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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF ENGINEERING AND APPLIED SCIENCE
ELECTRONICS
Doctor of Philosophy

STIMULATED RAMAN PROCESSES IN METAL VAPOURS
by Walter H.W, Tuttlebee

Recent work has demonstrated the potential of stimulated electronic
Raman scattering, SERS, as a tunable IR source., The current work has
aimed at an extension of the performance of SERS in the two areas of
tuning capability and narrower linewidth; to this end a variety of

stimulated electronic Raman schemes have been investigated,

Initially the theoretical background of SERS and of various possible
competing processes is reviewed. The construction and performance of
the dye lasers and heat pipe ovens used for the work are then described,
followed by a presentation and discussion of the experimental work

performed; this work falls into four main areas,

Firstly the potential of pump and SERS feedback schemes to extend
the tuning ranges of an existing alkali metal SERS system, Cs 0s-7s,
has been investigated, under non~optimum conditions; results from this

appear promising for future work,

Secondly, we have demonstrated for the first time the possibility of
obtaining a tunable IR output from a fifth order nonlinear process,
stimulated hyper~Raman scattering, SHRS, in Na vapour, Various aspects

of theory and behaviour of this process are described,

The advantages of obtaining SERS from an excited initial state have
been considered; preliminary results have proved disappointing and have

ited us to consider possible limiting mechanisms in such processes,

Finally SERS in alkaline earths is considered; only few such schemes
2

I

would appear to be viable for various reasons, One such scheme in Ba
has however yielded a O,2cmnl system=-Llimited SERS linewidth, a narrower
SERS linewidth than has previously been attained; indications are that
narrower linewidths still may be attainable, although further work will

be necessary to verify this, These results also suggest that the

optical Stark effect and power broadening have less influence

Raman linewidth than has previously been thought.
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CHAPTER 1

Introduction

Advances in tunable laser sources over the last ten years or so
have been accompanied by a complementary increase in specific
applications in widely varying fields, Tunable infrared radiation in
particular has been recognised as a powerful tool, since most
molecules have vibration~rotation bands falling in this region of the
electromagnetic spectrum, Recent work has indicated the capabilities and
potential of tunable infrared lasers in areas of linear and non=
linear spectroscopy (Walther 1975, Letokhov and Chebotayev 1977},
laser induced photochemistry, including time resolved measurements
(West 1977, Mooradian et al 1976) and remote atmospheric pollution
monitoring (Hinkley 1976, Mooradian et al 1976) amongst others, With
such a large realm of potential applications much research has gone into
the understanding and development of devices capable of producing tunable
coherent radiation in the infrared by various methods; thus, we shall
briefly consider some of these approaches, including that of
stimilated electronic Raman scattering, SERS, in metal vapours, in

order to set the current work in context,

1.1 Tunable Laser Sources

There have been some comprehensive reviews of tunable lasers
over the last few years (Colles and Pidgeon 1975, Kuhl and Schmidt 1974 )
from which some of the following information has been taken; more recent
work has been described in the proceedings of the Loen conference in
Norway 1976 (Mooradian et al 1976) and in other recent literature,

cited.mkre appropriate,

Perhaps the most familiar and widespread tunable laser in use

today is the dye laser, Since its invention in 1966 by Sorokin its

development has been both rapid and diverse in expression, resulting in
cw or pulsed operation, laser pumped or flashlamp pumped, broad— or
narrow-band, modelocked or otherwise, The dye laser has become widely
used because of the vast fields of experiments opened up by a high

power and brightness tunable source; its versatility and, in some forms,
relative cheapness and simplicity have also contributed to its prolifera-
tion, Whilst used in its own right for original research, considerable

effort has still been put into further extensions of its capabilities,



The fundamentals of dye lasers are well discussed in Schéfer 1973,
and the more recent developments can be essentially divided into three
areas — engineered designs, new dyes and new pumping methods, Cw
devices in particular are readily available now as fairly expensive yet
reliable engineered systems; recent progress in laboratory set-ups in
terms of power and tuning is reported by Anliker 1977 and Romanek 1977,
More recently laser pumped pulsed systems have reached the engineering
stage and come onto the commercial market; Kato 1976, reports the
performance of a pulsed Nd:YAG second harmonic pumped system, typically
characterised by the high power attainable, Progress in flashlamp
pumped designs has again been in the areas of power and tunability
{see eg Schafer 1976),

It was recognised early on that laser dyes fell into distinct
chemical families, eg the xanthenes, oxazones etc, and more recent work
especially has concentrated on the synthesis of new dyes by a modifica-
tion to an established dye structure, This approach, combining theory
with t'scientific intuition' is resulting in new dyes still being
discovered for laser pumped, pulsed and cw, and flashlamp pumped use
(eg Basting 1976, Schimitschek 1976 and Rulliére 1976),

The term 'new pumping methods! refers to the advent of high power
excimer lasers, notably XeF emitting at 350nm and KrF at 248nm, The
potential of these lasers for dye laser pumping is just beginning to be
explored, but at first sight would appear to be great, providing high
pump powers in the ultraviolet at high refftition rates, Preliminary
work pumping new dyes with a KrF device has been carried out by
Rullidre 1977; Biicher and Chow 1977 have obtained powers up to 1MW of
dye laser radiation tunable between 320-365nm pumping with 8MW at 248nm,

A less common and less versatile tunable source is the semiconductor

diode laser, This device has a relatively low power emissiocn line, cw

or pulsed, somewhere in the region O,3-30um, the wavelength being
determined by its band gap (which i composition dependent };

tuning of the output is then effected by modifying the band gap and/or
the longitudinal modes of the optical cavity =~ current (temperature) tun-
ing is probably themostwidely used, The need to operate at liquid
nitrogen or helium téﬁperatures has been a drawback although recent
developments seem to be overcoming this and also resulting in wider

tuning ranges (see Mooradian 1976), This device has been used in



3

Representative mixing experiments with dye laser sources

Source Nonlinear Infrared Qutput power Reference
crystal tuning {peak) and
range linewidth
{nm)
Ruby laser and ruby LiNbO, 3-4 6 kW C.F.Dewey, Jr, L.O.
pumped dye laser 3-S5cm™! Hocker: Appl. Phys.
{0.84-0.89 um) Lett. 18, 58 (1971)
Ruby laser and ruby Ag,AsS, 10-13 01w D.C. Hanna, R. C.Smith,
pumped dye laser {proustite) 49 6 W C.R.Stanley: Opt. .
(0.73-0.75 pm) Commun. 4, 300 (1971)
Ruby laser and ruby LilO, 4.1-5.2 100 W D.W. Meltzer, L.S.
pumped dye laser Goldberg: Opt. Com-
(0.8-0.83 pm) mun. 5, 209 (1972)
Ruby laser and ruby AgiAsS, 3.2-6.5 100 W C.D.Decker, F.K.
pumped dye laser {proustite} Tittle: Appl. Phys. Lett.
(0.79-0.78 um) 22,41(1973); Opt. Com~
mun. §, 244 (1973}
Ruby laser and ruby AgGaS, 4.6-12 03 W D.C.Hanna, V.V.Ram-
pumped dye laser pel, R.C.Smith: Opt.
{0.74-0.808 pm) Commun. 8, 151 (1973)
Flashlamp pumped AgGas, 87-11.6 1074w D.C. Hanna, V. V. Ram-
dye laser pel, R.C.Smith: IEEE ).
(0.58-0.62 ym) QE-10, 461 (1974)
Q-switched Nd: YAG- LilO, 2.8-34 80 mW H.Tashiro, T. Yajima: Opt.
laser at second- Commun. 12,129(1974)
harmonic dye laser
{0.635-0.66 pum)
Flashlamp pumped L0, 1.5-4.8 04 W H.Garlach: Opt. Com-
dye lasers 0.5¢cm mun. 12, 405(1974)
(0.44-0.62 pm)
Q-switched Nd:YAG LilO, 1.25~1.60 70 W L.S.Goldberg: Appl.
laser at 1.06 and 3.40--5.65 0.5W Opt. 14,653 (1975)
0.532 um 0.08cm™*
{0.575-0.640 um)
Ruby laser and ruby GaSe 9.5-17 300W G. B . Abdulaev, L. 4.
pumped dye laser 0.5cm™) Kulevskii, P. V. Nickles,
(0.72-0.76 um) A.M.Drokhorov, A.D.
Savelev, E. Yu Salaev
V.V.Smirnov: Sov. J.
Quant. Elect.{to be pub-
lished)
Argon ion laser LiNbO, 2.2-4.2 L pW (cw) 4.8 Pine: J. Opt. Soc.
and cw dye laser (5x107%em™h)  Am. 64, 1683 (1974)
{0.56-0.62 um)
More recent works
Two Ruby pumped LAsS 11+23um 400 at 1ilpm L O Hocker,
dye lasers Ao 3 3w at 1Sum C F Dowey Jr.,
(0.84~1}im) (proustite) Appl.Phys, 11,
137, 1976,
Cw Nd:YAG and Li1o 1.3-1,6Um  35u4(cw) W Labmann et al.,
dye laser 3 Opt, Comaurn, 17,
(0.58~0,640m) 18, 1976,
lon 1 ] 2.3-4.6 4 B Wellegehausen
Argon ion laser Li10, Mm o 4 (cw) ot al,, Appl.Pbys.

and cw dye laser
{0, 58~0,62im)

(Taken partly from Byer 1977)

11, 363, 1976,
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preference to others when it has been desired to monitor, say, a
specific molecular line (eg Max 1977, Hanson 1977); when different
wavelength ranges are required, however, a range of diodes to cover

all the regions of interest could prove to be expensive,

Progress in spin flip Raman lasers is also discussed by

Mooradian 1976, These devices, needing magnetic fields, cryogenic
temperatures and a laser pump are inherently complex; increasing
sophistication in the associated technology is gradually resulting in
the SFRL becoming more of an engineered device and research tool, as
evidenced by recent work by chemists at Newcastle University,
Poliakoff et al 1977, The use of an ammonia laser at 12.8Um as the
pumping source has also increased the tuning capability of the device
(Patel 1976),

Other recent developments receiving attention include optically
pumped high pressure gas lasers (Kildal and Deutsch 1976), colour centre

lasers (Mollenauer 1975, Gusev 1977) and fibre Raman oscillators
(Lin 1977),

One other very important device also warrants mention at this

stage, namely the optical parametric oscillator, Using a fixed

frequency laser pump (wp) the OPO generates a signal (ws) and idler (wi)j
such that Wt W= wp, due to the interaction of the pump field and the
OPO medium, an optically nonlinear crystal, Early work on the OFO was
done as far back as 1965 and devices with good performance were
developed (eg Hanna 1972) but further progress was hindered by the
practical difficulty of obtaining high quality crystals, Recently
however the availability of good quality Llithium niobate has resulted
in the construction of some sophisticated high performance systems

(eg Byer 1977, Wyatt 1977); difference frequency mixing of the signal
and idler waves in another nonlinear crystal enables the tuning range
to be extended out to beyond 20um (Wyvatt 1977 (private communication)
cf Hanna 1974), Fundamentals of the OPO are reviewed by Byer 1977,

Frequency conversion of dye laser radiation in nonlinear crystals

has also been widely studied and table 1,1 shows typical results until
a few years ago, together with some recent experiments to give some feel
for progress since then, Due to the number of stages in such an infrared

generation scheme the overall output and efficiency is low; however for



applications requiring medium power and wide tunability this can be a
good scheme, although careful consideration needs to be given to factors

such as getting good quality co—spatial beams in the crystal,

Both difference mixing and the OPO have suffered in the past with
problems associated with the nonlinear crystals, those of optical
quality and damage at high laser intensities; this has led to a searxch

for other nonlinear media which could be used instead.,

The use of atomic‘vapours was the new concept which first began
to arise as an alternative to crystals, Acentric crystals have a non-
zero second order susceptibility XﬂJ which renders them useful for
nonlinear optics; in an atomic vapouxr ?(@ is zero and the third order

(3) , non-zero for all media, is generally utilized,

susceptibility X
Normally )(&) is very much smaller than )(&) in a crystal; also the
density of atoms/molecules is much lower in an atomic vapour than a
crystal, However ;(B) can be greatly increased in magnitude by tuning
near to an atomic energy level resonance; once this fact was recognised

interest in vapours dramatically increased,

Stimulated Raman scattering between glectronic energy levels,

fig 1,1, was one of the first processes to be discovered in a metal
vapour, independantly, in 1967 by Sorokin et al and by Rokni and Yatsiv;
both experiments used fixed frequency sources, Work by Harris et al

at Stanford on third harmonic generation in alkalis followed {Miles and
Harris 1973), 1In the same year Sorokin, Wynne and Lankard at IBM

proposed and demonstrated the four wave mixing scheme illustrated in

fig 1,23 using a dye laser (wp) tuned near to resonance between the
ground state and an excited state, SERS occurs producing a wave at ws;
the mixing of these two waves with a second collinear dye laser (wL)
results in the generation of the infrared output wIR(z L)'
Experimentally Wynne et al 1973 reported tuning of this output from 2-4{m

W~ w - Ww
P S

in potassium, 2,9-5.,4Um in rubidium and from 2-25U in sodium/potassium
mixtures, Further work on this process at Southampton resulted in
similar large tuning ranges, although fundamental limitations of the
mixing efficiency were revealed; various ASE outputs were also observed,

hampering the use of the process for spectroscopy (Karkkainen 1975, 1977).

It was at this time that the role of SERS in metal vapours as a

process in its own right for generating infrared was appreciated and
studied in our own laboratories, Experiments using a high power dye

laser and caesium vapour were reported by Cotter 1976a, and a careful



Fig 1.1 The SERS process
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characterisation of 6s~7s scattering in that metal vapour using a low
power pump was subsequently done by Cotter 1976b; this work will be

more fully discussed below,

At the time of writing, one further development should be mentioned,
namely a great increase in interest and experiments involving

stimulated Raman scattering and parametric processes in moleculax

systems, Liquid nitrogen and high pressure hydrogen and other

liquids have been used for a long while for SRS of fixed frequency
lasers to provide a high power Raman shifted beam (see eg Grasyuk 1974},
but just recently it has been appreciated that tunable SRS and
parametric processes such as observed in metal vapours and crystals
can also be usefully demonstrated in these media, Frey and Prad@re
1976 using a 20~60MW(!)} dye laser and successive Stokes shifts in H,
or Cﬂg have yielded 1~20MW from the visible to 4,5um; this source has
recently been used for pumping SRS in liquid‘N2 (Prey et al 1977).
Four wave mixing type experiments in H, are reported by Brosnan 1977
and Loy 1977; the potential for efficient THG in molecules has also
been recently demonstrated by Kildal 1977, With metal vapour sources
beginning to be well characterised in terms of capabilities, effort is

now going into discovering the possibilities of molecular systems,

1.2 SERS in Metal Vapouxrs

SERS metal vapour systems can provide high peak powers, should
be readily scalable, have no damage or availability problems like
crystals and have advantages of simplicity and cheapness; they can enable
a laboratory with a pulsed dye laser to simply extend its capability

to regions of the infrared,

The achievements of SERS, prior to this work,are presented in
table 1,2, indicating the limitations of tuning and energy; this includes

work done at Southampton and also the results of Carlsten and Dunn 1975

using barium, Recently published work using potassium and
rubidium by Wynne and Sorokin is also included, From this it can
be seen that wide ranges of the spectrum have been covered with
high peak powers with a single metal vapour, caesium; the observed
linewidth of the radiation is broad, typically >O.3cm“l, a

restricting factor for some applications.
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Consequently the aims of the current work have been ...

1, to extend the current tuning ranges in the systems already tried;

2. to generate infrared in new regions of the spectrum; and

3. to gain further insight into the linewidth behaviour, with a

view to narrowing it,

These have been pursued with a desire to understand the basic
physics involved and also to produce a useful infrared device, Although
these three objectives have not been fully achieved in the work
presented herein, significant progress has been made — useful understanding
has been gained from the experiments which did not work as expected,as

well as from those which did,

- Investigations using a variety of metal vapours pumped by a high
power dye laser system are described, In the second chapter the
fundamentals of SERS are presented, comprising an approach to threshold
calculations and expected tuning ranges, various competing and limiting
processes and a comparison of the theory with experiment, Chapter three
describes experimental details of pump sources, dve lasers and metal
vapours, The experiments performed and their results are discussed
individually in subsections of chapter four whilst the final chapter
presents general conclusions from the research, providing an assessment

of the role of SERS and guidelines for future study,



CHAPTER 2

Pundamentals of SERS

In this chapter the formalism used to calculate the Raman gain,
and hence threshold and tuning range, is presented, The limitations
of the simple theory are illustrated by a comparison with previous
experimental results using caesium, The effects of atomic and
pump depletion are described, Finally, a number of mechanisms
which could be responsible for the observed broad linewidth output

are considered,

2.1 Gain Calculations

A semiclassical approach for deriving an expression for the
gain is adopted, starting from the wave equation for the growth of

the Stokes wave,

2
2 3°B(w_) , 2 2
[N =
VT B(w,) — s/ + KB(w,) + uw P(w) =0 vee 2.1
where s subscript refers to Stokes (p, used later, refers to pump)
k = wave vector

‘%?* transverse component of&f%Laplace operator )

E(ws) is the complex Fourier emplitude of the Stokes field, related
to the latter by

ot

Es(t) = 5 [E((DS) exp ] (kSZ e wst) + CCI 2a 0 2.2

where we have defined Es(t) as a travelling wave propagating in the
+z direction*, The pump field Ep(t) and the nonlinear Stokes
polarisation Ps(t) are similarly defined, The Fourier amplitude of

. cr e 3
Ps(t) may be related to the nonlinear optical susceptibility, ix( ), by

P(w ) = K(ws;wﬁmp,ms)&xw)(mwsgwpg-wp,ws)ﬁ(wp)B*(wp)E(wS)

L 203

* Another equally valid definition, Es(t) = % {:Esexp i (wst - kez} *+ ccj )
is used by Cotter 1975b, 1976b; our definition is chosen for
consistency with Yuratich and Hanna 1976 and Yuratich 1977a. The
effect of using the other definition is a change in sign in some

of the equations,



1x

K is a numerical factor related to the symmetry properties of the

3
=~ for the case of Raman scattering,

process and has the value 5

For the case of exact two photon resonance, wp" w_= Qfg’
the susceptibility can be shown to be purely imaginary, ie

’X(?’) 'UJ 5 =W ,w ) = lXR’ with X real eae 2a4

Incorporating these definitions into eqn 2.1, the wave

equation becomes

OE
2 . 5 . -
VB o+ 2igqz= — ik GE= 0 coe 2.5

GR“’”; XREE*/‘]KC e ae 216

is the plane wave power gain,

Replacing the field by the cycle-averaged intensity (I_=
2 P

1 2 . . .
5 EOCY?PEP P and using the relationship* ahc = , where & 1is

1S
4Te
. o)
the fine structure constant, this expression becomes
")1R

2 ) I ® C)\)S e 60 207

o= &

2,1.1 Calculation of TX(B)

The third order nonlinear susceptibility has been derived for
specific cases by seweral authors malking various simplifying
assumptions (eg Miles and Harris 1973), More recently, using the
techniques of irreducible spherical tensors and Racah algebra,
YVuratich and Hanna 1976 have developed expressions for the generalized
n~th order atomic susceptibility incorporating fine structure and
general field polarisations, Using their results, the Raman

susceptibility may be quite generally expressed as

* TIncorporating &, the fine structure constant,zég, enables us
to drop €, and ub; thus the equations presented are equally valid
for OGS or SI units without ambiguity,
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o lwmsN I - X
W W, — W, (1)) = =R S— E — N e 2
P Qo= T L,L_W,,M?T,x;fe; ) sw

73

where

/fIG Qil//l 6,,Q13) /ﬂ&’,,QlL (LIG*QIC})
=3( )

2N Qij -, j + 0
e 0 B 239

a sum representing the contribution of all the possible intermediate

states, i,

N is the density of atoms, [Mis a phenomenological damping
term representing the spontaneous Raman linewidth ( HWHM ) s
'§ refers to the fractional population of the levels, € is a
polarisation vector and Q the dipole moment operator, Q= er, Usually
= O _ o -1 ~1 .
Pff‘~ O and ?ag = [33 m (2J + 1) 7, whereJ is the degeneracy

=

of the level, and we define

[MSRE{Z " > > @g; (MSREf ree 210

deg ¢ deg f

The calculation of ‘MSRAZ now involves examining the term diagram
of the element in question and determining the important levels
contributing tc the susceptibility and summing over these, For example,
in the alkalis if g M[UZSl > the dominant contribution would come
2

from the i = n22 Pl’B > states nearest resonance with wp; the sum

22
thus simplifies on application to a sum over just the nearest one or
two levels, If more than one final level f exists, it may be necessary
to calculate iMSRé for each case in order to deduce to which level(s)
scattering will dominate, Yuratich and Hanna 1976 have cobtained the

following general expressions for ‘ for the above example,

RE
where £ may be one of three levels:
2
For f = lnl S %A>
2 5
LT et o)
I Hsprlis = xiZ[§®m¢30}+;dHup()” X
20t
e S I00pE) - np} EJ‘ o L2

&1

"o
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For £ = {anD3 >

s

2
A 2
| Mgy lfs = 21 Z[‘D(”ngl) — ®(n,pil)]| OV
"y
464 2 ’
R T ;[’é@(nzp%z) +30(nyp32)]| 9 L. 2,12
And, for £ = (n 2D ;)
] l é
2
it = 2|5 opnypin)| o
MSREILS = 5 n,p%
%5 | & omeid) cee 2,13
where we have defined, for convenience,
O(n,1,J,K) = <n111fr]n212><n212]rgn1>< R G Vs
Qustsroms = @) Qg iy + 0) ve. 2.14

a combination of radial matrix elements and resonant and anti-resonant

frequency denominators,

The factor @(k) containing the angular dependsnce of the fields

is tabulated in Yuratich and Hanna 1976,

For SERS from an excited state, g # n2Sl>, the more general

formula'may be used 2

— i J, K J
M) = == :
| M syl [J];,,;;JZ{I 7, l}fb(nzlszK)

v (myly3J4]| Qllny 305> ny 30,11 Q ([nl3 T ) !Z oK)
Cnglylrngly ) <nyly ] rindy

N

o8 2015

where the sum ; is over the intermediate contributing levels;
7oK T N Ao .

{I T ‘} is a 6~j symbol, a numerical factor available from tables,

and < |loll > is a reduced matrix element, related to < [|> by a

numerical factor times the electronic charge.

The radial matrix elements necessary for the calculation may be
readily available or may need to be derived from the corresponding

z-matrix elements or oscillator strengths, using the appropriate
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interrelationships given in Yuratich and Hanna, equations (32~36),
The ‘'Bibliography on Atomic Transition Probabilities' compiled by

Miles and Wiese (1970) is a useful reference for this data,

Frequently one can consider the contribution to )(<3) from
Jjust one intermediate level and neglect all others; also, when not
tuned too close to a doublet, its fine structure may be neglected,
The formulae then simplify and the most important considerations

become more apparent,

Thus we find that, if a single intermediate level 1 is

involved,

£ . £
N [o)! fi !
= 2 16
)(Rwr eee 2ok

gi Dei (hw)

where f are oscillator strengths

s
and AW 2 Azi - wp, the detuning of the pump from resonance, Thus

for SERS processes involving similar level schemes a quick estimate
of possible performance may be found by comparison of the oscillator
strengths and frequencies involved with those of a system for which

the performance 1s known,

2
Thus 7KFJ) may be evaluated for the Raman process either by
direct calculation, ab initio, or by comparison with another system,
Using the direct approach, considering exact two photon resonance,

ecquation 2.8 collapses to

X<3)("{‘«)S;wp:"wp7w5} =N (én)(%%) - = 1) B Ved = 1 Kg

as described earlier, and the expression for the gain becomes

(from 2,7), 2
(am)® N Ml

GR: ng: %—- —-?f_-—- Q4 . L. cea 2,18

2,1.2 Gain Focussing and Diffraction Loss

A further refinement of the calculation, necessary when consider-
ing large Stokes shifts, is to consider the effect of a focussed
pump beam. The profile of the Raman gain, G « Ip’ now varies spatially
as the pump intensity, This results in the geneiaﬁion of a Stokes
wave with a beam waist defined by the pump, thus the generated radiation

will diffract into a larger angle than the pump, since it is of longer



wavelength, and only that portion remaining in the pumped region
will experience gain. This diffraction effect can be a serious loss

mechanism, particularly when long wavelengths are generated,

Following the gain focussing theory developed by Kogenik,
Cotter 1975b has developed an approach which allows this effect to

be simply incorporated into the gain calculation,

In the earlier expressions we replace Ep by Epo exp (~:2/Wp2),
where Wp: pump spot size, and then approxima;e tge consequent
Gaussian r—dependence of G, GR: GROexp (~2r /@p ), by a parabolic
one. With this approximation the problem becomes soluble for ES,
giving a solution which yields the beam parameters RS, W of the
Stokes beam; it can be shown that a ‘matched mode! exists, whose
parameters Rm, wm>remain constant throughout the medium whilst
propagating in it, and that the Stokes beam parameters quickly
converge to these values. Also we may derive an expression for
the growth of the amplitude, A, of the wave
GRO

T o

Z

Qs

® 8 & 2-}-9

B ik

S

Integrating over a length L and assuming a matched mode gives the

overall field gain as

AL) _ &
aj0) - o 2’/%) L/stwpz vee 2.20

where we have defined a 'normalised' pump power

~ 2
= ceo 2,21
Pp GROkst

which may also be expressed as

2
9 ez, X
= 2, AR
Pp-24cxﬁc2 K(ez). Py ... 2,22

for the case of a gas or vapour, whose refractive index #1;
= ks/kp.

ﬂﬁsamﬂwﬁsh&m%&maiacmﬁumthtmmmmmw1memaﬁmh
rather than the real situation. Assuming the pump beam is focussed,

with aconfocal parameter bp’ at the centre of the cell, it is
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possible to modify the above procedure and arrive at an equation

analogous to 2,20, valid for large ﬁ%%%, viz,

%%_g_% = exp{: (%._ 2/§;y2H :1 arctan (L/bp) cee 2,23

Equations 2,20, 2,23 display a fundamental gain threshold

effect, ie the gain is positive only for §§> 4, In practise in
order to amplify up the signal from noise to a detectable level,

detector threshold, it is necessary to have a field gain of ~exp(15),

hence a somewhat larger Pp'
PS(L)th from a starting signal of Pso’ we find we need a threshold

From 2,22-23, to generate a power

power P of

P
th 5

E + {1 +[H/arctan (L/b )] in [P (L)th/p%

P =

P

th och—R— 2« XR . 2,24
C

A theoretical curve of threshold versus pump frequency may be

derived using this result,

The analysis may be further extended to incorporate the effect
of the real part of the susceptibility, representing a contribution
to the Stokes refractive index proportional to pump intensity, the
optical Kerr effect, The induced pump focussing/defocussing has the
effect of modifying the exact frequency of maximum Stokes gain; thus
as the intensity of the pump varies in time during the pulse a
frequency pulling, or chirp, of the output may be expected, of
magnitude comparable to [ the spontaneous Raman linewidth,

This analysis is covered in greater depth in Cotter 1976b, and also

in Cotter et al 1975b, but note the change in definition =~
P(wS) = gegx, ... 15 replaced by P(ws) = EOfX_ .eo ™ in this latter
reference; also So’ Ho are retained instead of & in both references,
These references also contain further application of the theory to the
possibility of using a Raman oscillator cavity; the diffraction
effect is a severe loss mechanism when using small beam waists and
the conclusion was that one would need to use a large spot size,
with correspondingly higher pump powers, to gain advantage from an
oscillator configuration, Use of an oscillator cavity could however

alleviate problems associated with atomic depletion (see section 2.3).
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2.2 Limitations of the Simple Theory

To illustrate the use and limitations of the theory outlined
above and to provide a platform from which to discuss the causes of
these limitations we shall compare the theory with the experimental
results obtained by Wyatt 1976 (see also Cotter et al 1976a), These
experiments using caesium pumping from the 6s ground sState used
7p, 8p and 9p intermediate levels and scattered correspondingly
to the 7s, 8s and 9s levels, see fig 2.1,

Initially to predict tuning ranges, we evaluate )(<3),by
inserting the relevant data, The atomic number density N is simply
calculable from the vapour pressure/temperature (see chapter 3);
the frequencies wp, w_ and.Qfg are readily deduced from fig 2.1, a
partial term diagram of Cs, taken from Moore 1949, The matrix elements
needed for the calculation were taken from Eicher 1975, although Warner's
calculations 1968 of gf-values are those which we have generally used,
after comparison with various other experimental and theoretical sources
has shown them to be fairly reliable, The spontaneous Raman linewidth

was taken to be the Doppler width of the transition calculated as

/2
2ln 2 k
[=q (232Xl (HWHM ) ... 2.25
D e} M02

where rb

T is the absolute temperature, M is the atomic mass and c the velocity

, W, are (angular) frequencies, k is Boltzman's constant,

of light., For a two photon SERS transition W, is wo: wp~ W, for
forward scattering or wo: wp+ ws for backw%if.(Wyatt 1976), Thus FD
is calculated to be of the order of 0,01l5cm”, The thecry then
predicts that using a LOKW dye laser with linewidth less than F.D’
confocally focussed over the length of the vapour column, with Cs

at 10 torr vapour pressure, using enhancement from the levels already
mentioned, complete coverage of the range 2-20um should be possible

with outputsexceeding 1W,

In practice this optimistic prediction was not fulfilled; using
a much higher power dye laser significant tuning ranges were obtained,
though not covering all of 2~20um, see the Cs results listed in table
1.2 . The calculated thresholds were found to be nearly two oxrders
of magnitude too low, even when the O.lcmml linewidth of the dye
laser was allowed for, The linewidth of the Stokes output was
measured as O.3~l.4cmml, depending upon experimental conditions,

rather than O,lcm~l which might be expected if it were limited by the
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Fig 2.1 Partial energy level diagram of Cs showing SERS
T transitions investigated by Cotter et al 1976a
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dye laser linewidth, These observations imply a much larger r
than that assumed, ie the presence of some line-broadening

mechanism(s) ~ some possible processes are assessed in section 2,4,

The theory as already outlined has not discussed the magnitude
of the energy output nor the shape of the output versus tuning
curve. The mechanisms relating to these factors are considered

in the next section,

2.3 Atomic and Pump Depletion

Tdeally one would like every pump photon to be scattered into
a Stokes photon, the ratio of output to input energles would then
be given by the ratio of photon energies, ws/mp. This corresponds
to the so~called Manley-Rowe limit, 100% photon conversion efficiency.
Experimental peak photon conversion efficiencies of 50% have been
obtained near the centre of the tuning range (Cotteret al 1977a); away

from resonance the output is observed to fall off with detuning.

Initially the SERS radiation grows exponentially with a small
signal gain coefficient already calculated and may quickly reach
a regime where the gain saturates to a lower value, limited by one
of these two mechanisms, atomic or pump depletion, where the output
is limited by the number of atoms or pump photons remaining available,
The energy/tuning behaviour is adequately accounted for by incorpor=
ating these saturation mechanisms., The effects of pump absorption
both by atoms and molecules is also a factor which is considered

in this section,

2,3.1 Atomic Depletion

When a high intensity dye laser interacts with a short column
of low pressure metal vapour the number of pump photons passing
through the interaction region may easily exceed the number of atoms
present, When a pump photon scatters into a Stokes photon 1t leaves
an atom in an excited state; consequently if the pump pulse is shorter
than the relaxation time of the atom back to the ground state, as
is usually the case for our experiments, then the number of Stokes
photons which may be generated}Aé'is limited by the number of ground

state atoms avallable from which to scatter.
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Initially the signal grows exponentially from noise over a
build up length 1 until it reaches a level at which either the pump
intensity begins to be significantly reduced (pump depletion) or
the atomic population of the ground state tends towards zero.

The latter condition we refer to as atomic depletion and, from egn 2.8,
it can be seen that the gain falls to a low value in this saturated
region, Thus, considering only atomic depletion, the total number of
Stokes photons generated will be given by a contribution from the
small signal region and a contribution from the saturated region,

the latter of the two being dominant for all cases except large 1,
comparable to L the length of vapour column, For the case of 1L

2. N

this contribution will be of the order /M;= ﬁWS L, — where
: 2

NA is the atomic number density,., The peak photon conversion efficiency
is thus limited and the output energy given by)/VgﬁwS. This case

of a short build up length corresponds to a high small-signal

Raman gain coefficient GR and thus to the case of near—resonance

of the pump to the ground state -~ intermediate state transition,
Further from resonance the gain decreases and thus so does the net

volume of atoms contributing to the generation of Stokes photons,

thus the output falls with detuning from resonance,

2,3,2 Pump Depletion by SERS

As pump photons are converted into Stokes photons then the
number of pump photons and correspondingly the intensity will decrease,
Since the gain coefficient GR is propartienal to the pump intensity
this implies a decrease in small-signal gain, Thus when //Vg
becomes comparable with/A/> the number of Stokes photons generated
will be limited by the numger of pump photons available,
this is often the case by virtue of the metal vapour pressure and
focussing conditions used, particularly when operating with a lower

power nltrogen pumped dye laser,
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2.3.3 Interrelationship of these Saturation Processes

In this section conditions for photon depletion and atom

depletion are derived and their interrelationship considered.

Photon depletion occurs as the number of Stokes photons
generated./Ng approaches the number of pump photons available:/Ng,
which, assuming equal pump and Stokes pulse lengths, may be expressed

as

1S

s
I = - I oo 24206
s W

D P

Now, the Stokes wave grows exponentially as

Thus, the condition for photon depletion is approached for z = lp

where
1 ws I
1 = e In (a- EE ) ces 2,28
p 9 o} p “so

Iso is the spontaneous Raman noise intensity which may be derived,

eg from Loudon 1973, as
3
mﬁws r

I focnd O ———
SO 4n3c2

® _/_\Q LI 2n29

where AWl is the solid angle subtended by the geometry of the pumped
region, Considering this as a cylinder of length L and radius W

equal to the beam waist of a confocally focussed beam, we find

fick 2 F{gtw
1 = ve. 2,30
© an’L
. . . . . ~3 -5 =2
which, quantitatively, we find to be typically of the order 10 -~ 10 “wm °,

To derive the condition for atomic depletion we adopt a
transition rate approach; depletion of the atomic ground state population
will occur if at the end of the pump pulse the probability of an atom
having undergone a transition approaches unity, ie if W.Tpzl, The
transition rate W may be obtained from first principles (cf Loudon 1973)

or by comparing the propagation equation for the Stokes wave
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with that obtained by differentiating eqn 2.27; hence

1

W= ol I ceo 2.32
NAﬁwS ps

Using egqn 2,27 again for Is’ the condition W§p= 1 yields the
length z = la for the onset of atomic depletion, where
NAﬁms/'thSO

1
- In {
a I I
g,p g P

) vl 2.33

For the case of stimulated hyper~Raman scattering (see chapter four)

egns 2,32~33 are simply modified by Ip—} Ipz“

For either saturation process to be important we require
1 { L; assuming this, to determine which process initially dominates

we may compare lp and la? egns 2,28 and 2,33,

For atomic depletion to occur first, laglp, we find

A/ TEWSZ
p> N, ~z— cee 2.34
R
or, since /V; and GR both depend on Ip’
12>Nm "J':"' 'J'" ve. 2.35
p AP T 9

Considering the implications of this for a typical case of 6s~7s

8 - 10"1Omuf' and thence

we find limiting intensities of 0,7 - 7 % lOlOWm~2° Thus we find that

SERS 1in CS, assuming [ = lc:mml gives g = 10
for typical experimental parameters atomic depletion usually begins
to occur before photon depletion, ie that the gain exponent required

for atomic depletion is less than that required for photon depletion,

We need to consider also the effect of varying the Raman gain
gl_ as the pump is tuned near to resonance or as the intensity is
vaI;iedo From egns 2,33 and thence 2,27 it may be shown that as ng
decreases, the build-up length, the gain exponent and the Stokes intensity,

Iss’ necessary for the onset of atomic depletion all increase in value,

The Stokes output has two contributions, from the build-up length

and from the saturation region, The former we may evaluate as
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2
ESb of ISSTLWS Tp o ee 2o36

and the latter as
E = B N, 7w 2(L - la) 237
ss s A S ree <o

Inserting typical parameters reveals that over all but the extremes

of the tuning range ESS>> ES the output generally being taken as Ess‘

b)
The simplified geometry assumed for the pumped region and the

constant Ip assumed, independent of z and t, are limitations of this

model ; also, generally, Ip is not well specified, nor is [I.

Nevertheless rough estimates of these effects may be obtained,

After atomic depletion has begun, photon depletion may subsequently
occur also, if the number of atoms remaining wifh unit probability
of undergoing a transition exceeds the remaining number of photons
in the pump beam ( ~ this may be taken as the initial number of photons};

ie it may occur if

2
NE‘) < NA TCWS (L - la) PR 2038

More loosely we may state that photon depletion will occur if the
number of pump photons is less than the number of atoms in the pumped

region, assuming la <K L,

In practite the Stokes output from =~ 20cms of Cs vapour at 10 torx
pumped confocally with a 20kW dye laser has been observed to be limited
by pump depletion at the centre of the tuning range, the drop in energy
with detuning being due to the atom depletion mechanism , Cotter et al,
1977a have treated the atomic and pump depletion mechanisms analytically,
and more precisely, incorporating provision for including the effects
of the backward wave, diffraction loss etc and find good numerical
agreement between experiment and the computer model, The attempt
here has been to provide a simple, yet quantitative, model giving a

clear physical insight into the saturation behaviour,

2.4 Effects of Pump Absorption

Depletion of the pump beam may occur not only due to conversion

of the pump to Stokes photons, but also by molecular and atomic absorption,
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This may lead to a depletion of the pump whilst the Stokes wave is still
in the small signal regime and the consequent decrease in gain will

impede its growth,

We may express the pump absorption as it travels through the
medium as
I (z)=1__ e Kz ces 2039
plz) = I, e (Kz)
where K is the absorption coefficient, Integrating the gain
coefficient GR,m Ip(z), over the length L of the vapour column gives

a total gain exponent of

G=a 1 - exp (—KL)

RO( K ) e o e 2e40

For weak absorption, small K, this approximates to the usual G = GROL’
whilst for strong absorption it becomes G = GRO/K, ie we effectively

have a gain of G_ ., over just one extinction length, as one might

RO
expect, In intermediate cases the full expression 2,40 must be used,

Pump absorption will therefore cause a reduction in gain and
consequent drop in output energy and tuning range, The behaviour of
molecular and atomic absorption differs in some respects and so these

will be treated separately,

2.4.1 Moleculaxr Absorption

In an alkali vapour at pressures of a few toxrr there are
present several percent of alkali dimers which have broad absorption
bands in the visible, see eg Lapp and Harris 1966, Typical absorption

~18_ | ~15_ 2

cross—sections for these dimers are O = 10 cm, leading

. . . ~3 - . .
to an absorption coefficient K = 5 x 10 = - 5cm l, assuming an atomic

3

number density of lOl7cmm and 5% dimers present; this would imply

a heavy loss mechanism with a %/e absorption length of 200 ~ O,2cms,

Since however the dimer density 1s only a few percent of the
atomic density it is fairly simple to arrange the focussing such that
the dimer absorption is saturated by the first part of the pump pulse,
thus reducing the overall absorption, This becomes even less of a
problem when a high power pump laser is used, such as was used for

much of this work, as this condition is readily fulfilled,
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The constraint that tight focussing should be used, resulting
in a small confocal parameter bp’ is not troublesome since
examination of equation 2,23 shows that, neglecting other effects, this
is in fact required anyway for high Raman gain, Othexr competing
nonlinear effects do become important for very tight focussing,
but saturation of the molecular absorption occurs before this regime

is reached,

2.4.2 Atomic Absorption

To enhance SERS the pump laser is tuned close to an intermediate
resonance; thus single photon absorption, SPA, may occur resulting in
a population of the intermediate level, This may cause resonance
broadening of the final Raman level, see the next section, as well as

reducing the pump intensity and hence gain, as considered here,

If the absorption lineshape is assumed to be Lorentzian we may

express the SPA cross—section, for an s~?p transition, as

r W
q&(l): 23110433 £ 25p , Qp 2.41
m sP (A )™+ r ps
sp

where m is the electron mass, wp is the pump frequency, st is the
transition frequency and Aw is the detuning from single photon
resonance, rspis the linewidth of the transition and may have
contributions from a variety of sources, including some of those to be

outlined in section 2,5,

Ignoring for the moment any intensity dependent line broadening,
it would seem that under typical SERS conditions rgp would be
predominantly resonance broadened, For this we would expect a

Lorentzian lineshape for Og(l) with rsp given by

235+ . %/2 2mdhc

£
b SO ___P.S_ s 172
sp (ij+ l) - N 5 HWEM (rad s ) eee 2ok

sp

where the '3j' refers to the angular momentum of the state (Hindmarsh,
1974), This expression is validwithin thée impact approximation® which,
for neutral atom broadening, is limited to within a few cm-l of resonance,
Thus, far from resonance, the assumption in equation 2,41 that the
lineshape is Lorentzian appears to be in doubt, since a quasi-static

model should be used (cof Bloom et al, 1975a},
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A numerical example using the above formalism will be given
here, for SPA in Na, The low-level absorption of 25cms of Na vapour
at 10 torr was measured using a tungsten lamp, monochromator and
photomultiplier; this is plotted in fig 2,2, For comparison a
ttheoretical! curve is also plotted; this has been derived assuming
resonance broadened linewidths, I = O.OScm.“l and | = 0,12cm

35~3pl/2 35-*3pl/2
calculated from eqn 2,42, and a Lorentzian lineshape as per eqn 2.41,
Although the impact approximation is not valid over most of the range
shown, neverless it is observed from the figure that this approach
does give some idea of the importance and behaviour of the SPA;
similar fortuitous agreement is observed also near the Sr 5180~ SlPl
resonance line, The example taken of Na is extreme in fact, due to
the very large oscillator strength involved, and was used because of
availability of data as an illustration, The SPA for a more typical
SERS candidate is much less; for example in Cs, at 10 torr, for the

6s~7p3/2 transition we calculate r _ =4 x 10 Cm ~l and & /é

7
6s p3/2
absorption length of 25cms for a detuning of A'8°5cm~l; for such a
case the impact approximation is valid over much of the range of

interest,

It is interesting to note the behaviour of the Raman gain in the

presence of strong SPA, for which we find from equation 2,40, that

G
G = 0 coe 2443

Assuming once more a Lorentzian behaviour of CA‘i) then, since G,

depends similarly on detuning from resonance, we find G to be independent
of detuning, This feature will be further considered in connection with
the specific case of SERS in strontium, An analogous result may be derived
for single photon absorption by the intermediate level in stimulated

hyper—-Raman scattering, considered later,

2.5 Linewidth of the SERS Radiation

Our preliminary theory assumed a Doppler-broadened linewidth,
[T for spontaneous Raman scattering and used this in the calculation of
)( (3 ), the initial experiments by Wyatt 1976, in caesium revealed a ‘
much broader SERS linewidth than was expected, of the order of O,3~ 1.5cm i,

His experimental results on the 6s-8s and 6s-9s transitions indicated
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the presence of an intensity dependent line broadening mechanism under
some conditions; these results are summarized in table 2,1, along with
some measurements by Cotter 1976b relating to the 6s~7s transition,

taken using a lower power pump system,

2.5.1 Relation of OQutput Linewidth to Pump Linewidth

and Spontanous Raman Linewidth

The stimulated Raman scattering process may be viewed as a
four wave parametric mixing process involving, in the limit of mono=
chromatic radiation and precise energy levels, two waves of frequency
w_ and two of W e If now the pump radiation is allowed to have finite
linewidth § and the levels are considered broadened to a degree
expressed by " +then slightly differing frequency components of the
pump will produce slightly differing frequency components of Stokes
radiation; these generated frequencies may then further interact in a
four wave mixing process to generate other Stokes components, The
composite Stokes output thus has a linewidth 6 dependent upon ¥ and r.
This parametric interaction has been analysed, under a steady~state
assumption by Yuratich 1977bfor the case of exact two photon resonance,
wpm W= Qfg’ ie a purely imaginary ’X (3). Two special cages of the
solution of the problem are worthy of note, For the case of | >> 8
the gain exponent G remains as calculated but the linewidth is narrowed
towards a value & = q/gfm ; for the other extreme of[‘@ix the gain is
modified to G I” /3 and the linewidth tends towards & = §. Itis
interesting to note that the output linewidth is determined by T ang ¥
even when using an externally injected signal narrower than I or ¥
as the noise source, at least for high gain conditions, as has been

experimentally verified by Cotter 1976b,

. -1
Experimentally, we have typically used a value of ¥ = O.lcm

and obsexrved § > O.chml, implying we are in the regime defined by

r» § where the parametric effect results in a linewidth & tending
toward the geometric mean of " and . r represents the linewidth
used in the calculation of 'X<3) earlier, equation 2,8, and is obviously
larger than E; the spontaneous Raman linewidth, taken as the Doppler
width; processes which might be responsible for this broad effective

linewidth are outlined below,

Thus in the absence of line broadening mechanisms we would expect

Fr=T, <% and we would expect 6, the output linewidth, to be
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Detuning from resonances

FWHM linewidth (cm )

6s ~ 9s transition

Relative intensity

35 cmml above 6s ~ 9p3/é
3 cmﬁl above 6s ~ 9

5,5 cm_labove 6s ~ 9p3/2
T P3/o

12 cm & above 6s ~ 9p3/2

I x 60
- 0,77
- 0,71
0,42 0,84
0.3 0,92

6s ~ 8s transition

Focussing (intensity)
Loosest ,.,.. Tightest

60 cmml above 6s — 8p3/2

8 cm_'1 above 6s - 8p

15 en™* below 65 - 8 72
P3/2

0.4 0,6 1,36

1.1
0,35

1,65
- - 1,1
- - 0,35

From Wyatt 1976
Dye lasexr pump used for 6s ~

9s : 250kW, 0,15 cm

1

6s ~ 8s : 400KW, 0,15 cm -
Detuning from resonances|FWHM linewidth (cm—l)
1 3 10 30
torr torr torr torr
177 cm'l below 63~7pl/2 - - 0.28 =~
97 cmﬁl below 6s--7pl/2 - - 0.46 -~
71 cm-l below 6s»7p1/2 - - 0,47 =~
19 cm»1 below 6s-7p1/2 - 0.40 0.4% 0.52
6 cm»l below 6s~7p1/2 - 0.5 =~ ' -
65 cmnl above 6s~7p1/2 - -  0.43 ~
54 cmnl below 6s-7p3/2 0.30 0.34 0.51 =~
33 cm—l below 65—-7;33[,2 0.37 -~ - -
39 em™! above 65-7py,, 026 0.28 0.35 0.45
164 cm™ - above 65-Tpy/y | = - 0.3 -
. -1
255 c¢m 7 above 6s—7p3/2 - - 0.29
From Cottexr 1976b
Dye laser pump used, 6s =~ 7s : 10kW, O,1 cm~1

Table 2,1 SERS linewidth data




limited by the pump linewidth, whereas, with broadening mechanisms
resulting in a larger | we expect an output linewidth broader than

the pump, yvet less broad than r .

Independent of its effect on the parametric interaction, the
real part of ‘X (3) does have an intensity dependent effect on the Stokes
refractive index as mentioned earlier, the cptical Kerr effect, This
results in a frequency dependent self focussing/defocussing; thus
changes in intensity and hence Raman gain with frequency occur, and
the Stokes frequency which experiences optimum gain becomes intensity
dependent, Since the pump intensity is spatially and temporally
varving anyway this should result in a frequency ‘tchirp', calculated
to be of magnitude comparable to r » The observed SERS output
linewidth is measured as being broader than the spontaneous Raman
linewidth expected, This could imply an overall broadened linewidth,
in which case the optical Kerr effect will serve to increase the effective
broadening, Alternatively this could represent the frequency *chirpingf
of an instantaneously narrower linewidth, in which case the contribution
of the optical Kerr effect to the observed linewidth would be less
important; a more complete analysis however would then be necessary for

a full understanding of the behaviour.

2.,5,2 Line Broadening and Shifting Effects

A number of mechanisms have been considered which could have
contributed to the large value of " inferred from the erly experiments,
Strictly, a dynamic analysis incorporating all these interacting
effects is necessary to get a true picture of what is happening from
the theory; this was however beyond the scope of this work where an
experimental approach to an understanding of the line broadening has
been pursued, In the caesium work the relative magnitude of many of
the effects appeared comparable and so some of the experimehts {chapter 4)
were designed to estimate the relative importance of them, In this
section the mechanisms are outlined and formulated such that rough

estimates of their effects may be made,

(i) Resconance Broadening

As already outlined, single photon absorption of the pump can
result in significant population of the intermediate level and

consequent resonance broadening of the final Raman level; eqns 2,41, 42
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may be used to estimate the magnitude of this effect, Using this
approach, Wyatt 1976 has shown that an intermediate state population

of only 0,1 ~ 1% of the total atomic number density is necessary to

give resonance broadening of the same order as the Doppler breadening
of the level; SPA of the pump radiation would probably yield a
population of this order even at very large detunings of the pump from
resonance, although eqns 2,41, 42 would be inadequate for quantitatively

evaluating the effect under such conditions,

In some circumstances however there may be a loss of intermediate
state population due to amplified spontaneous emission, ASE, to lower

levels,- The effect of this ASE may be considered by estimating the

stimulated emission cross~section, cznﬁmf given. at line centre by
£,
) xﬁh ) veo 2.44
stim m A

where the symbols have their usual meanings, Ay, being the HWHM linewidth
of the transition i~®h on which ASE occurs, Evaluation now of the gain
coefficient for ASE over the cell length, G;timNiL’ gives an upper

limit on the intermediate state population density, Ni, which can be

produced before ASE begins to occur,

Considering the case of 6s-7s SERS in Cs, 7p~5d ASE has been
observed (Cotter 1976b}), For the case of the pump tuned near to the
7s=7p resonance, taking the 7p, ,.level as Doppler broadened, we

3/2 3/2 17 5
calculate a value of Cgtimf: 8 x 10 T'm” for the cross=section for
ASE to the Sdg/? level, Hence for a 20cm vapour column, we have an
upper limit of N, & 2 x 10™8 atoms mm3, for eNL= 30, ie ~0,002% of

the total atoms present, assuming 10 torr vapour pressure,
From this argument it would seem unlikely that resonance broadening
should contribute significantly to the broadening of the final level

in cases where ASE from the intermediate level can occur; it could

however be of greater significance in systems where such ASE is absent.

(ii) Lifetime Broadening

If the lifetime of the final Raman level is short then its

energy spread may be large, in accordance with the uncertainty principle

AE, At = h eoe Z2o45
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For Gaussian lineshape and pulseshape we find that
Ay At = 0,44 seo 2,40

where Ay, At are FWHM values, Thus for the frequency spread to be
less than Ooicmml FWHM we would require the final level lifetime to
be greater than 150ps; the natural lifetime of the final Raman

level certainly exceeds this value,

However as the SERS proceeds atoms are promoted from the ground
state to the final Raman state where a large population attempts to
build up, If there exists a state of lower energy and opposite parity
to the final state then ASE between the two may occur, thus shortening
the lifetime of the level; obviously if the level is metastable +his

situation cannot arise,

For this situation, the linewidth of the level may be expressed

as the sum of the spontaneous and stimulated emission rates,

AR ST

where f is the final Raman level, 1 the lower levels, A and B the
Einstein coefficients and.ﬁ(wfl) the radiation density, I(wfl) , at
c
the frequency wfl; the notation and approach have followed Loudon 1973,
Considering just one lower level, then the spontaneous and stimulated
rates become equal when A = B ﬁ;(wfl); this specifies a spectral
radiation density'wg(wfl) for which this occurs which, using the
definitions for A and B, may be expressed as
3
B
-\’ﬁ (U_)- = £1 o éﬁ

) & ®
o1/ " 273 23

o 2,48

Thus eqn 2,47 may be rewritten as

W{w
T'fx-*L (l+:_f~_§_1;_)_) oo 2,49
T‘f Wo{wfl)

where Afl has been rewritten as Tfml, the natural linewidth,

o 1 I . . )
= ASE
W(wfl) may be taken as A — where IASE is the ASE intensity

and Aw its linewidth, typically Doppler broadened;‘q s refractive index,

.will be taken as unity, Thus we obtain



W
§8]

IASE )

c Wo(wfl) Aw

1
[ == (1 + ves 2.50
£ T,

Since IASE is initially small and Aw is, say, Doppler broadened

T} may be small, As IASE increases so does F;; once [;>Aw one

might expect the ASE linewidth now to be determined by f% in which

case a better estimate for [ _ might be

£
1 IASE %i
E’:’E ———— eee 2,51
ch(wfl) '

Experimentally such ASE transi tions are observed; eg in Cs,
at 10 torr when pumping 6s—7s SERS, 75”6p1/293/§ ASE is observed,
F e Y = =

or the case 7s 6p3/?, ‘I7S 60ns, A7S"6p3/2 1,47um, Ayb 160MHz

-3 =1 . 8 -
(5 x 10 "cm 7 ) and taking IASé!lO Wi 2 we could expect linewidths

of the order O.5cmfl, ie final level lifetimes of «3ps,

‘Thus this process may contribute significantly to the line—
broadening for cases where the final Raman level is not metastable
and ASE occurs, egn 2,51 giving some feel for the magnitude of the
effect, A further effect of such ASE might be to introduce an additional

Stark shift of the final level; this could be severe, despite the

medium intensity of the ASE, due to the resonant nature of the transition,

(iii) Optical Stark Shift

The interaction of a strong electromagnetic field with an
atomic system may cause a shifting and broadening of its energy levels;
the pump and Stokes intensities typically used for our SERS experiments

are sufficient to require consideration of such effects,

The optical Stark shift experienced by levels in the presence
of an intense optical field has been considered in a comprehensive
review of the Stark effect by Bonch~Bruevich and Khodovol 1967 and 1is
also discussed by Letokhov and Chebotayev 1977, The frequency shift
of a level n by radiation of frequency W, electric field strength E

and polarization £ may be derived from perturbation theory as

2
2_2 2
S = &E § < m.i%ﬁgﬁ n 2 . <mle.xin > v.. 2.52
n 2 W~ W +
4k - _— wrw o

where hwmn is the energy difference of the unperturbed energy levels

m,n and the sum is over contributing levels m; this expression is valid



provided.ﬁwn <K wmnm W, When this condition is violated, eg at high
field intensities, it is still possible to derive an expression

for the Stark shift, given explicitly by Liao and Bjorkholm 1976 as

W~ W 21
_ mn eE <mle.r] /2
bw = ——— {l%— % (— W~ ) )} -1 ve. 2.53
mn

In the low intensity limit this reduces to eqn 2,52, For the case

of resonance, w =, splitting rather than shifting of the levels
occurs as discussed by Bonch"Brueyich; this case will not be further
considered here since generally this situation does not occur in our
experiments, These formulae enable an estimate of the shifts of the
individual levels to be made; usually the summation reduces to consider~-
ing the influence of just one near resonant level 1, for which

W= wnl<< W,

In their original work on level shifts involving a two photon
resonant situation Liaco and Biorkholm 1975 noted that the product of the
shifts of the initial and final levels was proportional to the two
photon transition rate W; this applies also to the case of SERS where
we also have two photon resonance, Thus, using egn 2,32 for

the transition rate,
éwg 6wf « g}ZpIS . 2.54

Thus the effects of level shifts become more severe with increasing

Raman gain and pump and Stokes intensities,

In practise, the spatial and temporal variation in the field
intensities will result in corresponding variations and smearing out
of the shifts; thus the Stark effect may be expected to cause an
overall broadening of the observed Stokes output, possibly including
a frequency chirping effect, Some evidence of this latter effect has

been gathered (Wyatt 1976, Cotter 1976b),

Putting egn 2.52 in a more useful form

- ~11 1 2 -1
= m cm eselad5
6)}1’1 3.4 x 10 5 z o ( } 55

. . . . - _— . - - ]
where I is the field intensity Wm 27 Ay  the detuning ( Yo~ Y jem T
and z the z matrix element, expressed in Bohr radii, Using Miles

and Harris'! values for z for Cs, 6s~7s scattering and considering
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Jjust the 7p state for level m, we find that 6i;g = 4,6 x lO“lQIp/Aﬁ (cmml)
and that 6i7f = 1,8 x lOMQIS/Ai (cmml), Thus for a detuning of

Ap = 10em T we expect O 5 0.23 em™" and 6}7fn 5.4 cm t for typical
nitrogen laser pumped system intensities of Ipx 5% lOllehzand

IS: 3 x lOlOWmmz, Thus, for this case, the Stokes contribution appears
to be the more dominant shift; however, the Stokes intensity does not
reach such a high value until it is in the saturated regime, by which
time one might expect the spectral properties of the radiation to be
already defined, although a strong Stokes backward wave could modify
the small-signal behaviour,

Thus the numbers indicate that this process warrants consideration,

but its precise magnitude and role remain unclear,

(iv) Power Broadening

In considering power broadening as applied to SERS we shall first
explain the process in relation to single photon absorption from a
level g to a level £, If we monitor the transmission of a weak probe
laser as we tune through wgf we will measure an absorption lineshape
width ﬂ . The atomic transition rate ng will increase with laser
intensity until a regime is reached where the population of the ground
state g begins to be significantly depleted, As this is exceeded so
the transition rate, and hence the absorption, will still be high
further from resonance, whilst near resonance, saturation of the
transition occurs, leading to observation of an apparently broadened

linewidth,

Analagous to the single photon case, two photon resonant power
broadening may also occur; this has recently been investigated by Ward
and Smith 1975 and Wang and Davis 1975 for the situation of two photon
resonant third harmonic generation, The manifestation of the power
broadening in these experiments was a broadened third harmonic and
fluorescence linewidth, indicating a saturation of the two photon

transition,

In SERS the two photon resonance condition is satisfied by
virtue of the nature of the process, wpm W = Qfgo Saturation of the
two photon transition is now another name for atomic depletion, discussed
in section 2,3, and occurs as WT, tends to unity, Thus when atomic
depletion occurs, so does power broadening of the transition linewidth,

Taking over the results of the analysis of Wang and Davis we obtain
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a power broadened linewidth F; related to | the homogeneous

transition linewidth by

- 1/2
b= Taxs vee 2,56
where S is the saturation parameter defined as
s=2Tw veo 2.57

where W is the two photon transition rate at line centre, given by

2.32; T is given either by T the relaxation time of promoted atoms

’
back to the ground state or b; i "Ep, whichever is shorter., For SERS
in the alkalis the atomic population cascades down by ASE to the lowest
p level where radiation trapping prolongs the lifetime of this level;

“in the alkaline earths the final Raman level may be metastable, Thus

for our experiments we may take T = % T%; hence we find

- . 1/2
[; = 1+ E&'A%T nglSE ve. 2.58

s

Putting numbers in appropriate for 6s—7s scattering in Cs again,
. ~8 =l g - -
taking g = 4 x 10 Sm&J (1e§M5 2 = 10 30 ® 6ﬁ380, and I = 0.02em l),

11 . -2 - . .
Ip = 5x 107Wm T, Ig = 3 x 107Wm l, the output Stokes intensity,

then we find $ & 70 which would imply a broadening of f; = 8] = Owlécmnlg

indicating the possible importance of this mechanism,

The power broadening becomes severe only once atomic depletion
has begun and the Stokes wave has achieved a significant intensity,
As with the optical Stark effect one might think that the spectral
width by this stage would already be determined; again, the practical

importance of this is not fully clear,

(v) Plasma Broadening

For the alkalis, as already noted, there are a few percent
of dimers present in the metal vapour under the conditions used for
SERS, At the intensities used not only does linear absorption of the
pump by these molecules occur but also subseqguent ionization of the dimers,
Two photon ionization of the atoms in the vapour may also occur, a
process which will be resonantly enhanced by the SERS intermediate
level, Thus the environment for SERS generation may contain a signifi-

cant density of electrons and ions whose presence will broaden the
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energy levels of the atoms by the quadratic Stark effect (Hindmarsh 19743,

We shall consider first photoionization of the atoms, A
perturbation theory approach has been used to obtain the two photon
ionization (TPI) rate for the alkalis by Bebb 1966 and more recently
Lambropoukos and Teague 1976 have calculated detailed numerical values
of the TPI rate for Na, Cs and Rb, For Cs they calculate a rate,

W/FZ (F is the photon flux), ranging from ~10ﬂ46cﬁ45 near resonance to

10M49cﬁ% off resonance, Recent experimental work by Granneman
et al 1975 and Klewer et al 1977 has indicated good agreement with these
estimates near resonance, but poor agreement elsewhere, measuring an
off resonance rate of 4~lOm47cm45, After a pulse length Ty the
probability of an atom being ionized is CEE), E;LEP ; thus for Cs,
taking the experimental rates, a 15ns pulge and a pump intensity
of 5 x 10" we predict a probability of ~2 x 10 2 - 2 x 1072 |
This implies an ionization of 0.2 ~ 29 of the atoms during the
pulse by this process yielding an electron (or ion) number density
of N &2 x 10°° = 2 x 10°'m > (for 10 torr of Cs) the higher value

OCCUIil’lg neaxr resonance,

Ionization rates for alkali dimers are found to be considerably
higher than those for atoms, Granneman et al 1976 have investigated
~42 4

cm' s

" . . . 2
ionization processes for Cs, dimers, measuring a rate W/F = 10

@

2
Thus we might expect complete ionization of the dimers present,resulting
. . 21 ~3 .

in an electron density of Nez 1.5 x 10 m , a value exceeding the
background atomic two photon ionization for this intensity pump,

Grarmmeman et al 1976 have also experimented with sz and have measured

rates generally slightly smaller than those for CSZ,

A charged particle at a distance R from an atom will result in
an energy level shift of magnitude OE = CZ/R4 through the guadratic
Stark effect, Qi is the appropriate Stark constant given, for the

shift of a level n, by

< nlzlm > 2

2 e 2059
E -~ E
n m

¢, = (cthc)?
For the alkalis, for the shift of an ns level the summation may be
approximated by considering only the dominant contribution to the sum
due to the p level of same principal guantum number, for which case
the matrix element is large and the energy denominator small, This

expression is valid within the impact approximation which, for electron
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broadening of a neutral atom, corresponds to energy level shifts
up to several hundred wavenumbers, For SERS in Cs we find typically
=55 54 4

CZ a 10 = 5 3 10 . Thus as R takes all possible values a

Stark broadened linewidth is deduced (Hindmarsh 1974.) given by

C, 2/3 _ 1/3

i =11.4 ~ﬁ) v N_ HWHM ce. 2,60

For a typical electron velocity U = 6 x l()smsml (Cotter 1976b)

and an electron den51ty of N = 2 X J_C}"lmm3 we may expect a broadening
of the order of O,15cm (HWHM) In the impact approximation

the effect of electron broadening is much greater than that

due to the ions; at high ion densities however the contribition

of quasi=static ion broadening may become important also. A

net shift accompanies the line broadening and is given by

Aw = I tan ( ) for the quadratic Stark effect, ie

Ao = fw‘r . Thus the combined effect of the Stark broadening and
shift, varying as the ionization may vary as the pulse evolves, may

represent a significant contribution to the line broadening,

Griem 1974 also considers the theory of plasma broadening
from a quantum mechanical approach in some detail; he includes
tabulations of normalized shifts and widths for several elements
incorporating the ionic quasi=-static contribution which, as noted by
Hindmarsh for our conditions, is general small, For Cs these values
give agreement to within a factor of two with calculations following

Hindmarsh,

(vi) Hyperfine Structure

For the alkalis the hyperfine structure, HFS, of the ground
state can be significant; for Cs this is estimated as O‘,3cmmJL and
for Na 0.06cmmla Thus HFS was considered when the initial broad
linewidth results were obtained with Cs; despite instrumental
resolution of Of,lcmml however a monochromator scan of the SERS
observed just one broadened line rather than two distinct lines origin—
ating from the two HF levels as might have been expected, The significance
and role of the HFS in Cs in relation to SERS is not clear at present,
For Na the HFS is narrower than the dyve laser linewidths used for
pumping SERS and so ii not considered further, For the alkaline earths,
with ground state ns SO, no HFS of this state can occur (since the

angular momentum J = O),
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2,5, 3 Concluding Comments on Linebroadening

We have attempted to outline the physical mechanisms which could
be responsible for the observed broad SERS linewidth, Whilst
providing some order of magnitude for the effects to indicate their
possible significance their physical behaviour and interrelationship
is by no means clear, Whilst a complete dynamic analysis of the
problem has not yet been attempted, such an analysis has apparently
been performed for the case of two photon absorption (Elgin 1977)
and it might be possible to modify this analysis for our SERS case,

It would seem that the limiting factor for several of the
possible mechanisms we have considered is the pump intensity used,
In order to obtain efficient SERS over wide tuning ranges such high
intensities are necessary; unfortunately this inherently adds to the
severity of most of the broadening mechanisms considered, (Fox
comparison we note the ‘'atomic Rydberg state léum laser! operating
on the éqa/z—é 7pl/2 levels in K described by Grischkowsky et al 19773
using a pump intensity of 3 x lOQWng the linewidth of their ASE
output was less than theixr 002cmml instrumental resolution - a
detailed examination of their experiment with respect to line broadening

mechanisns has not been performed, )

The crucial question with respect to the line broadening is
whether or not it will be possible to obtain a narrow linewidth SERS
output whilst using the high intensities necessary to make a useful

system,

2,6 Other Processes

The dominant processes occuring in the atomic vapour when
pumped to produce SERS have already been covered, However some
further nonlinear processes which generally are not of major significance

do occur and some of these will be briefly mentioned here for completeness,

In the alkalis, with small continuum matrix elements, it is
anticipated that THG of the pump will be inefficient, A similar
argument applies for the mixing processes 2wpi Wy provided the energy
of the generated photon exceeds the ionization potential., The
processes(gpi Zns are more likely to occur under suitable conditions;
the process w_~ ZwS has in fact been previously observed in potasium
by Sorokin et al 1973 and, over a broader tuning range accompanying
the SERS, by Wyatt 1976, Such four-wave mixing processes have been

studied in some detail by Karkainen 1975, 1977 where the low conversion
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from SERS to the parametric wave is noted, Other four-wave mixing
processes involving ASE transitions occuring from the final
Raman level have also been reported , Corney and Gardner 1977;

they observed the coherent anti-Stokes Raman scattering process

W, =W —w  +W in Cs vapour,
uv P s ase PO

In Na using two photon pumping, sections 4.2, 4.3, other para-
metric processes may occur; the process pr = va + wIR is considered
later on,
In the alkaline earths, with their higher ionization potentials and low
lying autoionizing levels in the continuum, it is anticipated that under
the appropriate conditions THG and four-wave sum mixing could occur
quite strongly; indeed it was an attempt at SERS in Sr which
initiated Sorokin's work on these processes, Four-wave mixing

processes of the type observed in the alkalis may also be expected to

oCCur,

It is possible also at the intensities used that coherent
pulse propagation phenomena may occuxr which could modify the pulse

shape; a treatment of these effects has however not been attempted,



CHAPTER 3

Dye Lasers and Metal Vapours

In this chapter the details of construction and performance
of the dye lasers and pumping svstem are considered along with some
physical properties of the alkalis and alkaline earths; the design and
operation of the heat pipe ovens used for containing the metal vapours

are also discussed,

3.1 Dye Lasers

The dye lasers used in this work were based on that used by
Wyatt 1976, involving a frequency doubled ruby laser pumping a dye
oscillator—amplifier arrangement, This system was inherited and
{the oscillator) used for the initial work on Cs and later reconstructed
for the Sr work, both experiments requring a blue dye laser, &p~1460nm,
For the work using Na and Ba some modifications to the dve laser were
needed to provide the wavelengths required, =~ 580nm and ~ 790mm

respectively,

Firstly the primary pump, the ruby laser, and the frequency
doubler will be discussed followed by the design and characterization

of the dye oscillator-amplifier arrangement,

3.1,1 The Primary Laser

The ruby laser used, shown in fig 3.1, was a 1971 Laser Associates
model no 505 design, using a 4% x g” AR coated ruby rod pumped by a
helical Xe~filled flashlamp; the laser head was aoled by circulating
cold de-ionized water from an associatedrefrigeration unit, The optical
cavity consisted of a 2,6m curvature concave mirror (R = 100%) and
an uncoated heavy-glass etalon (R= 279), serving as an output coupler,
separated by ~50cm, Used as such the laser gave an output of 1J
multimode in a relaxation oscillation behaviocur over a period of
300us. For frequency doubling or dye laser pumping the ruby laser
was operated Q-switched using a KD*P Pockels cell and a calcite
Glan~Taylor polariser between the ruby rod and the 100% mirror,
Qrswitched operation without the polariser was possible, using the
birefringence of the ruby to polarise the radiation; bad hot spots were
observed in the beam under these circumstances however and so the laser
was usually operated with the calcite polariser, Thus under normal

operating conditions we could obtain an energy of 1J in a 30~-35ns pulse,






a power of ~30MW, This was usually frequency doubled to 347mm to
pump the visible dyes, but for the near—IR dye laser direct pumping

at 694nm was used,

The multimode output from the ruby laser had a beam divergence
of several millirads; consequently the angular acceptance of the
frequency doubling crystal was an important factor in determining
the second harmonic generation efficiency, A 2cm crystal of RDA,
Rubidium Dihydrogen Arsenate, (see Kato 1974) was generally used for SHG;
heating in an oven to ~100°C enabled non-critical phase matching and
consequently a large angular acceptance, In this manner we were
able to reliably obtain = 100mJ of second harmonic in a slightly
shortened pulse length, 25-30ns, On occasions, room temperature ADP,
Ammonium Dihydrogen Phosphate, was also used as the frequency doubler;
with its lower angular acceptance this gave ~ 30mJ of UV,

Various problems were encountered with the doubling crystals;
these motivated us to be content with the reliable doubling efficiencies
quoted rather than to push for higher efficiencies attainable at
higher powers, At high UV outputs, Wyatt 1976 observed internal
damage of the RDA crystal which he attributed to hot spots in the
passively Q-switched beam; this internal damage has since then not
increased, However it has become apparent that the index matching
fluid 'RC1IO4 ! used in the RDA oven begins in time to absorb the UV
radiation and decompose; once started the effect accelerates,
depositing material on the crystal and the windows. In such cases it
has been necessary to strip down and clean the crystal and windows,
and on one occasion, to have the crystal repolished, This problem was
in some measure overcome by using a modified cell with less distance
of liquid between the crystal and the windows; at lower temperatures
the effect appears not to be so severe and another alternative would
be to use a different cut of crystal 90° phase matchable nearer
room temperature, In fact, at room temperature, decomposition of the
tRreon' index matching fluid used with the ADP has also occured on

one occasion,

Some comments regarding the limitations of this primary pump
system are in order at this point, Firstly, perhaps the prime
limitation of the ruby laser used was the repetition rate; 1Hz
should be attainable using the refrigeration unit to cool the laser

head, but more generally % Hz was used in order to prolong the life
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of the flashlamp, This repetition rate makes alignment of the dye
laser and optics very tedious and, even at 1 Hz, is prohibitively
slow for spectroscopic purposes, As the flashlamp aged and its
efficiency decreased the output of the laser was observed to drop.
(Initial problems were also encountered due to vibrations from the
flashlamp misaligning the optical cavity; continuing ones were also
met in terms of breakdown of parts of the (somewhat elderly) power

supply and refrigerator units,)

The fundamental problem of repetition rate is inherent to the
ruby laser, relating to its inefficlency; however, a high power
pump source at high repetition rates would be desirable, Using such
a system it should be possible to provide a well characterised
SERS source, usable for practical sprectroscopy, based on the Cs
6s=8s, 6s=9s transitions around 7pm and 13Um, such as has already
been done using the nitrogen laser pumped Cs 6s~7s system around 3Um
(Cotter et al 1977b), Two possible candidates exist for the role
at present, an excimer laser or a frequency multiplied Nd:YAG system,
An excimer system, KrF or ArF, has the advantage of high efficiency
high energy UV output, up to a few hundred mJ, directly available
to pump a dye (see Sarjeant 1977, Lambda~Physik 1977), It could
also pump dyes further into the UV than is possible with a doubled-
ruby or nitrogen laser, thereby allowing access to new SERS transitions,
The big limitation of such a laser currently is its need for frequent
gas refills, eg after every 10,000 shots, which is every % hour at
5Hz (Lambda~Physik 1977); improvements in gas life are hoped for in
the near future however, A further reservation is that being a
recently developed system it is still not yet thoroughly engineered

and characterised,

Alternatively, the brightness of the Nd:YAG oscillator has
recently been dramatically improved by using an unstable resonator
configuration (Laycock 1977), 1In this way a standard 25J flashtube
input Nd:YAG laser has produced a maximum of 50 mJ second harmonic
(200mJ of 1,06um doubled in KD¥P), For pumping Rhodamine 6G and
longer wavelength dves this would be a very practical and useful
source, For pumping blue and UV dyes a further stage of frequency
conversion, tripling or quadrupling the fundamental, would be
necessary; use of a Nd:YAG amplifier before the frequency conversion

stages should result in the energy output required, From our
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experience with ruby doubling in RDA at high powers however
reservations exist as to the reliability of the frequency conversion

stages; further, such a system would be rather expensive,

3.1.2 The Dye Oscillator

The dye oscillator comprised a small cell containing dye
solution inside a resonator, one element of which was an output
coupling mirror and the other a diffraction grating to provide
tunability., A beam~expanding prism was used to spread out the
intracavity beam incident upon the grating; in this way the power
density was reduced, preventing damage to the grating, and also |
the divergence of the beam incident on the grating was reduced thus
enabling us to obtain a narrower linewidth. The whole assembly
was mounted on a solid metal girder to provide good mechanical

stability,

The coupling of the primary pump into the dye oscillator and
amplifier is shown in fig 3,2, An uncoated silica beam splitter
was used to couple ~14% of the pump to the oscillator, the
remainder pumping the amplifier; ~1O0cm cylindrical silica lenses
were used for focussing to give a roughly cylindrical pumped region

of dye in the cell,

The physical layout of the oscillator is illustrated in fig 3.3
and the photograph in fig 3,4 shows the set up as used with the near-
IR dye; constructional details for the three variations which were

used are given in table 3,1,

The dye output mirror for the blue and orange dye lasers was
an uncoated, wedged sapphire flat, R = 8%, used originally because
we did not have a suitable high damage threshold mirror; for the
near=IR a ruby laser mirror having R = 50% at 790mm was found to
give increased energy output and so was used, When working up the
near-IR dye laser the output mirror was moved nearer to the dye cell

and was left in this position during operation,

The diffraction gratings for the blue and orange spectral regions
were holegraphic ones supplied by the NPL and were mounted in an
*Oriel? micrometer adjustable mount; the near-IR grating was also
holographic, from Oxford University, Initial adjustment of the grating
involved aligning the rulings, its vertical axis and those of the

beam~expanding prism and the output mirror all parallel, This was
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done using a HeNe laser (for the orange and near~IR) or an Ar laser
(for the blue) and observing, and modifying, the relative positions

of the zeroth and first order diffractions,

The prism was arranged to have an angle O == 30, see fig 3,3,
between the prism face and the beam direction, the optical axis,
This corresponded to a prism magnification of M ~ 15; under typical
pumping conditions this allowed the beam to be spread out to fill
the grating.

With the grating set at an appropriate angle and the position
of the pumped region adjusted to be incidenton the prism, and thence
the grating, an output could be fairly readily obtained., This
initial adjustment was more difficult for the near—IR dye since an
infra~red viewer was needed to observe the position of the beam,

Once working optimisation of several parameters in a systematic way
was possible: the transverse and vertical position of the pumped
region, its orientation relative to the optical axis and tightness
of pump focussing, In this way a good compromise between energy and

beam quality was possible,

Some laser dyes have a preferred polarisation, relative to the
pump polarisation, for which the gain is higher (see eg Fawcett 1970,
McFarland 1976}, For many blue dyes, including that used, 7D4MC,
the gain is highest for polarisation parallel to that of the pump,
The prismgrating combination used in the oscillator is also
polarisationsensitive providing higher feedback for horizontally
polarised light, Thus in order to pump optimally it was necessary
to use a 90° prism to pump the dye cell from underneath, This was
also found to be necessary for the near-IR dye, HITC, whereas side

pumping was required for the orange, Rh6G, dve.

With the prism~grating arrangement with the visible dyes it
was possible to achieve good narrow-linewidth performance, without
the use of an intracavity etalon., Typically linewidths of ~ O,1~
OalSCmmlwere measured by visual observation of fringes obtained by
passing the beam through a Fabry-Perot viewing etalon, The linewidth
of the near-IR dye laser however was found to be considerably broader,
typically O.7cm~l but sometimes even broader., This was attributed
to the higher pump intensity used, pumping with the ruby rather than
second harmonic, which resulted in a somewhat poorer beam quality and

higher beam divergence from the oscillator; the shorter cavity length



may also have contributed to this, This higher divergence would
result in poorer frequency discrimination by the grating; the lower
frequency of the rulings of the grating could also have centributed

to the broad linewidth, Using an intracavity etalon, a dielectric
coated 2mm substrate, of l.'7cmml free spectral range and a finesse

of 8 enabled linewidths of O,l»—O,,Zc:mml to be obtained, For the near=~
IR dye the linewidth was measured by frequency doubling the amplified
output in ADP and then observing the FP fringes on a scanning photo-
diode array, thus providing a more objective method than visual
observation, The second harmonic linewidth was taken as being iz
times that of the fundamental, a linewidth broadening inherent

in the SHG process, assuming the second harmonic linewidth to be given
by the convolution of the gaussian fundsmental linewidth with itself,
Such measurements enabled us to quantify the stability of the dye
laser, necessary for the SERS linewidth measuﬁments performed to be
unambiguous, Figure 3,5 shows photographs of the photodiode array
scan across a section of the FP fringes showing (a) a series of 20
successive shots and (b) a sample of one shot per minute for 15 minutes,
Thus the short and long term linewidths were verified as being better
than O‘,l?cmml FWHM for the 790mm laser, Careful adjustment of the
intracavity etalon was necessary to obtain optimum performance,

care being taken to eliminate any trace of operation on more than one
etalon mode, Further linewidth narrowing was attempted using an
extra cavity etalon but did not succeed since the mirroms available for

the etalon were not of sufficient quality,

The dye cuvettes used were either 1 x L x4 cmor 1 x 2 x4 cm
fluorimeter cells supplied by Heraeus (Fused Quartz Products) and made
of natural or synthetic quartz (both varieties were used), Problems
with the optical quality had been observed with earlier cells from
another source but none were found with these, A compromise might be
expected between cell length, conversion efficiency and competition
from amplified spontaneous emission from the dye solution, An
interrelationship between these certainly occurs but practically the
approach used in deciding which cell length, 1 or 2am, to use was to
experimentally see which gave best results, The blue and near—IR dye
oscillators were observed to give considerably more ASE with a 2cm
cell and so a lcm one was used in these cases, for the orange dye the
laser operated satisfactorily with the 2cm cell, and was consequently

incorporated into the oscillator, A mechanical stirrer was used in
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the dye cell to alleviate any thermal effects and to prevent
photodissociation products of the dye accumulating in the pumped
region; the dye solution was generally renewed daily for similar

reasons,

It was for reasons of ASE behaviour that the output was
taken through the mirror,see fig 3,3,rather than off the prism, as
has been done with the nitrogen pumped arrangement (Hamna et al 1975};
with our somewhat higher pump levels the problem of ASE is increased,
Coupling the output through the mirror prevented ASE from causing
difficulties; only for the Rh6G dye laser did we observe any significant
ASE ocutput in the forward direction, and that only at one (lower )
extreme of the tuning range, Strong ASE, a few mJ, was observed from
the prism face in the backward direction for the near~IR oscillator
when the grating was cbscured; even so, in the forward direction; this
was not sufficiently strong to cause the amplifier to respond and no
output at all was observed from the amplifier under such conditions,
Nevertheless this serves to illustrate the need to couple the output
through the mirror as was done; obviously however considerable dye
energy is coupled out of the cavity by the prism, thus reducing the

useful efficiency of the oscillator,

The dyes used were 7MMC (7 Diethylamino 4 Methyl Coumarin,
also known as Coumarin 1), Rh6G (Rhodamine 6G) and HITC(L,3,3,1,
3", 3 = Hexamethyl = 2,27~ indo tricarbo cyanine iodide)., The
tuning range of the blue dye matches well to the tuning range required
for pumping Cs 6s~7s SERS, as had been previocusly shown, and was
used for this reason, For the orange dve the original requirement
for the wavelength was that we should be able to attain two photon
resonance with the Na 3s=4d transition, Kp~ﬂ579nm; it was originally
thought that an admixture of Rhodamine B to Rh6G might be needed,
but this proved umnecessary, The solvent originally used with the
7D4MC was methanol, but later this was replaced by ethanol, which was
also used with the Rh6G, Ethanol was preferred because of its
lower toxicity and its reduced ability to transport the dissolved
dyes through the skin; its performance as a solvent for lasing was
very similar to that of methanol, Around 790nm, HITC was recognised
as being a fairly efficient dye (Miyazoe et al 1968, Oettinger and
Dewey 1977 ) and was in fact the dye used by Carlsten and Dunn 1975 for

their Ba experiments, In common with other polymethine dves it is very
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concentration and solvent dependent in its behaviour (cf Sorokin

et al 196®). Initial experiments investigated the efficiency and
tuning behaviour of the dye at various concentrations in the
following solvents - water + 5% 'triton! (a surfactant), DMSO
(dimethyl sulfoxide), acetone and ethanol, With our transverse
pumping arrangement the best performance at 790nm was obtained with
ethanol., The importance of these concentration and solvent effects
is noted in that using the one dye HITC it was possible to cover

completely the tuning range 770~865mnm by varying these factors,

The low observed efficiency of the dye oscillator using HITC
caused some concern and so some HITC from another source was also
tried, with similar results; the dye DDI (1, 1/ Diethyl - 2, 2/~
Dicarbocyanine iodide) was also tried and found to lase with slightly
worse performance than HITC at 790nm, Althoughthe high (50%)
reflectivity mirror used gave higher output in the forward direction,
it was also found that a few mJ came out backwards off of the prism;
this output was not utilised however because of the competition from
ASE in this direction, The energy lost in this way was not measured
for the visible dyes, preventing a quantitative comparison of
efficiency, However, the high pump energy available for the near—IR

dye meant that its efficiency was not a major consideration,

A comparison of the performance of the dye oscillator using

the different dyes is presented in table 3,2

3.,1.3 The Dyve Amplifier

The dye amplifier comprised a 1 x 2 x 4cm cell containing dye
solution pumped by the remaining 86% of the pump beam (somewhat less,
due to aperturing by the optical components, for the ruby pumped
HITC dye laser), As with the oscillator a 90° prism was used to pump
from underneath the cell when using 7D4MC and HITC; this may be
seen in the photograph of the HITC dye laser in fig 3.6, The
oscillator output had diverged somewhat by the time it reached the
amplifier, thus a larger pumped region than that in the oscillator
was in order; this was also necessary in order to avoid
excessively high pumping intensities., As with the oscillator the
tightness of the focussing and hence the size of the pumped region was
optimised with respect to beam quality as well as energy output; the
transverse and vertical position and orientation of the pumped region

could be adjusted, ensuring good overlap between the oscillator beam
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and the pumped region, The beam quality of the visible dye lascrs

was fairly good; the output of the 7D4AMC system was investigated

in some detail and found to be fairly gaussian in spatial distribution.
From measured spot sizes and assuming gaussian beam theory the values
inferred for the dye laser beam waist for various focussing conditions
were fairly self consistent, again implying good spatial behaviour,
The Rh6G laser appeared, by observation of polaroid burns, to be of
similar quality, The pumped region of the HITC amplifier and its
subsequent output beam were somewhat larger than for the visible dyes,
due to the higher pumping energy available, thus making visual
comparison of beam quality difficult; thermal distortion of the dve
solution, expected at such higher pump energies, may have accounted
for poorer beam quality observed on some occasions, Nevertheless,
excellent beam quality was not essential for our purpoées due to the
high output energies available; normally the output was . used
unfocussed, but it was possible to attain fairly tight focussing

when required., The performance of the dye amplifier is given in
table 3.3 for the three dyes used; the energy and pulse length values

listed there are typical ones,

It was sometimes found that during a day's work in the iaboratory
the performance of the overall system deteriorated from its optimum;
variations in ruby laser output were sometimes the cause of this,

Such variations may have been due to a measure of instability of

the power supply and thermal and vibrational effects causing slight
misaligmment of the cavity; any small drop in performance of the

ruby laser was obviously magnified in the subsequent frequency doubling
and dyve laser pumping stages, Fairly frequent monitoring and re-
optimisation of the ruby output was therefore necessary, Pump beanm
wander and slight misalignment in the dye laser optics also on occasions

resulted in a degraded performance,

Figure 3,7 displays the temporal behaviour of several
consecutive shots from the HITC dye laser measured using a Judson
InAs detector and fast oscilloscope; similar behaviour was observed
with the visible dyes, As may be seen the pulse width varied somewhat;
this may have been due to the variations in the Q-switched ruby pulse
length, The effect of these variations was a fluctuation in pump power
for the SERS processes, This together with the slow ruby repetition
rate, made precise measurements sometimes difficult; nevertheless,

averaging over several pulses, albeit slow, enabled such measurements
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to be made, Despite its limitations, the high power narrow linewidth
dye laser described has proved itself to be a very useful ress arch

tool,
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3,2 Metal Vapours

We shall consider here both the physical and practical
properties of the metal vapours used, The heat pipe ovens used
for containing the metals will be described; some modifications to the
design of the higher temperature oven are suggested for future work

on the alkaline eaxths,

3.2,1 Alkalis and Alkaline Barths

The alkalis were the first elements in which stimulated
electronic Raman scattering was performed and have also been used
for a variety of other nonlinear optical experiments (eg Stappaerts
et al 1976, Bjorklholm and Liao 1974, Bethune et al 1976 and many
others), They are suited to such work in various ways = they have
relatively simple one-electron spectra, low melting points and are
readily available at modest cost, Considerable work has also been
performed using the alkaline earths, notably in the fields of third
harmonic generation, THG, and of four wave parametric mixing (eg
Wynne and Sorokin 1977, Bjorklund et al 1977, Ferguson et al 1976,
Wallace et al 1976); their much higher melting points can make

operation somewhat less straightforward however,

Some of the parameters of relevance for SERS in the alkalis
and alkaline earths are given in table 3.4, Cottexr 1976b has
adequately reviewed these properties for the alkalis and data is
given in the table only for the elements Cs and Na, investigated in
this work, For the alkaline earths data has been given for Mg and
Ca as well as for Sr and Ba, on which experiments were performed,
(No data has been given for the other alkaline earths Be and Ra,
since the former's high melting point (IQSOOC) and the latterfts
radioactive nature preclude their use for such work,) Mg and Ca
have both been used at pressures of several torr in heat pipe ovens
for investigating nonlinear optical processes (Wallace et al 1976,

Ferguson et al 1976, Bloom et al 1975b),

The atomic number density NA may be related to the

temperature (K) and the vapour pressure (torr) of the element,

assuming the ideal gas law, by

- 24
NA = 9,66 x 10

=g
=
i
W
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¥
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Cs Na Mg Ca S Ba
Atomic weight 133 23 24 40 88 137
2 2 1 X X i
Ground state 6 51/2 3 51/2 3 So 4 So 5 So [ SQ
Ionisation 31407 41450 61669 49305 45926 42032
limit (em™1)
Melting point (°C) 28 98 649 839 770 729
Vapour pressurel . | gaoy 12423 16300 17658 17153 21414
constants .
d 16,0 17 .4 18.8 16,9 16.9 16.8
Temperature (°C) 373 546 740 970 900 1203
for 10 torr
Dimer at 1 torr 0,6% 3.3% - - - -
concen-
tration
at 10 torr|l 1,3% 5.8% - - - -
Oscillator Warner Warner Parkinson Parkinson Miles and
strength data 1968 1968 - et al 1976 et al 1976 Wiese 1969
Friedrich Kelly et
et al 1969 al 1973
Energy level Moore Wiese Moore Moore Moore Moore
data 1958 et al 1949 1949 1952 1958
1969

and Alkaline Earths

Table 3,4 Relevant Data for some Alkalis
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The vapour pressure p depends on the thermodynamic properties of

the element and its temperature and may be expressed as
a
p=exp (~3+4d) cas 3.2

where a and d are constants (table 3,4) ., For the alkalis these
constants have been taken from Miles and Harris 1973, For the
alkaline earths the data of Schins et al 1971 has been tabulted;
these measurements were made at somewhat higher pressures than we have
used, For Ba, however, their results are in good agreement with
those of Hinnov and Ohlendorf 1969 obtained at lower pressures; for
Sr and Ca also their results are in fairly good agreement with
other sources (Sax 1968, Weast 1971, Honig and Kramer 1969,
Nesmeyanov 1963), Schins' data for the alkalis is also in good
agreement also with that quoted by Miles and Harris, For Mg the
vapour pressure constants tabulated have been calculated from the
data of Honig and Kramer, It would appear from comparison of the
literature that vapour pressure data for the alkaline earths is not
as accurately known as for the alkalis; nevertheless the data of

table 3,4 should serve to give reasonable estimates of pressure,

For the alkalis the percentage of dimers present in the vapour
at the temperatures required for 10 torr and 1 torr vapour pressure
are also given in the table, data taken from Lapp and Harris, For
the purposes of SERS dimers may be ignored in the alkaline earths;
Stull and Sinke 1956 (the source used by Lapp and Harris for the
alkali data) do not note their existence, although Herzberg 1950,
following Hamada 1931, ascribes some band spectra observed in Mg

and Ca vapours to Van der Waal's dimers Mg2, Caz.

Partial energy level diagrams for the elements investigated
Cs, Na, Sr and Ba are shown in figs 3,8-3,11. Having fairly simple
spectra, the alkalis have received much more attention, experimentally
and theoretically, than the alkaline earths; the more complex
electronic structure of the latter inhibits the use of the simple
Bates—Damgaard method and other more complex methods for calculating
oscillator strengths, Consequently the oscillator strength/matri x
element data for the alkaline earths is somewhat more sparse than for
the alkalis, although much of the information relevant to the experi~

ments performed was located in the literature.
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Topisation limit = 41449.65
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3,2,2 Heat Pipe Ovens

Increasingly over the past few years heat pipe ovens have
found widespread acceptance as devices for containing metal vapours
at pressures above 1 torr for optical experiments, The fundamental
design and operation of the basic heat pipe oven are fully described
by Vidal and Cooper 1969, its inventors, and will only be summarised
here, 1In its simplest form the oven consists of a metal tube, heated
over a central region and cooled at the ends, to which windows may be
attached; inside the tube, extending over its length is a metal wick,
typically a stainless steel mesh, A vacuum/gas handling system facili=~
tates the initial evacuation of the whole assembly and subsequent
introduction of a suitable inert buffer gas at the appropriate
pressure, The metal required, loaded into the central region of the
pipe, melts and then vapourises as the oven heats up, and diffuses
toward the cooler regions inside the tube, where it condenses to form
a liquid once more; the liquid metal is then transported back to the
middle of the tube by capillary action of the wick, The metal
vapour pressure attained in the tube is determined by the pressure
of the buffer gas; in normal use, the heater is then adjusted to
give a temperature corresponding to this pressure of metal vapour,
The column of vapour produced effectively pushes the buffer gas to
the ends of the tube whilst itself occupying the heated region,
This buffer gas thus provides an inert cool region between the reactive
metal vapour and the windows of the oven; this is a property of great
significance for our application since the various IR transmitting
output windows required would be damaged by direct exposure to the
high temperature vapour, Another benefit of the heat pipe oven, not
essential for SERS but useful for other applications is that the
metal vapour column produced is uniform in temperature and density

and well defined in length.

More complex heat pipe ovens have been developed for providing
a homogeneous mixture of a metal vapour and an inert gas (Vidal and
Haller 1971) or for providing a mixture of two metal vapours with
independently controllable partial pressures (Vidal and Hessel 1972%;
whilst useful for other applications such as THG, such refinements
are unnecessary for our purposes and the ovens we have used have

been based on the original simple design.

Three different ovens have been used in this work, the first
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two being "low temperature! ones, operating with alkali metals up to
6OOOC, and the latter designed for use around 1000°C with the
alkaline earths,

The first oven, used with CS, was around 40cm in length with
a very rapid transition between the heated and cooled regions; this
resulted in the Cs vapour not only liquifying at the cooled regions,
but also solidifying (!), Thus frequently it was necessary to push
the accumulated metal back into the centre of the oven, The next
design of oven allowed a larger distance between the heated region
and the water cooling coils, Such a design had performed satisfactorily
for several months operating with Cs; consequently the same design
was adopted directly for use with Na at the somewhat higher
temperatures used, Despite initial problems with accumulation of
solid Na in the cooler regions it was found that after operating for
a couple of weeks this problem disappeared and satisfactory operation
ensued; this was tentatively ascribed to the Na taking time to
adequately wet the wick, The Cs and Na ovens are shown in fig 3,12,
Both of these designs used grade 304 stainless steel ;% ® 0D,
é " wall thickness tube as the basis of the heat pipe; windows of

spectrosil, infrasil or CaF,, as appropriate, were mounted on flanges

7
at the ends of the tube usiig standard O-ring seals, An electrical
heating tape wound around the tube was then covered with *Triton Kao~
wool' fibre blanket to provide thermal insulation; closed circuit
cooling water flowed through the copper coils near the ends of the
tube, The wick consisted of several turns of 100mesh, 4,5 thou
stainless steel mesh (250Um square mesh, 10Oum diameter wire) rolled
up and inserted as a tight fit inside the tube; before use the wick
was cleaned with detergent in an ultrasonic bath and then also with
aqua regia, as was the tube. When ready for use the oven was
thoroughyevacuated and then buffer gas, argon, was introduced at

slightly above atmospheric pressure; the windows could now be removed,

an ampoule of alkali metal inserted into the heat pipe and then the
ampoule broken in the inert atmosphere using a glass rod, The

windows replaced at a lower argon pressure, the metal was distilled
out into the heat pipe and the glass ampoule later removed, For normal
use the heat pipe was evacuated using a rotary pump, the required

pressure of buffer gas introduced and the power input to the heater






71

adjusted to give the appropriate temperature, The temperature of

the Cs oven was monitored by three NiCr:NiAl thermocouples on the
outside of the tube, whilst the Na oven was calibrated using a
NiCr:NiAl thermocouple probe temporarily placed within the vapour
coluvmn itself, A safety system monitoring cooling water flow and
temperature near the end windows was interlocked with the heater

and an emergency coolant reserviour, Further details of the modified
alkali oven, the vacuum system and the safety system are given by
Cotter (1976b, 1977b),

For the alkaline earths, it was apparent that considerable
changes in design would be necessary to accomodate the higher tempera=
tures required, Starting from the basis of the Na oven design
several modifications were made, A higher temperature grade steel,
no 310, was used for the basic tube; also, in view of the lower
reactivity of the alkaline earths at room temperature, compared to
the alkalis, it was decided to use a liner tube containing the wick
and metal inside the main tube, In this way it was possible to use
the same oven with different metals successively; a similar idea has
been used by Wynne and Sorokin 1977, but they did not use a wick
inside the liner tube and so could not operate in the heat pipe mode,
A mesh of higher temperature grade steel appeared not to be readily
available and thus we tried using the same wick material as before;
in practise this worked without problems. A higher power heater was
required and, in the absence of such a commercial device, a simple
resistance wire heater was used, The main tube was initially wrapped
with a high temperature paper insulation * which was available (from
Morganite Ceramic Fibres), with a NiCr:NiAl and a Pt:PtRh thermocouple
inserted between lavers, This was then wound with 60turns of
Kanthal Al resistance wire secured at the ends with stainless steel
jubilee clips and the whole assembly covered with a considerable thick-
ness of Kaowool insulation, Extra turns of cooling coils were also

incorporated in this design. The thermocouples built into the oven

* The high temperature paper insulation used appeared somewhat
fragile and the use of a woven material is recommended for future
designs, Such a material suitable up to 1400°C , is Refrasil,

Cl400 available from the Chemical and Insulating Co Ltd,
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were calibrated against a high temperature rating NiCr:NiAl
thermocouple probe placed within the vapour, thus providing a
fairly accurate monitoring of the temperature .

The layout of the oven is shown schematically in fig 3,13 and a

photograph is shown as fig 3.14.

The alkaline earths are delivered in large, 100g lumps stored
under oil., Attempts to cut these up in an inert atmosphere proved
in vain and it was found necessary to use a junior hacksaw to
obtain amounts suitable for insertion into the heat pipe (10-20g).
Thus a considerably greater degree of impurities was tolerated with

the alkaline earths compared to the alkalis.

The initial performance of the oven with Sr was found to be
satisfactory from the temperature aspect although some problems
with accumulation of solid metal in the cooler regions were again
experienced; unlike Na this situation did not improve with time,
The accumulation behaviour was also different from that observed with
the alkalis; instead of a steady build up of deposit over a period
of days, the deposit was initially very slight but once it reached
a certain amount the accumulation, crystalline in appearance,
appeared to suddenly increase, growing across the whole aperture of
the tube. Accumulation problems have been noted by other workers
using Sr (Wymne and Sorokin 1977, Lee 1977). When such problems
occured with the alkalis the oven was cooled, windows removed and the
metal pushed back to the middle, Because of the frequency of this
occurence with Sr, however, an alternative procedure was devised; this
consisted of simply increasing the power input to the heatey thus
melting the deposit and clearing the aperture. The heater was then
returned to its normal power input. After many such cycles the
amount of Sr in the central region might be expected to become
depleted due to deposite of the metal further into the cool regions of
the pipe, in fact during the time we used the oven with Sr in this way
an adequate supply of the liquid metal could always be observed on the

wick in the heated region indicating that such a depletion had not

occured,

Replacement of the liner and wick enabled the heat pipe to be

subsequently used with Ba. Requiring still higher temperatures, the
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oven was operated at lower vapour pressures, < 2 torr, and as might
be expected at these pressures no trouble with metal accumulation

was observed, Some potential and actual problems associated with the
temperature now became apparent however, which should be cilrcumvented
in a future design, Firstly a high heater current ( ~5A) was
necessary to reach the required temperatures; in future a higher
resistance heater would be advantageous, Bifilar winding of the
heater to eliminate the magnetic fields produced, which could

prove troublesome under some conditions, would also be worthwhile,
Secondly the cooling provided by the four turns of copper tube proved
barely adequate; it is recommended that the degree of cooling be
increased, A more immediate problem was encountered associated with
the expansion of the steel tube at llOOOC; the copper vacuum tubing
linking the ends of the tube, necessary to equalise the buffer gas
pressure, remains of course at room temperature, The net result is

a slight bending of the ductile copper tube; however some softening
of the steel tube was also apparent resulting in a bending of the main
pipe, reducing its effective aperture, For a future oven at such
temperatures a still higher temperature grade of steel should be
sought or another metal used; nickel and tantalum have been used in
this application (Wynne and Sorokin 1977), Also a flexible coupling

should be introduced in the copper vacuum tubing,

Experience with ovens for the alkalis seems to indicate that
heat pipe oven technology, like most things, is learnt by experience;
thus it is anticipated that the next alkaline earth oven, when needed
will owercome the snags outlined here, Nevertheless it is recorded
that the oven constructed has sugeeded in its goal of enabling us to

perform some useful and new work on SERS in the alkaline earths.



CHAPTER 4

Experimental Investigations

The experimental work described in this chapter relates to the
three aims mentioned in the introduction, viz to obtain increased
tuning ranges, new tuning ranges, and narrower linewidth IR radiation.
The work splits up into four distinct classes of stimulated
electronic Raman process: SERS in an alkali, SHRS (stimulated hyper-
Raman scattering), SERS from an excited initial state and SERS in
the alkaline earths, The chapter is subdivided accordingly, In
cach section the aims of the experiment are initially outlined,
the procedure and results described and discussed and conclusions
drawn; related work, where appropriate, is also mentioned as are

suggestions for future work,

4,1 SERS in Cs

The goal of the work in Cs was 1O extend the tuning range of the
6s~7s SERS transition by using some kind of feedback arrangement,
To this end initial measurements were performed to discover the
optimum pump focussing conditions,with the aim of extending the tuning
range for the optimum focussing case, With the limited pump power
and mirrors available it was in fact only possible to investigate the
behaviour with feedback for the case of loose, non~optimum, focussing;
some small increase in forward wave tuning range was in this way
found, The significance of feedback to the backward SERS wave became
apparent during this work in a dramatic increase of the backward wave
tuning range and further work concentrated on characterising this effect;
feedback of the pump and the SERS radiation were both shown to be
significant, Although we were unable to investigate the full potential
of these techniques at high power pumping the preliminary results
obtained show great promise and indicate clear directions for future

work using feedback/resonator techniques,

4.1.1 Focussing

Despite the desire to investigate these effects with a high power
dye laser this was not possible due 1o the RDA crystal needing repair and
also due to the low damage threshold of the mirrors available, Consequ~

ently the 7D4MC dye oscillator was used giving an output of ~ lmJ in a



30ns pulse without a dye amplifier, Using a variety of lenses this
pump beam was focussed to a waist at the centre of the heat pipe oven;
by redirecting the beam a scanning slit and Si PIN diode could be
used to measure the spot size at the waist, From these measurements
the confocal parameter bp was calculated, Calcium fluoride, CaFZ,
windows were used on the heatpipe to transmit the generated SERS at
around 3Um, A polished slice of germanium, Ge, was used to transmit
the IR but block the dye laser after the heat pipe. A KBr lens then
focussed the IR onto a Mullard pyroelectric detector either directly
or sometimes via an IR grating monochromator, A value of 50nJ
generated SERS energy, 1~10W, was arbitrarily defined as the tuning
range limit; at this level the shot-to-shot energy stability of the
output was still fairly good as was the S/N ratio and this enabled
the tuning edge to be well defined, Comparative measurements performed
with and without ‘the monochromator before the detector confirmed the
absence of ASE except under the following conditions:~ (1) when wp
was tuned within a few cmml of the 65*7p1/2 resonance line, in which
case 7pl/2~7s ASE occured, and (2) when wp was tuned in the region

-L 3 f - = - 1 e _ J
21050cm™ -, in which case the gdl/2 6p3/2 ;nd 3d3/2 6pl/é transitions

were observed, The 5d levels are Jated 705 Fs
w75muao¢wat > s populated by 7p~5d ASE usually, but

why[this detuning from W is not clear, This latter

7sSTp
ASE was initially observed when pumping at high intensities;

at the intensities used for the focussing measurements also this ASE
appeared to occur under some focussing conditions at the low

frequency end of the tuning range, It was desired to dispense with
the monochromator in order to save time in aligning the optics in view
of the low ruby repetition rate and problems experienced at the time
with accumulation of Cs at the ends of the heat pipe., Consequently

as focussing was varied the upper frequency tuning limit was

measured, without the monochromator, in the absence of any ASE,

The effects of focussing on this upper tuning limit are shown
in fig 4,1; similar behaviour was observed for the lower limit except
for the case of P/b = 0,45, in which case ASE appeared at the lower
pump frequencies, ghese results indicate an optimum tuning range for
L/bp =~ 0,55, corresponding to a spot size of K = 160um, Qualitatively
we may explain this behaviour as follows, As /bp the tightness of
focussing,is increased so is the pump intensity, and, hence,the Raman
gain, However, an optimum pump intensity is reached beyond which other

competing effects deplete the pump or in some other way reduce the
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Raman gain once more, og intensity dependent line broadening,

Also plotted on the figure are some data points of Cotter 19760b
obtained using a 20kW, 7ns nitrogen pumped dye laser; his results do not
show the pronounced optimum apparent in our measurements, Further
measurements on a subsequent occasion again confirmed the trends
displayed in fig 4,1, One possible explanation of this behaviour may
be that the higher energy longer pump pulse used in our experiments
results in a modification of competing effects; however with so few data

points it is difficult to draw firm conclusions,

4.1.2 Feedback

Tnvestigations were also performed to discover the effect of
reflecting some of the pump radiation emerging from the heat pipe back
on itself; this may be considered simply as resulting in an increased
effective pump power. This higher intensity we would expect to result in
a higher gain and hence larger tuning range, This is treated further
in Appendix 1 as also is the idea of 'multipassing’ the beam, ie
reflecting it one or more times through the vapour cell, along different

paths each time,

Our preliminary measurements used the same arrangement as
previously with the addition of a plane dielectric coated mirror,
B1ud 100%, on a CaF, substrate before the Ge filter, Comparative
measurements of forward SERS were made with the mirror aligned and
slightly misaligned perpendicular to the beam, ensuring that this
misalignment did not displace the IR on the (largearea ) detector,
Initial results using the same focussing arrangements as before revealed
only a slight reduction in tuning range in ract under some conditions
but, more generally, little change, This led us to consider if perhaps
the backward generated Raman wave might be enhanced in this arrangement
resulting in increased competition with the forward wave; this was
subsequently investigated,

It was also appreciated that with the beam
waist at the centre of the heat pipe the amount of pump radiation fed
back on itself was fairly small, particularly for large L/bgf In the
absence of suiltable curved mirrors the efficiency of pump feedback
was improved by focussing loosely with a beam waist at the mirror
rather than in the heat pipe, The dye laser, providing 10-20kW output,

was thus focussod to a beam waist of ~ 300Um at the mirror; at higher

intensiticos than those mirror damage occured, Measurements of forward
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wave tuning range were again obtained as before, with and without

a monochromator, which this time revealed an increased tuning range

of ~10% , Assuming & 50nJ tuning limit energy criterion, the
tuning range increased from ”‘21075M22O75cmwl(4000mml) to

~ 21655*221000m“l{445cmml)@ The increased tuﬁing observed is of the
same order as would be expected from a simple calculation following
Appendix 1; however it is stressed that this 1s a static analysis

neglecting the backward wave which, as will be shown, plays an

impoxtant role,

4.1.3 Backward Wave

As already noted the behaviour of the backward wave under such
feedback conditions needs to be considered., The dielectric mirror used
has a reflectivity of ~30% around 3Um; thus a significant amount of
forward SERS was fed back and could act as a signal for backward
amplification. This situation strictly requires a dynamic analysis,
beyond the scope of the present work; instead the effect was

investigated experimentally,

As a preliminary measurement, to see the possible importance of
the backward wave, the dye laser was tuned to the edge of the backward
wave tuning range and the backward SERS signal observed; alignment
of the feedback mirror resulted in an increase of the signal by more
than two orders of magnitude. This served to confirm the increased

importance of the backward wave when the mirror was aligned,

Subsequently the tuning behaviour of the SERS was characterised
using the arrangement of fig 4,2; to avoid mirror damage the dye
laser was loosely focussed to a waist ~270um about 1Ocms behind the
feedback mirror, which was itself a distance of ~1Ocm from the end
of the vapour column in the oven, (The large confocal parameter implied
for this loose focussing reveals that our reflected pump intensity is not

significantly different than if the waist were actually at the mirror,)

The normal forward wave tuning curve obtained without feedback
is shown in fig 4.3a, One may observe that the tuning range around the
6s~7p3/2 resonance frequency is roughly twice that around the 6s~7pl/2
resonance, as would be expected from the ratio of the transition
oscillator strengths., For the same reason the on-resonance dip due to
SPA is more pronounced for the €>s--'7p3/2 transition, This provides

further independent confirmation of similar observations by Cotter 1970b.
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The peak output energy near the resonances would apper to be
limited by pump depletion and the output away from resonance by atomic

depletion, as outlined in section 2,3,

Feedback could be applied in this arrangement by using either
the dielectric mirror <Rblue: 1007, Rip= 30%) or an aluminium coated
mirror <Rblue: 907, RIR: 100%). Measurements were taken at a given
frequency for each mirror alternately; in this way it was hoped that
we might establish the relative importance of pump and SERS feedback,
Window losses and beam divergence (diffraction loss) result in the
actual feedback being less than these reflectivity values, being
extimated as blue 90%, IR 29 for the dielectric mirror and blue 80%,
IR 6% for the aluminium mirror, The backward wave tuning curve for
such feedback is shown in fig 4,3b; comparing this with the forward
wave behaviour reveals an overall increase in available tuning range,
Around the 65~«7pl/2 resonance no on-resonance dip is observed; this
anomalous feature was verified as being due to 7pl/2~ 7s ASE; no such
effect was seen near the other resonance 65~7p3/2, At the peaks of the
backward wave tuning curves a distinctly greater output is observed
when using the higher IR feedback, This micght be expected, since
when pump depletion begins to occur the IR feedback becomes more
important than pump feedback; thus the backward wave may compete
more favourably for pump photons. Obviously this is a simplistic
intuitive explanation and strictly the dynamic interaction of the two

travelling waves needs to be considered,

It may be that higher peak photon conversion efficiencies than
those generally cbserved, 507 may be attainable in this way although
this has not been firmly established; precise measurements of photon
conversion efficiencies were not attempted, Toward the edges of the
tuning range the behaviour using either feedback mirror was very similar
indicating the lesser importance of IR feedback, Nevertheless the
importance of providing some IR feedback in this region was verified
by the insertion of a water cell, absorbing around 3um, before the
mirror; this allowed some pump feedback to occur and still gave an
increased signal compared to the no—feedback case, but a reduced signal

compared to the pump and IR feedback case,
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I these measurements 1o great care was taken as to the alignment

~

I

or berwise of the CaF, heat pipe windows; these could provide some

~

>

small amount of IR feedback, of the order of only ~19) when allowance is

made for the diffraction of the beam, In future work this factor should
be checked,  The tuning curves of fig 4,3 were obtained using the pyro~
electric detector and have been normalised to account for the high
losses in the Ge, Kbr, CaFZ and mirxrors; thus the energies shown represent
the generated SERS energy, Some of these losses could in practise be
removed using anti reflection coatings, The energies measured by the
detector were calibrated at a given frequency to the enerqgy measured on
a Laser Precision pyroclectric joulemeter which had itself been compared
to a calorimetric energy meter and found to give reasonably good
agreement, Some uncertainty bowever occured in this calibration for the
backward wave curves. but the energies quoted are believed to be correct,
certainly to within * 305; whilst in no way invalidating the tuning
range results or feadback effects observed, this does however prevent

a guantitative comparison of photon conversion efficiency,

Since this work, Cotter ot al 1977a haw also investigated such
effects using a nitrogen pumped dye laser providing 20kW in 7ns,
confocally focussed over a 200m length of Cs vapour, Using a Ge
filter, Kir lens and plane mirror, < 107 IR feedback and no pump feedback
were applied; the heat pipe windows were skew to the optical axis to
provide negligible feedback, This resulted in an increased backward
wave energy compared to the no-feedback case; some slight increase in
useful tuning range, compared to the no~feedback forward wave, may also
be inferred from the results, These results are qualitatively in accord

with our own,

4,1 .4 Conclusions

Limited as we were by low damage threshold mirrors and by dye laser

power it was not possible to investigate the effects of these techniques

with high pump pewers; however we should consider here what behaviour
might be expected on the basis of these results, With the higher
power dye laser system we would have available a higher energy beam in
a shorter pulse, an intensity of, say, twenty times that used here,
Thus looser focussing still could be used before we were limited by

pump depletion; IR diffraction loss would then be less and higher IR
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feedback could be achieved, Quite probably at higher pump intensities
the conditions for optimum focussing would imply such a large beam

waist; thus efficient pump and IR feedback could well be applied to the
case of optimum focussing, Wyatt 1976 (see also Cotter et al 1976a)
measured a tuning range for the Cs 6s~7s SERS process of 2,54 ,75Um using
a 750kW dye laser; these tuning limits however corresponded to a signal
level of ~25pJ, too low a level signal to allow much spectroscopic

work to be performed, The use of such a feedback technique as outlined
would probably increase the useful tuning range available from the

system as well as extending the absolute range,

Thus we have demonstrated that, for loose, non~optimu, focusing
at low pump intensities, the tuning range attainable can be considerably
increased, relative to the forward wave tuning range , by providing
efficient pump and IR feedback, Further work using higher powers and
better mirrors would be expected to result in useful improvements to the
Cs 6s5-7s high power SERS system; a high power pump is necessary to take
full advantage of these techniques by using slack focussing énd
consequent smaller diffraction loss, The possibility of using a 'multi-
pass' arrangement is discussed in Appendix 1. From these preliminary
results the use of such an arrangement, or a resonator, looks promising.
It is anticipated that such a configuration would increase the useful
tuning range and alsoc modify the atomic saturation behaviour and hence

the shape of the tuning curve,



4,2 Stimulated Hyper—Raman Scattering in Sodium

In ordinary Raman scattering a single pump photon scatters
into a single Stokes photon, as illustrated already in fig 1,1;
thus Raman scattering is a two photon process, Hyper—-Raman scattering
is the analogous three photon process where two pump photons (w_)
are annihilated and one Stokes photon produced (ws}, w = 2@p~ 9
where {! is the Raman shift, Hyper~Raman scattering was first
observed as a spontaneous process, like Raman scattering, and was
observed in the stimulated regime initially by Yatsiv et al 1968,
More recently Vrehen and Hikspoors 1976, 1977 have given the process
some serious study using a fixed frequency Nd:YAG laser pumping
near a fortuitous two photon resonance in Cs, Our interest in the
process concerned the possibility of obtaining a tunable IR
Stokes output in much the same manner as has been achieved from

ordinary SERS using a tunable dye laser as the pump,

The process of !'three-photon scattering! has been studied
by Carlsten, Szoke and Raymer 1976 and by Grynberget al 1976; in this
process an output at pr - & is observed when the pump is tuned near
to a transition &, Only two levels are involved as the initial,
final and intermediate levels and the generated frequency is close to
the pump frequency; these features distinguish the three photon

scattering process from hyper-Raman,

Vrehen and Hikspoors! 1976 initial results using stimulated
byper—-Raman scattering, SHRS, in Cs indicated that despite being a
fifth order nonlinear process considerable gain is possible for such
a scheme, Consequently a search was made amongst the alkalis for
an element with energy levels suitable for SHRS with dyve laser pumping;
the use of the Na 35~(3p)~(4d)w4p3/2 SHRS scheme pumped by a
Rhodamine dye laser was adopted for investigation. With this scheme
we anticipated a resonance enhancement of the hyper-Raman gain from
the two-photon resonance (3s—4d) and further enhancement from the
proximity of the single photon resonance (3s~3p); this scheme is shown

in fig 4.4,

Calculations of the gain expected from this SHRS system in Na
looked favourable; the experiment was therefore tried in order to
evaluate SHRS as a technique for tunable IR generation, The
essential results of this work have been published and are included

as Appendix 2; in this section of the thesis however the work will be
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described in some greater detail, Initially the theoretical back-
ground is treated, followed by the experimental details and results;
various points of interest raised by the results are discussed and
some comments relating to the behaviour and potential of SHRS conclude

the section,

4,2.1 Gain Calculation

A gain calculatipn for SHRS may be performed in an analogous
way to that for SERS, described in chapter 2, 1In analogy to eqn 2,7
we find that
2 - 2
("""""-"-"-XHR ) T, ceed.l
@4 P s

where Xlﬁzis the imaginary part of the fifth order nonlinear suscepti~-

. 5 _
bility ‘X( )(mwS; ub, ~mb, wb, m&b, wS), j(HR may be expressed as
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where E% is the fractional population of the ground level,
Jg is the angular momentum of level g, (2Jg+l,it54degeneracy),
and BHR is defined as
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where the matrix elements etc are as defined in chapter 2; these
general equations are taken from Yuratich 1977a, Usually the last

two anti-resonant terms contributing to BHR may be neglected,

Applying these equations to the case of Na assuming a Stokes
polarisation parallel to that of the pump and neglecting non-resonant
intermediate levels we obtain for the susceptibility

X = BN ame et |dflrado<tdlr 13py<oplrizsy |
A (AQ,AQDL e 44




where Awl= w - wp and Aw2r W - 2wp are the single-photon

3s3p 3s4d
and two-photon resonance detunings, This expression neglects the

spin orbit splittings of the 3p and 4d levels; this is valid since

the respective detunings Awl’ Aw2 are large compared to the splittings,
This 1s not the case for some of the other alkalis, eg Cs,and this

simplification camnnot be made, To consider a split final level f
. _ 1 -
we may simply put CX}ED J¥:% =3 CX HR) spin free’ similarly

<XHR> Jf"‘g/,_ = % (XHR> af Thus from equation 4,1 we may
obtain an expression for the SHRS gain; it may be seen that since
GHR“ >KHR the gain will be higher for scattéring to the %? = %
final state.

The angular dependence of the gain, contained in the g.Q
factors of equation 4,3, has been lost by assuming the Stokes
polarisation parallel to the pump polarisation; if this is considered
in fact it is found that for pump and Stokes circularly polarised
in the same sense the gain is increased by a further factor of 9/4.
When generating a Stokes signal from noise, the Stokes wave will
assume the polarisation for which the gain is greatest; thus for
circularly polarised pump the SHRS will be similarly polarised and

the gain it sees will by 9/4 x that which would occur if using linear

polarisation,

As for ordinary SERS we find that it is possible to incorporate
the effects of diffraction loss into the formalism, Starting from
the wave equation for the growth of the hyper—Raman wave and proceeding
as outlined earlier we arrive at an analogous expression toeguation

2,24 for the threshold pump power at a given frequency,

2 L

ce 1 k%w ’
P = \ rol e (=B (P (L), /P ))2
W, Jﬁ X HR L s+ /tH so j

ﬂ:W,, ®
Pty p° 4mh
eia 4.5

A plot of P versus wp is included in Appendix 2, displaying
th

resonantly enhanced minima as wp approaches single—~ and two~photon

2 -3
resonance, Using parameter values N = 10 3 atoms m =~ ( ~10 torr),
- P
F o=l b, L = 25cm, L/bp = 1 (w, = 150um), 1n ( S(L)th/psgr: 30
and assuming linearly polarised light leads us to expect a tuning

range, with SOOKW pump, of 2.25~2.77lim, For this calculation
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matrix elements derived from Warnerfs 1968 gf-values were taken,
A weakness in the calculation is the choice of | , bearing in
mind our earlier comments regarding the linewidths observed for
SERS; nevertheless even allowing for strong linebroadening these
calculations suggest that significant tuning should be attainable

from the process,

Thus far the effect of the 3s-3p single photon resonance has
only been considered with respect to providing resonance enhancement
of the susceptibility., However the large oscillator strength of this
transition results in a large resonance-broadened linewidth and
consequently in strong single photon absorption of the pump, Depletion
of the pump by this mechanism thus tends to reduce the Raman gain
near the 3s-3p frequency. Following the same approach as for
equations 2,39-40, for the effect of SPA on SERS gain, we find that

the hyper—-Raman gain over the vapour length L becomes

1 - exp (~2a@pNL)

©% %m0 T, N ... 4.6
where GHRO is the gain per unit length calculated from equation 4,1
in the absence of SPA, and o, is the SPA cross section. In the limit

A
of strong SPA this becomes G = GHRO/ 2qAN and in the limit of weak

SPA it becomes G = GHROL’ as would be expected, The importance of

SPA for our particular case is apparent from fig 4.5 where the
normalised hyper~Raman gain is plotted in the curves, one incorporating
and the other neglecting the effect, In plotting this,cA‘has been
calculated from equations 2.41-42 which strictly only apply in the
impact region, ie near 3s-3p resonance, and not in the region of 3s-4d
two photon resonance used for most of our experiments; fig 4.5 thus

may only be taken as giving a guide to the behaviour of the gain,

To this end one should note that the SPA cancels out any enhancement

of the gain near the 3s-3p resonance and also lowers the gain

significantly elsewhere,

The calculation of the threshold pump power incorporating
diffraction loss is complicated somewhat by the introduction of
SPA since the decrease of Ip with distance results in a z~dependent
nonlinear polarisation PNL(wS) occuring in the wave equation; this
obscures the behaviour of the evolution of a 'matched modet, This
calculation has not been seriously attempted since the main features
of the behaviour are already apparent and since the value of precise

numerical solutions is questionable in view of the uncertainty over I R
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4.,2.2 Observed Rehaviour of SHRS

The Rh6G dye laser described earlier was used for this work,
Use of a Fresnel Rhomb enabled us to convert the linearly polarised
beam into nearly circularly polarised (60 #40%) lLight, in order to
take advantage of the predicted higher gain for a circularly
polarised pump. This beam was focussed with a confocal parameter
bpx L=25cms at the centre of the Na heat pipe oven containing
10 torr of Na, CaF2 windows on the heat pipe oven transmitted the
generated IR radiation which then passed through a Ge filter, a KBr
lens and a 30cm monochromator before being incident upon a detector,

either pyroelectric or InAs,

In this way we observed a strong tunable IR emission when the
dye laser, circularly polarised, was tuned in the vicinity of the
3s-4d two photon resonance; the measured wavelength of the signal
agreed to within experimental error (& ZCmfl}with that calculated

from W_= 2w _~ 0, . Preliminary measurements indicated an
s o) 35~4p9/2

energy exceeding 0,2nJ over a range of dye laser frequencies

= 17256 - 17336cmf1g ie wgﬂ 4240 -~ 4400cm“z; the more sensitive
InAs detector was used foxr %hese measurements, A pyroelectric
detector, possessing a greater dynamic range but poorer signal to

noise ratio, was used to measure the variation in forward wave

energy with dye laser tuning; this measurement was made for the
case of circularly and linearly polarised pump and these results

are shown in fig 4,.6a, The energy measurements were calibrated,

as for Cs SERS, by measurement cctric energy meter, due

0]

allowance being made for other IR emissions observed (predominantly

493/2~ 4s ASE) and also for losses in the optics (windows, Ce, KB )a
Other filters were also used in place of the Ge to block the dye
laser beam to verify the absence of any free-carrier absorption
in the Ge which might attenuate the IR, Various features should be

noted from fig 4,0a and from the other measurements made,

(1) Saturation Mechanisms

Firstly, it would appear that a saturation mechanism may De

occuring near the peak of the curve. The peak outputl energy of

iy
corresponds to ~ 0 x 107 rumbey  OI

atoms in the pumped region pu

oy k5 . o . , s
photons are ~2 x 10 and 10 respectivels Using reasonable



40

9z

I E T ] i
[e e} ]
o »
@
30F
s 8
(*3S~éd
oo
®
pd 207 ° o |
o ® |
{1 %
[e] [ [ eYe )
L4 0020 OG
10+
[e] @@'0
&
© e &o o
Oo@ ¢ o e °.
000 00 @ : 3 f @ PR -
17250 17270 17290
dye laser frequency lem™)

(a) 10 torr Na, linear

(8) and circular (O) pump

polarisation
10 T T T T 7
7-5F
o [35-4d
3 = @
put 5
u o
o
25
G o
o %o
o
I G-O-BH -

17250

(b) 1 torr Na, circular

Fig 4.0 Observed SHRS energy as a funetion of tunindg

i
17270
dye laser frequency (cm™

17290
A‘% &
J

ation

[

pump polari




93

estimates for the hyper-Raman gain coefficient, a simple calculation

of saturation lengths, along the lines of section 2,3.3, indicates

that atomic saturation might be expected to occur first; a detailed
treatment of this is however complicated by the strong dependence

of la’ the atomic saturation length, on Ip {la o Ipmz}, From the

above numbers we would not expect pump depletion to occur, or to in

any way limit the output energy; however this neglects 3s-3p SPA which
as already shown (fig 2.,2) is still very appreciable at these frequencies,
Measurements of pump transmission yielded values around 20-25% away
from two photon resonance; such low values of transmission indicate

that the pumped region may have been somewhat larger than estimated
and/or that the pump may have been depleted by some strong multiphoton
process. In the region of maximum IR signal, slightly belew two

photon resonance, a dip in the pump transmission of several percent

was observed, Thus some measure of pump depletion was observed to occur
which may have resulted in a reduction in Raman gain, It would seem
however that atomic depletion was probably the mechanism limiting the

peak output energy,

The peak output energy was observed to be the same for linearly
or circularly polarised pump but a larger tuning range was obtained
in the latter case; consideration of the atomic depletion mechanism
incorporating the gain for the two cases lends us to expect such
behaviour., As we tune away from two photon resonance the SHRS gain
falls and the build up length increases, This results in reduced
depletion of the atomic ground state and hence lower output energy.
Since the bulld up length depends on the gain then, away from the
peak of the curve, we expect to sec increased output for the case of
higher gain, as observed; the increased tuning range shown in fig
4.6a was obtained under essentially identical conditions, except for
pump polarisation,

A measurement of the SHRS polarisation verified that for linearly
polarised pump the Stokes wave was polarised similarly; likewise with
a circularly polarised pump the Stokes wave was also observed to be

circularly polarised,

{(ii) Shape of the Tuning Profile

The asymmetry observed in the behavicur of the tuning curve above
and below resonance is worthy of note, One possible explanation for

this, suggested to us by New 1977, lies in the optical Stark shifts
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experienced by the energy levels,
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Aﬂ2ﬂ2m;a in rough quantitative agreecment with the frequency of
peak SHRS ocutput, When tuned above resonance the magnitude of the
relative shifts of levels would also appear to be adequate to account
for the reduced gain/output observed, The major uncertainty in
evaluating the effect of this mechanism is the dynamic interaction

of the Stokes wave and the level shifts, since the shift of the 4p

level is only large for large Stokes intensities,

The dip in the output near resonance is believedtc be due
to 3s—4d two photon absorption accompanied by three photon ionisation,
Estimates of the TPA rates assuming a Doppler broadened linewidth
(T = Oelcmﬁl) indicate that over most of the tuning range TPA 1is
less important than SPA to the 3p level; within a few <:mml of two
photon resonance the TPA may begin to become more significant, (These
estimates were derived using the relationships

ol o KIZ cee 4.9

bz

where K, the absorption coefficient is given by

a1R (2)

= - 3 i

- 3, Im ’XTP& oos 4,10
2ce

3 .
where %ﬁTgA-was evaluated according to Yuratich and Hanna 1974,

A calculation of three photon ionisation adopting the transition
rate approach, P. = GAB) F3 T (notation as in chapter 2), and using
theoretical valués for @*(3>? the 3PI cross section, calculated by
Teague and Lambropoulos 1970 , indicates that complete ionisation
should occur for intensities higher than Ipm 2 x lOlZWmmz for the
off resonant casc and for lower intensities on  resonance, This
might suggest that 3PL was responsible for some of the pump depletion,
4t the peak of the output curve SHRS occurs over the length of the
vapour column illustrating the fact that the SHRS cross section can
under some conditions become comparable to or exceed the 3PI Cross
section., This would perhaps indicate that the J3PI rate as calculated
may be an overestimate; empirical data on this process in Na

appears as yet to be unavailable.

The interaction of the nonlinear pProCesses occuring could
perhaps be more fully explained using a dynamic analysis, since
it is the generated IR radiation which contributes strongly to the

shift of the 4d level, thus influencing the TPA and 3PI also, as
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well as influencing its own evolution. Nevertheless this
qualitative model does seem to give reasonable agreement with the
observations, suggesting that optical Stark shifts, for this case,

may be significant,

(111) Spectral and Temporal Behaviour

The linewidth of the SHRS radiation was observed to be
surprisingly broad, of the oxder of 2m3cm“la Linewidths measured
under a variety of conditions are tabulated in table 4,13 these
measurements were made using a 30cm IR grating monochromator and,
usually, a pyroelectric detector, The instrumental resolution
was measured as being 1,2cmml or less by observing the 4p3/2wis

ASE linewildth at 4533cm l,

As may be seen from the table, over most of the tuning range
at high intensity, the linewidth was consistently fairly broad,
2,6 * Oescmwl; the & O.,;'ScmmjL error probably represents the
inaccuracies involved in manually scanning the monochromator.
Towards the edges of the tuning range the signal to noise ratio
deteriorated somewhat and the larcger values of linewldth observed in
these regions, marked with an asterisk in the table, are attributed
to this cause, Some evidence of the line broadening being intensity
dependent, at least near resonance, is apparent fromteble 4.1,
At low intensities the IR signal might be thought to be 4d~4p ASE;
this is believednot to be the case and is discussed further

5

in section 4.2,2 (ivj,

At high intensities no noticeable increase in linewidth was

observed as we tuned towards two photon resonance, The calculations

s rn

of the optical Stark shift suggest that it would be on the lower

te

frequency side of the resonance that the aground stat

2
Raman state shifts would be additive; temporal variation of these
shifts due to temporal intensity changes would be expected 1o lead
to broadened linewlidths increasing near two-photon resonance due to
the increas@d.&pg/z shift, That such behaviour was not observed mayv
relate either to the magnitude of the effect being smaller than

estimated or to the spectral cvolution of the SHRS pulse,

The broad linewidth still observed at large detunings would indicate

the presence of some other broadening mechanism, possibly plasma
broadening, Using eqns 2,59-60 we find that the Stark censtant for

the 4p level is considerably largexr than that for the ground state;



Table 4,1

Linewidth Measurements of SHRS

(at 10 torr Na pressure)

Pump Intensity | Polarisation | Pump Frequency i SHRS Linewidth
qu"‘z e -
(Wn™2) (cm™) (en™1)

i2 . e

6 x 10 Circ 17256 4 ,OF
b w 17258 2.8

Tt Bt 17260 2.3

¥ i 17261 2.6

" i 17263 2.4

Ll i 17265 2,2

il 2t 17267 2.4

e (4 17269 3,1

i i 17270 2.5

" i 17272 2.2
12 . ,

& x 10 i 17262 3,6%
L 8 17270 2.8

o 1 17280 3.2%

5 % 100 Circ 17273 1.9
3 x lOlO Cixrc 17273 1.5

* probably an overestimate — see text,
(at 1 torr Na pressure)
5« 1012 Circ 17273 2.1
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thus we expect broadening of the 4p level to dominate. For the 4p
5

. ~1
level we find C, =1.4 x 10 &nﬁlzunibo = O.1cm for an clectron

Ut

density of lO2LmM39 ie an ionisation of ~29 of the atomic densitys;
thus an ionisation of ~50% of the atoms present would be necessary
to explain the broadening observed. Also, this ionisation would need
to be present off-resonance, not just when w? is tuned to prz Woeg ge
The presence of such strong ionisation might seem unlikely; certainly
three photon ionisation or ordinary molecular ionisation could not

account for thas,

However, recent work by Lucatorto and McIlrath 1976 should be
mentioned at this point., These workers used a 1MWcmH2 500ns dye
laser to pump the 35~3pl/2 transition in Na at 1 torr and observed
almost 100% ionisation, an unexpected result; various mechanisms were
suggested for the anomalously high ionisation and a further
experiment was performed in Li (McIlrath and Lucatorto 1977-ML
in order to clarify the situation, Again anamolously high ionisation
was observed, The mechanism which has been invoked to explain the
observations is that of superelastic heating of an initially small
sumber of free ‘seed! electrons, by collisions with excited atoms,
followed by electron impact ionisation of excited state atoms by the
heated electrons, Measures 1977 has treated this process analytically

and has derived an estimate for the time required for complete

ionisation of the atoms; these results applied to Lucatorto and

McTlrath's experiment with Na provide sensible agreement, Measures?

result for the ionisation time is

T = E/E, Mo,
10n in (=) voa H,ll
2N, F,RL (28, /m )77 Peo
AG 12 12/ e/

where B represents the absorbed laser energyj EZ = EiZE%/Ez where

EL , are the ionisation energies from the initial (1) and excited (2)
i
ilevels, and 512: El~ EZ; NAQ is the initial ground state population,
4

N, is the population of the excited leveland R the ratio NZ/NA{t}

which for carly times may be taken as NZ/NAO; Neo 1s the initial
tgeed! electron density; L is the length of vapours; ﬁz 135 the electron
mass; CF{Z is the electron collision cross section for excitation

of the 1-»2 transition, Using *

s equation for ML's Li experiment
again provides reasonable agreement if 5%2 for L1 is assumed O
be a little smaller than for Na, which may not be an unreascnable
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7

assumption, Applying this now to our situation, assuming only iUk
population in the 3p level and taking C§2 = 8 X lowigmg (ML

we find ?;ion is of the order of 15ns, The Yseed? clectrons
necessary for this process are probably produced by off~resonant
three photon ionisation at the intensities we have used, although
other processes might be responsible for their production at lower
intensities (Geltman 1977); for the above calculations Neo was taken

as lOllmmgy although the dependence ofp{:ion on Neo is very weak,

Thus it would seem that this mechanism could explain our
observed results. Further experimental investigations of the process,
hopefully, will serve to test the theoretical approach of Measures;
certainly it would seem that the process should be considered in
SERS experiments involving the possible population of resonance

levels,

In view of theusually small 7TPA 1t scems unlikely that signi-
ficant resonance broadening of the 4p level will occur; we might
expect lifetime broadening of the 4p level to occur however, resulting
in a broadened SHRS linewidth, Taking an ASE intensity of 6 x LO)Wm
and assuming fﬁép: 350ns (Miles and Harris) we estimate from eqn 2,51
a lifetime broadening of *VZ_Scmfi; this is also of the order of the
broadening observed, The behaviour of the ASE output as a function
of wD was not exteﬁsiv,ly studied, but certainly the ASE intensity
decréased,considerably as the SHRS output decreased; a decrease DV
a factor of ten would result in lifetime broadening of less than

=1
lcm &, Thus it might be expected that 1ifetime broadening would

decrease with detuning,

The effect of power broadening may be considered by using the
. . 2 . . ‘
analogous eqn to 2,58 for hyper~Raman (Ip"% Ir ). From fig 4.5
i - J
I

we may take G ?S = 300,say. as a typical value; taking = O,;Oécmm1

U

{Doppler broadened) and 1= 6 x lOlOWmmz (peak SHRS intensity) we

find F = 1cmwl, Tn a realistic situation [ _ may well be larger
than the Doppler broadened value due to all the other mechanisms
going on; if these other processes result in a ?5: O, 3cm = then we
would expect the effect of power broadening to be an increase of

a

-1 ; .
to T = 2.5cm —, Thus power broadening may be expected to contribute
sxgnlflcanily as a broadening mechanism when some other broad lening 1$

present but not very strong.
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Also, since power broadening is dependent on Stokes intensity, the
influence of this mechanism might be expected to decrease with

detuning from resonance,

A feature of all of the mechanisms we have discussed except
power broadening is that they invoke a broadening of the final
Raman level as integral to the broadening of the Stokes wave. This
would however result also in a broadening of the 4p—4s output yet,
as already mentioned, the linewidth of this signal was noticeably
smaller than that of the SHRS. It might be that the dynamic
evolution of the SHRS and ASE is such that one experiences broadening
due to some of the mechanisms proposed and the other does not,
however this is by no means obvious and the behaviour remains

incompletely understood,

The temporal behaviour of the SHRS pulse was observed using a
fast InAs diode and Tektronix 7704 oscilloscope, the system having
a rise time of perhaps 2ns or less, With the dye laser tuned to
17262cmml the SHRS pulse length was observed to be roughly 10ns,
Generally the pulse was observed to be a fairly smooth pulse although
occasionally additional structure in the form of secondary or
subsequent peaks of lower amplitude was evident, Photographs were
not taken of this behaviour, although qualitatively it was very
similar to that observed for the backward wave (discussed later)
shown in fig 4.7, Various mechanisms could be responsible for this
ﬁémporal behaviour; we have not attempted to analyse it, A measure-
ment of pulse length was also performed with the dye laser tuned to
17280cmm19 but this time using narrow monochromator slits, thus

. . . =1 . - . ;
sampling Just ~lam of the hyper—Raman signals the pulse length

AV

obtained in this way varied between 6-8ns apparently slightly
shorter than the total pulse length., This might be considered as
providing some indication of a frequency tchirping®; however, the
lack of full width pulse length measurements at the same frequency
as these narrower linewidth measurements render this result
inconclusive, More extensive measurements using a higher resolution

instrument would be neccessary to provide useful data on this

1

behaviour; these were not 2
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(iv) Low Pressures and Low Intensities

The tuning profile was also measurcd at an Na pressure of
~1 torr using a circularly polarised pump at a slightly lower
intensity than before; the observed behaviour is shown in fig 4.0b,
The pump throughput was much higher in this case since the lower
atomic density resulted in weaker SPA to the 3p level; the peak
SHRS output was therefore certainly not limited by pump depletion,
The peak output corresponded to lOL4 photons; this is to be compared
with the number of atoms in the pumped volume JWQ = 2 x 10149
These numbers imply that atomic saturation is the limiting mechanism
in the region of high gain at this lower pressure, A dip in pump
transmission corresponding to 1.5 X 1015 pump photons was observed

in the region of resonance and maximum SHRS generation which would

indicate that some processes other than SHRS are also occuring.

. . -1 . .-
A linewidth of 2,lcm was measured under these conditions
for i%= 172730mml; this might serve to suggest somewhat reduced
plasma broadening at the lower atomic density but on its own 18

somewhat inconclusive,

Measurements of the tuning curve at 1 torr for a linearly
polarised pump proved somewhat difficult. The peak signal appeared
to be considerably down on that shserved with circularly polarised
light and a large jitter in signal amplitude was present over all
of the tuning range, These observations suggest that under these
conditions, with the lower gain for limearly polarised pump and lower
gain due to the lower atomic number density, the length of wvapour

needed to reach detector threshold was approaching the length of

the vapour column itself,

At 10 torr Na and tuned near the peak of the output curve the
effect of attenuating the pump iiput was observed, Reduction of the
pump intensity to ~5 x 1010Wmm2 enabled us to still obtain an
SHRS signal; we were able to verify that this signal was SHRS and
not 4d-4p ASE in that as the dye laser was tuned we were able to
observe a shift in the IR signal correspondingly, although' the range
of tuning was of course very small, NZCH‘:""L,a The linewldth was
sufficiently less than this for this tuning to be clearly cbservable,
At lower intensities still we were able to observe a signal but with=—
out a higher resolution monochromator it was not possible to verify

the presence of tuning and thercby to distinguish SHRS and ASE;
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however, generally when SHRS was observed, no 4d~4p ASE occured,
Thus the linewidth measured at low intensity in table 4.1 is ascribed
to SHRS rather than ASE, In this way an IR signal was obtained

for intensities as low as 2 X IOlOWmmzw

(v) Limiting Bebaviour -~ The Possibility of Foux Wave

Parametric Mixing (see Fig 4,8)

Whilst much of the behaviour of the generated IR radiation
was in accord with expectations for SHRS some unusual behaviour was

observed and is reported here,

In the forward direction for 2mp>u)334dthe tuning range was
observed, as expected, to be limited by the signal growing increasingly
weaker and jittery as detuning increased; this behaviour is
summarised in table 4.2, However on the low frequency side it was
dﬁmwaiﬂmtaswpmastmmdbdpw ~H@§xﬂdsat10tmﬁ
pressure with circular polarisation, a broadband (several cmml}
fixed frequency emission began to occur centred neaxr 4220cm"1@ As
mp was decreased so the amplitude of this signal increased remaining
fixed in frequency and beginning to take over from the tunable IR
output, As wp was tuned through and to the other side of the frequency
corresponding to this emission no further tunable IR was found.
Possibly this may indicate a transition between the SHRS and four wave
parametric mixing processes, When linear polarisation was used the
low frequency tuning limit was again observed to be limited by
a similar fixed frequency signal, although this time 1t was nearex
to the two photon resonance, The behaviour at 1 torr was not carefully

investigated,

Tn order to further understand the possible role of the four
wave process the backward emissions from the vapour were observed.
For this a polycarbonate disc was placed between the focussing lens
and the heat pipe, just before the entrance window, at 45° to the
beams in such a way that the pump was transmitted and a few percent
of any backward emission from the heat pipe was reflected from the
disc through a Ge filter and KBr iens into the monochromator. A
similar arrangement was also used to lodk for backward wave UV
emissions, using a different filter instead of Ge, The backward
IR emission observed in this way appeared to be limited in tuning

at both extremes by fixed frequency emissions, this time closer in
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Fig 4.8 Parametric Four Wave Mixing
Process in Na
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Table «,2

Behaviocur of SHRS output energy towards

the high frequency linit of tuning range

Pump Frequency IR Encragy % of Shots

(nJ) Present
17302 8 100
17306 0.8 80
17309 0.4 80
17313 0,32 60
17317 0,24 30
17321 0.2 20
17324 0,16 10
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still to resonance, The IR was found to tune only over a very
limited region, ’“4,5cmml of pump tuning near resonance,

Fairly wide slits were used on the monochromator in order to
obtain sufficient signal to monitor gilving a resehMtion of ~3cmml;
this was however sufficient to conclusively verify the tuning of
the IR over a range of 9cm~l, As the IR was tuned low in
frequency the lower fraquency limiting signal grew in amplitude to
quite a large value until the two signals merged as wp decreased,
upon further decrease in wp the fixed frequency signal gradually
decreased in amplitude, As the TR was tuned high in frequency its
amplitude decreased gradually and then it appeared to stop tuning,
remain fixed in frequency and decrease in amplitude as

continued to increase,

The absence of tunable SHRS over a more substantial tuning
range in the backward direction might suggest that the forward
wave was parametric in origin rather than true SHRS, since the
coherence length in the forward direction would be much larger than
in the backward direction, If this were the case however we would
expect to see a forward wave @4: Zmp~ wIR accompanying the forward
IR wave. of energy'fg?IR ; such an output was searched for but no UV

wIR
signal of this magnitude was observed, although much weaker emissions
near this frequency were found, This work was performed using a

special glass filter to transmit & , in the UV, but to block most

s
of the dye laser light, The 30cm ionochromator was again used,

with a different grating, and a 9783R photomultiplier tube used to
detect the signals, An energy calibration was obtained by measuring
the peak UV output with the pyroelectric energy meter and relating
that to the signals measured using the monochromator, Two UV outputs
were observed in this way, One, fixed frequency at around 30366cmm13
reached a peak energy of ~2UJ for §§c317268cmf1 and decreased smoothly
and symmetrically as ¥, was tuned either side of this value, The
other signal reached a peak value of ~60nJ at ¥, = 17266cm™ " and
tuned according to 2wp~ 4426cmml; a very weak signal ~ 5nJ at

4426cm~l was just detectable on further investigation., This latter
process is thus attributed to a four wave parametric mixing process,

It is noted however that neither of the 30366(:11;l and 4426cmml

emissions correspond to transitions between energy levels of the neutral

Na atom; this same comment applies to the !'fixed frequencies! observed
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to limit the IR tuning range,

With the IR forward wave enexrgy observed of ~40UJ, we
would expect, 1f its origin were purely in a four wave parametric
process to observe a UV signal of energy ~250UJ, The absence of such
a signal as the dye laser was tuned over all of the forward wave
tuning range would strongly point to the IR being simply stimulated
hyper—Raman scattering, However this does not explain the tuning
limitations observed, An explanation of this behaviour might lie
in the interaction of the four wave process with the hyper-Raman

process in the small signal regime,

Thus, whilst the absence of strong four wave parametric would
appear to have been werified, it would seem that some other process,
possibly the parametric, may occur and interact with the SHRS to

explain some of the features observed,

Obsexrvations of four wave processes have been reported by
Bloom et al 1974 in Na pumped 3s~3d and by Vrehens and Hikspoors
1977 in Cs pumped 0s~7s; the parametric process involving the levels
we have used in Na,shown in fig 4.8,has also been reported by Wynne
and Sorokin 1977 and Hartig 1977, Wynne and Sorokin give no details

of experimental conditions and so we cannot compare their results,

Hartig used 2 torr Na vapour pressure and intensities of
the order of 109~ 3 x lOlOWmMZ in a lcmml pump linewidth., In the
forward direction he observed a broad ~lOcmml tunable signal, energy
unspecified, accompanied by a UV signal near 330mm (SOBOOcmml),
peaking to 2uJ; this was with a pump energy of 80OUJ {(c¢f our pump energy
of 6mJ), The J_Ocm”JL broad emission sounds to be of similarx
character to the emissions which we have observed to 1imit our IR
tuning range; the UV signal, again, sounds similar to the fixed
frequency emission which we have observed at 30366cmml, Hartig
also observed a signal near 333nm (3003Ocmm1} which he ascribed to
the four wave mixing process W™ Bwpm Wb where Wip is the Stokes
wave generated in another Raman process 3s =@ (4p) =» 4s pumped by
the 330nm emission, This 333nm signal was an order of magnitude
weaker than the 330nm emission, as was the signal we observed near
this wavelength, so it might be that our signal has the same

-1
origin, Nevertheless our observed W 4426cm —, does not

IR’
correspond to the Stokes frequency for 3s—4s Raman scattering pumped

- . . . -1
at 30366cm L (this would give W coxresponding to 4626cm ). In

IR
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a footnote to his work, commenting on ours, Hartig suggests the
build up of the parametric process he observed from hyper-Raman

noise,

An attempt has been made to consider the theory of the four
wave mixing parametric process, although this is complicated by the
role of 3s~4p SPA of the fidlex' which might be generated and also
by the doublet splitting of the 4p level, This work is separately
presented in Appendix 3 for claxityv; without further numerical
computations it is difficult to draw any definite conclusions from

this approach,

4.2,3 Other Processes

As well as the results already discussed a variety of other
processes were either considered or observed and these will be

briefly outlined here, Initially we consider those not observed,

(i) Third Harmonic Ceneration

It is noted that the use of circularly polarised light should
result in the suppression of any THG, since the electric dipole
selection rules only permit Amj;"i},for circularly polarised light
(+ 1 for rhe, - 1 for lhc), Bxperimentally THG, at ~193nm, was

not looked for,

(ii) SHRS in the Region of Single Photon Resonance (3s-3p}

As discussed carlier we expect SPA to neutralise the SHRS gain
near the single photon resonance; nevertheless, bearing in mind the
only approximate nature of the SPA calculations, it might have been
possible for SHRS to have occured in this region, Careful observation
however failed to detect its occurence and we conclude that the SPA

is probably the cause of this,

(iii) Stimulated Three Photon Scattering

The process of stimulated three photon scattering mentioned
at the beginning of section 4,2 was also locked for, In this process
the levels 3p and 3s act as intermediates as the atom goes from the

3s to & 3p state; an emission at 2w~ W is expected, This

j8) 3s3p
process was only locked for in passing, at one spot frequency,

- . -1
17262cm l; no emission at the expected 17347cm — was observed,
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Considering the large detuning from single photon resonance this
result is not surprising, but does however verify the absence of the
process, which could otherwise have had some influence on, eg

ionisation, hyper—Raman gain, eto,

We shall now turn our attention to processes which were

observed under various conditions,

(iv) 4p, j,= 45 ASE (4533cm )

This signal was observed whenever strong SHRS was observed,
At the peak of the SHRS output it was observed that 4~8% of the IR
energy leaving the vapour originated in this emission; this

4

corresponds to 2 x lOlJ atoms undergoing a 4p-4s transition,

The number of ASE photons is  O,1 times the number of Stokes photons,
A calculation of the stimulated emission cross section leads us +o
expect a rapid bulld up of ASE; thus we might anticipate that most

of the atoms promoted to the 4p level by the SHRS would undergo an
ASE transition, resulting in the number of ASE photons equalling the
number of Stokes photons, This simple calculation ignores

the dynamics of the situation which might account for the observed

factor of O,1.,

The behaviour of the ASE was observed at 1 torr in some detail, At

its peak the ASE was only 19 of the IR output from the vapour; as we

£

away from 3s—4d two photon resonance so the 4p-4s ASE decreased, Off reson~

ance a very small 'background! level signal was usually present, presu
due to multiphoton ioniéation/excitation and subsequent cascades

down the energy level ladder, As we tuned near w353p this also dis=-
appeared, probably due to self focussing/defocussing effects reducing

the pump intensity and subsequent ionisation/excitation, When we

tunedﬁagp% w°s o the ASE signal was observed to increase significan
.

this was found to be due to population of the 4p3f2 level by 55%4?3/%

'

ASE at 2928cmml subsequent to two photon excitation of ground state
atoms to the 5s level, Attempts at observing the Eissmfaip?)/,2
transition led us to the conclusion that this emission was indeed
purely ASE, rather than SHRS 3s—(3p)~(5s)=-4p, Our dye laser power
was lower at this frequency and we were also at 1 torr pressure of
Naj; whether SHRS might go at higher power and pressures in unclear,
Hartig also at low intensity and pressure observed 5s-4p ASE, but

no tunsble signals,



On a practical note, monitoring the ASE from the ngfz
'd
level proved a sensitive indicator when attempting to tune the dye

laser frequency close to a two photon resonance,

(v) 4£-3d ASE {SQIQCmml}

When tuned near two photon resonance Ul , as well as
! 7T 3s4d’

SHRS and 4p3/2m45 ABE, an output was also observed at a frequ

corresponding, to within experimental error, to the 4f-:

12
Energies of the order of 0,817 (7 x 10 photons} and

photons ) were observed at 10 torr and 1 torr respective

possible population mechanisms which immediately s$pring to mind

are electric quadrupole excitation 3p—4f and collisional tran

from a population in the 4d level,

The magnitudes of these effects have been considered and i+

would seem that the former mechanism is oo weak to account

the observed behaviour, Use of a ftyplcalt cross section for

collision process results in a much larger estimate for excitati

of the 4f level and is therefore believed to be responsible for
observed results, The drop in 4f-3d energy with pressure 1s

consistent alsc with this mechanismn,

4,2.4 Discussion

(i) Conclusions From the Work Performed

From the work which has been described in this section i+

seem that a number of useful conclusions may be drawn.

Initially we may deduce that fifth order nonline axr proc

are indeed S‘fficienﬁly strong for their occurence to be consid

in nonlinear optical experiments; further physical insight and
foy atomic systems may possibly be gathered using such Processe

The potential for tunable outputs from such processes has also

&m‘

been demonstrated, As a practical IR source obviously SHRS is a

poor competitor with SERS, nevertheless improvements in lin

and photan conversion efficiency may be p0551bie when pumping

offset this; the impoxtance of SPA as a limiting mechanism, initiaily
unappreciated in our understanding of the hyper~Raman process, has
been clearly demonstrated, We have also demonstrated that the four

wave parametric mixing process generated through the third order
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nonlinearity appears to play a role in such experiments, and it p

in fact dominate the behaviour wnder some conditions; a

precise theoretical prediction of the interaction under experiment

conditions would appear to be very difficult to make,

Various possible mechanisms have been suggested for the ve

broad linewidth observed, none of which totally and satisfactorily

explains the observed behaviour, notably in view of the narrow

4p~4s ASE linewidth; as commented with respect to SERS, it is felt
that a dynamic analysis of the situation may help to clarify this

behaviour,

The mechanism of superelastic heating of electrons

to subsequent ionisation of atoms i1s a very recently investi

process and its possible role in SERS type processes has

previously considered, In having discussed it here it is

emphasised that this process warrants consideration in any SERS

process which may involve significant population of an
(particularly resonance) level, since subsequent ionisation may

account for poor efficiency or broadened linewidth, Experimental

verification of the proposed quantitative theory of this mecha

is awaited with interest,

The collisional population transfer between the d and £ lews

which has been observed is an interesting feature, in that for

alkalis the encrgy differences between these nd-nf levels are

To

Therefore the mechanism observed in our work would be expected

occur in any similar work in which high lyving d states are

(1i) Other Possible Schemes

We have considered a few SHRS schemes in other e

RSty

Lo

4

conclusions being briefly summarised in table 4,3, OGur conclusions

from the systems considered are not too promising; however,

considered only a few elements and it would certainly be of interest

to look at some others, Those considered in the table have

simple pumping requirements, of a visible dye laser, or, for il
Vrehens and Hikspoors Cs case, an OPC, The Rb 55-5p~5d~6p s
was not initially considered due to the long wavelength dye pump
required -~ 800mm; however since that time we have operated such
a dye laser and thus this system, from the pump requirement

of view, is not as difficult as initially envisaged, Thus,




evaluation of other possible schemes 1s suggested,

The possibilities of using two separate dye laser

Wy, Wy in order to gain additional enhancement of the gain from

the single photon resonant level, (see eg Bjorkbolm and Liac 1974 ),

was briefly considered, but no experiment of this type was peri

for Na 3s-3p-4d-4p scattering, The compromise between increased
enhancement and loss due to SPA would need to be considered

carefully in such a process in order to obtain optimum

this might require empirical optimisation. Nevertheless,

" improvement in performance using such a system might be expec

this was not examined in detail,
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4.3 SERS from an Excited State

g

The concept of populating an excited state and then performing
SERS from that state 1s not a new one; indecd the original observation

of SERS in K by Rokni and VYatsiv involved this mechanism, Neverthe!

until recently very little work had been published on such schemes,
Korolev et al 1970 have probably achieved the best performance to
date; optically pumping the 5p, 5/2 level in Rb vapour they obtained

~1
~ 60cm T tuning from JPQ/Q 6p3/b 1/2 SERS, Kung and Itzkan 1976

0

x

have obtained a few cm + tuning from 4p. 6D, /ns 4D, o 7D

2 Psyo™ OP3 /50 2Py /0" TPy /n
in K; their 4p populations were derived from a downward cascade of
population after optically pumping the )Di/Z level, Lau et al 1976
have also discussed optical pumping of processes from an excited

state in alkali vapours,

Two main advantages may accrue from an excited state scheme,
*irstly, since the initial Raman level is not the ground state,
access may be obtained to several high lying and fairly closely
spaced levels, which may serve as intermediate levels; thus a range

of Stokes frequencies may be available, some at long wavelength.

Secondly the possibility exists of recycling atoms back to the indt

state; Grischkowsky et al 1977 have recently demonstrated this

with a fixed frequency excited state system in K vapour, Such a syst
overcomes the atomic depletion problem and thus enables a long pulse
high energy pump to be used, promising higher output energies, The
first of these two features 1s apparent in fig 4.9 where the energy

level diagram of Na is shown; the transitions indicated from the

level may all be reached using a single laser dyve 7D4AMC, With the
potential of several new tuning ranges from this scheme and with an

Na oven and suitable dve lasers available it was decided to try this

experiment, For ease of detection we chose to investigate the short

wavelength SERS transition of those indicated in the figure, that

the 6d intermediate level ,

SERS was not in fact observed under the different conditions

we tried; various possible reasons for this have been considered and

are discussed, although insufficient evidence was collected to pos:
identify the cause of this behaviour, If, as suspected, superelastic

collisional heating of electrons and subsequent ilonisation is the

iting mechanism then a fundamental limitation on excited state process

when optically pumping at high vapour pressures must exist,
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Fig 4.9 Level scheme of Na used for excited state
SERS experiment
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4.3.1 BExperimental Observations and Discussion

The dye lasers used were the RhOG one described earlier (W

St

and a nitrogen laser pumped 7D4MC dye laser (w) ) producing a
. Fo
- A . Lt - - -
120~300pJ, pulse in a O,lam = linewidth, described in fuller detail

elsewhere (Cotter 1976b), The lasers were synchronised to within

+ 50ns and a variable delay, L4 , usually set as 50ns, could be

introduced between @ and w ., The beams were combined with a dichroic
Py by
mirror and aligned collinearly with the aid of apertures before and

after the Na heat pipe., The CaFQ windows on the heat pipe transmitt

~ 60% still at 9um, The usual Ge filter, KBr lens and

adep®
monochromator were followed, for this experiment, by a liquid nitrogen

cooled CdHgTe detector; initial alignment was carried out using an

IR signal generated by SHRS,

When using a resonance level as the excited state its lifetime
is prolonged by radiation trapping, as briefly discussed by Kung
and Itzkan; the work of Holstein 1951 may be used to estimate the
effect of this, For our case we expect the 3p lifetime to be extended

from its natural lifetime of 16ns to a value of the order of a micro-

second,

Experiments were performed under a variety of conditions;
Na pressures of 10 torr and 1 torr were used, the intensities of
' . 3 . 1z 2
both lasers were independently varied over the range lOlOw 10 Wm

Different detunings of the two lasers from Wy o and.w3 6d
“P3/o PS5 /0

were also tried, Initially we monitored the 6d—-6p wavelength
region around 9,2um; a very weak signal of the order of ~20pJ

corresponding to this ASE transition was the maximum observed,

At 10 torr with just the w_ laser at full intensity an

erratic signal at wédﬁp was observed; with the w_  laser also this
1
signal was observed to be enhanced provided w_  was close to W

5 3dép’
otherwise the signal disappeared, At 1 torr no signal could be

observed with just w_ , although this could now occur with Just W
‘ P,
This behaviour was indicative of an ionisation process followed by

atoms cascading down the energy level ladder, the fact that when
both lasers were used the signal increased merely by a factor of
at +the most ten would seem to indicate that the role of the second

laser may have been to increase the efficiency of ienisation,
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With both lasers, at 1 torr, attenuation of the w_ dye laser actually
caused an increase in the 6d-0p signal: under suchl conditions
the signal was observed for a range of detunings up to 2@cmm1
P, f
from W ., peaking near resonance,
3p3 2~6d

The possibility of 6d-5f ASE occuring was recognised
but observations at Uggss revealed only a
signal of similar magnitude and behaviour to that already discussed,
Measurements of the 6dop signal as a function of T4 the delay between
laser pulses indicated an exponential fall off in signal with a time
constant 0,15~1,5Usec under various conditions of focussing and
intensity, This would be consistent with the expected radiation
trapped 3p lifetime, How these measurements bear on ideas regarding

possible depletion of the 3p level population, discussed later,

remains unclear however,

From the lack of SERS, or even strong ASE, we may. conclude that

either (i) scattering from the 3p level was inefficient or that (ii)

insufficient population was present in the 3p level.
(1) Various possibilities for inefficient scattering from the BPB/Ql@vei

were examined,

The oscillator strengths of the transitions involved,
-2
by 1,34 x 10 7, £, . = 0,82, were comparable to those involved
3p, /564 6d-6p,, /,
in the other SERS transitions investigated by ourselves and others;

thus the possibility of too weak a transition probability is ruled out,

The possibility of molecular absorption of the blue dye laser was
considered; it was anticipated that the Rh6G laser would initially
saturate this absorption, at least when using some small delay, Ty
although it is possible that it did not, Assuming 10% of the molecules
remain, a vapour pressure of 1 torr and an absorption cross section
at 460nm of 1,5 x 10_20 mwz (derived from a low light level measuxem@n?}
we estimate a l/e absorption over the vapour length; the transmitted
blue light did not appear to be seriously attenuated and this estimate
may be regarded as a reaSonable upper limit for the absorption, Such
an effect would thus probably be insufficient to account for the

observed behaviour,

Assuming reasonable 3p population, oscillator
strengths and blue pump powers then the observed behaviour could be

due to ionisation of atoms promoted to the 6d level either by photons ©F



by fast electrons, Three photon Jlonisation by three w_  photons,
estimated using the calculated cross sections of Teagueland Lambropoulics
1976 , might be expected to produce 1% ionisation on single photon
resonance at full intensity. A couple of orders of magnitude

increase on this might be expected with photons of @nergy‘ﬁw also

present, for & =

b w%p 60" Belng very intensity dependent?zthis
2 Yy

process would become far less important when the beams were attenuated,
If this process were responsible for the ionisation one might expect
the 6d-6p signal to be more sharply peaked as @ 1s detuned from

5 .

W than was observed; nevertheless, this pDrocess may wel 2
3p9/2~6d 5 vert ess, this process may well be

important.

(1i) Insufficient population of the 3p level could be due to a

collision or ionisation process,

Geltman 1977 has recently considered laser induced collisional

processes of the form
N
X(n°P) + X(n°P) + ¥ = X(n°8) + X + e

which could lead to a depletion of 3p population in Naj; this mechanism
was one originally suggested by Lucatorto and McIlrath as a possible
explanation of their results., Geltman's conclusions, valid for our
situation also, are that such a process would be insufficient on its

own to account for a significant depletion of 3p population,

Electrons produced by any of the processes considered already
may gain energy by superelastic collisions with excited 3p state atoms,
as discussed earlier, and then, colliding with other 3p state atowms,
may result in ionisation; under our experimental conditions , Measures'®
calculation for this process would indicate the possibility of strong

ionisation., At full intensity we calculate an ionisation time of

~ 100ns from eqn. 4.11.

From the observations and comments presented it would seem
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that competing ionisation processes may be responsible for our
negative results, For the three photon ionisation process discussed
it should be possible to calculate an ionisation rate, Although

the reliability of such a calculation might not be too good it would
provide us with a better idea of the importance of this mechanism,
The ionisation due to superclastic collisionally heated electrons is
a process dependent upon atomic number density,

1:ioﬁa (N3sN3p)~l° This may explain the results of Korolev et al
who succeeded in observing SERS from an excited state using number
densities one to two orders of magnitude smaller than ourselves:
Kung and Itzkan®s results however were under somewhat similar conditions

to our own,

Unfortunately the equipment used was required for other work
and so extasive measurements on this system were not performed,
Whilst we may speculate on the possible mechanisms involved, a more
reliable approach would be to monitor directly the 3p population and
the ionisation of the vapour under various conditions; observation of
the 6d-6p signal as a function of Na vapour pressure might alsc yield
relevant data, If ionisation occurs by the route discussed by Measures
then this would impose a fundamental limitation on optically pumping
to an excited state at high densities; population by the use of an
electric discharge might overcome this problem, FPFurther work is needed

in order to verify this possible limitation,
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4.4 SERS in Alkaline Earths

Our interest in obtaining SERS in an alkaline earth system
stemmed from the possibility of eliminating some of the possible
line broadening mechanisms outlined in chapter 2; in this way we
hoped to be able to identify the major causes of the broad linewidth

previously observed,

Let us consider the various linebroadening mechanisms discussed

earlier. In an alkaline earth we may Raman scatter to a metastable
final level. This implies the elimination of lifetime broadening
due to ASE from the level; it also implies a potentially greater importance

Yesonane baaden ; L. .
of /[the final Raman level, The lack of dimers and the high ionisation
limit for the alkaline earths together suggest a much lower degree of
ionisation in the vapour, reducing the plasma broadening, The optical

Stark effect and power broadening may also still occur.,

The scheme originally considered was SERS 4lSO~ 4113l - 31D2 in

Ca; this idea was abandoned in favour of the analogous transition in

1 1 1
Sr, 5 So 5 Pl 4 D2,
higher vapour pressure for a given temperature and a simpler pump laser

see fig 3,10, The advantages of Sr were a

requirement Ap ~ 460nm rather than 423nm, Sorokin et al 1969 had
investigated this scheme using a 300KW 30em pump and failed to
observe SERS; the reasons for this were still not appreciated even
recently (Wynne and Sorokin 1977)., Using a O,lcmnl dye laser of
similar power we investigated this process, also failing to observe
SERS, Further consideration has led us to identify SPA of the pump as
the cause of this behaviour, with the conclusion that the singlet
systemskof the alkaline earths are unlikely to provide viable schemes

for SERS from the ground state,

Consequently, to achieve our aim, we considered the possibility
of performing SERS using an inter-—system, singlet~triplet transition.
The oscillator strengths for such transitions only become significant
for the heavier clements, thus we were restricted to Sr or Ba, Of
these, Sr has no convenient final Raman level below the 53P intermediate;
RBa on the other hand has its 53D level lower in energy than the
63P intermediate and so may be used for SERS, see fig 3,11, Carlsten
and Dunn 1975 have generated SERS in this way: in thelr experiment
however a broad linowidth dyve laser was used and soO no information

on SERS lincwidth behaviour was obtained, Nevertheless their results
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indicated the feasibility of the experiment; consequently the high
temperature heatpipe was converted for use with Ba and a suitable

dye laser worked up, We succeeded in obtaining similar SERS behaviour
to that observed by Carlsten and Dunn under similar conditions and
were able to measure the SERS linewidth under variocus conditions,

A ().2cm”l dye laser/instrument limited linewidth was found indicating
the feasibility of a narrower linswidth SERS source than has yet been

obtained in the alkalis,

4.,4.1 §£

The initial experiments were conducted at 10 torr Sr pressure
and used the 500kW 7DAMC dye lase: already described, confocally
focussed over the length of the vapour. The heat pipe, with CaF2
windows, was followed by the usual Ge filter, KBr lens and mono-
chromator; a room temperature InSh detector was used for most of the
measurements, When tuned near resonance 1t was observed that very
little pump was transmitted. Only a weak signal was observed at

w1l 1., around 6.45um, This signal was monitored as the pump,
5 Pl -4 D2

W, was tuned; no great increase :n signal was evident nor was there
any trace of a tunable SERS output., At lO()cm“l detuning it was
observed that still very little dve laser light was transmitted through
the vapour, These observations led us immediately to consider the

role of single photon absorption in this scheme,

For high Raman gain for a transition froma level g to a level f
via an intermediate level i we require a large product fgifif (cf
eqn 2,16), For the alkalis we find fgi< fjf; eqg for Cs

= 0,03 and £ - For the alkaline earths however

f L
6s 7p3/2 7p3/2 7s

this situation appears to be reversed, with Lgi> fif; eg Sr fS‘S—S’P: 1.9

and fS'P~4I): 0,01, As discussed earlier, in the presence of strong

SPA the Raman gain exponent over the vapour length becomes modified
to GROAJAN (egn 2.43); using the formulae presented earlier for Tp s
assuming a resonance broadened s-p transition,we may express the gain
exponent as over the vapour length L as

I £ .. W o
R _pln s 3 v 4,12

cﬁN‘ N fgi in he
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For our initial Sr experiments this gain exponent was about 15,
assuming T = lcmfl, implying that there was insufficient gain

for SERS to occur, a gain of at least 630 being necessary for SERS
to occur, The calculation of the resonance broadened SPA cross
section is strictly only valid for small detunings from line centre;
nevertheless this eqn gives us some estimate of the likelihood of
SPA preventing SERS and also suggests how we may adjust the various

parameters in order to optimise the SERS gain,

Thus we set about investigating the effects of varying Ip
and N experimentally, The pump focussing was tightened to give
an intensity of the order of ],OI"BWm“2 and the beam waist arranged
to be at the entrance to the vapour, in order to more favourably
compete with the SPA, Under these conditions at 10 torr we scanned,
carefully looking for SERS, over a range of detunings from O to
+ FJOO(:m"l above the intermediate level; spot checks for SERS were
also performed for A = - 100, = 200 and - BOOcm*l, For values
of A =+100, 200 and 300cm © we also looked for SERS as the number
density was varied over the range 0.2 - 8 X lOZZm“3. Various
values of A were tried since GR and c&xnmy not be the ideal Lorentzian
functions of A assumed, Under all these conditions, still no
SERS was observed,

The 51P1~ 41D2 ASE was also monitored as a function of pump

frequency over the same ranges as for SERS, A slight dip was observed
when pumping exactly on resonance; as wp was tuned above resonance
an initial increase than a steady fall in signal was observed, Similar
behaviour, but with a larger peak energy, was observed on the low
side of resonance, Dips in the ASE energy were found for certain
values of A, All}this behaviour was qualitatively similar to that
recorded by Wymne and Sorokin 1977, they attribute the dips observed
in the ASE output to two photon resonantly enhanced ionisation, The
peak ASE signal observed at 20 torr of ~121.J was comparable to the
number of atoms in the pumped region, indicative of atomic saturation
of the process, Strong inter—system 41D2" 53Pl 5 ASE was also
found to occur, indicating that the 41D2 level ;n Sr is not metastable.
Weak 43D3" 53P2 ASE was also observed, the 43D3 level probably being
populated by a collision process; Sorokin et ai 1969 also observed
this featurc, Allowance was made for these emissions in calibrating

1

the SlPl - 4 D2 ASE energy.
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The SlPL“QIDz ASE was monitored for A= + 200cm — as the temperature
. ! o .

of the oven was increased from 600~-10007C; the oven was not operating

the heat pipe mode over most of this range, The observations displaved

as fig 4,10, show a clear N2 dependence of ASE energy., (The apparent

saturation of ocutput at high densities may be due to the onset of heat piping,

resulting in the number density staying constant as the temperature
was increased, ) Calculations of the stimulated emission cross section
suggest that the ASE build up length is generally very small for the
densities used and thus the ASE energy would be proportional to

N 3 , the intermediate state population, If this population is
o opl 2
derived from SPA of the pump we would expect N”jp = N(e - l)ziﬁN i,
5 .

ie an N2 dependence of output, as was observed, These results serve
to indicate that SPA is still the dominant mechanism responsible
for pump depletion and the lack of SERS under these modified experimental

conditions,

It might be thought that other processes. enhanced by the
strong single photon resonance, may also have been occuring; no
evidence for such, eg ASE between higher lying levels, was however

found,

Thus it appears that SPA dominates over the SERS process under
the experimental conditions investigated, due to the high ratio of
oscillator strengths, fgi/fif' Increase of pump intensity and
decrease of atomic number density were expected to increase the
effective Raman gain in the presence of SPA; changes in these
parameters still did not however result in the observation of SERS,
This behaviour is npot fully understood; 1t may simply be due to
an inaccurate model for the SPA, In the light of the oscillator
strength ratios for the corresponding transition in Ca, Ba etc,
it is unlikely that SERS in the singlets of the alkaline earths,

from the ground initial state, will be possible, The ratio fqi/fi*

-t

should also be considered in other potential SERS schemes,

G4, 2 Ba

For this work the Ba cven was maintained at temperatures of
PR o) . . - —
910%C and 1080°C to give estimated vapour pressures of 0,25 and 2,5 torx
respectively, For the 0,25 torr work, the oven was operated with a

few torr of buffer gas sinply as a Ba cell rather than as a heat pipe,
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The HITC dye laser was initially used unfocussed and without an
intra~cavity etalon, The IR output from the Ba oven was incident
upon a pyroelectric detector after passing though a Ge filter,

KBr lens and monochromatorn,

At 0,25 torr initially a blue output was observed to occur;
measurement of its wavelength, ~ 457mm, identified this emission as
originating in the four wave parametric process (CARS) w= pr" W, e
This process has been previously observed by Carlsten and McIllrath
1973 and was not investigated by ourselves 1in detail; 1t is
recorded however that blue output was noticeable for wide tuning of
the pump indicating the strength of the process, The blue output

was also observed when operating at 2.5 torr.

(i) SERS Tuning Behaviour

Two SERS outputs were observed corresponding to scattering to
the 53Dl and 53D2 final levels; the gains for the two transitions
(calculated from eqn 4.13 and the oscillator strength data) are
in the approximate ratio 1:2. Carlsten and Dunn 1975 also observed
these two SERS outputs, The tuning behaviour of these emissions

was investigated and is shown in fig 4.11 for both 0.25 and 2,5 torr.

A+ 0.25 torr both SERS signals increase as the pump is tuned towaxc
resonance., At 2,5 torr it may be ohserved that an on resonance dip
has developed in the %-3D2 SERS signal, Carlsten and Dunn observed
similar SERS tuning behaviour and tentatively attributed the dip to
SPA of the pump by the intermediate level; however we have shown
+hat this dip is accompanied by a corresponding increase in @?Dl SERS,
Thus it would seem that near resonance the competition between the
+wo SERS lines becomes modified in favour of the, normally weaker,
@?Di iine; the reason for this behaviour is not apparent, although
+the observed parametric process may play some role in this. Solution
of the coupled equations using an approach similar to that of
Appendix 3 might yield some information on this, The ratio of the
peak w?,l to minimumngo signals was noted as being generally

: 2 . .
1.0-1.5 independent of pump intensity over the range 5 X iOb ~ 107 Wm 40
Tnvestigation of the tuning behaviour at hicher pressures would

be interesting But such measurcments were 1ot performed due to the
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temperature limitations of the heat pipe oven, The assymetry® in the

3
peak - D2 SERS output for wp above or below W was also

ols ~67p;
observed by Carlsten and Dunn; the cause of this® is not known,
Energy calibration of the 2.5 torr tuning curves was carried out
with a pyroelectric energy meter, as in other cases; no IR outputs
other than the SERS ones were observed as the monochromator was

scanned,

The use of a lens enabled us to focus the pump beam tightly
in the heat pipe, increasing the intensity by a factor of around 20;
under these conditions a significant, but not dramatic, increase
in tuning range of the *SDQ SERS was observed, Reliable quantitative
measurements of this were however not pursued,

(ii) Linewlidth Investigations

[}

Linewidth measurements werce performmed on the *JDZ SERS emission
using a Hilger-Watts Monospek»HXX)jyﬁﬁ)l metre grating monochromator;
a 16lm blaze60 L/mm grating was used in fourth order, The freqguency
resolution of the instrument was choecked for various slit widths using
a narrowband 3.39Um cw HeNe laser; the chopped 3.39Um radiation
was monitored using a liguid nitrogen cooled InSb detector, A
resolution of Omlicm“l was verified using 40um slits, the slit width
used for the linewidth measurements,

An initial measurement of linewidth using the dve laser without

. . ; Ce e s et P )
an intracavity etalon revealed a dye=laser~limited O,7cm linewid
linewidth to

Subsequent use of an etalon improved the dye lasex

: -1 . o - . .
£ 0, 7cm 7, as already described, and measurements of the SERS iLinew

under the various conditions used are given in table 4.4, These

linewdiths were obtained by automatically scanning the Monospek throuch

'Y

the SERS line whilst the dye laser was operating at a fixed repetit

-y
rate; an example of such a scan is shown in fig 4.12 (the spread in

* In orxder to gather suffilcient data points it was necessary
to scan the tuning range in two halves on subsequent davs;

changes in the dye laser output between the two occasions account
for the observed apparent assymetry in width of tuning rangs above
and below resonance, Further measurements confirmed that the

assymetry in peak output was not duc to this,
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Fig 4,12

¢ i H i
Frequency

Typical SERS linewidth scan in Ba experiment
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amplitude of points is believed to be due to shot to shot

variations in dye laser power ), GCenerally four scans in each
direction (increasing and decreasing frequency) were performed

and the results averaged, The Monospek was also manually scanned
across the SERS line, several values of the signal being measured
at each point; such results agreed with those obtained with the
automatic scanning procedure generally used, The FP fringes from
the dye laser were checked before and after linewidth scans in order
to detect any drift in dye laser frequency or etalon mode hopping,

but no problems were in fact encountered in these areas,

(iii) Discussion of Linewidth Behaviour

From table 4.4 it may been seen that for all the experimental
conditions used the SERS linewlidth did not differ significantly
from O.2cm-l. If we consider our overall frequency resolution to be
the convolution of the dye laser linewidth and monospek resolution,
assuming the lineshapes to be gaussian, we expect a resolution of

A Y i
N/((O.l7)2+ (0.11)2 ~ O,19cm l, Thus we interpret the measured

IR linewidths as being system~limited, These linewidths are narrower
than we have previously observed for any SERS process; narrower outpur

still may perhaps be attained using a narrower linewidth dye laser,

The magnitudes of the various linebroadening mechanisms discussed
in chapter 2 have been estimated for our Ba experiment, Resonance
broadening we expect to be of little influence due to the low atomic
density and oscillator strengths, Calculations of the optical Stark
effect suggest that the shift would be <O,2<:mml under our unfocussed
conditions, but should be of the order of ()Jcmml at the higher
intensities used, A calculation of power broadening is complicated
by the uncertainty in I used in the calculation of g, the Raman
gain; nevertheless this mechanism would certainly be expected to
produce strong linebroadening, at least lcmml, in our high intensity

case,

The fact that narrow system-limited O,Zcmml linewidth was still
observed for our high intensity measurement would suggest that the
optical Stark effect and power broadening do not significantly influence
the linewidth behaviour of the SERS, This is reasonable if one
accepts that the spectral properties of the SERS are determined whilst

still in the small signal regime, The indications would thus



seem to be that either plasma broadening or lifetime broadering,
both eliminated in this Ba scheme, may be the predominant SERS
broadening mechanism; the plasma broadening effect is operative in

the small and large-signal regimes,

A further interesting feature relating to the linewidth

behaviour is found if a gain calculation is performed for the
3 . . .
6180- (63Pl) -5 Dl 5 SERS transitions, We obtain an expression
?

for the gain coefficient

NIL@S o~ 2 fd £ S
6 =K. FumypE ) B3 2 oo 4o13
pd“sp

where K is a numerical factor equal to 9 for the 3Dl final

state and 12 for the 3D2 final state, Using the values of
oscillator strength, known to reasonable accuracy, given by Miles
and Wiese 1969 and our experimental conditions we may estimate the
value of detuning for which the gain over the vapour length, GRL,
drops to the value of 30 (necessary for the SERS to reach detector
threshold), Conversely, from our observed tuning range, we may
infer a Raman linewidth T consistent with this; in this way

we find [ to be of the order O.Olcm"JL or less, This may be
contrasted to the earlier analogous calculations for SERS in Cs where
the calculated thresholds for the process were 2 orders of magnitude

lower than the experimental ones when using such values for r.

(iv) Conclusions

Comparison of experiment with theory for SERS in Ba may be
seen to differ significantly from previous work in the alkalis;
for the first time a system-limited SERS linewidth as narrow as
O,Zcmhl has been achieved, Examination of the gain calculation
suggests that a linewidth significantly narrower still may be
attainable., The observation of a narrow linewidth at high pump
intensity suggests that the effects of optical Stark shifts and power
broadening may not be as severe as our simple calculations have

indicated,

Further work is recommended using a narrower linewidth dve
laser in order to discover the inherent linewidth limitations of this
alkaline ecarth system and to futher investigate the roles of the optical

Stark effect and power broadening, Further investigation into the



competition between the two SERS outputs would also be of interest

whilst not of direct relevance to linewidth behaviour,



CHAPTER 5

Concluding Remarks

We begin this final chapter by relating the results achieved
to the initial goals of the work; we also indicate the main areas
where it is felt that further work would be productive and helpful
as well as considering briefly the role of SERS as a tunable IR

source in the light of our results,

Our first aim was to extend the tuning ranges in an existing
SERS system, Whilst not having achieved an absolute increase in
tuning range, the potential of pump and SERS feedback to achieve this
end has been demonstrated in Cs 6s-7s scattering under non—optimum
conditions, Further work in this area using a higher power pump
system together with various feedback and multipass arrangements

could vield the desired improvements in tuning range,

Generation of tunasble TR in new regilons of the spectrum has
been achieved over the limited region 4240”4400cmfl, using the
process of stimulated hyper-Raman scattering in Na, Perhaps the
greater significance of this result is that it represents the first
demonstration of a tunable output from such a fifth order nonlinear
process, The theoretical basis presented combined with our experimental
work with Na enables us to predict in some measure the expected
performance of other SHRS candidates, Some facets of the SHRS behaviour
do remain incompletely understood however, notably the possible

interaction with the four wave mixing process discussed,

Consideration of generation of SERS from an excited initial state
has indicated the possible advantages of such a scheme; preliminary
experiments in Na failed however to vield SERS, Examination of the
possible causes of this behaviour has led us to realisation that a
limitation of such schemes using optical pumping at high densities

may exist due to ionisation; further investigations by other workers

of the mechanism discovered by Lucatorto and McIlrath (ionisation

following superelastic collisional heating of electrons) should vield

o

further clarification of this, The use of an electric discharge to
populate an excited level might be feasible instead of optical pumping,
although further complications might thereby be introduced. The
potential advantages of SERS from anexcited state may therefore be

limited by these features,
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Generation of SERS within the singlet system of an alkaline
earth would not appear to be a viable scheme due to the unfavourable
ratio of oscillator stxengths resulting in strong SPA of the pump;
this factor may also need consideration in some excited state schemes,
The generation of SERS using intersystem transitions in the alkaline
earths is limited to the heavier elements; thus far fewer SERS schemes

exist in the alkaline earths than in the alkalis.

Efforts to obtain a narrower linewidth IR output have resulted
in the observation of a Oa2cmml system~limited linewidth from SERS
in Ba, Comparison of theory with experiment for Ba is in contrast
with similar previous work in the alkalis and may indicate the potential
of still narrower linewidths, Further work using a narrower linewidth
dye laser with the Ba SERS scheme is needed to verify this; this could
also result in further understanding of the linebroadening mechanisms

at work in the alkalis,

These mechanisms are still not fully understood, although the
Ba experiments have indicated that the optical Stark effect and power
broadening are both less important than our rough calculations have
suggested, This would seem to point to plasma broadening and/or 1life-
time broadening as the dominant linebroadening mechanisms, The tentative
explanation of the assymetry in the Na SHRS tuning curve involving AC
Stark shifts would thus perhaps seem in doubt in the light of this; it

may be that some other mechanism 1s responsible for this assymetry,

The role of SERS as a tunable IR source has been well assessed
by Cotter 1976b; the major limitation of the process has been the
broad linewidth observed. The current work has indicated the potential
of a narrower linewidth source, attainable using an alkaline earth.
The system investigated however, in Ba, is limited in tuning range
and has a higher threshold, in comparison to schemes in the alkalis;
these factors limit its usefulness as a practical source, The lack
of suitable energy levels and/or oscillator strengths for such systenms
in the alkaline earths would suggest that a narrow linewidth, wide
tuning range device will probably not be realisable in this way,
unless perhaps some suitable excited state scheme exists, Even so,

inherent limitations of such a scheme may exist,

To positively identify the roles of the varicus line broadening



and shifting mechanisms must remain a high priority in

any attempts to further the development of SERS as a tunable

source; further work in Ba promises to vield such information,



APPENDIX 1

Feedback and Multipass Bifcects

In this appendix a simple explanation is presented of the
physical mechanisms responsible for an increase in tuning range
when a feedback or multipass scheme is used, the approach

used enabling estimates of the effects to be made, The
model described neglects competing mechanisms, saturation and
backward wave effects, all of which may be of significance under
certain conditions, Nevertheless a rough estimate of the expected

behaviour may be obtained.

The starting point for this section is eqn 2,23 for the field

gain of the SERS wave which 1s rewritten here:

g

A

— 1) o _”’1 ~ L 1
= exp [Pp 2,{?; / 2K | arcten /bp .. BLLL

—~~

o)

A,1l,1 Effect of Pump Feedback

The case of pump feedback on ltself may be considered

to result simply in an increased pump intensity in the vapour; thus we

may treat this as an effective increase in PJ or, equivalently,

gp’ We may define our tuning limits as thosi points where the output

SERS power has fallen to Ps = 10W, which corresponds roughlv to a
power gain of exp (30).Without pump feedback, solving egn ALl with

the field gain A(L)/A(0) = exp (15) gives us the normal tuning range

limits; replacing ?p by ?p(l + ), where r is the fraction of pump

feedback. agives us the modified tuning range limits,
s 9 J g

Using values of 'Xﬁ for Cs for the 6s~7s transition and values

(10 torx) and = 1cm1"l, fig AL.l shows the

3

of N = 1,5 x 1023mm
fractional increase in tuning range as a function of the amount
of pump feedback for different conditions of pump power and
focussing; a maximum increase of ~307, 1s evident in

these cases, An increase slightly smaller than this was observed
for our experimental case which, however, used somewhat different
focussing conditions, It may be seen that the % increase in tuning
range is slightly greater for larger L/%p, Under tighter focussing
conditions, however, competing effects such as ionisation may have

to be considered,
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These calculations suggest that by using pump feedback a
maximum increase in tuning range of a few tens of percent might

be attained,

A.Ll.2 Multigass

=l

In the multipass scheme we consider the pump and IR reflected
back throuch the vapour along a different path to its first transit;
by a suitable use of reflectors it may make n such transits,
Assuming 1009 reflection of the pump each time and no pump depletion
and also assuming the beam to be refocussed to give the same L/bD
for each transit, (this may be circumvented if a large bp is use&j?

then we may write the total field gain after n transits as

{aw)) . D)
| A(0)

where f is the fractional IR feedback at each reflection, Again
setting this equal to exp (15) enables us to solve for the modified
tuning range. Figure Al,2 displays a plot of increase in tuning
range over the single pass , no feedback, case against number of
transits calculated in this way, From this it may be seen that there
is a significant increase gained by going to a 2-pass scheme ;

as the number of passes is increased so the increase in tuning range
is seern to saturate , The dependence of increase in tuning

upon degree of IR feedback can be seen from fig A1.2 and 1is

plotted explicitly in fig Al,3 for a 2 pass scheme, From this

it may be seen that the degree of IR feedback can vary over orders
of magnitude with little effect upon tuning range; this might

be expected comparing the actual feedback signal to the spontanecus

noise power,

In practice it should be borne in mind that a small amount
of IR feedback would probably occur from the windows even when
misaligned from the beam, The role of such window reflections has
not vet been studied by ourselves; our calculation for the tuning
ranges does not take this into account. Thus the analysis here
may be taken as showing the qualitative behaviour of the tuning
ranges as parameters are varied rather than as giving reliable

absolute values,
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From experiments we may find the optimum focussing conditions
for the largest single pass tuning range, 1€ the optimum :.i_m:ensiftyI?ﬁ
M(Pp) X {L )p), Thus we may, by keeping this product constant at
this Optimum‘value calculate the effect of scaling the power of
the pump at constant intensity for these various processes, Such
a calculation would be worthwhile in any future work involving such

techniques,

In order to obtain worthwhile improvements in tuning range
it would be necessary to provide efficient coupling of the pump
back into the vapour over several transits; possibly the easiest
way of achieving this would be to use a high power loosely focussed

beam with plane reflectors,

An estimate of the increase in the backward wave tuning range
over the forward wave, as observed experimentally, may perhaps be
obtained by considering this situation as a double pass scheme with
IR feedback; obviocusly this neglects the dynamics of the interaction
of the forward and backward travelling waves, but at the limits
of the tuning range the forward SERS wave will in any case be small,
From fig Al,2 we would expect an increase in tuning of ~15%, not
that dissimilar from that observed, A small charge in amount
of the IR feedback would not be expected to result in much change in
tuning range on the basis of this model; such behaviour was in fact

observed,

Figure Al.2 illustrates the saturation of improvement in
tuning ramge with number of passes; nevertheless i1t is evident that
a many-transit scheme is preferable to, say, a double pass one,
Thus 1t is possible that an oscillator configuration might be bene~
ficial, In order to obtain several round trips the pump pulse
in this case might need to be longer:; difficulties in attaining
high power at long pulsc length obviously exist, Nevertheless,

use of curved mirrors to provide tight focussing of the pump in

the vapour might permit the operation of such a scheme,
In conclusion, clementary calculations have indicated the
possible advantages of pump feedback, multipass and oscillator

schemes, Low power experiments using pump feedback (chapter 4 )

have indicated some improvements in twiing range; the effec

of using looser focussing with higher pump powers would be of interest,
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With high pump powers there would also appear to be
potential for significant increases of tuning range using multipass

schemes; experimental investigation of such ideas 1s recommended,



APPENDIX 2

Stimulated Hyper—-Ramarn BEmission from

Sodium Vapour

(reprinted from Optics Communications,
vol 22, no 2, August 1977)
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APPENDIX 3

Four Wave Parametric Mixing in Na -

Competition with SHRS in Na

In this appendix the behaviour of the four wave parametric
mixing process, discussed in section 4.2, is oexamined, 1t is found
that the sinole photon absofPTion of the parametric w4 wave may
necessitate a consideration of thoe process basced on the coupled
wave equations, From thesce the behaviour of the gain for the

parametric process may be asscssed as a function of the frequencies

involved,

A3.1 Phase Matching

In a parametric process, for high gain, a phase matching
condition must be satisfied, generally Ak=0 (unless focussing is
used ~ Bjorklund 1975), The phasc mismatch, Ak = 2kl~ k3m k4’
neglecting any absorption, may be expressed as

5 5
Syt Y
leg w U

I (
2(g he) Ay A

hk = bee A3.1

where U = e < ‘z{ >, Alz Q3S3p“ Wy A= w354p~ wys this is the normal
Sellmeir type equation., The contribution to Ak from kg, taken above
as zero, 1s in fact much smaller than the kl, k4 terms, assuming all

the population remains in the ground state.

Solution of A3.]l for Ak = O, then, should give a value of W,
for which the parametric gain is bhighest as a function of wl;

neglecting other influences we would expect the parametric wave to be
generated at this frequency. However, performing this algebra results

in a value of Wy within a few cmml of Q3S4P for the values of wlactually
used; under these conditions we find that strong SPA of the w4 wave is
expected by the 3s—4p transition, Consequently, the frequency for optimum
parametric gain might be expected to occur at some other value, further
from Q3s4p’ To calculate this effect we must resort to the basic

gain equations of the system,

A3,2 General Approach

Starting from expressions for the respective nonlinear suscept-—
- :
5 . (3 . .
ibilities X( ) and Xt ) we may write down expressions for the

nonlincar polarisations induced at frequencies w., and w4,
) 4
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5 Ly = A5 (5 4 .
?,'\,L((u,)\ =5 g, 7( ) IE}_I b} exp (1k,z)
30 (3.2 . . _ j
+ 1 fo X )tblf t4* exp (1(2kl k4*)4)
a0 A3,2a
Po(w,) = 2 ¢ X(3)}E f2 E, exp (1(2k,~ k,)z) A3 oh
NL* 74 4 "o 1 3 1 73 cew B2

These may then be inserted into the appropriate coupled wave

eguations, of the form

N il we
jE((D) — O . X i .
Fp = 277M PNL(m) exp ( 1sz) ... A3.3

Writing this equation for W=, w, and then substituting the latter

into the former we obtain a quadratic differential equation for Eg

>%8,, 3B,
- (g + i,f,,\k) —
2 2 Ny
dz 3z

i 9 « , . -
150k~ F e (=202 ) ) B, =0 ., A3.4

which may be solved by standard techniques, In deriving this we

have made the following definitions in order to simplify the algebra

W
_ . 1573 (5) 1. 4
g=iz—= X lbl’( ... A3.5a
W
9 gy (3) 2(2 ,*
o« = = 5 f?( E, eea A3.5b
C
Ok= Akt + jAk" ess A3.5C

(We generally denote a complex number by z = z?! + iz",)

We now consider an initial starting noise to be present at 5
. . E z
W55 E3(0>’ and define our power gains at W w4 as R(z)= 314( ) .
3,4| E4(0)



L5350
Pursuing the algebra gives us equations for these gains
z
L gt é 2
R, = = oxp ({-«Z» - Alcte )7) gcob;h { + ¢) l 2

Iy

vee A3, 0Oa

<
where @ = ta 7t (M )
and
R4 = sz .ooxXp o (( R M) 2 ) Es.xzz.h Q»é»){ .. A3.6b
where we have defined |1 = {_04/03,; and

1
o] . 2 i
\5 = /5 - iAo« ve. A3,7

The sich and cash b wdybe. exprasedas @ prodck o experential 3rd oscillalivy
bermg, The equations may be compared to those describing other
parametric interactions; the oscillatory behaviour is seen to
demnde in the early growth of the waves,
giving way, for large 2z, to exponential growth, In this

region we may re write eqn 3,6 as

' )
R, = §1i2 exp ((%‘* -~ Ak o+ ¥ z) )g - ihk +X§Z’
41y
508 A308a~
and
| 1
R4 = ___(Z,EE Ex ((-92"" - Al o+ b”} z ) vse A3,8D

1!

For these equations the root T( of A3.6 has been chosen such that
X'> O. The approximations are valid for Y'z >> 1 which is satisfied
for a typical z = L and for gains of the order exp (30), or even
smaller in fact, and these equations may thus be used to examine the

dependence of the parametric gain upon frequency,

It is hoped, by comparing the hyper—Raman and parametric
gains under various conditions, to thus obtain information on the
competition behaviour, Further work aimed at numerical solution

of these cquations is continuing,
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