grounding the positive 
side of the floating storage capacitor, the other side is established 
at a high negative voltage. Its charge then flows on the bus bar to 
the dumping capacitors which provide the energy for the discharge 
in the nitrogen. When the dumping capacitors reach the nitrogen 
gas breakdown voltage, the discharge is initiated and the dumping 
capacitors rapidly discharge. The electrical circuit is constructed 
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 discharge 
circuit is shown in figure 11.

6 (c). MECHANICAL CONSTRUCTION OF THE 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 cm (see figure 12). 
Four double strength tempered glass plates (Shenck 1973) form the 
side walls of the laser channel. Each side is formed by two plates, 
one 0.5 x 5.6 x 99 cm, 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 nitroqen 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 nm holes centred in the bottom of the 
U-channel are used to admit and withdraw the nitrogen.

The band saw blade is about 1 nm thick, 15 nm wide, with very 
little set and teeth every 2mm. It was 1 cm shorter than the laser 
channel to prevent the discharge frcm contaminating the end windows. 
The ends of the channel are sealed with optical grade quartz windows 
2 mm thick, which 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 pump dry tank nitrogen with 
a nominal purity 99.997 percent, through the laser channel. The pre
ssure is monitored by an Edwards C.G.3 speedivac gauge and regulated 
by a Hoke 233454B needle valve in the input line.

6 ( d ) . ELECTRICAL CONSTRUCTION OF THE LASER

The complete 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 E.G. and G. HY35 which 
will switch the high voltage when provided with a 1000 volts pulse 
to the grid. In order to prevent high 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 
thyratron. The oscillator section has provisions for manual, auto
matic and external positive or negative trigger pulses at a repit- 
ition rate of frcm 0 to 100 pulses per second. A reference pulse 
is also provided for external use.

The storage capacitor is a low inductance, 12 nanofarad, 20 kv 
capacitor. The low inductance is necessary as the transfer of charge 
must be accomplished 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 end of the storage cap
acitor, separated frcm 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 second and 13 kv.
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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 10 
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 energy 
stored in the 12 nanofarad capacitor is 1 joule. Figure 15 shows 
the pulse shape as measured by the delayed coincidence technique, 
along with the pulse shape calculated frcm 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 optimum 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 misaligned. Removal of the mirror increases the beam 
divergence and produces a ve r y  inhomogeneous beam. T h e  spectral 

output (Massone et al 1972) is a composite of lines in a 0.1 nm 
band about 337.1 nm. The laser will operate with air flowing through 
the cavity, but with a reduced output and pulse uniformity.
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7. THE NITROGEN LASER-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 (eg. 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 Phillips (1970a). Examples 
of the different methods 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 shewn in section 11.4(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, bandwidth? below 1.0 nm 
are more difficult to achieve. As shown in section 11.4(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 o£ 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 Schawlcw 1970) or a grating and a 
Fabry-Perot etalon (Hansch and Schawlow 1970, Itzkan and Cunningham 
1971). However the wavelength reproducibility of the last two methods 
was unsatisfactory.

Stable narrow band emission (0.0004 nm FbfHM) 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. Peak output powers in the kilowatt range can be 
generated with pulse lengths in the 5 to 100 nanoseconds range at 
repitition rates up to 100 pulses-per-second. Since this design 
proved to be a reliable narrow band dye 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
quire linewidths as narrow as 0.0004 nm. the Fabry-Perot etalon was 
not used. This resulted 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 velocity 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 DESCRIPTION

Since an unsaturated single pass power gain of 1000 over a 
pathlength of a few millimetres can be easily achieved in a dye 
laser pumped by a nitrogen laser (Shank et al 1970, Hansch 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 cm 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 (see figure 
17), diffraction causes a substantial angular spread of the emerging 
light, which would limit the resolution obtainable frcm the angle 
dependent grating (Bom and Wolf 1970). In addition only a small 
portion of the grating would be illuminated, further limiting the 
resolution. As a result an inverted telescope is placed, inside the 
cavity to ensure that the beam illuminating the grating is well 
collimated and covers a large area to ensure good resolution. Fine 
tuning is achieved by mechanically changing the angle of incidence 
of the diffraction grating. All parts of the dye laser head were 
mounted rigidly on an optical bench. The output mirror and the diff
raction grating were supported in precision angular orientation de
vices with adjustments controlled by micrometer screws.
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7 (b). THE DYE LASER AMPLIFIER

The dye cell is 10 mn long and constructed fran pyrex tubing 
of 14 mn 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 RTV102. Dye 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 Vitta^ 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) fron the molecular nitrogen
laser was focused by a spherical quartz lens of 10 cm focal length
into a line approximately 0.07 mn 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 fran 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-

-3centrations used were about 5 x 10 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 hcmogen- 
ious during the pulse. The thermal schlieren effects occur with 
a time delay after the absorption of the pumping light (Fansch 1971a). 
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 angular diver
gence resulting fran the small active cross section.

7 (c). OUTPUT MIRFOR AND BEAM EXPANSION TELESCOPE

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 dyes 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 
(Hansch 1972). If one assumes a Gaussian beam profile with radial 
intensity distribution given by:

1 = 1  exp(-2r2/w2) (34)
0

with waist size at the centre of the active volume, the diffraction 
limited angular divergence of the emerging beam is given by (Kogelnik 
1965) as:

AS = A/mo (35)l i

At a waist size of 0.07 nm and a wavelength in the 500.0 to 600.0 nm
range, the divergence angle A0^ is about 2.4 milliradians.

The cavity telescope consists of two lenses L and L of focal ~ 1 2
lencrths f = 3 irm and f =80 mn. Both are antireflection coated 

1 2
multielement systems. The separation between the dye cell and L 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-2
mation can be calculated according to Kogelnik (1965) to be:

w2 = (f2/f2){w2 + (f - d )2 (A/irw )2} (36)
2 2 1 1  1 1  1
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The initial waist size of 0.07 rrm is thus enlarged by the telescope
to about w = 4 ircn. (if X is about 500.0 ran), and the divergence is 

2
reduced to:

A0 = X/ttw = 0.04 mrad. (37)
2 2

7 (d). THE DIFFRACTION GRATING

The high order diffraction grating (blaze angle 63 degrees,
600 lines/inn) is held in a precision angular orientation mount with 
a mechanical resolution of 0.02 arc-second. If the angle of inci
dence is <j>, the angular dispersion of a diffraction grating in a 
Littrow mount is given by B o m  and Wolf (1970):

d<{>/dX = (2 tan<f>)/X (38)

Since the attainable resolution is proportional to the number of
grooves, the grating must be at least as large as the oblique beam
cross section 2w /cos($). If the back reflected beam is displaced 

2

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 beam divergence A0 . The corres-2
ponding wavelength deviation is given by equations (37) and (38):

AX - X2/2Trw tan(<}>) (39)9  2
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Under the above conditions the estimated linewidth of the nitrogen 
laser-pumped dye laser will be about 0.01 ran. Fran 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 EXPERIMENTAL DATA

Experimental performance characteristics of the dye laser are
-3given for operation near 600.0 nm using a 5 x 10 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- 
lunibelliferone 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 
configuration, 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 corresponds 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 about 0.04 millijoule per pulse.
The dye laser pulse shape and duration were measured using a delayed, 
coincidence technique (eg. Phaneuf 1973). The results indicate a
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pulse with a duration of about 10 nanoseconds (see figure 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.

It has been shewn (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 techniques 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 atonic 
collision experiments performed with this laser will be discussed.
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III. TRANSFER OF ELECTRONIC EXCITATION BETWEEN HIE 62P .
3/2

AND THE 62P . STATES OF RUBIDIUM AND THE 72P , AND1/2 3/2
THE 72P , STATES OF CESIUM INDUCED BY COLLISIONS WITH 1/2
GROUND STATE ATOMS OF THE SAME TYPF

1. THEORETICAL

The processes that ensue when one fine structure state of the 
n2P alkali doublet is irradiated with a short pulse (=10 nanoseconds) 
of light are shown schematically in figure 19. The energy levels are 
taken from the tables of Moore (1952). The inelastic interactions 
of interest for rubidium may be represented by:

Rb(62P ) + Pb(5zSk) + Rb(62P ,) + Rb(52S, ) + Energy (40a)J * J ^

Fb(62Pj ) + Rb(52̂ ) ■* 2Rb(52Sj5) + Energy (40b)

R b ^ 2]̂ ) + Rb(52S?5) Rb(4,5f62Xj( t) + Rb(52Sj_.) + Energy (40c)

where J or J 1 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 62S^ ground state and the 72P doublet. 
Equation (40a) describes the mixing of the 2P substates and is the 
primary subject of this investigation. In addition to the mixing 
processes, quenching to the 2S, ground state and transfer of excitation
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to the lower lying 2S, 2D and 2P states, described by equations
(40b) and (40c) respectively, may also occur.The latter processes
jointly manifest themselves as the total effective quenching of the
2P states. In figure 19, the mixing collisions in the lcwer lying
2D and 2P states have been neglected, since although they will be
present, they will not influence the measurements. If we represent
the 62P , state of rubidium ( or the 72P . state of cesium) by the 3/2 3 / 2

subscript 2, and the 62P . state of rubidium ( or the 72P , state
1 / 2  1 / 2

of cesium) by the subscript 1 , and define the pumping rate to state
2 as s (t) and to state 1 as s (t), we can write the following rate 

2 1

equations for the P states ( the following arguments apply to both 
rubidium and cesium) t

ft = s (t) + N Z - N (1/x + 1/ t  + 1/ t  +  1/ t  +
2 2  1 1 2  2 2  3 7 e

7 + 7  + Z . + Z . . + Z . )  (41)
2 0  2 1  2 0 2 2  2 1

N = s (t) + N Z  - N ( 1/ t  +  1/ t  +  1/ t  +1 1 2 21 1 1 <♦ 5
Z + 7  + Z , + Z „) (42)

1 2  1 0  2 1 '  11

If we new write :

1 / t  , =  1 / t  +  1 / t  +  1 / t  +  1 / t  (43)3/2 2 3 6 7

1/Tl/2 = 1/T1 + V \  + 1/T 5 <44>
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and letting:

r = 1/ t  + Z + (Z + Z + Z + z ) (45)
2 3/2 21 20 2 0 22" 21"

T = 1/T . + Z + (Z + Z , + Z , ) (46)
1 l/2 12 10 2 1 11*

we get the following equations:

N = s (t) + N Z - N T  (47)2 2 1 12 2 2

N a s (t) + N Z  - N T  - (48)
1 1 2 21 1 1

where and 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 s (t) or by s (t). The solutions for N and N are then 

1 2  1 2
constants together with transients that depend on the initial con
ditions. Neglecting the transients, eouations (47)and (48) becane:

0 = s + N Z - N T  (49)
2 1 12 2 2

0 = s + N Z - N T  (50)
1 2 21 1 1

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). Equations
(47) and (48) can also be integrated over all time for the case of
(t) and s^(t) having a finite duration and assuming that the initial

and final values of N and N are zero. Equations (47) and (48) then
1 2

beccme:

0 = s' + N'Z - N'T (51)
2 1 12 2 2

0 = s' + N'Z - N'T (52)1 2 21 1 1

where the prime indicates the value of the time integrated quantity
(eg. N' = / N (t)dt ).

2 0 2
The similarities between (49), (50) and (51),(52) are obvious 

and by measurinq the time integrated-fluorescence intensities, Z
1 2

and Z can be determined by the same formulae as were used in the 
21

continuous excitation method that was used by the above authors.
Unfortunately measurements of the total time integrated fluor

escence are not possible 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 fran the equations (47) and (48), new depend on the T'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 hv , N A , (53)ab ab a ab

where k .is a factor that depends on the geanetery of the detection ab
system and the transmission of the optical elements, h v^ is the energy
of a photon of frequency where a is the upper state and b is the
the lower state, N is the population of radiating level a, anda

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 = k hv N A ; D = k h v N A  (54)
1 1 2 1 0 1 1 0  2 21 2 0 2 2 0

where the k's are apparatus constants to be determined and FT and
N are defined by:
2

N = / N dt ; N = / N dt (55)
1 t 1 2 t 29 g

with t being the gate turn on time.g
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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t(62P ) = 11.4 x 10 8 second (Pucka et al 1966)
1/2

T (62P 3/2} = 11,68 X 10~ 8 second (Gallagher 1969)

and for cesium:

— 8t(72P ^ )  = 15.5 x 10 second (Altman and Kazantsev 1970)

x(72P ) = 12.2 x 10 8 second (Markova et al 1967)
3/2

The branching ratios for rubidium are:

62P . -+■ 52S . 0.27 (Heavens 1961)
1/2 1/2

62P . -*■ 52S , 0.31 (Heavens 1961)
3/2 1/2

and for cesium the branching ratios are the average values taken 
frcrn the calculations of Heavens (1961) and Warner (1968) and are:

72P , 62S , 0.27
1/2 1/2

72P . + 62S . 0.41
3/2 1/2

The ratio of the sensitized to resonance fluorescence signals 
is defined by:
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TJ = k v  N A  / k v  N A (s = 0) (56)
1 12 1 0 1 1 0  2 2 0 2 2 0  1

\i = k v N A A  v N A (s = 0) (57)
1 2 1 2 0 2 2 0  1 1 0 1 1 0  2

Vi ̂ and U2 are the measured quantities and their values depend on the
collision numbers together with the r's, A values, t and the timeg
dependence of s and s . The method of obtaininq the Z values from 

1 2
the measured p and y was as follows. The dye laser pulse and thus 

1 2
s^(t) or s^(t) could be represented quite accurately by ŝ  (̂t) =
a sinwt for t < t where wt =ir and t is the duration of the 
1,2 ^ o o o

laser pulse. The solution to the rate equations when s (t) and s (t)1 2
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, t = 10 nanoseconds,0
thus the rate equations (47) and (48) can be solved to give the 
following results:

N (t) = A exp(-r t) + A exp(-r t) + A sinwt + A coswt (58)1 1 1 2 2 3 <♦

N (t) = B exp(-r t) + R exp(-r t) + B sinwt + B coswt (59)2 1 1 2 2 3 •*

The coefficients can be derived from the initial conditions
N (0) = N (0) = 0 and dN (0)/dt = s (0) and dN (0)/dt = s (0). 
1 2  1 1 2 2

Using these conditions we get:
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A = (r A + uiA ) / (r - r )
1 2 4 3 1 2

A = (r A + wA ) / (r - r )
2 1 4 3 2 1

a = {(r r - z z - w2)(z a + r a ) +w2(r + r )a }/3 12 12 21 21 2 2 1 1 2  1

{(r r - z z - w2)2 +w2(r + r )2} 1 2 12 21 1 2

a  - {(r r -z z - w2)a a) - u(r + r ) (z a + r a )}/
4 1 2 12 21 1 1 2 21 2 2 1

{(r r - to2 - z z )2 + w2 (r + r )2} 
1 2  21 12 1 2

B = (r R + wB ) / (r - r )
1 2 4 3 1 2

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

b = {(r r - z z - w2) (z a + r a ) + co2 (r + r )a }/3 12 12 21 121 12 1 2 2

{(r r - z z - w2)2 + w2(r + r )2} 
1 2 12 21 1 2

b = ' {(r r - z z - w2)wa - u(r + r )(z a + r a )}/
4 1 2  1 2 2 1  2 1 2 1 2 1  1 2

{(r r - z z - u2)2 + w2(r + r )2} 1 2  12 2 1 1 2
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(64)

(65)

(66) 

(67)
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and r and are given by:

r = (r + r )/2 + Jj{(r - r )2 + 4z z }' (68)
1 1 2  1 2  12 2 1

r = (r + r )/2 - %{(r -r)2 + 4z z (69)
2 1 2  1 2  12 21

After excitiatian ceases at t = t yieldinq a = a =0, the initial
0 " 1  2

conditions for the decay become N = N (t ) and N = N (t ).
10 1 0  20 2 0

The rate equations for the decay beccme:

N = N Z - N T  (70)1 2  2 1 1 1

N = N Z - N T  (71)
2 1 12 2 2

These have the solutions:

N (t) = A' exp(-r t) + A' exp(-r t) (72)
1 1 1  2 2

N (t) = B' exp(-r t) + B' exp(-r t) (73)
2 1 1 2 2

Where the coefficients are given by:

A' = (N Z + N (r - r )}/(r - r ) (74)
1 2 0 2 1  1 0 2  1 2 1

A' = (N Z + N (r - r ) }/(r - r ) (75)
2 2 0 2 1 10 1 1 1 2
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B' = {M Z + N (r - T )}/(r - r ) (76)
1 1 0 1 2  2 0 2  2 2 1

B' a (N Z + N (r - r )}/(r - r ) (77)
2 1 0 1 2  2 0 1  2 1 2

The values of y and y as calculated fran the above set of equations,1 2
•were then compared to the measured values of the y's and the Z'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 fran linearity of the plots of collisional numbers Z 
against rubidium or cesium density (Siara 1973). As will be seen, 
the plots are linear to within the statistical errors. We can there
fore assume that quenching to the ground state is of negligible 
importance in alkali - alkali collisions.

The average effective collision cross section Q , describing 
the collisional transfer e -*• f, is related to the differential cross 
section for this process by the equation (Pimbert 1972):

CO
Zef = N / d e f (v)vf(v)dv (78)

where N is the density of ground state atoms, g (v) is the o ef
differential cross section and f(v) is the velocity distribution
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of the colliding atoms. Since the function q (v) is not known, anef
average or effective Q ^ is taken by writing equation (7R) in the 
form:

Z = N Q v (79)ef o ef

where v is the mean relative velocity of the colliding partners
assuming a Maxwell-Boltzmann distribution of velocities, v is related

_  _  h —to the temperature of vapour by v = (RkT^Am) where m is the reduced
mass of the colliding partners and is the absolute temperature
of the vapour.

In this manner, by exciting the atoms with each component of the 
2P doublet in turn and measuring the corresponding fluorescence int
ensity ratios y and y it is possible to determine independently 1 2
the mixing cross sections q and . According to the principle
of detailed balancing, the cross sections should be related by:

Q /Q = (g /g ) exp(-AE/kT ) (80)12 2 1 2 1 0

where g = 2 and g = 4 are the statistical weights of the 2P .
1 2 1 / 2

and the 2P . states respectively and AE is the energy splitting 
3/2

“ 1 2of the fine structure states, amounting to 77 cm for the fi P states 
of rubidium and 181 cm  ̂for the 72P states of cesium.
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2. EXPERIMENTAL 

2 (a). , DESCRIPTION OF THE APPARATUS

The arrangement of the apparatus is shown in figure 20. The 
light fran the dye laser was focussed to a line in the comer between 
the entrance and exit windows of a quartz fluorescence cell (Krause 
1966). The cell is similar to the original design of Wood (1914).
The fluorescence emerging at right angles to the exciting beam was 
collimated and detected by a pair of photomultiplier tubes, which 
were adjusted to have the same sensitivity. Each phototube viewed 
the same volume 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 observed volume. Since
the sensitized fluorescence is weaker than the resonance fluorescence 

3 4by a factor of 10 to 10 , 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 due 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 heating and photo- 
bleaching of the dye. The frequency jitter was smaller than the 
laser linewidth, but still caused small fluctuations of the alkali 
fluorescence intensities.

Since the frequency selection of the dye laser was performed 
by a diffraction grating, the output tended to be polarized parallel 
to the direction of the grooves in the grating. If we refer to figure 
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 we excite the n2P . state, the fluorescence from this3/2
state will be partially polarized in the same direction as the exciting
light. However, the sensitized fluorescence from the n2P . state

1 / 2

will not be polarized (Feofilov 1961). With increasing alkali density,
collisions will tend to depolarize the resonance n2P . state. This

3 / 2

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 true measure of the population of the n2P ^  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 introduces 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). Hcwever,
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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 Lorrain 1962) indicate all polarization directions 
are reflected with almost equal intensity. Thus, provided the angle 
6 in figure 20 is small, very little error will be introduced in 
measuring the n2 p 3/ 2 transition. For this experiment, 0 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 n2P . state is excited by the laser, both the res-

1/2

onance and the sensitized lines should be depolarized (Foefilov 1961), 
and no errors will be introduced by the beam splitter.

I.T.T. FW130 photomultiplier tubes with S-20 spectral responses 
were used. Pcwer to the phototubes was supplied by independent Fluke 
412-B power 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 nm. 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 Edwards 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 eguipped with a GIC-016-C ion gauge head

-3 —o -7(10 to 10 Torr). With this arrangement, pressures belcw 10 Torr
could be obtained consistently.
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A side-arm 2 an in diameter and 5 cm 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. JX2B1 strip heaters. The power to the strip heaters 
was supplied by a Pcwerstat variable autotransformer (0 to 120 volts), 
connected to a regulated 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
ature within the oven. The temperature of the inner oven was maint
ained at about 440 degrees K. Calibrated copper-constantan therm
ocouples, used in conjunction with a Leeds 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 about 100 nanoseconds and a computer simulation shews 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 In the next section it will be seen that for the counting 
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. In order to improve the signal-to- 
noise ratio, the phototubes were turned on for approximately 1 micro
second. This does not change the average signal count rate, but it

-3reduces the average dark count rate to 2 x 10 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 scattered from the 
glass surfaces of the cell. A narrower spectral linewidth of the 
laser output would be an advantage, since the light would be absorbed 
in a short distance within the cell. However, a narrower linewidth 
also requires a mo r e  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 
and 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 continuously.

The electronic gate system consisted of a pulse amplifier, a 
TTL SN7408 AND gate, a Signetics NE555 timer used as a pulse shaper, 
and E.G. and G. SGD-100A photodiode and a Universal AD-YU Electronics 
model 20A1 delay line. The arrangement of the components is shewn 
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 NE555 timer to give a square 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 fran the phototube arrives during the time interval 
that the pulse fron the timer is at the 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 k /k in egu-
.12 2 1

ations (56) and (57) must be evaluated. This was accomplished 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 k /k (or k / k  ) was simply determined

12 2 1 2 1 1 2
from the counting rates and the transmission factors of the neutral
density filters. The latter were measured on a Carey double-beam

1spectrophotometer.

1. Gratitute is expressed to Dr. M. Schlesinger for performing the 
measurements on the neutral density filters.
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2 ( c ) . COUNTING L IM ITA TIO N S

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. Vie 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 events which have a small but con
stant probability of occurence. The probability of a photon being 
emitted at any instant is proportional to the number of atcms in 
the upper state corresponding to the transition. We therefore do 
not have a constant probability of detecting a photon during the 
counting interval. However, the total number of excited atcms 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 the interval will therefore obey Poisson stat
istics.

Let m be the true mean number of pulses per counting interval.

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



94

The probability of observing n pulses is:

P(n) = mn 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:

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:

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 are no signal pulses will add to the counts. We can

00 ~  00

(82)

00

N Y nP(n) = Nm (83)o

The measured number Of pulses is given by:

00 00

R = N T, P(n) + N P (0) Y, P' (n) (84)
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Treasure 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 obey Poisson statistics we have:

P'(n) = exp(-r)rn/nl (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'ZP'(n) = N'{1-P'(0)}= N'{1 - exp(-r)} (86)

where N' is the total number of counting intervals over which the
00

measurements occur. Hence IP'(n) can be evaluated. The measuredi
number of pulses (signal + dark noise etc.) can be written as:

OO
N{1 - P(0)} + NP(0)£P'(n) = R (87)l

Rearranging gives:

P(0) = (1 - R/N)/{I - EP'(n)} (88)

Since P(0) = exp(-m) , m and hence the true number of pulses in N 
counting intervals can be calculated.

The error in m arises fron 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 square root of the variance. Although the
statistics are not exactly Poisson, they are close enough to take

hthe variance of R to be R and hence the error in R is R . Similarly
00

we can measure the error in IP'(n) frcm the dark current counts.
00 *

Denoting EP' (n) as W we have:

P(0) = (1 - R/N)/(1 - W) (89)

therefore:

AP(0)/P(0) = A(1 - R/N)/(l - R/N) + A(1 - W)/(l - W) -
= AR/(N - R) + AW/ (1 - W) (90)

Since 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:

NAm = NAR/(N - R) = AR/(1 - R/N) = AR = R 3 (91)

The use of the above formulea enables faster count 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 preparation 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

-7a vacuum of better than 10 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 quantity 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 new in the 
side arm.
When aligning the optical system, the focused laser beam was placed 
as closely as possible to the comer formed by the two cell windows, 
without producing spurious reflections. This reduced the optical 
path length of the observed fluorescence to about 2 irm.

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 POPQP (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 10  ̂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 liquid 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):

log P(Torr) = A - B/T(°K) + CT(°K) + D log T(°K) (92)
10 10

For rubidium:
A = 15.88, B = 4529, C = 0.0005866, D = -2.991 
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:

18N (cm J) = 9.656 x 10 P(Torr)/T (°K) (93)

where N is the density of alkali atcms and T is the temperature o 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

12was avoided by working at rubidium vapour densities below 6 x 10
3 13 3atcms per an and cesium vapour densities below 10 atcms per cm .

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
ZP , , . *■ 2S , transistions. Numerical solutions to the rate

1/2 3/2 1/2

equations (47) and (48) show that, for photon densities typical of
the dye laser, saturation and a considerable reduction of the ground
state atomic dens it^is possible. Mien this occurs, the Z values
are reduced since N in equation (79) is less than that indicated

0
by equation (93). Since smaller values of Z will produce smaller p 
values, care was taken to reduce the incident photon density so that 
the values of the p's were independent of the incident photon density. 
The third consideration involves the possibility of photoionization 
frcm the excited states as discussed by Popescu et al (1973,1974). 
Under conditions present in the experiments, it is possible to photo- 
ionize atcms frcm all the excited states of both cesium and rubidium. 
The subsequent reocmbination will populate all the excited states to 
an amount depending upon the recombination coefficients. Any cascading
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to the second 2P levels which were not optically excited directly 
will lead to larger values of y. The possible importance of this 
was determined both experimentally and theoretically. Since the 
probability of photoionization depends on the incident photon density, 
the constancy of the values of y 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 be negligible compared to the excited 
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 Q /Q should correspond to the detailed1 2 2 1
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 broadened due to collisions and the 

intensity received by the detector centred on the Zp1//2 transition 
will have a component that is due to the 2P . line. This component3/2
will be proportional to the pressure and thus cause an error in the 
measured cross sections. Although only a very small portion of the

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



101

broadened resonance line is detected as sensitized signal, there is 
also only a very small proportion of the excited atans 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

The graphs of the fluorescence intensity ratios y and y1 2
plotted against alkali metal density are shown in figure 23 for
rubidium and in figure 24 for cesium. In both cases the gate delay
time t was 170 nanoseconds. As expected frcm equations (54) and g
(79) the plots are linear and have a slope proportional to the cross
section n and o • The error bars shown are the standard deviations 2 1 v 12
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 given in Appendix A. As will be shown the in
tercept in figures 23 and 24 is in good agreement with the value 
expected on the basis of measuring the scattered light and finite

-3resolution of the monochromator. This value is about 1.2 x 10 with 
an error of about 4 percent. The intercepts frcm 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 squares analyses were performed on the values
of y and y in relation to the vapour densities, and the values 1 2
of the resulting slopes were used in the equations of section III.l
to evaluate the total mixing cross sections Q and O . The entire

2 1 '12

analysis of the experimental data was performed on a Digital 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 1 2 (62P i /2
-> 62P . ) 

3 / 2
= 245 A

Rb: Q 2 1(62P 1/2 <- 62P ) 
3 /  2

= 163 A
Cs: Q 1 2 (72P 1/2 72P ) 

3 / 2
= 121 A

Cs: Q 2 1(72P 1/2 4- 72P ) 
3 / 2

= 107 A

The following sources of error were inherent in the 
experiments:
1) Uncertainties in the lifetimes of the alkali metals.

For Cs the error is about 5% and for Rb the error is 
about 11%.

2) Errors in the temperature, measurements of about 3%.
3) Uncertainties ini the 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 t 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 above 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 Q /Q from equation (80) should be 1.55 for Rb 

12 2 1
and 1.12 for Cs. The measured values were 1.50 ± 0.48 for Rb

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



106

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 x isc
considerably larger than h/2iTAE, where AE is the energy to be trans- 
fered in the collision. Therefore in an adiabatic collision we have:

xc »  h/2TrAE (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 angular momentum vector L and the 
spin angular momentum vector S remained coupled and any change in 
the total electronic angular momentum vector J requires that there 
be a change in S. 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/2-rrAE, the collision is termed 'nan-adiabatic' 
and we have:

Tc <<: V 2 ttAE (non-adiabatic) (95)

In this case S 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 + S |. Since
the magnitude of the cross section for the reorientation of L is the
same order as the disorientation cross section (=10-^  on2) 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.lf we examine the results of Krause (1966) for
the first excited states of Na and K (AE = 17 cm ^ and 57 cm-’*'
respectively), we find that the collisions are non-adiabatic and
according to the above criterion the cross sections should be of the 

-14 2order of 10 an . However for the first excited states Of rubidium
and Cs (AE = 238 an 1 and 554 an~'1 respectively) the collisions are
adiabatic and the above criterion states that the cross sections

-14 2should be much smaller than 10 cm . In fact the cross sections
vary in a continuous manner in passing frcm 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 Q and the principle

12

of detailed balance was used to determine Q . In the case of sodium,2 1
only o could be measured and the same method was used to obtain 

2 1
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. Figure 25 shews the relationship between the value
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TABLE I

A LK A L I-A L K A L I COLLISION C riS S  SECTIONS

Collision Process
(cm )

Experimental  ̂
Cross  Section (A )

®12 Q 21

^ 1 2 ^ 2 1 g 2 -AE 
gj® kT

A u t h o r

C s (62pi/2 2  6 2P 3/ 2 ) 554 6.4 +  1 31 ±  3 0.21 +  0.06 0.27 Krause

C s (82p 1/2 - 7 2d s/2) 360 20 +  5 - - 0.82 Pimbert

C s (82Pi / 2 - 7 2d 3/2) 339 21 +  5 - - 0.59 Pimbert

r M s 2p 1/2 ^  s 2p j/2) 238 53 +  6 68 +  9 0. 7 8  +  0. 2 0. 8S Krause

C s (72P 1/2 = 7 2P 3/2) 181 121 ±  15 107 ±  13 1.13 + O.27 1.12 Present
I n v e s tigation

c ^ S 2pi/2 - s ' V 83 190 +  57 - - 1. 62 Pimbert

Rb ( 6 2p 1/2 ;  62p 3/2) 77 245 +  39 163 + 26 1. 50 +  0 .4 8 1.55 Present
Investigation

K ( ‘ 2pi/2 :  ',2p3/2)
58 370 +  37 250 +  75 I .48 ±  0.59 1.60 Krause

Na(3 P j y 2 _ 3 P 3/ 2 > 17. 2 - 283 +  28 - 1.88 Krause
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of  ̂for the different systems as a function of AE-1. The value
of Q is chosen rather than Q since it is the more fundamental 

2 1 12

of the two. No energy is required to cause the transition frcm level
2 to level 1 and thus the velocity distribution of the ground state
atcms plays a lesser role in the value of Q ccmpared to Q as the 

. 2 1 1 2
cross sections are velocity averaged. For all the transitions except
sodium, the graph indicates an essentially linear relationship between
0 and AE ^ and thus Franck's rule is obeyed (Franck 1929). For 

2 1

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 the cross 
sections for the excitation transfer between the second excited states 
of rubidium and cesium, induced by collisions with ground state atcms 
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 atcms are a factor of two 
smaller than the experimental 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 atcms.

Finally it is of interest to compare 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 frcm figure 26, the scattered
light and finite resolution of the monochromator indicate that the
intercept on the graph of sensitized to resonance intensity ratio

-3against alkali density should be about 1.2 x 10 . 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

-4 -5intensity ratio as small as 10 to 10 can be measured. However
by using a monochromator with better resolution and with less scattered

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

This report has discussed the theory and construction 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 atcms 
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 nanometre can be achieved with optical 
filters of low 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

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



114

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 
sensitized 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 together with 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 atoms of the same 
type indicate the following:

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

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 Lewis (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-atcmic 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. Quenching 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 
resonance technique (Agcirbiceau 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 delayed coincidences (eg. Phaneuf et al 1971,
Deech and Baylis 1971, Deech et al 1971). It would also be possible 
t§ study mixing collisions in highly excited 2D states by ex
citing the vapour by two photon excitation.

Another possible experiment would be an investigation of the 
multi-photon ionization processes that ensue when an alkali vapour 
is optically excited with light of sufficient energy to cause photo
ionization frcm 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 states 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 new be
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possible to study photoionization processes in several alkali metals.
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EXPERIMENTAL DATA FOR CESIUM SECOND 

EXCITED STATES MIXING CROSS SECTIONS

Density M-i Density
(xlO cm. ^ ) (xlO (xlO cm (xlO

8 . 1 4 3 1 .2 4 8 (.1 1 0 ) 16.904 1. 63 2(.186)
10.621 1 .2 1 7 (.1 1 0 ) 19.995 1.672(.1 4 4 )
1 5 . 0 0 9 1.285(.12l) 2 0 .331 1.565(.152)
1 9 . 3 3 8 1 .4 1 2 ( . 1 0 8) 20.672 1.652(.166)
2 1 .371 1.346C.106) 24.792 1.702(.148)
24.792 l.5 0 1 (.1 0 l) 26.903 1.789C.1 6 4 )
2 6 . 4 6 8 1.472(.104) 31.126 1.833C.113)
32.144 1. 535(. H O ) 31.631 2.006C.113)
32. 6 6 4 1.482(.120) 32.664 1 .8 1 4 (.1 3 0 )
39.540 1.509C.102) 34. 823 1 .8lO(.1 3 7 )
42. 780 1.542C.106) 39.540 2.005(.144)
4 8 . 472 1.624C.145) 39.540 2.032C.163)
53.189 1.590C.108) 42.113 2.054(.119)
55.702 1.616(.143) 4 4 .1 4 I 2.088(.150)
59.223 1 .6 2 7 (.1 2 4 ) 4 8 . 472 2.174(.135)
61.058 1 .77 2 (.1 0 4 ) 49.999 2.1 2 2 (.143)
62.947 1.711(.151) 51.572 2.316(.150)
65.879 1 .7 0 3 (.125) 56. 563 2. 342 ( .162)
6 6 . 8 8 3 1 . 8 3 2 (.1 5 0 ) 6O . 1 3 4 2 .3 86(.1 8 2 )
67.903 1. 69 2 (.1 3 9 ) 61.058 2.554C.152)
78.905 1.906C.138) 67.903 2. 604C.185)

72.122 2.775(.191)
75.444 2. 674(-189)
8 0 . 0 8 9 2.983C.199)
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EXPERIMENTAL DATA FOR RUBIDIUM SECOND 

EXCITED STATES MIXING CROSS SECTIONS

Density p.̂ Density p2
(xlO^cm (xlO (xlO cm (xlO

4.063 1 . 2 6 4 (.0 9 5 ) 5 . 5 4 3 1.4 8 6 (.135)

5.643 1 .2 9 8 (.0 9 9 ) 7. 221 1.571(.130)

6.733 1 .2 7 0 (.0 8 4 ) 8. 4 4I 1.4 6 2 (.10 2)

9.198 1.38l(.063) 9 . 3 5 7 1.560(.150)

9. 682 1.365(.0 5 8 ) 10.189 1.535(.128)

11.666 1.422(.074) 11.091 1.652(.150)

1 2 . 8 9 9 1 . 5 2 2 C.0 8 1 ) ' 13-337 1 .7 2 5 (•145)

13.116 1.400(.079) 13.560 1.7 8 7 (.144)

17 . 6 4 4 1. 57 3(.088) 17.934 1.76l(.154)

23.952 1.662(.lll) 20.085 1.975(.143)

26.339 1.639C.106) 21.079 1 .843(.094)

27.183 1.752(.lll) 2 4 .335 1 .9 90(.117)

31.292 1.816(.079) 26.339 2.074(•099)

31.783 1 .8 6 0 (.1 0 4 ) 28. 493 2. 25 2(. 236)

34. 875 1 .9 0 4 (.1 3 4 ) 32.785 2.456(.179)

3 8 . 2 4 4 1.855(.116) 3 6 . 5 2 4 2 .539(.2 1 4 )

43.199 1.9 8 6 (.1 2 3 ) 40.037 2.62l(.188)

4 8 . 0 1 2 2.058(.139) 42.549 2 .9 3 2 (.2 3 2 )

52.522 2. 206(. 126) 4 4 .526 2.861(.218)

45.892 3.069(.254)

53.311 3.076(.239)
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