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ABSTRACT

The major purpose of the work described in this thesis is the
experimental and theoretical study of the amplification of the spontaneous
emission in dye amplifiers. This work falls into three dijtinct sections:
(a) the study of high-current short-pulse flashtubes operating in (or near)
the ablation regime; (b) the study of the amplification prodess of the
spontaneous emission in a homogeneously broadened medium, such as a dye
material, in the tﬁﬁn cell case, where there is no variation of the pumping
across the cell; éﬁd, (¢c) the study of the amplification of the spontaneous
emission in the thick cell case, where gain and index of refraction in-
homogeneities exist across the.cé]l thickness.

| In eacﬁ case, we have developed theoretical models and compared
their predictions with the experimental results. In particular, for the
ab]ation-fype flashlamps, it is shown that thgir behaviour is well repre-
sented by an analysis in which the discharge plasma is supposed to radiate
as a blackbody at the temperature of the ﬁ]asma. This model acc&unts for
the faét that the light output from.a flashlamp saturates whereas the
current does not, provides‘a mére accurate value for the plasma resisti-

vity as a function of temperature and gives a useful.design criterion

i

o e fY e o



for determmining. the physical dimensions}of an ablétion-type Flashlampu
With respect to the amplification of the'spontaneo@s emigsion
in a thin cell, it is mainl} shown that (i) the spontaneous em}SS;OH
propagating along the gain medium is SubJECt to narrowing algng with )
shifting of its peak wave]ength (ii) even at moder&te pumping the popu-
lation of the excited singlet state, which detenninas‘the gain of the
system, is non-untform along the cell; (1ii) it is possible to calculate
the unsaturated gain by .calculating the intensity of a particular wave-

/

iength and its spectral narrowing both as a function of the excitation ,

and compare them with the same quantities measured exghrimentally; (iv) ///

it {s also boséible to develop a semianalytic system:independent method
to measure the gain approximately. |

The theory developed to agcount for the péopagation of the ampli-
fied spantaneous emission (ASE) has been partly extended to covgr the

are important along with the diffraction losses: In this particular case,
it {s shown that a model, which assumes an index step variation across the
cell, and solve§ the Maxwell's equation for fhe ?{éld propagating.along
the cell, can account for the spatial distribytion of the field across

the cell and its manifestation at the far field. Most of the‘predictions
of the model are verified experimenta]ly. In particular, it {s shown

that (1) in a thick cell, part-of the ASE propagates.outside tha gain
medium, because of the Tensing effect caused by heating of the lasing

material; ({1) thé field across the cell can exhibit stgb]e spafigl modeé.

s
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which can produce a far field far from the amplifying cell axis; (iii)
it is possible to improve the spectral narrowing of the ASE since satura- -
tion can be delayed to higher pumping than before and most of the nar-
rowing occurs below saturation of the gain; (iv) it is also possible to
measure the temperature and the index of refraction change due tn‘heating
by measuring the far field angle, and estimate the diffraction lousses
1n§olved in the propagation of the ASE in a thick cell.

Finally, a number of suggestions on further research are proposed.
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v CHAPTER 1
INTRODUCTION

1.1 General Review

Today’,‘ dye lasers cover a broad spectral region, which includes
the visible an& near ultra violet and infrared regions, and have been
used extensively in a variety of applications, such as spectroscopy, iso-
tope separation, pumping sources for other laser systems, etc. Although
a Tot of research has been done, this field is still far from maturity
and many more very 1nterest1ng discoveries and applications can be cer-
tainly anticipated. In the following sections, we will present hackground
information related to the characteristics and principles of operation
of dye laser oscillators and amplifiers. In this thests, we will mainly
deal with the interaction of'ldght with the dye medium as the light pro-
pagates inside {he excited medium and details on the contents of this

thesis will be presented in a later section of this chapter.

1.1.1 General characteristics of dye lasers

Dye lasers were discovered around 1966,(]) well after\the dis-

covery of several other laser active materials.., The dye laser oscillator
. Y

consists of a dye cell, which holds a solution of the gain medium, en-

closed in an optical cavity to provide the necessary feedback. The exc%-

\

tation of the gain medium can be carried out by the use of other laser
sources, high intensity flashlamps or even an ordinary discharge for Si

gas phase gain medium. The optical cavity basically consists of two

8 <
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specially coated mirrdrs. The coupling to the Jbrld outside the cavity

is done through a parti T]y‘transmitting mirror,\while wavelength de-
pendent loss elements can be used inside the cavify to affect the spec-
tral” narrowing of the emitted 1ight and the peak wavelength. Dyg lasers
are attractive in several aspeifjiJjEpe lasing material can be ujjj in
solid, liquid or gés phase. The concentration of the dye can bereasily
changed, in the liquid case, which affects the characteristics of the
emitted light. Also, a liquid dye material is a se]f—repairigg system

“in contrast to some solid.state media, where damage from high intensitiés
is permanent. Additionally, the cost of the dye laser material is small
compared to solid state material and reasonably high‘power can Be achieved
with the dye laser oscillators. As far as the time evolution is con-
cerned, ‘several laser meped continuous wave {cw) systems hkve been de-
veloped and short pulses in the picosecond region have been demonstrated. &
Today, enough laser dyes have- been found Fo cerr the‘near UV, visible

and IR regions of the spectrum and non-linear $1xing techniques are

used to extend the UV region down to 1000 R. Still, the major advan-

tage of the dye lasers is their tunability (the ability to control the
wavelenéth‘of the emitted 1ight) which can extend to several hundreds

of angstroms. Certainly, dye lasers are very important coherent sources

with a wide range of applications.

1.1.2 General characteristics of dye amplifiers

Because of the re]ativelé‘high gain exhibited by the dye material,
it is possfble to use the dye material in the amplifier configuration
without any feedback from the cavity mirrors. For relatively ﬁigh dye

\



laser concentrations, of the order of ]0'2 mole/titre, and strong excita-
tion, using laser sources. gains of up to 300 db/cm are predicted. Dye
amplifiers can be used in two distinct ways; either to amplify an in-
coming coherent or incoherent signal or as  narrow-band light source by
‘ themselves without any incoming signal. [In the first case,sthe incoming
signal stimulates the emission of photons from the available excited |
molecﬁles at the same wavelength region and phase as the incoming signal.
Thus, the signal gets amplified as it propagates through the medium. In
the second case, the spontaneougly emitted photons from the excited dye
molecules (which happén to travel along the axis of the medium) get

ampl ified in number by interacting with the excited atoms and inducing
transitions which emit 1ight in the same direction. This amplification
of the spontaneous emission (ASE)} can result in a very narrow wavelength
range, very intense light beam (¥ 1 MN/cmZ), which has a small angular
divergence and does not exhibit any cavity imposed mode structure. This
. last effect is particularlxﬁattractive in applications where the pre-
sence of modes or the hopping between the modes cou]d be detrimental.

In real situatiéns. where we want to ampltify a paéticular ﬁignal. we
always have to taée into account the effect of ASE. This competition
between the signal under amplification and ASE restricts the maximum in-
tensity/cm2 out of the amplifier to levels well below the saturation
intensity (which is the jintensity required to. drop the gain to 1/2 its
value when thereare no photons present). Typical saturation intensities
are of the order of 100 KN/cm2 to 1 MN/cmz. Because the excited state

. of tha dye material has a relatively short life time {of the order of a



/
few nanoseconds), pumping energy cannot be stored for a.longftime in this
excited state and consequently extremely high pulse powers cannot be
generated as in the case of the solid state lasers. The dye amplifiers
are satisfactory for amplifying weak signals to’moderately high in-
tensities. A detailed study of the amplification of the spontenaous
emission is undertaken in a following chapter. Next, wo‘wirl deal
with some basic properties of the dye molecule which are related to

the experjmentally observed characteristics of the dye amplifiers.

1.1.3 Principles of dye amplifier operation

In what follows, we will give a short description of some
basic ideas on structure and bonding of the laser material, the
broadening and shifting of the spectrum, the triplet state, thg energy
diagram of a dye molecule, and the non-radiative deactivation processes.
This {s done in order to facilitate understand1hg of material covered
in subsequent chapters. There is an excellent book edited by SchHFer(z)
which gives a detailed accoun{ on the principles of operation and the
problems involved, and also fnc?udes an extensive feference list for

!
more detatled investigation. \\\

~

~

I. Structure and Bonding

A survey of the molecular structure of the dyes, w&ich are
known to lase, provides few clues as to what structural elements are
most important for 1as{ng. Most dyes have in common a chain of carbon
~atoms with alternating single and double bonds, the so-called can-

jugated chain. A single bond in this case fs a-hybrid bond. Which we

N st e b i ke g =
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get by combining one s-type orbital bond with p-type orbitals or even

] 2 3 3 2)

d-type (e.g.. sp , sp”, sp” and sp~d A s-type orbital has a spheri-

cal distribution of the electronic charge while a p-type orbital has a

2. sp3 or spjd3

dumbbell-shaped distribution. The single bonds sp, sp
give an electron cloud which is swwnétrical about the axis joining the
two combingd atoms. Such single bonds are called sigma (o) bands. On
the other hand, 1t is passible to form a bond between unhybridized p
orbitals of adjacent atoms to give another kind of bond called pi (w)
bond;. The pi.bond can form only when the two p orbitals of the atoms
are parallel so that the two p orbitals overlap to form the pi-mole-
cular orSital which has a chqrgo distribution not symietrical along

the 1ine joining the bonded atoms. In short, a single bond is a sigma

type pond and a double bond is one sigma type bond and one pi type

.bond. A1l dyes, with high absorption in the visible part of the spec-

trum possess several conjugated double bonds. Also, the fluorascence
wavelength of a dye molecule 1s related primarily to the length of
the chain of the conjugated double bonds and the nuimber of » bond uloef
trons.

"This relation can be shown assuming a froeneloctrpn gas model

(3)

for the dye molecule, According to this model, all the atoms lie on
a plane and are linked with a bonds, while the n bonds are above and
below this plane. ThJQQ’" type electrons are thus moving in a periodic
potential, with nodes at the chain atoms, extending as far as the
chcip goes. Then, the 6nergy En of the nth e{genstato of a » alectron

ts ined by En " h2n2/8mL2 where h is Planck's constant, m the mass of



the etectron, and n is the number of hnf}nodus ot the elgenfunction
along the chain, and L {s the chain length. Thus, for N electrons,

we have 1/2 N empty states (since according to Pauli's principle, we |
can have a maximum of two electrons per state) and the wavelength of

a photon absorbed by an electron, moving from the top of the filled
states to the bottom of the unfilled, gives the smallest energy change
possible and consequently the maximum absorption wavelength, Accor-

(2)

dingly, we have, for the energy and the wavelenqgth:

2 , R 4
- h . - 8“& L - 0] -
AEm1n - (N -+ 1) max T R ON Y (1-1)

“

where C is the light velocity in vacuum.

In conclustion, we see that all dyes possess several conjugated

1
double bonds to form a chain, and the wavelength of the emitted light
ts primarily dependent on the length of the chain and the number of

bond eltectrons. .

1. Broadening of the Absorption Spectrum

Dye molecules, as opposed to atoms or fons, possess a spec-
trum which 1s very'brgad covering a few hundreds of angstrows., This
ts ifnmediately understood if we take into account the fact that dye
mdlecules consist of many Atogs. each one giving rise to numerous pos-
sible vibratfonal laevels coupled to each electronic level. Further-
more, co)iisional and electros;gtic perturbations, caused by the sur-
,roundiné solioﬂt molecules broadeon the individual lines of such vibra-

tional series. Additionally, for each vibrational level, we have a
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ladder ot rotationally excited sublevels, These rotattonal sublevels
are strongly broddered because of the trequent collisions with the
solvent molecules.  The net result 1o that each electrontc state van
be described by a quastoontinuum ot states.  The populatiron ot these
states, in contact with thermalized solvent molecules, s determined
by a Boltzman distribution, Tlaking into aca&unt that at room tempera-
ture a large dye molecule s expertencing at least IOl: collistons, sed
with the solvent motecules, this equilibrtum is reached approxvimately
within one picosecond. The broadening mechanism 1s the same for all
glectronic levels and transitions can take plate between any two sub-
levels of different electronic bands., Consequently, dye molecules have
a broad absorption spectrum and also a broad emission spectrum.  Typi-
P
cal full wfdth half maximum of the emisston spectrum is of the order ot
400 R. This broad spectrum permits the use ot wavelepyth dependent
lox\‘elaments in the optical cavity m order to tune the wavelength

ot the emitted Vight over a considerable range ot the order of J00 A,

LIT. Shifting of the tmissfion Spectrun

Lasing In dye materials s greatly facilitated b; the fact
that the emigsion spectrum iy shifted with respect to the absorption
spectrum; because now the emitted fluorescence ts subjected to much
fess absorption losses. [t was mentioned before that because of
the very many collisions from the solvent molecule, dye molecules have

quasicontinuous electronic bands which themalize within a few pico-

seconds. Consequently, this fast thermalization process ensures that
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electronte transittons trom the lower part of the excited electronic
band will bave a lavger probability to terminate on the empty excited
levels of the ground state band, thereby shifting the fluorescence
spectrum to longer wuvelcnbth\. This tact has been exploited to
achieve better pumping efticiency in the tlashlamp pumped dye lasers
by awploying two diftterent dyes in the same solutton., In this case,
the emisston spactrum ot the tirst dye coincldes with the absorption
of the second and thus a broader spectrum of the flashlamp spectrum

(2)

is used to pump the dye laser,

V. Triplet state ~

Anatfler very important characteristic property of the dye lasar
material 1S the existence of the triplet state. This state has an
absarption spectrum which overlaps the singlet fluorescence spectrum
and consequently, introduces wavelength dependent losses in the ampli-
tieation process. The lifatime of the triplet state (¢ 300 nsec) fs
much longer than the singlet state lifetime (v 5 nsec), becauﬁe direct
transittions are spin-forbidden hetwéen the triplet and ground state,
This introduces time dependent losses and ft is of major importancé
tor pulses of the order of (or longer then) the triplet Vifetime. The
tree~electron model mentioned befdre, can also provide a stmple explana-
tion of the pos{tlon of the triplet state with respect to the excited
singlet state {n the energy spectrum. According to this model, the

ground state of a dye molecule has tha 1/2 N Yowest levels filled with

N electrons; two at each level with thelr spin antiparallel to give a

Ay



total spin of zero. When we excite one of the electrons, it is pos-
sible for this electron to retain the direction of its spin or reverse
it. In the first case, the tdtal spin is zero and in the second, the
spin is one. This means that fa} the same ene:gy we can have either a
singlet state (S = 0) with total symmetric spatial wave function and
antisymmetric spin function or a triplet state (Sz = +1, 0, -1, and

S = 1), with total antisymmetric spatial wave function and symmetric
spin function. This ensures that the Dirac formulation of the Pauli
exclusion principle, (which states that the total wave function for
electrons including spatial and sp;n parts has to be antisymmetric with
respect to the exchange of any two electrons) will be obeyed. Accor-
ding to this model,-we can think of the generalized coordinates of the
spatial wave functioﬁ with respect to two éxchanged electrons as actual
positional coordinates. In that case, the repulsion energy of the

two electrons will be larger when the electrons are as c1ose'as pos -
sible, each within the n type lobes of the chain of the carbon atoms.
In other wor&s,’when one of the exchange electrons is on the top lobe
and one on the bottom lobe of the same » bond, in exactly symmetrical
positions, the potential energy is high and the corresponding wave
function is the symmetric singlet total spatialwave function. Exactly
the opposite is true for the triplet state which has an antisymmetric
spatial wave function because of a symmetric spin function. This

antisjmmetry places the interchangeable electrons farther apart and
2 .

consequently, at a lowér -potential energy. In conclusion, we end up

s, ’

i
with a triplet §%ate which lies somewhat lower in energy than that of



the singlet state.

V. The Energy Diagram of a Dye Molecule

It was mentioned before that dye molecules have broad bands
associated with their electronic excitation levels. In order to have
a more complete picture of the dye molecule, we will present a typical
energy diagram. Figure 1-1 shows sdch a diagram. Radiative transitiogs
are showﬁ will full lines and the non-radiative ones with broken-lines.
Only the first and second excited states are shown because the rest
have much less significant effect on the lasing process, because of
their extremely short lifetimes re]ative to those of the first excited

singlet and triplet states.

VI. Non-radiative Transitions .

\
A

Non~radjaiive tr?nsitions are very important beé;use they
strongly influence the éfficiency of the dye. In a aye molecule, the
important non-radiative transitions for its amplifier performance are
between the first excited state and the ground state-(S] ~G), the
first excited state and the triplet state (S] - T])¥ (the so-called
intersystem crossing) and between the t(ip]et state and the ground
state (T + G). According to Pauli's exclusion principle for elec-

_trons, only wave functions which are totally antisymmetric with
respect to exchange in goordinates and spin are allowed. When there
is no 1n£eraction between spin'and orbit, the total spin S is a good

quantum number and it can be shown that, because the electric dipole

»
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Figure 1-1

Typical energy level diagram of a dye molecule. G, S,, S

1" 72
are the ground state, ‘'the first excited singlet electronic

state and the second excited singlet correspondingly. T]

is the trip]et‘state and T2 is the first excited triplet.

P is the pumping rate, g is the emission crossection from
S] -> Q, 08] is the absorption crossection G S]. 0?2 is the
excited singlet state absorption crossection and o: is the
triplet state absorption crossection. Solid lines indicate
radiative processes and broken lines non-radiative ones.
rth.is the thermolization time within the electronic states
and Tor is the non-radiative relaxation lifetime between

<
electronic bands. t, and 7 . are of the order of a few

picoseconds for most of the known dye material in solutions.
Higher order excited states are not included in these graphs

-«
because of their insignificant role in the lasing process.

R

»
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moments do not operate on the spin functions, matrix elements «f
electric dipole moments €éken between spin functions of different
total spin S will vanish, because the symmetric and antisymmetric
spin wave functions are orthogonal. In conclusion the selection
rule for the total spin S is given by 4S = 0. According to this rule,
transitions between the 51 state (S = 0) and T] (S = 1) with the emis-
sion of a photon are forbidden. The same is true between T1 and G
states. It is possible though to hgve radiationless transitions be-
tween S] and T], either bylspin orbit coupling or by external col-
lisions.

Spin orbit coupling ex1sts when the orbital angular momen tum
created by r electrons of the ground state oscil]ating between the
end groups of the molecular chain, 1nteract with the total spin. In-
tersystem crossing can also be achieved by collisions with a para-
magnetic molecule (which has a spin different from zero) in the dye
solution.’ These spin 8rb1t and spin-spin coupling effects cii:fféo
cause transitions from the triplet state to the ground étate. Sucﬁ
internal conversion processes dgpend on the rigidity of the molecular
structure of the dye and the properties of the so]vent.(d)?(s) In
general, a rigid molecular structure does not favour intermal con-
version because it does not provide additional degrees of freedom
to accomodate for stepwise enérgy transfer. The consequence of this
1s that for mobile structures, the fluorescence w111 be strongly

temperature dependent.(s) On the other hand, rigid structures do not

12
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necessarily have high fluorescence efficiency, because there are other
quenching processes, such as the onefdue to hydrogen vibrations.(7)
which can be of importance. Because of the small mass of hydrogen
atoms, the quanta of hydrogen stfétching vibrations have the highest
energies in organic dyes and thus are most likely to be involved in
the conversion of the lower vibrational level of S] to the higher
vibrational level of G.(z) This important aspect of internal conver-
sion in dye molecules is far from being clearly understood and more
de?ﬁifs can be found 1n‘the article of Drexhage in reference 2.

In conclusion, the radiationless decays of S] ~ G and T] s Q
along with the intersystem crossing S] > T] are very important in de-
terminjng the eff1c1ehcy of the dye amplifier. The dye molecules are
very complex, with behaviour governed by many parameters which have
not ‘been measured for most dyes. Consequently, it is extremely dif-
f&gu]t to develop a general theory which can predict all the pheno-
meng which have been observed experimentally. One of the best known
and characterfzed dyes {s rhodamine 6G which we therefore used in
our experiments- to facilitate comparison with the thforeticgl pre-

dictions of our model.

)

1.1.4 Principles of flashlamp operation #

/ Flashlamps have been used for many years to convert electri-
cal energy into radiatioh and they are of major 1mportanc§ for photo-
chemical studies and laser pumping. Basically, we can distinguish

two kinds of flashtubes. First, there are flashtubes whose emisstion

Y

N\
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spectrum depends on the particular gas filling and second, there

exist flashtubes which have an emission spectrum which approximates

a blackbody radiation spectrum. %e will call them spectral flash- \
lamps and aSlat1on flashlamps, reépectively‘ The name ablation \\\
flashlamps is used because, to reach the blackbody radiation stage,

a lot of enérgy/cc/sec is used and ablation of the wall of %he flash-
tube takes place. In spectral flashlamps, we use low 1nput.Bower
“densities and relatively high rare gas pressures and depend on the
specific gas emission spectrum for efficient conversion. A number

of different commercial and laboraé;rx flashlamps of this kind exist

¢

today. Their electric and spectral characteristics are described in

(8)-(30) (26) that continuous

a pumber of paperé. It has been shown
em1§s1on spectra are the result of the transitions of e]ectrénslfrom
"a bound state to a free one and from a free state to another free
state. "The resultant continuous spectra sre superpositions of se-
veral continua due to tndividual transitions. In the case of high
power densities, the spectrum appfbximutas a bihckbody spectrum.
Several papers have been published on ablation flashtubes and their
characteristics.(3])‘(37)‘

The choice between the two basié types of flashtubes Jepends
on the particular application. In the case of the spectral flashlamp
a relgtively moderate temperature (; 10.000°K)_s]ow discharge will
&eliver the av$11able stored eneﬁgy'in the region of interest. It

1s the particular spectral distribution which makes this process ef-
L

v
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ficient in the appropriate 'waveWength range. As ‘soon as we want,
thouah, to increase the intensity of the flashlamp by pumping more
energy in the tube, the continuum part of -the emitted radiation
(which extends beyond the region of interest) predominates over the
characteristic spectral part and the efficiency will drop. It is
then possible for high enough energies and fast discharge time to get
much higher temperatures oflthe order of 40,000°K. In such high tem-
peratures, Hhe plasma radiates like a blackbody from its surface and
the available intensity within the region of interest will be more
than before. Of course, the efficiency will ieep on droping as we
increase the temperature, because this méves the peak of the inten-
sity to shorter wavelengths., Notice, though, that to get high tem-
peratures, we have to use shorter discharge times, because the tem-
perature reachedﬁby the plasma 1s determined by the énergy per unft
time. In conclusion, a high efficiency requirement is associated
with spectral flashlamps and ablation flashlamps will provide higher
peak intensities in short pulses. The ablation flashtubes are very
important in pumping dyes which have low quantum efficiencies and

time-dependent losses.

Nt

1.1.5 Gafn measurement techniques in pulsed amplifiers

Radiative de-excitation of an excited singlet state in a
dye molecule can be produced in the following two ways.h First,
through spontaneous emission which is independent of the presence

of radfation. Second, by way of stimulated emission which fs caused
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by the interaction of the excited molecules with the radiation field.

This process depends on the intensity of the 1ight present during

"the interaction. The de-excited molecule emits a photon, which, in

the spontaneous case, is of ranwdom phase and diréction; while in the
stimulated emission case, has the same phase and directiog as the
interacting fleld, The light 1nteﬁsity I(x,z), propagating along a
gain medium which extends in,the direction of the z-axis, for a parti-

cular wavelength 1\, will be given by the equation

Q%’%H = g(x,2)I(x.2) + ng(r,2) (1-2)

where g(r,z) is the gain coefficient and n is a coupling constant for
the spontaneocusly emitted radiation. The gain is proportional to
the number of the excited state molecules. High intensity will de-
populate the excited state by stimulated emission and thus decrease
the gain. In other words, the gain is an intensity-dependent func-
tion. Because the intensity is not the same throughout the cell,
and bec&usé the intensity is wave length dependent, the gain will
also éxh1b1t spatial and wavelength dependance. Accurate kihowledge -
of the gain is very important in characterizing any amplifier and pro-
viding specific informadtion about the dye molecule. Tharefore, dif-
farent ways have been developed to determine the gain.

There are several direct or indirect ways to find the gain. -~
Ke are obviously interested in the value of the an in the absence

of radiation (unsaturated gain) because this parameter does not de-
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pend on the intensity but only on the pumbing and the absorption and
emission cross-;éZtions. In the direct way of measuring gain, a
probe signal of known intensity and sgoctrum is passed through the
ampltifier and its intensity at diffé;ght wavelengths 1s recorded with

4. (38) )

" the amplifier pumped and unpumpe Thae ratio of the two recorded

intensities 1s related to the yain through the equation
T Tg(\) = explg(r)-L) (1-3)

where L 1§ the length of the active medium. This method assumes no
spatfal varfation of the gain and neglects tﬁk presence of the ampli-
fied spontanoous emission. Consequently, it is restricted to inten-
sity values well below the saturation intensity where the spontaneous
enission is small and the intensity does not cause any saturation of
the gain. Also, 1t requires an extra tunable laser to supply the
probe signal.

An indirect way to measure the gain is to use the ampltfiod
spontaneous emission (ASE) itself.(39) Again, we have to restrict
the measuremont to the low pumping region where the intensity doosl‘
not saturate, the gain, Then, 1£ wo assume that tha contribution of
the spontanedus emission is nggligible, we can integrate equation

~(1-2) to get for the intensity at distance p >» U

IL(A) «(axp(g(A)L) = 1)C

2 (A «(axp(g(AIL/2) = 1)C

(C is a proportiqnality constant)
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where L {s the length of the cell. Combining these two equagfhns we
have for the gain f::;
[
I, (V) ¢+

( " g. w&'.-—-- s g -
g(A) = § *"[YL/2((y~*1A] (1-4)

In the case, wo have g(\)L/2 «~ 1, we can dapproximate equation (1-4)

to got

. , o

I (1)

: | ;2 .
g(\) L&ﬂ ‘IIJ/\;(—\-S “ 5)

Then, we can mnasu;o the fntensities at the and of the ¢all for the
full langth cell and the half-length cell and use equation (1-5) to.
determine the gain. This blockimy of the half-cell length is not
always possib“o; particularly in flashlamp pumped dye Qmplificrs where
the coll and the lamps are ohclosed in a wator cooled hEthng. Again,
this wothod provides only approximate values for the gain, bocause
it assunes nQ spatial variation of the gain and neglects thugprosanco
of the' amplified spontansous emission, which'could be considerable in
high gain medta.

Another, more sophisticated way for the gain measurement fis

to measure the narrowing of the spectrum of .the amplifiad spontaneous

raui:;ion (ASE) and relate it to the non-saturated gain.(4°) This

seems particularly attractive, becay€o it doss not require a probe
source, {t can cesin be done, takes into account the presence of the

ASE and puts no restriction on the leve! of pumping. The ASE gots
2
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3

narrowdr as It propagates through a gain medium, because of the non-

(40)

unlformity af the gain profile as a function of wavelenyth. Ihe
full spectral width of the output ASE intensity at halt-max imum (FWHM)
A IS glven for a homoyuaneously broadened qaln medium by the rela-

tlon(al‘42)

{
‘ , e
) .\\/A\h - [luqv ./(qolof')] / (1-0)

t

whore }1H\i5 the IWHM of the ling shape tunction, which for rhodamine
6G iﬂf?ihﬁnol is about 420 R. and Latt Is an etfective length, which
can be computed and to a crude approximation, Is equal to the length
of the amplifiaer for vary low Intenslgy of the ASE.  tor inhomogensously
broadened gain systems (such as amplifiers in the gas phase, where the .
Maxwoll~Bo|tzmanq distribution of the tharmal velocities will make
théluo\ucu]ﬁs seo tho radlation tield frequency shifted and consequently
interact praferentially with particular wavelength regfons of the field),
the spectral line first narrows with Increasing gain and subsequently
robroadons.(aa'da)
It is possible, as we will see In a later chapter, to develop a
model which wil) doalﬂu7th the propagation of the ASE In a gain me-
dium with yniform absorption across the cell and ralate the output
Intensity spectrum to the unsaturated gain. This mathod, fﬁich actually
solves the rate equationg for the propagation of the ASL, glvbs vary
accurate results and can be usoed to test all the above-mentioned ap-

proximate moethods, bacause 1t fs oxast and it dows not include any



assumpt fons regarding gatn saturation. Ihis model has been tested
experimental ly and was tound to give very accurate predict lons,  The
only disadvantage 1s that a computer ts required to solve the ap-
proprfate non-Tinear coupled equations. It 1s possible, though, under
cortain assumptions (Lorentztan gain protite and snough narrowing be
tare saturat fon starts) to develop an approximate method which takes
Into account the saturation.  This approximate semi analytical methaod
can be very usetul in several systems where the other methods are efther

difficult to apply vr torbidden because ot thetr assumpt fony,

1.1.6 Spatfal modes 1n a dye amplitier

In many experimental situgtiuns. the pumping 1Tight trom
efther a flashlamp or a laser Is absorbed in depth generally much
less than the thickness of the pumped coll.  This will (reate a non-
unfform gain protile across the cell. Additfonally, there is heating
of the dye solgtion. resylting from the thermalization processes within
the elaectronic bands of the dye molecules and from the existence of
non-radiative de-activation processes botween the electronic bands.
Furthufﬁbrn. there can be heating of the solvent directly In the case
where ﬁ% too absorby in the spectral regdon of the pumping source, This
heating can be non-uniform across the cell when the absorption length
(definad as the depth of material to absorb 1/e of the incident 1ight
intensity) is of the same order as the cell thickness. These various

heating offocts will cause a non-unifarm change of the index of re-

fraction across the cell, because the refractfon index is a tunction

L0



S
ot temperature.  An additional change of the fndex of refractlon (omes
trom the presence of the yain Itself. As we will vee in Chapter tour
in more detall, the gain 1s related to the tmaginary part of the di-

electric constant by the equation

where Iy the gain, n Iy the real {ndex of retraction tar trom the
resonance and " iy the tmaginary part of the dielectric constant,
whith {5 related to the real part of the dlelectric constant (o =
ot ") by the Kronfg-Kramers relations.  the index of refraction
s related to o' and, consequently, to the gain, As we will see In
Apperddtx B, the change in the Index of refraction, ay, Is related to

>

the gain by the equation

b
Lo a{v') gy
An '4"\2] el dv

~tn

In conclusion, In many expertmental situations, the dye amplifier
axhibits a non-uniform gatn profile across the cell and also a nnh-
unifornt index of refraction protile. The spattal gain and index of
refraction varifation rafses tha possibility that the ASE will pro-
pagate along the cell In a distinct pattorn exhibiting spatial modes
across the cell, In an actua) tase, the smaller index near the

walls of the cell will push the field to partly propagate outside the

gain region, This Investigation of the Tight propagation in a thick
A
r’

(1-8)
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cell comes as a natural extension of the research on thin cells and
gain measurement techniqu;;, because we want to investigate the ampli-
cability of these gain measurement techniques to thick cells, which
are used in many experimentg} situations. The study of light pro-
pagating in a thick cell leads to consideration of existence of pro-
pagatfﬁg modes, which affect both the spectral narrowing and the near
and far field distribution patterns.

The spafia] modes will exhibit themselves in the near field
which will consist of approximately sinosoidal 1ntens1ty711str1butwons
(which diminish toward the centre of the cell for high enough concentra-
tiong and produce two diverging beams of ASE separated by an angle of
a few degrees. ‘Some exﬁ;rimental evidence along with a theoretical
model based on the geometrical ray approximation of the propagation
of the ASE have been pub]ished.(45'49) Similar far field observa-
tions have been made on electron beam pumped semiconductor lasers .
and calculation based on spatial variations of gain and index of
refraction (in the simple case of'an index step) have been carried
out to exp]ain the far field angu]ar change as a function of the index
step change. (s0)

Understanding the way the ASE propagates is of importance,
because it {s, in priﬁtiple. passible to relate the far and near
field intensity distributions to the gain of the amplifier. From
a ;ractical poinf 6? view, such an understanding could lead to dse-
ful optimization of the parameters involved to fncrea;e the narrowing‘

of fhe ASE spectrum. This could be possible, because of the wave-



length dependent diffraction losses and the decrease of the ASE
intensity in the gain region (since>some tight will propagate §ut-
side the gain region) which permits higher pumping without saturation.
Higher pumping results in higher unsaturated gain, which, according

to the relation (1-6), gives narrower spectrum.

1.2 QOutline of the Contents of the Thesis

This thesis consists of the following chapters:

(1) Intréduction

(i1) Operatjng characteristics of high-energy, short-pulse flash-
lamps

(i11) Amplification of the spontaneous emission

(iv) Spatial modes in the ASE

(v) Discussion and -Conclusions.

-In Chapter two, we present a detailed study of the ablation
type flashlamps. This work was done primarily for two reasons:- first,
in order to obtain a better understanding of the flashlamp operation
itself, since flashlamps are of prime importance in pumping lasers;
second, in order to use the information gained to build a high-energy
short-pulse flashlamp to be used subsequently in experiments con-

cerning the propagation of the amplified spontaneous emissjon. Such

23
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_f?ashlamps are not available commercially. In this study, we demon- C:fx\

strate that a simple blackbody radiation model can account for the

e
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behaviour of these flashlamps at high enough input energies per

unit time. We will also see that a simple relation can be used to
re]a?e the current passing through a particular f]ashfube, to the
resiséiv1ty of the plasma in the flashtube. Qnder certain conditions,
it will be shown that the energy stored in the storage capacitor per
unit‘volume of the tube plasma can be used as a very useful parameter
to predict the flashtube behaviour. Another major feature of the
model mentioned above 1? the functional dependence of the resisti-

vity on temperature, namely, n = 81732,

The constant B is deter-
mined by fitting the variation of the discharge current vs the input
energy per unit volume of the plasma. This model also makes possible
the comparison of performance between flashtubes of different lengths
and radif, and provides a very useful design criterion for deter-
mining the physical dimension of ablation flashlamps. We present
extensive experimental data to support the claims of the model, sup-
ply information on optimization of several parameters, such as pres-
sure, and suggest ways to improve performance on lifetime of the flash-
lﬁmp.

Chapter Three deals with the amplification of the spontaneous

emission in a dyé medium. This study is very important because:

(1) it provides an especially simple case for understanding the
interaction of a non-coherent source with a homogeneous me-
dium;

(2) dye amplifiers have the potential of producing high intensity,

24



25

highly directional, narrow bandwidth 1ight pulses without
mode structure and with a smooth temporal profile;
(3) it provides an accurate way to measure the gain of a system
.from the narrowing of the amplified sporétaneous emissiﬁn
(ASE), which is especially useful in the case where other

even approximate methods cannot be used.

In this chapter, we study experimentally, the ASE in.a dye
material enclosed ¥n a very narrow flat cell, which is pumped on both
sides by two flashlamps. Our aim is to exploit the spectral nar-
rowing of the'output radiation to measure the unsaturated gain as a
function of pumping. A theory is developed, which allows for excited
state absorption (which proved to be very important), capable of pre-
dicting the variation in intensity, spectral width and peak wavelength
as a function of the flashlamp pumping intensity. It will pe shown
that this theoretical model can be fitted accurately to experimental
observations and very good values for the unsaturated gain are ob-
tained. Such gain measurements only require that the intensity and
the spectral variation of the intensity be measured as a function of
pumping. This model requires very accurate knoWﬁedge'of the values
of the différent cross-sections of the dye employed. It will be
. shown that the excited single ;%ate absorption (ESSA) is of hajor
importance and this model can actually be used to predict the ESSA
for other dye materials,

The general model we will develop is appealing as far as the
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accuracy of the predictions are concerned. However, to exploit

our approach in more general situations, we require a simpler non-
system specific model which can be applied approximately to many
different gain media., Accordingly, we develop a relatively simple
theory for the ASE, in which the gain line is assumed to be homo-
geneously broadened, and attempt to fit to experiment in the al--
ready characterized dye system (by using the general exact theory).
This represents a very severe test because the approximate theory

does not take into account that the peak of the ASE shifts with pumping
and also that the excited state absorption is very important. ‘we will
show that even in th}s case we can use appropriate techniques to match
theory and experiment and get reasonably good values for the gain.

We will also compare our approximate simple theory to another approxi-

mate one, which was published recently and which makes basically thg,w’”‘",
4

same assunption as far as gain profile, ESSA and considerab{ivggg;f
rowing before saturation are concerned. J,/'

Chapter Four deals with the propagation of the ASE in cells
thick with respect to the absorption length of the dye. This is very
important in practice, becahse in most experimental situaéions, thick
cells are used. It is then natural ‘to look for ways to measure gain

and relate it to spectral narrowing in thick cells. This leads to

"consideration of the existence of propagating modes in a thick cell,

Chapter Four also deals with the spatial modes in a dye amp]if;er.~

»
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While in Chapter Three, we restrict ourselves in studying the ASE in
cells with no spatial varfations of the gain or‘she index of refrac-
tion across the cell, in Chapter Four we try to deal with the more
complex problem of the thick cells which Qave gain and index non-
uniformity across them. We present a model which is based on solving
the MaxweTl equations for the field in the cell under the assumption
that both the gain and the index of refraction have a sim{lar step-
wise profile across the cell. It turns out that the index change due
to the change in temperature is much larger than the change due to
the présence of gain itself and this is equivalent to a converging .
lens along the cell. We will demonstrate that for relatively medium _
thickness cell with respect to the dye absorption length, the field

will propagate filling up the whole cell cross-section. On the con-
trary, for very thick cells with respect to the absorption length of//
the dye, the field w{]] propagate f11ling up only the gain region |

and a small part of the rest of the cross-section of the cell (con-
finevent of the field). This different beh;viour of the modes will
manifest itself in the:divergence of the beam from the axis of the ’,/
cell and also in the shape of the far field itself. We will also pre=
sent some experimental data, which show qualit&tiveﬁy this behaviour

of the field: Because the stepwise approximation of the index of re-
fraction is only a firsp degree approximation to the real exponential
change, it 1is not expeéted that complete agreement with the experi-

(
)\
mental data will be obtained. However, 1t does prasent usefu} approxi-



mation to get to understand the physics of the processes involved.
In Chapter Five, we will present a summary of the different

topics covered in the previous chapters. Because the topics covered

in Chapters Two, Three and Four are self-contained, most of the dis-

cussion is presented at the end of each chapter and only the main

. features will be considered in Chapter Five. The fmportant section

covering suggest1oniijor'future fruitful research will also be in-

cluded in this chapter,
\
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CHAPTER 2 O
OPERATING CHARACTERISTICS OF HIGH-ENERGY SHORT PULSE FLASHi\AMPS
ANY

2.1 INTRODUCTION )

3

The study of the flashlamps was undertaken in order to get a
better qnderstanding/ﬂégthe operation of the fla®fanmps themselves, to

be ablé to 'design a fast high power flashlamp syséem needed to pump our
dye amplifier whose characteristics we wanted to study and to be ina
position in the future to make our own special designs of the flashlamp
without cost, or characteristic restrictions imposed by the available
commerctial flashlamps. Also, flashlamps have been used to pump other
lasers besides dye laser such as Neodymium 1n thé infrared rq?ion and
dyes of the UV reglon and it seemed natural that the study‘q{};he,f]nsh-«
tamp pumping sources could lead in more efficient laser systoms'in an
extended spectral region. Our particular study was restricted to the
ablation-type flashlamps only, because of their great potential to pro-
vide short intense pulses of radiatifon neoded in our intended research
area.

There arg several paramaters which can be varied to e?foct con-
trol over the output of the flashlamp, namely, flashlamp dimgnsions, gas
fi11 and pressure and discharge energy. The trade-off between the vartoys
parameters is far from obvious, bacause it depends an the projected appli-
catign. and the impact of the various parameters on the overall perfor-

mance of the system cannot always be separatod: The ﬁnvestiqut1ons re-

[ 4
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ported here were aimed, as far as possible, at studying only the dependence
of the charactéristic flashlamp dischafge behaviour on the various parg-
meters. Accordingly, a particular value of the flashtube length was
se]oc;ed since, over the operating range investigated, the flashlamp
plasma resistance is directly proportional to the discharge length. [t

1s then a stratghtforward matter to calculateé the impact of changus in
discharge length using a simple'c{rcuit elemont approach(s"z'lq) once

the relevant discharge characteristics are known. Similar congidarattons
apply to the fmportance of the discha;ge circult elemonts. We can simply
select fixed circuit components and vary on{y the voltage suppliied to the
storage capacitor. The discharge current delivery, risetime, et?.: can
be optimizod(8l1m1c6 the parametric dﬁpandenco of tha flashlamp plasma re-
sistance per unit length is known.

Taking 1nto account the above considerations, the {nvestigations
described in this chapter are mainly addressed towards supplying answers
to the following questions with respect to ablation flashlamp opurattoh;
f. How do the risatime and the falltime of the output light pulse (in

a chosen wavelength range) depend on the flashlamp characteristics
and the supplied enorqgy density? '
fi. Over what range of lamp, gas f111 and discharge energy characteristics
doos the flashtube oporaﬁq in the ablation (and the black-body emis-
sion) regime? '
111, For a given flashtube length and input energy, how can the tube bore
be chosen to give maximum peak output, and what other considerations

are tmportant?
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iv. Can the onset of excessive tube ablation be characterised in terms
of input onergy and tube paramoters and how does the fall time of
the output depend on those parameters?

v. Can a stmple model bo constructed to adequataly describa the bo-
haviour of the flashtube? ;

In what follows, we investigato tho above and relﬁtad quastions

after wo.prosont a literaturo review, and a description of the oxperi-

mantal apparatus. This experimental investigation is afterwards comple- ‘

mented by the development of a theoretical modal which can adequately
describe the behaviour of the flashlamp. The whole {nvestigation is
thon ended by presonting the main conclusions along with suggestions con-

carning tha design of ablatfon flashlamps for optimum porformance,
Q .Y

\

2.2 LITERATURE REVIEW

2.2.1 Rare-Gas Flaghlamp Characteristics,

. For years, sﬂre—gas flashlamps have been used to pump lasbrs.
The -primary objective 1s to convert aelectrical energy to radiation of-
ficiént]y and to generate high fluxes of radiation within a specified
spactral band, To do this, we have to know the behaviour of the gas
plasma. There are two basic paramoters which detormine the performance
of the lamp, namaly, the gas pressure and the current density. Also,
practical constderations such as the lamp envelope material, the elec-
trodu material and the type of rare gas used have ar"efféct on tube 1ife
oxpectancy, relfability and cost. In the following paragraphs, we Wil
deal briafly with the porformance of the rara-gas flashlamps and we will
devote some attantion to the rddiative processes involved, tho’spocﬁrn.

and the oloctrtga].Rﬁaractnristics of those flashlamps.

B T FuS

‘



(1) Radiative processes

The cont1nuous‘spuctra of rare gas atpms, which are of interost .
{n pumping lasers, are due to radiative trunsltldns %f eloctrons from
free to bound states and from one free staigﬂto anothd} froeo stato.
Bound ulecﬁrons can pu sftuated in an‘atom. a positive fon or a negative

fon; a froe electron can travel throygh the flald of an atom or fon. So

wo can distinguish the following procoesses:

for free-bound transitions: A + o » A"+ hy °

» AV b A by (2-1)

AYY e AT o, et
and free-frec transition tn the praesence of an atomic or fonfc fleld
(Bremsstrahlung):

Atolvy) s A+oolv,)
1 2 "
+ + (2-2)
A+ elvy) » A+ elv,)
] 2
“whopo

| ‘ 2
A } M <y |
and hv {s tho enorgy of the emftted photon. The rasultant continuous
1pectra are superpositions of several spoctra produced by individual

(26,27)

transitions. The fons needed for some of the above processes

are the result’ of inelastic collistons such as

A+at At w2

‘\ B . _ (2-3)
A" + D > A+B +¢

which occur when elactrons get accelerated by the applied field along the
tube.



(t1) Spwotra
A description of some rare gas spectra 1 glven by Oltver ot al ()
Acvord ing to those data, the spuctra of the rave qases show slrong peak re
glons in the near IR, for inpul enurgles of a fow Joules (I/unj/nhO(). In the
visible roglon, the spectra appear to be varying smoothly with wavelength,
There s a constderable Increase (more pronouncued tn the near UV and blue 1o
glon) of the absolute trradiance with the current density, and s1ight in

croase of the I;radinn(u with the Increase of presvwure over the reqlon 00

(11.13)

to 500 lorr. Ft s tmportant Lo note that above 400 lorr and high

current donsitios above 3000 A/Lma. the continuous spactrun dominates ove

(13)

the resonant quks. Also, the {rradlance ot Xenor Ty s 1ightly highey
than the rest of Lhe rare gavas, and Lhis |y rolated Lo the smalloer foniza
tion potentia} of the xenon gas, which rasults An higher alectron dqn»!(luu
of the plasma.  Also, tor a givon Input onergy donsfty, there fw an optimum
prossure for maximum treadlance,  Above cortaln pressure, the plasma becomes

»

self-abxorbing and In that case, the radlation we gat comps only from a thin

layer at the surface of the p,a!ma.(ls.ju)

For low prassurey, though, an In -
lcrua&o of prossure will rosult In highor resfstance and thus more onorqy dis -
Yhipation within tho (Inahlnmp.(“) In other words, prassure 1s a paramotor
w#\‘h has to bo optimized for bost results undor fixed current donslty and
f'ﬂ;»tubu diamotor and longth,  TL has buon found that the additton of cor-
L dbpants {such ay n) in the tuby will enhance the brightnuss of the

flashlamp in tho near UV roq'o".(bl.&2)

bacause those dopanty provide
addit{onal bound-bound transitfony whosa enargy corrasponds to the

UV rogfon. Consoquuntly, wa get radiation from the naw broadenod
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Tines of the dopant tn iy near UV reyglon Add it tonal enhand ement

{n the near UV regtlon can be achievaed by applyling the double-discharyge
(51,5))

Ltechntque . ‘ﬂ“lnnnd(hnd wtibizes g velatively lung duration low

wurrant discharge, which ts followed by o ~short high current matln dis

charge, Tt 1y not clear yet how thy mechantsm works and the enhance

ment may be dus to several eftacts quch as metastable atoms, UV photons

or diffuse plasma production by the slow discharge.

(111) Electrical characteristics
In ordor to destyn an etticient deiving cfrcutt for rare gas
Mlashlamps, 1t ts fmportant to know the resistivity ot the plasma during
the discharge, Hare we will deal only with the Xenon plasma resistivily,
bucause Xenon fs the most attictent. of atl rare guses, Uy stmul tansous
monttoring on a dual boeam osc tHToscape af the current through a tlash-
lamp and.tho voltaye across the tube, uunz(:‘) found (a;lur yxpurfment fnyg

on sevaral bore and length | tubeos)  that, the senon plasma resistivity

can bo reprosented by the equation

v

g I.I)/J'/J d-tm ' (» 4)

where J ts (n Ambs/cmz. This ralation was found to be truv tor current
dons i tivs botwoen JOU /\/im2 to 10,000 A/(ms, bora diamatoers botlween 1.) m
to 26,0 mm and tength 0.2b fnches to 12,0 tnches.  In this range of cur
ront danyity, the resfstivity of the xenon ranges from 0.011 to 0.041 w-om,
after the timo the discharge has boean tully developed. Stmflar results on
(¢5) (. -

the xenon resistivity have been also reported by lakeev et al.,

‘.‘3/\)‘/8 “"L"l)- Ad(“t.‘()nﬁ'lyn Uakouv(zb) repor-ted a woak dﬂpmh“’”l(’ ut



the reststivity on the coltd pressure ot tha xenon which Fills the tlash
Famp. As the pressure Increases trom 100 Tare to 400 Torr, the eon-
ductiv ity dropy by a tactgr of approximately I.%.(JS) Ahove 400 Tory,
there 1y no HIUH|f|ldH} change In the wenan conduc tivity, Uukuvv(:b)
whaa measured the conductivity as o Functlon of the plasma temperature
for pressurey between 100 and 000 lTorr and temperatures betwoen 8,0007K
amd TAO0OUK, 1 was tound that the venon conduct Ivity dependence by
guite ditterent fram the one pradtcted theoretfcally by %pl(tsvr(gl)
tor o lorentztan gas {(tully tontzed with no electron elechion Inter

actfon amd ol posttive fons al rest). this Indtcates the lmportance

of electron election Interactiony tn this range of high prossure where

the degres of lonbzatlon can be oay high at 106, TU was shown by Rovinskid
that at thesy high prassurey, even at g low dagres ot fonfzation (frac-
tion of a percent) but with refatively high values of concentration of
charged partictes (- Iulb o {). tha main contretbut fon to roststivity
comes From colliston betwoon eloctrons and fons.  Tharetorae, such plasma
could be’ constdered as fully lonfzed but @loctron-slactron fnteract lon
should by taken (nto account to yot the right resul tytheoretically,

s s w0, because though mutual eloctronic fnteract fons do not change
the conductivity divectly, stnie the total change of momentum In such
Interactions fa zero, noverthaless, they alter the velocity distribu-

tan ot the travelling vloctrony butween collisfons with the fons. This

aftect producod by slectrons bayond the fntertonfc distance may be atird-

huted to statist|<al fhuctuations of the electron density, which pro-

{(H8)
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duces a local field of random direction.
After we have estab]ished the resistivity of the xenon gas for
a particular current density and pressure, we can establish a transfer
efficiency of the electrical energy to the lamp. Thus, knowing that
o= KV Ee :
we get for the voltage across the discharge

/2

V= Kyl (2-5)
anq th; efficiency
. ] KOI1/2 ; Ko -
LNRULIN ) ELNHEL -
with
Ko * _g#&é
drn

where E 1s';he electric field, L the lamp length, q the d1;meter and

Rc the Tamp d1§chaf§e circuit resistance. To get high effictency, we
thus have to minimize the‘cTrcﬁ1t resistance. Depending on the applica-
tion, different driving circuits have to be devised. There are several

papers pubfished on' the design of driving gircuits(]4'ss’61)

and the trig-
gering of the f]ashIamps.(sg’ﬁl’ss) Markiewicz gﬁugl;fa) provided a com-
pdteé solutianrto single mesh circuit foh driving the flashlamp for pulses
longér than 30 us. ,Accord{ng to his ana]ysks for a given lamp type, energy .
input probe duration and pulse shape faéfor. the inductance, the capaci-

tance and the operating voltage can be &etermined uniquely for the case of

a fully developed discharge. During the period of arc formation, either
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or both of the arc inductance Larc(t) and its time derivative Larcit)

become very important, because the arc starts as a thin filament and
expands rapidly. This very important case is treated by Dishington et
gl;fso) According to these authors, the experimentally observed voltage

drop along the flashlamp does not resemble the V = KO/T re]ation‘at the -
start of, the pulse. There is a voltage spike along the/ﬁamp at the start

of the puTse, which is attributed to the arc growth. It was also found

that the diameter of the arc is dependent non-linearly on theibmount of
energy fed into it, and the arc diameter changes faster during the wall

free expansion period than during the wall-dependent expansion. The
changeover in these distinctive periods of growth is dependent on the input- .
energy for given diameter tubes of . fixed length. Taking-this wall effect
into account, a general set of equations is derived which can be used to
calculate the parameters of the mesh circuit for given input energy and

pulse duration. To avoid the wall effects and also restrict the expansion

of the discharge, a new method has been developed, namely the vortex sgg-

(67) which positionally stabilizes the arc at the

bilization technique
centre of the tube by vortex induced pressyre gradjent.across the tube.

In conclusion, rare-gas flashtubes have begncéxtens1vely investi-
gated and a good deal is known about the mechanisms responsible for the dif-

ferent spectra, the spectral dependence on pressure, current density dopants

and pre-ionization. Their reéistivi:y has aiso been known very aqcurately'
L

and methods have been developed to find the appropriate circuit parameters

s e e s o=

and take into account the transverse expansion of the discharge. Rare-gas

*

P
I
-~
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flashlamps have been used to pump efficiently different systems in the
IR and visible spectrum in cases where relatively slow {above a few micro-

sec) pulses are adequate. Fast pylse operation (in the fraction of a mi-

‘ S

crosec region) can not be achieved with these types of flashlamps with-

out altering the mode of operation because of the high gas pressure,

the discharge expansion and the tube wall presence. These flashtubes

operate in a relatively low temperature of the plasma and the spectrally

selective radiated emission comes from all the plasma volume available.

On the contrary, the ablation flashlamps with which we deal next, operéte

at a much higher temperature, emit as a black body for high enough current

density, and are capable of producing much faster pulses, but are not as
efficient as the rare-gas ones in transforming electr{cal eneréy into a

specific spectral interval.

2.2.2 Ablation fléshlamp characteristics

Abl&tion flashlamps, are so called because the discharge in théée
lamps occurs primarily in vapours ablated from the quartz envelope. These
lamps producé intense-Iight pulses of lengths varying from a fraction of
a microsecond up to 30 usec with submicrosecond risetimes. They ;re made
- of thick wall, small annulus quartz with flexible connections at the end
to withstand the current-induced shock waves and can be tailored in shape
to satisfy the parficular applications. The peak emission of the ablation
'flashlamp has been found to approximate that of a high temperature black-:
body (20,000 to .30, 000°K range) from the near u1traviolet into the 4infra-
red.(al 35, §6)

waves, ﬁost'de§1gns include ballast’ chambers at the tube ends, to damp the

In order to increase the strength of the tube to shock
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pressure build-up during the d1schargé. Details on the construction of
thesé lamps can pé found in a number of references, which also include

(36,37,68,69)

some operating characteristics. We will give a more de-

tqi]ed discussion of these characteristics later.

[t should be noted here, though, that a flashlamp designed to
deliver the maximum pgssitle fraction of the total available discharged
energy to a particular emission band (which is the case with rare-gas
lamps discussed before) will almost certainly not have the sa é charac-
teristics as a gystem designed to deliver maximum peék outpuEﬁw1th1n a
given wabélength range (ablation flashlamps). This inevitably leads to
a consideration of the instantaneous energy delivery per unit volume to
the flashtube plasma to make it a blackbody radiator with as high tempera-
ture as/éossfb]e. It is true that for a blackbody radiator, the tempera- ‘
ture increase will move the peak of radiation to shorter wavelengths but
at the same time. the radiation delivered within a certain wavelength
region will keep on 1ncreasiqg In that respect, a blackbody radiat1ng
ablation flashtube is the best we can achieve as far as peak radiat1on
intensity {s concerned. Certajnly, in this way we do not optimize the
total intensity with respect to' the e]ectrical]y'stored energy, but we
are after high peak intensities in a spéc1f1c region in the form of very

fast risetime pulses.

2.3 EXPERIMENTAL APPROACH

" Figure 2-1 1is a schematic diagram of the flashtube assembly which

was used in the experiments described laterl The flashtube is of the
4

1inear type, it is demountable and consists of a fixed length (8 cm) of
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Figure 2-1.

N

Schematic diagram of the flashtube assembly: (1) guartz
thick wall capillary tube; (2) ballqst chamber; (3) stainless
steel electrodes; (4) rubber tube; (5) water inlet; (6) gas
inlet; (7) glass tube to keep the water around the flashtube-
only; (8) aluminum support part of the elliptical cavity;

(9) perspex end housing of the flashtube: (10) O-ring seal

for the low pressure flashtube.
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thicg walled (3 mm) quu;ZZ cap11jary tube. At each end of the capillary
tube, we provide a ballast chamber which has more than fifty times the
volume of the flashtube. This serves to dampen the impact of high pres-
sure waves which are created during the discharge. Two electrodes made .
of sta1nle§s steel are used and a section of rubber tubing ts employed

to help support the tube, damp any axially transmitted pressure shock

and seal the tube from the surroundings to provide for the vacuum which
is noeded. Distilled water circulates continuously around the tlashtube,
serving to cool the tube, absorb some UV radiation and provide an addi-

tional dampening mean for the shock waves across the tube, because the

" shock wave will find a smaller donsify discontinuity in the intarface,

The rest of the UV radiation is absorbaed by the pyrex tube which contains
the water stream. It h&s been found ,that UV radiation can dissociato

, )
some of the dyes.(z) so care is taken to contain the UV radiation. A

vacuum pump 1s used to 1owar\thq pressure within the discharge regton -

. and the flow of the filling gas is rbgu]ated by two needle valves at

each end of the tube in order to control the prassure variation alony

the tube to within a few parcent of the average pressure desired.

The quartz ablated during a dischargu solidifies at the walls of ‘
the ballast chambérs where the sputteraed part of the electrodes is also
collacted, leaving the main flashtube c¢lean. The a?ectr&des ware cieanbd
each time a set of measurements was taken. [t was found that after a
long time of opeiqtion some ablated quartz will also cover the alactrodes
and thus increase fha resistance 9? the tube at the start of the pulse
and during the triﬁgnring timp. Th’*loss of the quartz due’to ablation
aiso finally alters the diameter of the tube and consequently, the energy
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density delivered to the tube causing a decrease of the produced radiation,
Although we have not done any explosion tests, we found that our
thick wall tubes (ID = 1.7 mm, L = 8 cm) could oasily sustain more than

3 and repeti-

10000 wsac pulses with enargy densitios in excass of 350 J/cm

ltion rates of oﬁo pd]sa avary few seconds. This explosion 1imit {is a fac-
tor of three higher than the onc predicted for similar tubcs<]37 and this
fs attributed to the thick walls of tho tube and the shock absorbing con.
struction. The electrical storage device consists of a low-inductance
(a fow nH) high voltage capacitor (0.14 uF) s¢lected to give the
smallost raverse current within the desired voltage range of operatton and
current risetimes. This capacitor is connected to tha lamp with very short
and flat connectors to minimize the circuit resistance and.inductance. The
circuit {s fired by a very fast spark gap (Ed &G 148), triggered by a trig-
goring module (EG &G TM1IA) which in turn {is driven by a pulse generator for
push button or automatic operation at thu‘desirad ropotttion rate. The capa-
citor charging voltage was varied botweon 10 and 30 KV, and the timo varying
discharga current was routinely monitorad by employing a current transformer
(Poarson Electronics, model 411). The flashtube was placed on one of the two
axes of an elliptical cylindrical reflector which was wmade out of a stainloss
steal tubo by compressing it appropriately, The inside of the rof\hctor
was, to a very good approximation, a porfect alliptical refioctor and high
refloctivity could be maintaineﬁ by using highly reflocting Mylor papar,

. ‘Tha other axis of the olliptical cylindrical reflactor was occupied by

8 cy11ndr1c;1 dye cell where tho dye solution could circulate using o
micropump. Tho 1ght emitted by the flashlamp was sampled tpreugh a small

- hola {n the élliptical lanp houstng. A broad-band filter was used
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to seloct the band of radfatton of interest to us dround 4300 K. charac-
teristic of the &dsorption band of Rhodamine 6G, the dye mostly used in
subsoquant experiments. Tho dotection of the )ight was done using efther
a fast p-1-n photodiode or a photomultiplier. It was found that the
photodiode was affoctod less by the electrical noise produced by the
storage capacitor discharge but oventually to reduce the noise we had

to construct a Faraday box and include both the dotector and the scope
fn 1t. Both 11ght pulses and current pulses wero #¥multancously dis-

‘ p]ayud on tho scroun of a dual boam 556 Toktronix scope triggered from
the pulse generator used to triggor the high voltage spark gap. The
traces of the two pulsas on the scroen were photographod using a scopo

cafra and a fast polaroid f1lm (No. 410 with 10,000 ASA).

In this' section, we will {nclude both 6xpor1muntnl rosults obtained
and theoretical predictions based on the blackbody radiation model which‘
we have adapted for the flashiamp. In this way, a better understanding
of the ablation flashlamp 1s achieved, which can be used to gain specific
information related to the design of tha flashiamp.

2.4,1 A Measure for the Peak Power

As indicated in the previous section, for flashlamp operation in
or nbar the ablation ?ogion. {t {8 the tnstantaneous rate at which energy
is fed into unit volume of the plasma which counts. It {s more convenient
exporimentally to monitor ?Yo anergy d§11verad to the discharge from the
storage capacitor. This :drvoi. togethar with the variation of the cur-

rant as a function of time to establish thcttimo depandence of the power

¥
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deliverod to the discharge undor: the roasopablo assumption of approximntc_
constant voltaye drop botween the ¢lectrodes for given pressure., Con-
soquently, 1f tho time Jength of the current pulse varies 1ittle over

the {nvestigated range of oxporimontal parametors, tha oﬁorqy doliverad

to the unft voluma of fﬁo discha;uo acts as a measuroe of the power do-

1 {vared Fo tho plasma por uﬁit volumo. Accordingly, we will sguk first

to ostablish the current pulse longth variation with flashiamp and dis-
charge circuit paramators,

In goneral, fully developud discharges (whichi™are the onus with
no more expansion of the plasma column) operate with an approximatoely
constant voltage drop‘botwuon the olactrodes for a given prassure. We
have found that, tn the rogifon of 5 to 40 Torr, the OC breakdown voltage
for thie rare gases oxhibits a minfmum which does not change very much
with pressure. This {3 {n accordance with tha familfar Paschen's Law
for the breakdown voltage, which states that the breakdown volfaqu do-
pends on the product of gas pressure and electrogo—separation. Then,
for a fixed eloctrode saparation at low prolsuréfﬁ;:n collision frequency

of olactrons with gas atoms is low and to have a breakdown we have to
\incrualo the probability of 1onization by shpplyino more kinatic energy

to the colliding electrons which 1s-dona by increasing the appliad vo)tage.
At high prgsyuﬁql. the colliston frequency is high because thcro’aro plunty

‘ of‘qai atoms available for fontzation. However, tha mean free path {s

small and the kfnetic enerqy, which can ba gained by an electron, 11 small,

——

Therafors, to get enough ionization to sustain the discharge, we must

once again raise the voltage.
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Figure 2-2 givos tho pressure dapendence of the breakdown voltage

of Argon for a tube of ﬁ.7“gm»d1 neter and a longth of 8 cm. Wo also ob-
sorved that the shape of th; cJ;i?nt pulse could be approximated by a
damped sinosoid. The ratio of/tha second cycle maximum current to the
ona of tha first 1s obviously a measura of the efficioncy with which we
can coupla power into tha system. The depondence of this rétlo on pross-
sure 1s showm in Figure 2-3, for throe d{ffarunt vol tagos batwean the
alactrodes, Clearly, we see that in order to have most of the available
stored anergy into the flaghtube as rapidly as possible, pressures in the
regfon af 5 to 40 Torr should be chosen for our given external discharge
circuft. In our expuriments, we have used voltages well above the break-
down voltage along with a triggering circuit which enhanges the starting
- of the dilcQArqo. The consequence of this {s that we have a discharge oc-
cupying the whole tube, which fs under constant voltage, and whose power
consumption change 18 governed by the current pulse shape flowing into the
discharge,’ In conc!ution. we can select the currant pulse as a parametoer
to 1nv1|tiqntn the effect .of the dolivortd energy into the discharga,
Fiourn 2-4 shows the behaviour of the cutrent pulse length as a
function-of‘tho storad energy in the capacitor for two different radi{
of the discharge tube, ‘Thu.arqon cold gan pressure was 10 Torr, There
{s a-smal tondodcy for the current pulae to shorten |cm|wh£t with fne
craasing 1nput-un¢fqy. This s ;ntlralchonllstnnt with the reduction
*in disgharga resfstance provided- that the storage capacitor voltage fa
much larqir*chah the breakdown voltage of the f1114ng gas, which s cer-
tatnly the case fere. As we will see later, the current pulse langth -
does noe‘chnhacquﬁy fuch w{tﬁ the pressure efther over the regigi of
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Figure 2-2,

D.C. breakdown voltage of Argen for a ),/ om diamstor,

B.0 cn long quartz tube,
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Flgure 2- 4.

Current gvershoot versus pressure for thrae difterent,

vol tagas.  The overshooting fs defined as the ration of
the maximum revarse golng current Lo Lhe maximum forward
golng current, The tube has an 1.7 mn diameter and {8 8.0

om tong.,  The capacitance ts 0,143 ,F.
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”‘Figdre 2-4. Current pulse length as a function of the capacitor stored

' energy for flashtubes with diameters of 1.7 'mn (Ox and

Y

2.5 mm (4). The gas fi1l 1s 10 Torr of arggn;;gpd the tube
length is 8 cm. "The capacttance is 0.143 uF,
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operation. As a consequence, we can employ the energy input per unit
volume of the discharge as a measure of the peak power delivered to the
unit volume of the discharge for the measurements reported in subsequent

paragraphs.

2.4.2 The Blackbody Radiation Model

High current, short pulse flashlamps have been previously con-
sidered to radiate as blackbodies at the temperature of the p]asma.(]z‘SG)

with temperatures of the order of 20,000°K}(65) (32)

and more. Evidently,
the maximum intensity available from the plasma, in the ablation case,

{s when the medium r;diates as-a blackbody at the plasma temperature.
Accordingly, prévided that we deal with a highly fonised plasma, the
radiation at the plasma temperature will be maximal within any spectral
region, regardless of the physical make-up of the plasma. In this case,
the radiation comes only from tﬁe surface of thé blasma and can be re-

lated to the plasma temperature by the well-known Steffan-Boltzman's Law

4

S = 2nrLal (2-7)

where r {s the radius of the plasma column, L 1s the tube's length, T
the plasma temperature, S is the total radiation emitted and a = 5.6 x 10712
w em8(°K).4

Gusinow(sz)

has presentéd a model which relates the discharge cur-
rent dansity to the temperature of the plasma.under the following assump~

tions:

(1) The resistivity of the flashlamp is that of a fully fonized
plasma. The plasma {s assumed to be a Lorentzian one (the

fons are assumed to be infinftively massive, at rest, and the
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electrons do not interact with each other).

(11) Electrode and wall effects are ignored and so, the total elec-
trical input power goes into producing radian; energy.

(111)  The plasma surface radiates as a blackbody and the plasma com-
plately fills the container. .

(iv) An Ohm's Law-type relation holds between voltage and current
with the constant of proportionality being the resistance.
According to this modely/ the resistivity of the plasma is given

by (reference 27, page 138):

4 -3/2

nw2.28x10" 17%¢ ohm-cm

for the region of temperaturées and electron densities of interest in our
case, (temperatures above 20,000°K and electron densities of the order
of lo]s/cc or more). Then, the relation between temporature and current
density 1s found by assuming that the total blackbody radiation is équa1
to'the total ohmic heating. Accordingly, for a tube with radius r,
Tength L, resistivity n, the rasistance is given by

R - %

nr

and the energy balancing relation wil) be

4 L .2
{2nrl)aT” w ~ﬂ? I
‘ -

whare I 1s the discharge currqnt. The temperature can then be deduced

using equations (2-8), (2-9) and (2-10), resulting in; .

T = s03(uvi)¥ 1!

50
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(2-8)

(2-9)

(2-10)

(2-11)
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This ampirical relation is in agreement to within 50% with some experimental
data presented in Figure 1 of roference 32. The reasons for disagreament
1es in the assumptions made. First of all, the wall effects cannot be
fgnored totally for such small diametor tubes (mm size) and such high
energy inputs and second, the Lorentzian plasma assumption is not redlly
true in this case; because whoﬁ particles interact according to 1nvar§0
squaro forces, tﬁgﬁxgloc1ty distribution function, which will affoct the
resistivity, 1sd;ff0ctad by the many small deflections produced by rela-
tively d1stant'oncounters. Thore are many simu\tanaous.oncounturs during
the time a particle travels over its mean free path, which will affoct its

16 cm'a. Noxt, we will de-

velocity for electron dunsitjes in éxcuss of 10
tormine a more accurato value for the resistivity, relevant to our 0£por1-
mental conditions, ‘

To improve the model, we assume that the ros{stivfty of the plasmdu
has .tho same form as (2-8), ﬁnd compare predictions with appropriato ox-
perimantal data ;o obtg}g a more accurate valuo\for the constant in the

resistivity squation, Accordingly, for the prosont, we take

N : noe BT'3/2 ohm-cn \ (2;12)

Thon, using equations (2-10) and (2-12), we got for tho temperature
3)2/11

' 2/1
T (b/2ufa) (14 (2413)

This, in turn, permits the total radfation, §, to be oxpressaed in

torms of plasma tube diametor and discharge currant (S « 2anaT4)i

Y

- 300 13N, 1800 ,
~ Y <§E><51‘2;> b (i\ (214)
. : ] . .
' . )
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Tho blackbody radiation tn a given spectral interval AA can be expressed as

Sp - S(Ar} = SeF(Ar,T) (2-1%)

where F(AX,T) {s tho fraction of the total blackbody radiatton which occurs
in the spectral interval ax at temperaturo T.(7o) According to the tables
of blackbody radiation function.(7o) the spoectral radiance of a blackbody
NA ts given by
. c |
5 2 cm”™ stor ad
A exp(sy) - 1)

~ EQ% 6,..2 1/4
* ago"- Ca " [g¥g£§*i » h 1s Planck's constant, a 1% tho Steffan-

Bo1 tzman constant.'no is the Qol1d angle, and C 13 the valocity of 1ight.

whare C]

The relativa spactral radiance D, which 1s the total radiance emitted in
a cartain ragion of the spectrum divided by the total radiance emitted in

the whola spectrum s given by

w
D« 2NAdA/£NAdA
. Yo are 1nt-rtsted in the {nterval 5000 A to 6500 A. which 1s whore
tha Rhodamine 68 dye absorbs (ab:orption peaks at §300 A) In that case,

[
F(ANT) = Dggag A = Dgoop A (27)

and we can casily calculate 1t from the tables of reference 70 and pIot the
tota! radfation 55(5500 A - 5000 A) vs the maxtmum currcnt (where aquntion
(2-6) has been used for the ro:13t1v1ty) Figure 2.5 suppl {es this plot

. for a flashtamp. of 1.7 mn dtameter and a.O—emllcngth.



Figure 2-5. Varfation of the total emitted ratiation, S(ar), In a given
spoctral intorval (5000-5500 R) with the dischargo curront,

Tube diametor is 1.7 mm. Tube 1unqnp is 8.0 cm. The storage

capacitance 18 0.143 F, \
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Exporimentally, 1t I8 more conveniont to treat tho énergy tnput to the
plasma than the dischargd current; (6t 1y also more reveal Tng theoret!-
cally to troat the flashtube behaviour in terms of the onergy Input to
unit volume of the plasma. This can be done In the followling way; the
onerdy supplted to the plasma 1w assumed to be proportional to (R then
the spocific 1nuuf’ancr0y EN iy
by (W art Ly (7-18)
and the 1ight emitted In the Interval Ax\ls
5% (rfL)eggeF(anT) o (2-10)
bacause all the energy (EN « VOLUME) goes to gfve the total radtatton $
(§ = nrzt-EN).
The fnput energy s glven by
. 18 ' .
LlN I"Rat (2420)

assuming a roughly constant rate of energy Input. Using (2-9) and (2-12)
we got:
o BV, W
we e B ba By ey
nr nr nr ("g") (I’J)
¢n"a r

which can be writton:

CKTAR NN TAR EER RVAR
bl B 1 W .
Roe <) | (y) () (2-21)
" 21;2’; T r
'Thon. (2-20) becomon ;
B TAREER K VAR BRI VAR ‘
iy * 1ot » %(Ei:?;) L e VO )
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and (2+22) can be written as

Eﬁ\% ty * (uht/ﬂ?)<u/2"20)u3/ll(‘/r)]ﬁ/ll(l)lb/ll ST
whore At 15 tho length of the current pulee. The predicted fuﬁLETaﬁhl form
of the rolationship botween EN and 1 In oquation (2-23) can bo teated by
dfrect exporiment. Purthermors, for a known pulse and discharge tubg ra-
diun, the numerical constant B in squation (2-¢3) can be found. Flgure

2«0 shuwe a plot of E against A (which 18 suffictently cloee to l'ﬁ/"
for this purpose) for a 1.7 1 tube and an fnftfal gae 111 of 10 Torr of
argon. The rosults are typical of those observed for other gas fille and
tubo diametdrs, Cvidently, excellent agrecment ts obtained betweon theory
and expertmont, The value of the parameter U was determined from a sertes
of moasuraments of this type, resulting In the following expression for

the resiativity of the plasma

g o 07732 ohmlom (2e24)
where
b« 0,96 x 104 ohm-c:m("i()uz

which 1s less than the predicted value of 2.20 x 10 (equation (240)).

| The vnriniion gf'lloht {ntonsdty which 1s obtained oxparimontaliy
as o function of the fnput onergy per unit volume of the discharged plasma
is q1|p1iycd'1n ﬂ\qura 2«7, These data wera obtained using two different. '
dfameter- tubes, 1.7 mm and 2.4 mm, and an nitial gas prossure of 10 Torr
of argon{ on tﬁl same graph, the expected radiatian in the interval
5000<8500 A #rom the thcoﬁy (using equations (2«14} and (£8«23)) 1s plotted.



Figure 2«6, Plgl of the maxtmun current Lo Lhe 1/¢ powsr against the
speclfle tnpul snergy.  The flashtube diameter 1s 1,/ mm,

the length 18 8.0 n and the capacitance 1s 0140 1,
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Flgure / /.

’

Maxctmum JLght Intens ity within the H0OOO H500 K ragton

(‘.I) nuzn func Lion of the energy Input per yntl volume

of the plasma. O, 1.7 mn dtaneter; @ , 7.4 mn diamater,
the Infttal cold gats t11E I 1O Terr Argon,  Tha tube length

\
s 1.0 cnand Lhe slorage Capacttance 1o 07144 Wl
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_Observe that the variation of 1ight outpdt against EN has two characteristic
regions: | ;/#
I, For lower excitation energies (< 150 J/em), the emfssion is '
somewhat dependent on the gas fill employed and it 1s less than
that expected 1f the output followed the predicted relationship
by the blackbody radiation theory.
II. For specific input energies g¢greater than approximately 150 J/cm3.
the 1ight output intensity follows the behaviour of a blackbody
radiation emitter as predicted by the theory.
It can be seen: that using input energy densities in excess of 250 J/cm3
would produce very little change in the emitted radiation within our re-
glon of interdst. As we will see later, the excess energy will cause
additional ablation of the quartz tube and it will lengthen. the [1ght
pulse. - ' ¢
Next, we show that the behaviour of the flashlamp output 1}lus-
trated 1n Figure 4P7, particularly the tendency to saturate as a funct1on
of specific 'input energy, does not simply reflect the behaviour of the
peak discharge current variation w1th specific inpyt enargy. Figure 2-8
1s a plot of the poak discharge current, dbtained in the same d1schargc
tubo employed for some of the-data 1}1ustratad 1n Figure 2-7, against
spectfic input energy. We see that there 1s no saturation occurring here . é
above' 200 J/cm3 and thatithe behaviour 1s 1nsehs1t1ve to the pressure of o
the gas initially in the f?ashtube‘at ;:ossures less than appr6x1mately .
100 Torr. As we will calculate later, phe'evapo;ated quartz pro{uoas _ !
pressures ofithe order of 200 Torr.ﬁ S0, $0 sea any initial f1111ng gas . ".“1 o

pressure effects, this pressure will have to approach 200 Torr, It cpn}



v 4 g

Figure 2-8. Peak discﬁarge current against the specific input energy
- for t;vo diff;erent f1111n§ gas pressures. The diamater of
the 'tube 1s 1.7 mm, the length is 8.0 cm and the storage

capacitance is 0.143 uF.
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then, be concluded that the measured saturation of the output 1tght with
increasing discharge specific input energy does not merely rofleet a
saturation of the discharge current with tho spoeific 1nput onorgy.

It could be argued that the rapid fncrease of tube wall ablation
with 1ncreasing fnput energy could be sufficient to absorb a large frace
tion of the total input enorgy for high enough spocific enorgles, Accor-
dingly, wo moasured the materfal ablated from the discharge tube walls
as a function of tho specific {nput onorgy (EN). The rasults are plotted
{n Figure 2-9 whore the avorage mass of quartz lost Doer flash ts shown as
a function of Ey- It can be seon that above 200 J/cm » the mass lost is

Ytonsiderable. but still the dnorgy nooded to ovdporate this mass is much
lass than one Joule/cm v and can be fgnored with respact to spacific input
energios of 200 J/en®. On the contrary, theugh, the pressure created
by this oevaporation mass 1s of the order of 200 Torrs (810, » 510 +0).
This valua {s probably higher than the actual one because the flashtube
s open-endad and oxpansion into the ballast chambors will reduce the-
pressure considerably. Nevertholess, the available quartz mass s much

mora than the {initial coId gas mass and 1t 4s expected to dominate in

the behaviour of the flushlump. This 1s 111ustruted in Flgure 2-10,,
shows the maximum 1ight 1ntens1ty aqainst the 1n1t1al cold gas f1)
prassure for o tube of 1.7 mm diameter and 8 cm length, o storage .
tor of 0.143 uF and three different charging voltages, 23 KV, 26 KV and .
28 xv: _The specific {nput energy 1s guch that the flashtube operates
well Within the ablatfon regfon. We ses that the initfal cold gas f11-
11ng pressure has no effect on tho 1htons1ty beTow 60 Torr. Its effact
1n geon only when the inftial pressure 1ncrcasns to 1av¢11 comparublo to

. the ablation-created pressura,



Figure 2+9. .Average mass of quartz lost por flash per unit of plasma
volume as a function of the specific {nput enorgy. The
tubo diamoter at the start 1s 1.7 mm, the length 1s 8.0 en,

tha f111ing gas {s argon at a prassure of 10 Torr-and the !

storage capactitor Is 0,143 uF,
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Flgure 210, Maximum Tight 1

-~

nsity within the spoctral region of
fntarest (5000-5600 A) ax a function of the tnitial cold

gas pressure 1n the flashtube. Th? tube diametor 1y 1.7 wm
and‘tts Tongth 1s 8.0 cm,  The storage capacitor 1s 0,143 F
and the Intensity varfatton Is shown for three voltagus

near and {n the saturation region,
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wé mentloned beftore that calculatione show that the energy requtred
to ablate Lhe mass of the quarts 1n the ablation reglon 18 a very small
fraction of the avallahle tnput energy and has 11ttle tmpact on the plasma
shorby balance. (onsequently, this mechanlan has an Insignificanl impaet
on the theoretical description pressnted varlier of Lhe din(hnrup whe opera-
tlon.  MHowever, the prasence of large amounts of hol ablation products In
the discharge tube at the end of the currenl pulse doas have a major (onse
quence,  The fall-Lime of the Hght output puiuc doperids on the rate al which
heat can b Tosl from Lhe disciarge tube, and also on the eneryy stored within
the Lube, Ih}t stored energy dopends on the density of the radlating plasma,
whith for high Input energies ts such thal the plasma rgabsorbs the emltled
radlation and the only radiation which emerges 1s the one which comes From
regions near the surface of the plasing, which g nctunll} the blackbody ra-
d!attoq case.  The falliﬁb of the Huht pulse can b approximated by\an—ux~
ponential time function, Flgure 2«11 shows how the [ight pylse exponential .
decay constant, 224 varies with the specific Input energy rN for different
tube dlameters QM!rl1ltng gas prossures. 1t s cloar thal for short pulses,
we will have to stay In the smal! ablatton reglon and there ts a bradnwoff
betwaan the intensity 0? the pulse and 1te fonuthf

At this point, the major features of the oparation of high turs
rent, short pulse flashlampy oéara;}ng near or in the ablation regylon v
are ¢lear, Next, we turn to~tﬁ§ Jkrintton of the maximum 1tght output./
in the chosen wavelength raoion-(arodnd 6300 X). with specittc tnput
anargy dan&!ty. eN. for differant inttial gas pressures, Flgure 4«12
presents thesy results anﬂq with the ganiation oxpected from the stmple

bldackbody rediatfon theory we presented carlder, 1t can ba‘aeih that the

N

«




Pigure 2«11, The exponential devay constant of the 11ght pulse as
a function of the epectific tnpul eneryy fér G dittarent
tube diamstors and three different inttial cold gas pres
sures of argont 0, Z=mn Lube and 1 Tore pressurey |, 1./
i tulie and 1-Torr pressures A, )./ tube and 6.6 lorr

pressures vy Vo/-mn tube  and 140~ tarr pressure,
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Figure ¢- 127,

(A) Maxtuman 1ight Intsnelty as a fync tion of the npntfrh
ansrgy fogput for a vartetly of tnitial gas 111 pressures
and tur a Lubs diameler u} I/ oy -

(l) Lrght Intensity vartallon as a Func bian of the sjeso VF)

anergy Inpul saps bisd from the theary
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effects of the pressure are not very significant and that all the curves '
exhibit the same behaviour, within the accuracy of the experiment (a few
percent). '

There is one feature of the Tight output for whi#h we have pre-
sented no experimental data yet. That is, the risetime of the output
1jght pulse. In a general way, to produce shorter pulses one must simply
design a pulsing circuit with the lowest possible inductance for given
capacitance. It should be kept in mind, though, that the circuit resis-
tance is equally important decause during the fully developed disghﬁrge,
the tube resistance comes down to. a few ohms. Because of their associated
inductance and resistance, the flashtube characteéistics do have some
influence on the risetime of the pulse for a given discharge circuit.
Next, we present some typical results shqwing the size of thé variations
which can be produced by varying the flashtube parameters. Figure 2-13
shows the variation of 1ight output pulse risetime (10% - 90%) and cur-
rent pulse risetime as a function of initial gas pressure at specific
input energies near the ablation region: The 1ight pulse risefimevfol—
lows the current pulse risetime except in the pressure region below 20 Torr
where it gets closer to the current pulse, probably due to smaller rdverse
current which thus will raise the tehperature faster for the same avail-
able energy to the discharge. Figure 2-14 illustrates the reduction in
the output pulse risetime obtained for increasing the'specific input energy‘
by changing the voltage, fo} two different gas pressures of 10 and 110 Torr,
Aso illustrated are tﬁé corresponding current pulse risetimes. Observe

that the light .output pulse, in both cases, -has a risefime longer than

the current pulse, but shortens towards the risetime‘of the curvent pulse
, &




Figure 2-13. Current pulse (lower curve) and output light pulse risetime
(10-90%) variation with the initial gas pressure (1.7-mm X

80-mm tube, 23-kV voltage, 0.143 yF).
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Figure 2-14. Current pulse and light pulse risetime variation with
the specific energy density for initiaf gas pressures
of 10 Torr and 110 Torr; &, 10-Torr current pulse rise-
time; X, 10-Torr light pulse risetime; Q. 110—To}r cur-
rent pulse risetime; g} , 110-Torr light pulse risetime.
The tubeshas a 1.7-mm diameter, and a proadband green
filter is used to select the spectral region of interest.
The current and light pulses were simultaneously displayed

and photographed.
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as EN'increaseé. The reason for this is that the more energy we try to

. push through the tube, the faster we reach the high temberatung/ﬁaint
from where on the remaining energy is stored in the heéted ablation pro-
ducts to contribute in the increase of the fall time of the pulse, and )
for low pressures this point can be reached faster because the amount

of mass available for heating is less.

2.5 DISCUSSION AND CONCLUSION

2.5.1 Discussion

It has beep shown that_hfgh-current, short-pulse flashtubes can
be characterised in a very useful fashion bf studying their bepaviour
as a function of the specific input energy to the flashtube p]asma./ Over
a/considerable range of operation, the 1ight output Béhaviour is comsis-
tent with a model assuming that the plasma radiates as a blackbody. For
1 specifié input energies, the emitted radiation is lower than the one
predicted by the blackbody radiation model. This is the region where
' . the emission spectrum distrigution of the particular gas used will deter-
mine the efficiency of the pumping system. Accordingly, we can employ
the blackbody radiation model for the flashlamp to give a design criterion
for high current flashtubes with ;urrent pulse lengths in the mitrosecond
region. To obtain optimum output intensity along with moderate levels
of ablation, we select the tube characteristics so that

E/nrlL = 150°9/em’ S (2:-25)

5
P2y

where E is the stdre& energy in the pulse capacitor scaled by the pulse . g

lengtﬁ (we require the specific energy delivered per microsecond): 'This

%

Q@




ensures that the f135h1amp operates in the blackbody radiation regime.
Also, the fall time of the light pulse is relatively close to that of
the current pulse. Operation at much “higher specific energies will pro-
duce ﬁigher peak discharge current, but little more peak intensity in
the emitted radiation. It will, though, cause an extended fall time of
the light output, and rapid ablation of the flashtube bore leading to
early failure of the tube On the other hand, operation at much lower
specific input energies per m1crosecond will cause the flashtube to
operate beloy»the blackbody em1ss1on_regime and therefore produce less

peak emission for the particular wavelength redjon of interest.

. Use of the above design criteri&b;fi:zi:;nes the important flash-
tube characteristics.“fhere are still sever riables to be’deter- )

mined besides the dimehsions. The gas pressure should be selected in

the range of 5 to 50 Torr. The value chosen should be such that the

breakdown voltage oft the gas employed is considerably below the available

F

« voltage which charges the.storage pulsed capacitor. This may dictate the
use of rare gases for the case of higher pressures or longer tubes. Un-
less other system‘requiremehté demand it, the lo@ end.of the pressure
rangé should be selected, particularly 1f it is important to produce

the shortest possible risetime pulse for the circuit emp]oyed Further- .
more, there is some advantage to be gained in terms of 1ight pulse rise-
time by delfvering energy to the flashtube plasma at as high an over-

voltage as possible.

2.5.2 CEonclusions

AN

; ¥
A study has been presented of high output, short pulse fT3sh-

¢

s
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laﬁps operating in, or near, the ablation regime. The discharge of

- this type‘of flashtube is expected to radiate as a blackbody at the tem-
perature of the plasma. A model of the plasma original]y discussed by
Gusinow hds been employed to model tge discharge cﬁrrent variation with
input energy. A major feature.of the model %s the functional dependence,
of the plasma resistivity on temperature, qamely'n‘= BT'3/2. The con-
stant B has been determined by fitting the variatioh of the discharge
current with input energy to unit‘volume of the plasma. The blackbody
radiation model of the tube has allowed the development of a usefu] model
of the tube behaviour in terms of Ey, the specific input energy to the 3,
plasma. Employing this, we are able to calculate the output from a |
given flashtube in any particular waQe]ength range once the raté at which
energy is supplied to the unit volume of the plasma 1s°kn'wn. The model
makes 1t possible to compare tubes of different lengthg/é:d radit. In
particular, we have developed a useful design criterion for determining

the physical dimensipns of ab]ation-type_f]ashtubes, namely that

i

X%-% 150 joules/usec

On the one hand," this énsur;s operation in ‘the blackbody regime (which
necessaril}.giyes the optimum outputoip any wavélength range at the
relevant b[acgpody temperaturg) at a plasma temperature giving relatively
gqod efficiency for cdnvefsion of energy to optical pumping of‘absorption
: | the visible. On the other hand, thé specific input energy to
the plasma not'so.high as to cause a very high rate of ablation of

the walls of the plasma tube, causing_prematu}e.failure. Similar con-

N pa—
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tion bands in other spectral regions.

The criteria{mentioned above were subsequently used to design a
double flashlamp system in order to pump a dye amplifier, which was used
to study the amplification of thé sponténeous emission discussed in the
.next'chgpter. As it was mentioned before, the available commercial
flashlamps are of the rare-gas-type and besides befng expensive, cannot
give fast risetime pulses and highér light intensities. In this aspect,
our ablation flashlamps are superior to the commercia] ones. Additionally,
because our flashlamps are of the ope&-type, they can withstand more
current-induced shock and their é]éctrodes and tube c;n.be kept clean

which produces better pulse repeatability and lifetime.
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CHAPTER 3
AMPLIFICATION OF SPONTANEQUS EMISSION

3.1 INTRODUCTION

In this chapter. we study the interaction of the spontaneously
emitted radiation with the dye molecule in the pariicu1ar case of the
flashlamp pumped dye amplifier. This study is particularly important,

because it provides an especially simple case in .understanding the inter-

™

action of a non-coherent source with a homogeneous medium and has great
practical consequences. This is so because dyé amplifiers.have the po-
tential of producing high intensity, highly directional, narrow band-

width, variable wavelength 1ight pulses without mode structure and with

" a.smooth temporal profile. Additionally, this §tudy shows that it is pos-

sible to measure the unsaturated gain of a dye amplifier system by re-
cording the spectral narrowing of the emitted intensity for different
excitation levels. Since the early days of successful operation of dye
lasers, it has become clear thaf flashlamp pumped dye systems can exhibit

i and laser pumped systems can have still

gains of the order of 1 cm
higher gpihs.(7]) Under these conditions, the presence of the amplified

spontaneous emission (ASE).cannot be ignored. The'existence of the

’spontgneous emission is a quantum mephanical effect which requires full

' quantization of the atomic variables and the E-M field to Be properly

(72,73)

treated. In this study, we have accepted the presence of the

spontaneous emission and tried to investigate {ts interaction with the

-73 -
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dye molecules as it propagates along the cell. We have investigated
the ASE both expefiéehtally and theoretically. Our aim has been to
exploit the spectral narrowing of the radiation emitted from the end
of the cell to measure the unsaturated gqin. Our theory, which allows
for the presencé of the excited singlet state absorption (ESSA) and the
triplet loses, is capable of predicting the variation of the intensity,
the spectral width, the peak wave]ength;and the gain as a functioh of
the flashlamp pumping intensity, very accurately. Our thggretical model
used for the ASE in the dye system requires very accurate values for the
absorption and emission crossection of the particular dye molecule used.
This is particu]ari} trﬁe for the behaviour of the spectral output at low
pumping and the shift in the wavelength at which\fhe output intensity
is- maximal. It is satisfying ﬁo have been able to develop a theoretical
model which can predict the ASE 6utput characteristics to a high degree
of accuracy. However, considerable numerical computations are involved
along with a requirement for exact values of‘the crossections. In order
to exploit our approach of measuring gain from the narrowing of the in-
tensity profile in a more general way, a simpler model was developed.
This approximate semi—analytical model can be applied in many different
gain media. The assumptions in this-simple the;ry are that the gain
tine js homogeneously broadened and.that the intensity spectrngz;dth
become; narrower than the natural linewidth before saturation sets in.

’ In order to evgluate the applicability of tgis relatively simple
theory, we have attempted to fit the experimental results to the al-

ready characterized dye system (by using the exact theoretical model).

o e e e b e
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In thig way, the degree to which the simpler theory can be used to measure
gain values can be determined. This, of course, répresents a severe test
since we know that the spectral peak of the ASE shifts with pumping and ex-
cited singlet state absorption is important; neither of which is allowed
for in the simpler theory. It will be shown that even in this case, using
an appropriate technique to match theory to experiment, reasonably good
values,égg\be obtained for the gain. Another’simple theory, developed with

basically the same assumptions as our own has appeared recently,(4o)

and it
will be shown that we can match this theory to the experiment with similar
results.

In what follows, we will first review Ehe literature on the subject
and then present the fheoretica] model, with its solution, the experimental
resulis, the fitting of the theory to the experiment, the approxﬁ-
mate theories along with their_fitting to the experimental results and finally

the discussion and the conclusion,

3.2 LITERATURE REVIEW OF THE ASE

The ?mportance of the ASE, either as an interference phenomenon
in the amplification of s?gnal or as a means of producing modeless, high in-
tensity sources of radiation, has received considerable attention and
has been observed in many other systems besides dye amplifiers. Operation
of the dye solutions in the ASE mode has been reﬁorted by many authors.(74'80)
using both laser or flashlamp pumping‘and a variety of dye cell Fonfigura-
tions. In these experimental investigations, attention was focused on the
general characteristics o% the ASE produced with différent pumping mechanisms

“and cell configurationsh. Several typical examples are the qualitative results

i
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t
concerning the angular divergence of the ASE beam from the axis of the cell . , y
in several polymethine dyes ‘pumped with a mode locked ruby laéer,(74) )

the |
high ®fficiency (< 403) of the ASE from a rhodamine 6G dye pumped by a second e
(75) b

hirmonic of a Q-switthed Nd glass laser, the effect of the concentration ' ‘

on the peak wavelength of the ASE and the effect of the pumping power also

on the peak wavelength.(75)

It was shown that the higher the concentration,
the more the peak wavelength will be shifted toward longer wavelengths for4
the same pumping power. This is so because, for high concentrations, there
are more molecules per unit length of the cell and coﬁsequent]x there is in- ‘ 1
creased ébsorption'losses due to thg ground state absorption and the re- \
sult is a shift of A toward longer wavelength, The effect of the increasing
pump is.shown to decrease AO‘ because with more gain available, the 1ight
can sustain more losses which increase towards shorter wavelengths. Con-
sequently, the higher pumping will lead to shorter wavelengths. “We have
obserVEd’simi]ar results in our experiments and we will present them in
a later section, -

One particularly interesting experimental resdlt. from a practical
point of view, is the spectral narrowing of the ASE'reported by Marowsky.(77)
Using a non-resonant feedback technique, he produced a spectrum of ASE of ' .

6 A FWHM which shows the potential of the ASE to produce spectrally parrow
pulses, Effects related to the ASE in the near or farfield were r%g;fted

by Burlamacchi et _l;-(79) for the case of 4 mm ¢él1 diameter and concentra-
tions between10™> - § x 10°* WL of rhodamine 66. The output beam has been |

shown to diverge from the axis of the cell Becéuse of the lensing effect

caused by the non-uniform heating. Similar results were observed by us in

£ . *
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a more quantitative manner and we will present them in the fourth chapter,

where we deal with the propagation phenomena in th\uk cells,
- )

( The first attempt to use the ASE tQ measurd gain was nade by Shank

\ al. (80)

According to this technique, the ratig of the ASE intensity

" at a particular wavelength, for two different cell lengths, is directly

v
related to the gain. The limitation gf this method is that it does not take

“into account saturation effects on the gain, which can be very {mportant

unless we keep the ASE intensity well below the saturation point. Also,

‘it does not provide any information related to the physical processes ‘in-

volved in the determination of the gain and it can be difficult to appily
this method experimentally.
Some {mportant theoretical work has also been done on the ASE with

emphasis on the gain measurement. Casperson and Yariv(42)

derived expres-
sions for the narrowing of the spectrum of the ASE as a function of the gain
for both homogeneously and inhomégeneously broadened systems. Their treat-
ment, though, was limited to the one wéy propagation of the ASE within the
cell and thewcasa where the intensity spectrum of the ASE is much narrower
than the gain line shape well before the sathration occurs., )

Nevertheless, thé?’predicted the approximate variation of the wave-
length integrated ASE intensity within the cell which varies either ex-
ponentially with distance (unsaturated region) or linearly (saturated re-
gion). They also founq an approximate re;ation between the spectral width
(ax) of the ASE and the gain at the centre line g(dg) for the homogeneously
broadened system: ' .

lag 2 1/2
ax/ax, = {ERB’IQ - unsaturated regime (3-1)
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log, 2 1/2 .
A\/A\h [109 (g(~TTYJ saturatetl regime (3.2)

Here,l\\h is the FWHM of the homogeneous lineshape function and L is the.

cell length. We note that the narrowing of the spectrum-of ASE continues

N
even in the saturated regime. This behaviour is quite different for in-

homogeneous ly broadened systems whgre rebroadening can take place)(42’8])

An extension of this work was carried out by Casperson,(40) who included the
propagation of the ASE in both ways in the cell to find a more accurate
expression for the narrowing ax with respect to the unsaturated gain at

line centre g(o) for a cell length L and a coupling parameter Xy + Accor-

dingly, Casperson's expressions are: t

109 (glo )L/2x + \) 1/2
«A/A\ £]09 ol o)L/4x e 1] unsaturated regime (3-2)

3

1/2 ’
RV 1] saturated regime (3-3)

AV/AM 9(%1%

h o [logé(exp g{o)
We should note though that the assumptions ,of a homogeneous gain line pro-
file and considerable narrowing of the ASE before saturation are still pre-
sent and this theory does not takg into account the shift of the peak wave-
length with the increase of gain or the absorption of the excited singlet
state, which we will see is very important.

- A departure from this anal&tical approach is the treatment by Ganiel

et al. (82)

of the ASE based on solving numerically the rate equations for
the dye molecule and the radiation. Thgy have shown that the predicted
behaviour of the intensity and spectrum narrowing of the ASE is in general

agreement with observation, but no detailed quantitative comparisons were
!

3
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undertaken. Furthermore, the model did not take into account either the
triplet losses or the ESSA and no explicit gain predictions were made for
comparison with experiment. ASE has also been studied theoretically by

Menegozzi and Lamb(83)

who used a more complex density matrix approach.

The rate equation approximation, which is a special case of the optical
Block equations ébtained im the limit of very rapid electric dipole phase
interruptions (no phase correlations) can introduce errors in treating the
ASE in the case of extreme nonlinearities introduced bx the gain saturation
at very high pumping, when 4¢/¢ is not much less than unity (¢ is the photon
flux). There is also phe expectation that the statistical nature of the
incoherent spontaneous emission over the integration step used in solving
the equations, which is Gaussian At;the start of the amplification, will
evolve towards a different kind of statistics in the case of extreme non-

(83) Nevertheless, the rate equation apprdximation.

linearities«in the gain.
which we are goipg to use, is quite adequate for the case of flashlamp-
pumping which cannot introduce extreme nonlinearities with pumping rates

7 -1

. up to 10" sec . The development of a model for the ASE based on the rate

equation approximation is taken up .in the next section.

3.3 A MODEL FOR THE AMPLIFICATION OF THE SPONTANEOUS EMISS ION

3.3.1 Rate Equations

Figure 3-1 shows a typical energy diggram for a dye molecule along
with the diagram 6f a plane dye cell used in our calculatfons; The dik-
ferent electrdnic bands are represented by lines but actually they have
'semicontinuous structﬁ;e which includes all the vibrational and rotétionql

levels. Because of fast thermalization processes, .of the order of a pico~

-




Figure 3-1.

(a) Energy level diagram of rhodamine 6@. SO,],Z are

the singlet ground state, first excited and second excited
electronic bands. T], T2 are the triplet state and the
first excited triplet state corresponqingly. Solid lines
indicate radiative transitions and broken lines the

non-radiative transitions. PUMP is the pumping rate and

*

o, or 9% are the crossections of the processes involved.

Kst is the crossover rate and T is the triplet state

lifetime. //

(b) Dye cell configuration. The length of "the cell is
L and the crossection is indicated by the letter A. -

gt
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(84.85,86) the excited atoms will fill the lowest available states f/

/

!

second,

within the band. Also, the non-radiative transitions between higher ex-

cited states and the first excited state are very fast of the order of 1 UJ<:_
(85) -1 ™

the case for the flashlamp pumping with microsecond pulses, this deactiY;- \

10 picoseconds. For pumping rates of the order of 107 sec , which is

tion time is far too fast to allow any important interaction of the radia- K
tion with molecules in higher excited states. Consequently, we will assign
to them a zero population. Then, from conservation of the number o? mole-

4

cules in the system, we will have

NA(x,t) + N](x,tl + Nt(x.t) = N N (3-4)

o
whére NO’ N], Nt are the population densities of the levels SO’ S], T]

and N is the concentration of the dye material in the solution. This con-
centration should be kept below fhe point'where the dye material starts
forming dimers, which introduce additional wavelength dependent losses

and remove the monomers from the amp]ificatibn process. The population of

the S] and T1 levels is governed by the following rate equations:

\

Ayl 'mN.( ) e N (ot)fo (MI(xtyx)dh
—_ = t) - Ny (X A)I{x,t,x)dx
dt W 0 X ] | A°e X .
+ No(x.t){GO](x)I(x,t,A)dA - KSTN](x,t) &
\
() oy )dn = w00 () \(3-5) :
4 (x:t) Ny(xit) | P
4 = Kgpt (nt) et Nt(§.t){olt,(>‘).l(x,t.k)d>\ (38 |

]

. where W(t) {s the pumping from S0 to'S]. cejx)wis'thé emisston crossection \

) |

- ———
-—
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of S], 001(A) is the absorption crossection of SO‘ KST is the S] > T]

T te

\

crossover rate, olz(x) ig the 5 absorption crossection, W'(t) is the p;{%ing

from S] to S is the triplet state lifetime, ot(x) is the triplet s

22 't
absorption cros§ection and I(x,t,A) is the total photon flux per unit of

wavelength (phqtons/sec/cmzlcm) at position x and and wavelength \ with

///

’

H(x,tad) = IT(x,thd) + I (x2t,1) (3-7)

Here I' is the +x and I” is the -x propagating intensity of the ASE. Not
that we do not intlude an& variation of the parameters along the y or z
direction. We assume that our cell thickness is much smaller than the gb-
sorption length for the partjcular concentration used. In part{cular. far
. the rhodamine 6G in ethanol, the absorption length required to dggrease
the pumpiﬁg radiation by 1/e, is roughly given}iﬁ"Cnxﬁy 1/]2/M./&here‘M is
concentration in ufits of 1073 mole/litre. The very 1mportantd6§se of the
thick cells, where the absorptien 17ngth is less than the thickne s of the
cell and where we expect to have quite different field distributipn across

the cell, we treat in Chapter Four.

The rate equation for the photon flux is given by:

N (xst)
I (X, th2) = N (x.t)o (A)I (x,t A) +

E(A)g(x)
v - ammuo(x'.t)ﬁ(x.t.x) - ot(x)Nt(x.t)ﬂx.t;x)

= o N (e ) (X, t4) | C(38)

here o,.(A) 1s the first excited singlet state absorption crossection and
L\ 12 . :

. E(x) is the Si -+ S0 fluworescence spectrum normalized $0 that

- N L

JE(A)dx =9
A -
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¢ being the quantum efficiency of the dye. The emission crossection is re-
lated to the fluorescence spectrum via the equation
4
o () = LEQAL (3-9)
e 2
8rtn ¢ .
where ¢ is the vacuum velocity of light, n is the inde*~e¥/;efraction of the
solution and v the S] lifetime.
The function g(x) in equation (3-8) is a coupling function for the
spontaneous -emission.. In flashlamp pumped amplifiers with cell length of

the order of a few cm and gain in the cm'1

region, the amount of the spon-
taneous emission which  couples into the cell is important only in the start
of the amplification near the end of the cell, because afterwards the con-
tribution of the ASE is.ﬁuch larger than the contribution ofi the spontaneous
emission,

Thecoupling function can be approximated by a constant which
is approximately equal to the solid angle which is defined by .
an area equal to the cell'crossection at.a distance from the origin equal
to the cell length. In any case, g(x) will be treated as. a parameter and
its exact value will be specified by direct comparison of the theoretical
"yésu]ts with the experimental results. ‘h

It 1s'appropriate to mention the physical processes corresponding
to each term in equations (3-5) to (3-8). In equation (3-5), the first term
is the contr{bution of the pumping to the increase of Ni; the second is the
loss of'N] due to spontkneous emission, which 1s independent of the-field
present, the third term is the stimulated émission.contriﬁution, the fourth

is_the increase of N] because of the grobhd‘siate absorption of the total

n~
LTS

\
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laser light absorption, the fifth is the loss of N] due to the intersygtem
crossing, and the sixth is loss of N] due to the excited singlet state ab- -
sorption. It should be noted that the last pumping term is small with res-
pect to N(t)NO(x,t) and can be omitted for the case of transversely flash-
tube pumped dye lasers. It is important, though, in a laser anped dye

laser where.N] can be a considerable fraction of N The pumping term
j

0
W(t) in equation (3-5) can be represented by {/ ,

o

W(t) = p(t)/AfoOl(A)f(A)A/cnd _ (3-10)
A

where p(t) is the time profile of th¢ pumping pulse, A is the area of pumping,

00](A) is the ground state ab;orption of the dye used and f()A) is the nor-

malized spectral;?istribution of the pump radiation (ff(x)di = 1). Here we

will be 1nterestea more in steady state solutions and\since the flashlamps

we -used are operating in the blackbody region and the emission of black-

body radiation does not vary much over the narrow absorption region of the

dye (~ 400 R)‘ we will take the pump as a barametgr which is constant in

time and wavelength. ' 2 j

In equation (3-6), the first term is the contribution of the

'ﬁ‘crossoyer mechanism, the second is due)to‘the non-:%diative depopula-
tion of the triplet state and_the third 1s due to tﬁe absorption of
the triplet state of the radiation present. Because of the long life-~.

'

! (87) its ef-

time of the triplet state (for R 6G it is 2.5 x 1077 sec)
fect, especially for higﬁ pumping, is extremel}ﬁimportant, because it
not only absorbs the photons present but also because %I removes mole-
cules from the lasing route‘(so - Sl-* SO)‘ which 1§ equivalght to de-

' creasing the concentration. There are certain chemical additives which
. . Wb

?
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can depopulate T] by collisional de-excitation to a great degree.(88)

The most efficient of these chemicals: for the case of rhodamine dyes

is the cyclo-octatetraene (COT).(88) Taking into account that the trip-

let state lifetime is of the order of 10'7 ¢ and that the absorption
cross-sectionlis of the order of 10"]7 cmz, we see that the last term
of the equation (3-6) is much smaller than the term Nt/rt unless the

e4 photons/cm3/sec which is not the case of the

photon flux exceeds 10
flashlamp pumped dye amplifiers. Consequently, we can omit this term

for the present analysis. Using a triplet state quencher is equivalent

to decreasing the triplet lifetime, which will strengthen the above argu-

ment. In the case of laser pumped dye amplifiers, it is possible to
reach high intensities End then the last term of i3-5) must be included
in the case the pumping pulse length is of the same order as the triplet
lifetime and no triplet state quencher is used.

“ In the combined equation, (3-8) for the intensities f+ énd I” the
first tem 1s dueito stimulated and the second to spontaneous emission,
The third represents the loss due to the ground statg\absorption; the
fourth is the Toss duyd to the t?1p1et state abéorptioi\and the fifth is
the loss due to the excited singlet state absorption (EESAQ;\\The ESSA
cross-section olz(x) in the region of interest is of the same.ordér of

magnitude as the emissian cross-section oe(x).(agy

and consequently the
last term of equation (3-8) is very 1mpof}ant in determining accurate

. gain values and predicting other characteriétics‘of the ASE. We will
see in a later section that the proper allowance for the ESSA -is :

'absolutely necessary in order to match the theory with the experiment,

)
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Equafions (3-4) to (3-8) constitute a system of coupled ndn-
linear differential equations which cangot be solved analytically and
must be treated numerically. In the next section, we will present a
way of solving the‘steady state case of the rate equation using para-
meters corresponding to the dye rhodamine 6G in ethanol solution. The
steady state solution is not only applicable in the coqtinuous pumping
c&se, but it can be also used for pulsed systems, when the lifetimes
in the system are much fagter than the changes of the pumping. In
this case, tﬁe dye system can follow the changes in the pumping and
1taw111 behave 1ike a system under a constant excitation as far as the
maximum of the pumping pulse is concerned. In our case, the flashlamp
pulse had a rise£1me of approximately one usec and the singlet state

1ifetime for rhodamine 6G is 5.5 nsec. -
] .

3.3.2 Numerical Solution of the Rate Equations and Results

Accarding te the discussion presented in the previous section,
fqr our experimental'case,we can assume that our slowly varying pumping
puises allow us to treat thé system as if it was under stéady state
condi€1pn. where the maximum of the pumping pulse 1s’taken as the actu%]
pumping. Because wewhave used the triplet state quencher (COT), it is
reasonable to assume that the triplet state will play a very smal) roje'
in determining theé gaiq.' In the usual case, without a triplet state
ﬁuencher the ASE pulse peaks ahead of the pufping pulse because the trip-
let state losses increase with increasing N] population. Therefore,

‘we cqn:test the effect of the quencher by observing the peak position
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v

of the ASE pulse with respect to the pumping pulse peak. The coincidence

"of the two peaks suggests effectively complete quenching of the triplet | N h

state. Nevertheless, we have introduced a quenching factor Qf in our-
computation to take account of the possibility that np complete quenching
‘has,occurred. Qf = 1 will mean no effect of the quencher on T1.

Then, the steady state solution for equation (3-6) is given by,
‘ ' C e
KSTN] (X) - Nt(x)[m + {Ut(A)I(X,)\)dAJ = 0 ( - )

As we have seen in the previous section, for very small Qf valués and
pumping intensities within the reach of’flashlamps the integral tem
of this equation is much smaller than the 1/Qf t term. Consequently,

we -write equation (3-11) as,

In a similar manner, the steady state solution of equation (3-5) will

give for N1(x) the result shown\belbw where we have substituted W(t) =

and omitted the last term of (3-5) (W'(t)N(x,t)) which {s very small

for the case of transverse flashlamp pumping:
x)[—+ fo (m(x Mdr + Kep + fo]?_(k (x,A)dA]

= Ny (x)[P + fom(/\)l(x A)dA] (3-13) °

From equation (3-4) we get t

'y
No(f) = N(x) - N](x)'- Nt(x) ‘ (3-14)
Using equation (3-12) in to (3-14) we have

,f‘o(x) = N(x) - N] (X)U + KSTQth] ’ (3-15)

Lot n
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Replacing the No(x) in/EQUation (3-13) with its equivalent from equation

*(3-15) we get for N](x) the following:

o1 * foe(x)l(x)d\

Ny (x) = NGO+ fogi ()T0GDAIAP + L+ &
A ! \

+ {o]z(\)l(x)dx v (1 + KSTrth){oOI(\)I(\)dA] (3-16)

Equations (3-8), (3-15) and (3-16) are the basic equations, which we

_ have to solve numerically. The values of the parameters and the appro-

priate cross-sections for the Rhodamine 6G dye (which was used because
its parameters are relatively better known than for other dyes), appear

in Appendix A. Because the values of the corresponding oO](x) and oe(x)

(90,91)

in the literature were just not sufficiently accurate to permit

" the matching of theory with gﬁegriment to the desired degree of brecision,
‘ 1)

we had to measure for ourselves the ground state absorption cross-section
using a Cary;ld spectrophotometer and the fluorescence spectrum using

& PERKIN-ELMER MPF-44 fluorescence spectrophotometer. In particular,
published-fross-sect1ons gave erroneous values for the peak wavelength

of the emitted ASE and the narrowing with ASE. Evidence for the inaccuracy
of‘the published ground state absorption cross-section were also reported
by Sahar and Treves.( 9) These, authors have also measured the excited
single state absorption (ESSA) and found that the ESSA cross -section is

of the same order as the ground state absorption cross-section. As a
first approximation, we employed the approximate (+ 10%) cross-section
values they obtained. Their data cover only a restricted wavelength r?nge.
“k compared intensities at low pumping between theory and experiment to

refine the cross-section values and to extend the wavelength range. It

2
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should be noted that not only the magnitude of the cross-sections is
of importance to get accuraté matching between theory and experiment but
also are the relative slopes of the cross-sections over the range of
interest.

Figure 3-2 is a flow chart which indicates the main steps of
the computer program written to solve the two-way propagation of the
ASE based on equations (3-8), (3-15) and (3-16). The program 1isting
appears in Appendix A. The cell is divided up in a large number of
sections ax. We solve the equations for each ax, and calculate the se]f:
0" Nt' Then we assign 1 (0 » L) =
I+(L » 0) and repeat theuprocess of self-consistent. calculation of I+,

consistent values for I+ and N], N

N,» Ngo Ny for each ax,with 1= 1" + 17 this time. At the end of each
propagation, we check for symmetry in the N](x) function which is the
condition to have I+(x) = [7(L - x). After this symmetry has been ob-
tained, wecalculate the gain as a function of wavelength A and position
within the cell, the emitted intensity of the ASE vs X, the unsaturated
gain constant vs A, the intensity at fixed X vs the coordinate x, and
the tdbtal {ntensity, integrated over X, vs x. From the plot of I+(x,x-L);
we determine the full width half maximum ax for the pulse. The inten-
sity of the ASE, ntegrated over the wavelength at x = L, the intensity

"of the ASE at fixed wavelength A, the wavelength where I+(x = |) peaks B
and the narrowtng ax for different pumping are employed for comparison
wtthﬂcorrespond1ng experiment;; data. Figures 3-3 to 3-6 show some
typical results of the computation for’fixed pumping, concentration,

cell dimensions and coupling constant of the spontaneous emissTon. The

particular dye material is rhodamine 6G with lifetimes and triplet state
?
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‘ Figure 3-3. Intensity spectr:um of the ASE in four different positiohs
along the cell. (L/100, L/4, L/2, L). The concentration
is 1.5 x 1073 M rhodamine 6G/ethanol, the pumping rate
is 2.0 x 106 sec—] and the cell dimensions are 70 u x 1 mm

X 18.2 tm.
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Figure 3-4.

~

Ch

Total intensity, integrated over wavelength and propagating
in the\+x d%rect1on as a function of position. YThe con-

e
3 M rhodamine 6G/ethanol, the .

centration is 1.5 x 10~
pumping rate is 0.8 x 106 sec'] and the cqj] dimensions

are 70 p x 1 mm x 18.2 cm.
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data from reference 82 and references cited, S] absorption and emission
cross~-section measured by us and appearing in Appendix A and ESSA cross-
section from reference 89 corrected and extended appropriately as we
will see in the next section and also appearing in Appendix A. Figure
3-3 shows how the spectrum of the'intensity I+(A) variég as a function
of position within the cell. It can bé seen that because of positional

“:}and wavelength dependence of the intensity, the intensity dependent
gain can change drastically within the cell. . We also observe that the
peak of the intensity shifts and any approximate theory which does not
take this into account is bound to introduce érrors. It is the peak of
the ASE at x = L which we will use to compare with exper@heqt.

Figure 3-4 shows how the I+. 1ntegra%ed over the wavelength, N
will vary Q1th position. It can be seen that for small x,.for £h1§ parti-
cular concentration and bumping. the Intensity varies very fast.but it
‘glows down when. the 1ntensity‘begins to)satura;e the available gain. The
significance of this 13 that above saturation, we have.only smaiT in-
crease of the intensity of th; AS§ andlas far as the ﬁgfrowing of the
ASE 1s concemed,it will mostly take place in the unsatu;ated region
where the gain is much lérger than the saturated'region. It should be
noted ﬁhat the integration step in the wavelength space is usually 10 R‘
For, high pumping, especially for laser pumped dye amplifiers, a finer

. net of points in the position - waveIenbth space (x,2) is needed for
smoother parameter var1at1on,and'conéeq#ent]y more acéurate_results,

In our case, we uéua])y used a”positionlstep of 0.092 cm (200 steps .for

the 18.2 cm cell length) in order to re#tr1ct.the qohput1ng costs to
. B

Y
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reasonable amounts and still have accurate enough results. These step
values of position and wavelength were chosen after we had performed a
series of computations studying fhe effect of the steps on the accuracy ‘
of tﬂ% results. For a wavelength step of io,i, we found that, even in

(:?the narrowesf pulses relevant to the experimental situation, each pulse
could be represented by more than 30 points in the wavelength grid which
w;s sufficient to determine the pulse shape, peak wavelength and the
full width half maximum spectral width.

Figure.3-5 shows the ga#% coefficient G(x) at the last section

of the cell, (x=L). The expression used to calculate G(A) is the

following ;

/

G(A,X) B N] (X)Ue(x) - NO(X)OO] (X) - Nt(x)ot('\) = N] (X)Ula(k) (3']7)

]
oe(x) is the emission cross—section‘nf\EL’and oOI(A), at(A), o]Z(A) are the

absorption cross-sections of SO,'T1 and Sl' correspondingly. The un~

where N], NO' Nt are the popu]atioQ\densities of the 1eve1§ S]. SO‘ T

saturated gain coefficient for a given pumping is calculated from the

same expression assuming zero intensity. .
Figure 3-6 shows the varfation of the population density of the

excited staté S] divided by the total density;of the dye molecules in the

solution. For low pumping, N](x)/N varies little over the length of

the cell. Since N‘(x)/N s directly related to the gain.,this nearly

constant value of N](x)/N 1mp11es a constant unsaturated gain throughout

the cell, For high pumping, Ni(x)/N varies drastically and consequently

the gain changes accordingly along the cell. This gain change can result

in considerable computational error unless the step size in the calcula- )

tibn is adjusted accordingly. The change of gain with position also

!
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Figure 3-5.

(a) Gain coefficient near the end of the cell as a function
6 -1

of waveleangth for a particular pumping P = 3.4 x 10” sec

(b) Unsaturated gain coefficient vs wavelength (no photon
flux present). The concentration is 1.5 10—3 M and the

cell dimensions are 70 w x 1 nm x 18.2 cm. .
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Figure 3-6.

Percentage ratio of the excited moleculés over the total
number of molecules in t : lution as a function ofpposi-

tion within the cell fo ree different pumping Strengths

Py = 2.0 10%, P, = 3.0 x 108 = 3.4 x 105, The
concentration is 1.5 1073

and Py

M rhodamine 6G/ethanol and

the cell dimensions are 70 u x 1 mm x18.2 cm.
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gives an indication of the error, which can occur in the approximate
theories mentioned in the introduction, unless care is taken to ensure
operation of the amplifier well below the saturation region. Some
similar resujts concerning the N](x)/N behaviour and’ the intensity of
the ASE withfn the cell have been published recently by Ganiel et QLL(BZ)
Up to this point, we have mainly presented results for a fixed
pumping value, which aids the understanding of the way the ASE develops
within the dye cell. In what follows, we will present results for dif-
ferent pumping values. This is useful in helping us to develop an even
better comprehension of the mechanisms invoives in the ASE and, from the
practical point of view, to find the most appropriate ways to compare
theory with the experiment, and thereby to determine the gain of real
systems in the 1aborato}y. Figure 3-7 shows the variation of the ASE
at the end of the cell and at a fixed wavelength A (which is chosen close‘w
to the wavelength where the intensity peaks in the high pumping région.
which is also the high unsaturated gain region). Clearly, there are three
distinct regions. First is the below threshold region where there is no
signifiecant stimulated emission contribution. In this region only the
spon&gpeous emissfon contributes. Secoqdis the exponential region where
the §§1mulated emission dgminates over the spontaneous one. Third is the
. saturation Eegion where the intensity is so high that it saturates the
available gain. ) °
Figure 3-8 1s a similar plot of the total intensity integrated
over wavelength vs pumping. It exhibits similar behaviour to the single
wavelength iﬂtensity of Figure 3-7, with a slightly smaller slope in

exponential region because of the wavelength. dependence of the gain

~
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Figure 3-7. ASE flux at a wavelength of 5900 Z vs pumping. A\barell—
Ash 0.25 m specfrometer with 150 u slits was used. The
concentration of the rhodamine 6G/ethanol solution is
1.0 1073 M and the cell dimensions are 70 » x 1 m x

18.2 cm. The spontaneous emission coupi}ng constant Gx
is 0.1, .
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Figure 3-8, Total flux of the ASE, integrated over wavelength, aga1ns£
pumping. The concentration of the rhodamine 6G/ethanol
solution 1s 1.0 1073 M the cell’ dimensions are 70 v x

1 mu x 18.2 cm and the coupling constant=Gx is 0.1,
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(Figure 3-7 corresponds to the maximum of the gain profile while Figure
3-8 corresponds to an average gain which is obviously smaller than the’
maximum)., Note that we consider both the 1ntensityf;t fixed wavelength
(near the peak wave]ength at the highest pumping available) and the 1n-
tensity integrated over wavelength. - The reason {is that because the gain
spectrum-is not symmetric, the peak of the intensity will change with
pumping. Consequently, it is more accurate to consider the intensity .
at a fixed wavelength and compare it with the.corresponding experimental
plots. Additionally, we want to have & way to evaluate the approximate
theories, mentioned in the introduction, which do not take into account
this peak wavelength shift and deal only with intensities integrated
ovér wavelength. Therefore, we calculate the intensity integrated over
" wavelength for different pumping intensiti¢s for use in the eva1uat30n of
approximate theories.

Figure 3-9 shows the variation of the wavelength Ag (which cor-
responds to the peak intensity I (x)) as a function of pumping with an&
without the presence of ESSA. For low pumping the intensity of the AS§
peaks at 1ongé} wavelengths where the absorption losses are smaller, but
as the pump1ng increases the gain increases and consequent]y. the peak |
can move towards regions of higher loss. This peak wave]ength Ao s
very sensitive function of the crossySect ues and their slopes in
the region of 1nterest. Consegyeﬂ{{;fflljzzgv:l used as a monitor to
test the accuracy of the measured crossésections. The eff;ct of the
ESSA on the peak wavelength is clearly shown on this graph It should
be mentioned again that all the graphs in this section have baen prbduced

T TR DR T




Figure 3-9.

Peak wavelength of the emitted ASE vs pumping. The con-
centration of the rhodamine 6G/ethanol solution is 1.5 1073
B and the cell dimensions are 70 u x 1 mm x 18.2 cm.

The absorption of the excited singlet state is not included

in this particular plot.
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for .the particular case of rhodamine 6? dye medium-in ethanol. :

Finally, Figure 3-10 shoﬁs Eheécalcu1ated narrowing of thg ASE
Vs pumpjng. where the value of ai ét véry low pumping has been assigned
the value of 420 X. thch 1s very close to that observed experimentally,
as we will sth later. Notice that as the pumping is increased, the
output sﬁectru] width narrows rapidly at first but later on, for pumping
into the saturation region, the narrowing slows down considerab1y} but
sti11 continues Eo narrow with increasing puﬁping.

In this section; we have presented some solutions of the\rate
equation approach of the modelling of ASE. We have also demonstrated
the characteristics of the ASE as it propagates in the dye mate;ial.

In the next section, we will coﬁpare the predictions of the theory
with experiment and calculate the dnsatdrated gain of the particular

dye system used, namely rhodamine 6G in ethanol,
, ,

3.4 EXPERIMENTAL RESULTS AND_COMPARISON WITH THEORY
3.4.1 The Experimental Setup

” - Before going into the presentation 6f the experimantal re§u1ts.
which are compared with our.theony. a brief description 1s given of the
eiparimenta1 system used to obtain these results. The system is a )
flashlamp pumped amplifier. Figure 3-11 is & photograph of tQp assembled
dye amplif1ur along with the 0.8 wF capacitor, wh1ch stores the energy.
'the spark gap and the triggering unit, which initiates the discharge

of the stored energy into two ablation flashlambs. Thesé f]ashlamp§
0perate‘dt a low pressure (v 30fTorﬁ) which'is,aéhievsd by the use of a
vacuun pump. The initial cold gis;is argon and a sef of needle valves

-~



Figure 3-10." Spectrum width of the emitted ASE (FWHM) vs pumping. The
toncentration of the rhodamine 6G/ethanol solution is
1.5 1073 M and the cell dimensions are 70 u x 1\;h X

18.2 cm. N
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Figure 3-11. Picture of the assembled dye amplifier with the spark gap,
the trigger module, the vacuum 1{ne. the storage capacitor,
the dye circulation line, the BC pre-ionization power sup-

ply and part of the flashlamp light detector unit.
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at each enq of the flashtubes control the flow and the differéntial
pressure along the flashlamps. Details of flashtube operation have

been mentioned in Chapter 2. The two flashlamps occupy the two focal
axes of a double cylindrical reflector with e]lipt1éa1 cross-section:
which concentrates the light on a thin dye cell. The dye solution is
circulated through the dye cell with a variable speed micropump. The

dye solution {s constantly passed through a 2 micron pore diameter filter
to remove any aggregated dye molecules and a heat exchanger is used to
control the temperature of the solution. The cooling of the flashlamp
inside the amp11d<:r housing is done ef{ther with circculating distilled
de-ionized water or with a clean air_ stream. Water cooling is preferred
because it provides damping for: the shock waves produced during the
discharge, which travel perpendicu}ar to the axis of the flashlamp.
Furthermore, it provides better heat conduction and also helpé to eliminate
the UV radfation produced by the flashlamps, thch can dissociate some
dye‘hateriaIS. The discharge 1s fired by a pulse generator, which trig-

gers a TM-11A, EG & G sparkgap trigger module, the*eby producing a 30 KV

pulse to fire the spﬁrk gap. It was found that forced.air cooling was s

as efficient for our'é perimental situation. A ;ontinuous pre-ionfzation
of the ¢Yashlamps 1s pra {ded by a low current discharge driven by a
Ne-Ne lasen power supply with a current contralling resistance followed
by a sbecia] high yglﬁgg diode to protect the power supply. This con-
siderably 1mproveé the flashlamp shot-to-shot repeatability especially
for operation at voltages close to the DC breakdown voltage of the

argon gas of the flashlamp. A planar, varfable-width dye cell was used

L3 B
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throughout the measurement and alumlnized high reflecting mylar sheet
was used to cover the inside of the cylindrical brass reflectors. To
avoid deterioration of the reflectivity of the mylar sheet by the pre-
sence of water, we used forced air cooling. Appropriate plastic Wratten
filters weresdsed to block the UV radiation from reaching the cell, to

(92) Photodegrsdation

prevent UV photodegradation of the dye molecule,
can occur when molecules in the triplet state Tl are transferred to the
state T2 and these excited molecules can then cause a C-H bond rupture
of the solvent molecule by energy transfer, creating a free ethanol
radical and a leuco-compound out of the dye molecule. This process is
not reversible and thus affects the concentration of the dye. However,

since it is dependent on the number of molecules in the triplet state,

the effect can be greatly reduced by the use of triplet state quenchers
(88,93)

.

such as cycloactatraene. It should be mentioned here also that
the dye molecule rhodamine 6G can photodegrade through absorption of
visible 1ight by molecules in the triplet state (T]) which then produce

(92) 445

another radical which depends on the structure of the dye,
process is partially reversible and is diminished by the use of triplet
state quencher. Additionally, a study by Borisevich et glL(94) of the
spectral-time characteristics of the emission spectrum of flashlamp

pumped rhodamine 6G solutions, revealad that the rate of creation of

the photoproducts, Kph(x.t). had a different wavelength and time dependence
from the rate of the triplet loses Kt(x.t) and their competition for

molecules of the T2 state resulted in non-regular time evolving pulses

N
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and max{imum wavelength. [t was found that the removal of UV radiation
resulted in a smooth time variation of the emission from the rhodamine 6.

It is obvious then from the abové that the use of C0T is needed.
The negative effect of the excess amount of COT used was recently re-

ported by Wang gg_glk(gs)

They claimed that COT at high enough concen-
tration, beside quenching the triplet stdte, will compete with the dye
molecules for the available UV photons Bf the pump. Because of the great
importance of the presence of the triplet state, we have investigated
ourselves the effect of the concentration of COT on the emitted ASE.

The results are shown in Figure 3-12a, where the maximum intensity for

3 of cor

in 100 cm3 of solution 1.0 10'3 H rhodimine 6G/ethanol). It should

fixed pumping 1s plotted against the concentration of COT (cm

be nated that no special effort has been made to remove the_ oxygen present

(88)

in the solution which acts as a quencher, too, but we observed that

oxygen of the air present alone was not enough to quench the triplet
state, We observe that a maximum ASE in Figure 3-12 qccurs at 0.57 cm3
C0T1/100 cm3 solution of rhodamine 66 1.0 10"3 M. This amount of COT
scaled properly for other concentrations was used in all our experiments
in this chapter. The rise of the ASE at the béginn1ng of the graph 1:
attributed to the fact that in our pulses system, the maximum of the ASE
occurred ahead of the maximum of the pumping pulse before the use of COT.
With the addftion of COT, the ASE peak moves towards the peak of the -
pumping pulse which results to the highest ASE possible for this parti-

cular pumping. This effact is shown in Figure 3-12b for a concentration

of 1.0 x 10'3 M and two di{fferent pumping rates corresponding to

. P ———— o T
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“Figure 3-12a, Intensity ofitha ASE at A = 5860 K (near the inten;ity
peak at saturation pumping) vs the concentration of the
triplet state quencher COT (cyclooctatetraene). The con-
cantration of the rhodamine 6G/ethanol 1s 1.0 1073 M

and the dimensions of the cell are 70 w X 1 mnx 18,2 cm.
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Fig. 3-12b.

Flashlamp 1ight (top) and ASE pulses without (a) and with

the addition of triplet state quencher (COT). The time

scale is 0.2 us

n and the vertical scales are

\._
not comparable.

L] 1 A R —



109

i
)
>

ERZEEER

N1A4 1§11
HAVANR E ™

T
HEEANEAES

N
TN

|1
b4

FIG. 3-12b



-~ -110

charging voltages of 21 KV and 25 KV,

_ It has also been reported that the ASE can terminate earlier,
than expected from the available pumping pq1se, because of the forma-
tion of shock waves due to the absorption of infra red radfation by
the_so]Vent.(gﬁ) We have found that in our case, the agsence of an IR
filter (plexiglass) did not contribute to the early termination of the
ASE pulse, probably because our cell thickness of 70 microns 1s much
smalier than the absorption length of the ethanol in the IR. Consequently,

we do not have any index 6f refraction inhomogeneity either from the

.
///“-~«/,shock or from the 1oca1 heating of the solvent.

Figure 3-13 presents a numbe;\‘f pictures of pump pulses and
their corresponding ASE pulses for different pumping intensities in order
to 111ustrate the kind of pumping and ASE we dealt with in the experi-
mants, We spe thnt 1ncreas1ng the d1scharge voltnge will cause the pump
" rise time td decrease s11ghtly but this has no effect on our measurements,
bacause we always raferlté the peak 1ﬁtens1t1as both of the pump and’

ASE pulses. 'The 11ght pulses are datgctﬁd|through a broad-band green
filter, by.a P=I-N (Hb 5220)'fast photodiode assembly. The ASE 1is
detectad using an £G & G, DT-40 photod1ode which col\ects the spectrally
resolved Iight at the exit s11t of a Jarrell-Ash 0.26 m spectrometer. .
"Both pulses can be displayed simultaneously on a dual beam o3cilloscope
(Tektronix) and be- photographad using an abpropriate osc1lloscopa camera
“and a fast folarotd #1n (Type 410, 10,000 ASA),

: Another important aspect fron, the exporimnntal point of view

‘ 1: thu construction of the dye tell, Bacause of the relatively Mgh
qatis avattable, 1t 15 fmportant that we restrict the fesdback into the .




Figure 3-13.

Flashlamp 1ight pulses and ASE pulses for different\dis-
charge voltages. (a) 10 KV, (b) 13 KV, (c) 16 KV, (d) 20 KV,

(e) 24 KV and (f) 27 KV._ The storage capacitor is 0.5 uF,
the flashtube's diameter is 1.7 mﬁ. their length is 20 cm
and the {nitial gas pressure is 30-Torr argon. The con-
centration of the rhodamine 6G/ethanol solution is 1.5

1073

M and the cell dimensions are 70 u x 1 mm x 18.2 cm.
The time scale is 0.5 wusec per division. .The vertical

scales are not compqrab]e.
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cell to values well below the amount of spontaneous emission, which
originates near the end of the cell and feeds into the cell. Otherwise,
the scattering will compete with the spontaneous emission produced
locally within the cell. Our dye cell consisted of a black anodized
aluminum body supporting two pyrex plates flat to within A/4 (1.5 cm x
19/8~cm x 1/8") separated with appropriate plastic spacers. The whole

assembly is made waterproof by using rubber o-rings. Two antireflection

coated pyrex glass output windows are used, inclined, on purpose, to a ;d/

any residual reflections and cavity resonance effects. The thickness

of the cell can be adjusted so that, for a particular concentration used,
the absorption across the cellmis uniform. The dye solution can be cir-
culated, but even slow circulation craates turbulence, which can affect’
the Intensity of thae ASE by as mucﬁ as 30%. Therefore, all the measure-
ments have been taken with stationary dye solution, which 1s renewed
before each'shot. Additionally, we used a keat exchanger to keep the
temperature of the dye constant and independent of the temperature fluc-
tuations jn,the lab. This precaution was taken bocause {t has been re-
ported by Huth gt gl%(s) that the quantum aff1c1ancy_of some dyes 1is
strongly dependent on temperature. Thay reported changes of the .quantum

efficiency of tha ordar of 0.8% per degree Celcius for the rhodamine B

and 0,2% for the rhodamine 6G in ethanol.

The major portion of the(oxparimental data has been taken by

rchﬁuing. n polaroid pictures, both thé pumping pulse and tha. ASE pulse.

This was done to ensure accuracy, bacause even small variation of the

pumping, which {s proportional to the unsaturated gain, will cause large

3 'chanﬁes fn the ASE in the unsaturated gain region whare the ASE Tntansity
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depends exponentially on the pump. This retroactive technique {is ndt

always necessary and a careful design of the flashlamp along with

(96)

the pre~fonization of the flashlamp greatly improves the repeat-

- ability .of the pumping light pulse. Figure 3-14 shows results of such

'OC pre-fonization where improvement by a factor of 1.8 can be seen.

Five successive pulses, 20 sec apart, are superimpased in each picture.
It seems that the presence of.ions. electrons and metastable atoms
(created by applying a few KV along-the tube, wiiﬁ a_current limited ‘
to a few ma to avoid heatiﬁb the amplifier housing) in qdvance of the
main discharge creatgs a more reproducible bump1ng pu?Se. This §s so,

because high current densities required by the main discharge can be

" jRained more easily 1f a stable low current discharge preceeds the main

d1scharge.(53‘96)

In conclusion, pre-fonization should be used to in-
crease the repeatability of the flasﬁ\amb pulses.

In the next section, we present the experimental results: ob-
tained and compare them with the theoretical pred1ction of the prav1ous
section. ~ A major purpose s to find a way to accurato]y determine the
unsaturated gain af the system. On thn way to achiaving this goal,
we have determined more accuyati values of the absorption and emission
cross-sactions for rhodamine 6G. Most notably, we have generated the .

N i
oxcited single state absorption cross-saction values over tha wavelength

‘region of interest. Al thase cross-section values are 1isted in
Appand1x_A.'

- a



Figure 3-14, Flashlamp light pulses and their corresponding ASE pulses

without pre-ioﬁ\zation {(a) and with pre-fonization (b).

-Four successive nulses_are superimposed. The flashlamp

~—

diameter 1s 1.7 mm, their 1eng}h 1s 20 cm and the initial
gas pressure {s 30-}orr argon, Thc(stor;ge capacitor is-
0.5 wF and the concentration of the rhodamine 6G/ethanol

solutfon1s 1.5 1075 M . The cell dimensions are 70 u

1 mm x 18.2 cm, '
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3.4.2 The Experimental Results

In th1sé§ect1on. we will present the experimental results, which
we ysed to compare theory with experiment. It was mentioned in a pre-
vious section that {t {s very important to use accurate cross-segtion
values in the calculations and that the ASE narrowing along with the
peak wavelength of the ASE are very sensitive functions of these cross-
sections. It is natural then to test the accuracy, of the cross-sections
used by comparing the ASE we get from the theoretital model with the
experimental values of ASE at very low pumping where no saturation exists
and the gain s close to zero. Any failure to match theory and experi-
ment at very low pumping is a strong indication that the cross-section
valuas are incorrect.

Figure 3-15 shows the ASE intensity as a function of wavelength
measured experimentally for very low pumping as wélluas that calculated
from thg theoretical model using published datu(go) for the cross-section,
or improved cross-section data measured by ourselves. It can be seen
that, when @a’ﬁbad the published valuas (s0) for tha ground state absorp-
tisn(aﬁd fluorescence, the calculated ASE differs from the measured one
in béth the. low and high wavelength regions of the spectrum. The cal-
culated spectrum width (FWHM) fs only 350 A, This is considerably
smaller than the 420 R. which we get by extrapolating to zero pumping

the measured narrawing at low pumping as we will see later. The use

of our measured cross-sectionwlues improves tha fit to the ASE spectrum
but there {s still some small dascrepancy at the short wavelengths an

the spectral width (400 A) fs sti]] too small. With the addition of

PP R

-

P
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Figure 3-15, Intensity of the ASE vs wavelength,

--- Calculated ASE using published values of crossect1ons(719
for the singlet state absorption uOl(A) and thé fluorescence
E(A) (FWHM ax = 350'3)

-.- Calculated ASt using oo](A) and E(\) values measured

by ourselves, but without any excited singlet state absorp-
tion (ESSA) 1nvolved (FWHM ax = 400 A).

— Calculated ASE using ool(x) and E{\) values we measured
with an 80% contribution of the ESSA (FWHM ax = 420 R) ‘

o Exparimentally observed intensity of ASE vs wavelength

for very low pumping, Al calculated THtensities corres-

5). The concentration of

pond to low pumping (P = .01 10
rhodamine 6G/ethanol solution is 1.5 10°° M  and the cel)

dimensions are 70 u x 1 mm x 18.2 cm.

-
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ESSA cross-section (the amount of 155 to use 19 determined by the study

of the pedk wavelength shift with pumping as we will see later on) a vary

good 1t 1@ achieved hetween the caliulated and measured ASE. spectra,
Naxt we Lonsidﬁr the sffect of Lthe £5SA on bha pﬁak wavelength

shift with pump1ng. Sahar 8t al (89) have raported HSSA values for rhod-’

-

anine 60 fn athanol for wavelengths up Lo 6100 A but, at low pumping,

our ASE spectrum extends beyond this wavelength., Values for the ESSA
cross-sect1aﬁ for wavalengths above 6100 X were obtained from the best fit
of the intensity profile at low pumping (Figure 3-16) in the long wave-

length range. Sahar et al. (89)

put the accuracy ef their ESSA data at
+ 10%, howevar. our measuremanbﬁ give the vajues which are 20% lower
than -these 1nd1cated hy Sahar ror/Wavelangths up to 6100 A. Figure
3-16a shows the change of the wavelength {q) at which the ASE 15 maxi-
ma} as a function of puhﬁing:both for theory and experiment, and for
several contributions of the ESSA cross~sectfon (such as no ESSA at all,

60%, B0% and 100% of 1ts calculated value). It can be seen that for

;h10h punping, the value of i, doas not change and any scaling (which fs

going to ba discussad latér). between the axpefimental and theoretical
punping values will not affect Aq. Again, the hest it to the Ay data -

{5 obtained when we assign a value to the ESSA cross-saction which 1s 20%
smaller than the ong reported by Sahar gg‘gj*}ag) . This method of testing
the £58A cross-saction fs very important, first because 1t canfbe used
to test othar alrgady'calcu1atad or.maasufad values of ESSA and secoﬁd
ft can ba drectly used to estinate the ESSA crossesagtion with a high
dogroaq of accuracy bpcause Mo 18 n-very‘senaitfve functton of the ESSA

-~ v [

& |
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Figure 3-164, Peak wavelength AO of the ASE vs pumping for several

excited single statp“ébSO(ption (ESSA) contributions along

with the experimentally aobserved values of Ao+ The can~ ' i .
centration of the* rhodamine 6G/ethanol solution is 1.5 10'3 N

M and the c8ll dimensions are 70 w x 1 mm Q 18.2 cm.

. "'!‘
Figure 3-16b. Excited single state absorption (ESSA) cross-section

+

vs wavelength, (a) accbrding to Shahar et gl;.(ag)

{b) according to aur calculattans, Th%‘concentratien of
the rhodamine 6G/ethanot solution is 1.5 109 ¥ and the

cell dimensions are 70 y X 1 mp x 18.2 cm, ,
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amount involved. Figure 3-16b shows the ESSA cross-section vs wavelength '

Y

|
reported by Sah@r 93.914}89) and the ESSA cross-section we have obtained, ; !
extended over ‘the entire spectrum of interest, which was used in our : i
subsequent calculations. From the discussion -presen ted abovef the im- - i
portance of the ESSA has been demonstrated clearly, Next, we deal with i
ASE 1ntens1ty‘prof119 change with pumping both theoreticaily and experi- :
mentally. This {s important because in prjnc1p1e we could calcy]aée |
the gain for every pumping by matching the calculated intensity prof11?s
of the ASE with experiment. For reasonably smooth spactra though, we ca;
approximate the.corresponding:prof1les. if we know the peak wavelength Ao
and the spectrel width ax, Another equivalent way as to match the in-
tensities of the ASE at fixed wavelength and the spectral widths ax. This %
last way 1s the one we are going to use. We will also record the total
intensity integrated over wavelength, because it can be related to the
approximate theories for measuring gain as we will see in a later section.

. Figures 3-17 and 3-18 show Intensity spectra, for the exporimentally

m;asured ASE and the calculated ASE, respectively, for several valuas of
pumping, from very low level of excitation to excitations well within the
saturat1on‘rég1on.~ In Figu}e 3-17, the pumping 1s given in relative units
ag it 1s maasured by a photod1ode and corresponds” to the peak of the pumping
pulse. n Figure 3-18, the punping 1s given by the rate at which molecules - I
are excited from the ground state and s g1vaq in sec }. Compar1ng the

ASE spegtra 1n'F19uras 3-17 and 3-18 we obsarve that for increased pumping _ Y

" the long wavelength pirt of the spactrum changes much more than the short

wavelength side, This is a reflection of the crosg-saction change of the




Figure 3-17,

Intensity of the ASE vs wavelength measured experimentally -

for several pumping values. The concentration of the rhod-
amine 6G/ethanol $olution is 1.5 10°3 M  and the cel
dimensjoﬁs are 70 w x 1 mm x 18,2 cm (70 u {s the thickness).

A Jarell-Ash 0.25 m spectromater with 150 u s1its was used,

/
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Figure 3-18, Calculated intensity sboctrum of the ASE for several pumping
?

levels. The concentration of the dye rhodamine 6G/ethanol

3

1s 1.5 10" M
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ground state absorption which gets steeper for shorter wavofungths. Ad-

ditionally, we observe that the wavelength of maximum ASL Ay loves to

- (]
" shorter wavelengths from 6000 K down to 5910 A, approximately, for both

theory and experiment, * The change 1s not Tinear, again reflecting the

ground state absorption dominance at short wavalengths.' Nevertheless,

the ASE spactra become progressively more symmetric as the pumping in-

croases and, consequently, these $pectra can be accurately reprosented by

A and"ax, the peak wavelength and the spoctral width, respectively, or

equivalently, in the case we want to compare intensities of ASE, by the

intonsity at a fixed wavelength noar 3 and the spectral width ax. Then,

the basic procudufa to match thoory and experiment is as follows:

(1)

{(11)
(111)
(1v)
(v)
(vi)

(vit) -

~(viif)

find exporimentally or theorotically the poak wavelength Ag of

the ASE with pumping in the saturation region

measure the ASE 1n€ans1ty at *0 vs pumping

calculate from thoory the ASE intensity at g of the ASE vs pumping
measurae and plot the gpectrol width Ax of the ASE vs pumping ‘
calculate and plot the spectral w1dth'AA of the ASE vs pumping

- scale the relative punping scales of the spectral width Against

pumping to match the nurrovjng against pumping plots

use the scaling factor obtained {n (vi) to compare the slopes of
the intensities at Ag Vs pumping plots. Good matching will give
the samo slopes in both graphs '

adjust the spontaneous emission coupling constant (g{x)) in order
to get proper matcﬁjng of tha intensities at the saturation re-

gion also. With this now value of ¢(x), check tha matching in (v{)
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(1x) usc the theory to calculate the unsaturated gain for any parti-
cular scaled pumping
(x) use the theory to calculate any other relevant quantity such as
ASE distribution within the cell, gain as a function of position,
otc. | ‘
Following this basic procedure, we matcpod theory with expariment
in the particular case of 1.5 10'3 M rhodamine 66 in ethanol. The
dye cell had a width of 70 W A length of 18.2 c¢m and a‘ho1bht~of 1.0 mm,
Figure 3-19 shows the fntensity of tho ASE at A, * 5920 A vs tho punping
_ from the flashlamp. A set of pinholes helped to sam®o only tho ASE,
which was enfttod within an angle of 2° with respect to tho axig to ensure
the gain measurement at the centre 1ine of the cell, Figure 3-20 shows the
experimontally measurod spectral width vs bumping provided by the flashe
lymp and also, the calsulatod spoctral width vs the pumping. On the same
graph, we show the(sc&lad thaoretical plot. [t can be seen that in order
to scale the theorotical pumping to the oxperimental, we have to multiply
tho theoretical pumping values by 6.0 10'5. Next, we turn to match the
intensity vs pumping plots,

It was mentionad beforo (equatfon (3-8)) that a paramoter g(x) 1s
used which datermines the oxact amount of tha spontanecus emission which
- couples into tha cel) and {s subsaquently amp!ifigd. This coupling para-
meter 1s approximately equal to thé solid angle |gbtondod by one end of

the coll at the other. Consequently, we can write

.
R Ve

PR s R Fa—r——a- i




Figure 3-19. Intensity of tho ASE at A = 5920 R vs pumping measured
experimentally for 1.5 10*3 M rhodamine 6G solution and

70 4 x Y mm x 18.2 cm cal) dimonsfons. A Jarell-Ash

0.25 m, 150 u s11t spactrometer was usod.
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Figure 3-20.

Calculated and measured spectral width (FWHM) of the ASE
vs pumping before and after scaling has been applied to
the calculated plot. The concentration of the rhodamine
66/ethanol solutton 1s 1.5 105 M and the cell dimensions

are 70 y x 1 mm x 18.2 cm.
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where R, H, | are Lhe ce)) thickness, height qnd length, respectively, and

N Mg A ad fustahle pnramalpr For R l. g(x) can he taken as a con-

alant aqual Lo gla), naadube.ror Lhe pumping available from 4 flash-
lainp, Lthe spontansous emfssfon contribution 1s comparable to the ASE anly

in ﬁhh firstl oy or so yt the cell, From that paint on, Lhe ASE campletsly .

. dominates the amplification procassy, In conclusion, we Lredted Gx a8 an -’

adjustable parameler in the calculation of ASE ve pumping. For increased
values of Gx ghe ASL 1ﬁLunbity will saturate at smaller pumping, but the

narrowing is hardly affected by small changes of the Gx parameter, figyre
119 shows the experimentally measurad intensity vs punping which fs going

6 he ugyd for the scaling péﬁuass. Figure 3-21 shows the intensity of

C o the chleulated ASE ve Lhé sualed pamping (obtatned from the narrowing

,which\1§.ﬂqu1valent to P

RN
\

v pumiing plote) far three ditterent ax valuas, On the same graph we
alen pfotted the sxpsrimsntally maasursd intensfty of the ASE at Ag *
6020 X veé pumping from Figure 3-19, We note that Lhe %lope of hoth theors-

tical and experimenta) plots 18 the same after ataling and that ihe ape

. propriate value of G fs 0.2, Next., From the unsaturated gain calculated

for any point of the pumping an the thaoratioal curve (1ntan51§y nﬁ ASE

At 6020 N‘vs pwupinq) we- can Kiuu the gain whiﬁh corresponds to any expar1-
menta) pumplno and narrow1na. in other words. as long as we hava esta-
hl1ished the correspondanca be twean gatn and narrow1nq,we only nesd to
mpasure the narrowfnq to datarmlna the unsaturated gain. For 9xpmp1a.

in thig particular case for a theorstics) pumping of Pepy * 3.0 10*6{“

oxpar v 180 after the scaliﬁg. we have calculated
an unsatungted gain of ¢ ® 0,76 cn” d and a spactral width (FWHM) of A =
Ibﬁ A, ﬁxperimhnf@lly. wg “have maasuraa 2 5paetral “width of A\ » 160 % 6 A

)

- ¥ ~ | Al
} 3 . ) : ) »
- v s

X




_Flgure 3-21.

Calculated and measured intensity of the ASE at”xo s
6920 R vs pumping after scaling has been applied ta the

calculated plots (a 1.0 106

punping of the theory cor-
respands to a pumping of 60 fn the experiment). Three
different plots of the calculated intensity vs punping

are shown for valuss of the coupling parameter of 0.1,

0,2 and 0.5, The conceftration fs 1. 107 rhodanine

6G/ethanol, The cel} dimensions are 70 v x 1 mn x 16,2 cm,
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for Pexpar 180. The +b K 18 the arror’of the oxperimentally measurod_
spectral width caused by the sproad of the intensity roadings at fixed
wavelength on successive shots. The replacement of tha cgnventiona)
spectrometer u1th an optical multichannel analyzer'wuuid elinunate this
orror, bacause the whale spectrum can be recorded simultaneously.

- Furthermore, We did an additional oxpariﬁént to spe the agrea-
ment .of our metuzd of gain calculation with the approximuta method of -
Shank et al, (39) Accarding to this muthod the ratio of the intensity
for two different” langths of the dye cel1. for the unsaturutad region,

- 1s related to the gain by the relation,

/0, = (explgly) - 1)/ (xplgk,) - 1) T @)

The underlying assdmption 1§ that tha-qafh has not bean saturated and,
consaquentlu. for a homoouneougly broadenod dye material

2

.90

R s VA , (3-20)

whare 90 18 the unsaturated gain. g the actual gain and Iy is the satura-

"thon 1ntons1€y gvan in our case by-

¢ (mzAvnv)/tmnt

0
where n 1s tha index of refraction, Av -Z-AA. A= 420 R, t fs

spont
the spontancous 1ifotime for the rhodamine 6G 1n athanol and {s oqual,

(2)

~to 4B nsec and x 1s the wavalength. According’ to this method of

measurinq tha gain at 2 particular wuvalonqth. we mqaauro the Intensity
a ca11 pumped

“at Ay » 6920 A as & function of pumping f1rnt for the entd

- {
.', .
h .
’ I N
N . .

.
T

\) - (3-2]) .
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and second with part of the cell blocked. The results are shown in
Figure 3-22, where two cell lengths of 18.2 and 10.0 ¢cm have been ¢hosen,
Using equation (3-19)Jund the two intensities of the ASE corrosponding

» 180, we get a ﬁa1n g » Q.66 cm"1 + 0,03, This
| -1

to the pumping of Poxp

- approximate gain 18 within 16% to the more accurate value of 0.76 cm
calculated by our morhod. The gain measured by this approximato method
is oxpected to ba slightly smallor becau*e‘uvcn at a pumping of Pexp ~ 180
" some saturation starts to take place as we can readily check by calcula-
ting the gain as a function of position from the tﬁiory.
N

- model for the ASE in rhodamine 66 cannot only display all the major: faa-

In the preceding sections, we have cloarly demonstrated that our

tures of the ASE observed in tho experimant, but it can 51:0 bo used to
calculate the gatn in an accurate way sinco 1t takes into account the .
- shift of the ASE spectrum with pumping, the saturation and the ESSA effuct.
In order to extend the confidence 1n our model, wo carriad out extonsive
measureman ts for vardous cel th1ékneag,and concentrations with similar
succeds. Ha shall not attempt to prosent all this dpta here, but we
._ will restrict oursalvas to displaying the qu&ﬂity off the f1t obtained
batwocn thuory and oxpnrimant for‘oie other case. ‘In particular, we dis-
I play thc matching betwaen thlory and oxporiment for a concentration of
2,8% 10°% M rhodnm1na 66 1n nthano1.
- F1qur| 3=23 shows the ASE 1ntqns1ty for a wavo1cngth of 6940 A _
N 377‘- ':1 ve the pump Intensity, wh1ch wa gat from the oqur1munt with a concantra-
| "-\tion of 2.0 x 10'3 . R Gﬂlathuno\ and a cell width of 50 microns.
Piguru‘3-24 shnwu tho oxporimnntal lpuctra1 nnrrow1ng vs pumping and tho

’ 5.‘ ‘-\ [} .
- . LN
PR
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Figure 3-22. Moasurod intensity of tho ASE at 5920 A ys pumping for

two ¢ol) lengths L] « 18,2 ¢n and l.2 * 10,0 cm.  The

coll thickness 18 70 w and thu«rhodamino ﬁG/othoncl con=

contration fs 1.5 1073 M

»
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Figure 3-23. Intpnsity of the ASE at 6940 A vs pumping. The concentra~ .
. - EN 14
" tion{is 2.5 10"3M rhodaiine 66/ethanol and tha cell
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Fgire §-24.

4

Narrowing (FWHM) vs pumping both calculated and experd-
memal. The coupling-factor G, fs equal to 0.1, The
calculated narrowing has bieen scaled (1.0"106 theoratica)
punping corraapond; to 120 oexperimantal pumging). The
concontration i 2.6 1073 W rhodnmina.ﬁﬁlcthanol and

the cel) dimensfons are 60 w % 1 mm x 18.2 cm,
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\
narrowing we get from the theory after the caltbration of the pump has
been porformed, The matching dr the two curvaes 1 éarrlad out first In

- the low pumping rogfon, which ts relativaly Insensitive to the value of
Gx’ the coupling coafficiont for the spontanoous emisston, Then, the

GX valye 1s adjusted to "fine-tuna” both the matching In the saturated
rouioﬁ and the ASE Intensity ve pumping., This plot of the ASE fntenaity -
- at the particular wovalanut8 ve punp fs shown In Flgyure 3-26. On this
flgure, we also show the m;tchﬁd oxporfmental along with two more theoro-
tical curves for 0x < ] and Gx « 0,01 far demonstration purposws, It
can ba seen that the appropriats G, to be uzcd 0, =+ 000 It should
bo npted hero that g{(x) of equation (3-8), which determines the portion
of tho spontaneous emission omitted within cell length dx which 1»'fod
fn for amplificatton in the reat of the cell, and reachos th; datactor,
e given by the product of Gx and da, whare du 1% the (holf) solid anglo
subtended at one ond of the call by the cross-section at the ochcr'end.
For a length of the call of 18.2 cm a height of 1 mm and & width of 80
meron, d has & value of 0.77 X 10°%, The value of g(x) needed for
matching fs found to be about 0.23 x 1077, This lower value 13 due
partly to tho fact that wo uso apertures to égl]oct only the central
portton of the 14ght emitted from the 1 mm holqhﬁ cell (In this caso-

wo used o B.cm aperture 1 meter away from the.cell, whish reduces g(x)
to 0.39 « 10'7) and partly to the fact that the couplind s not perfect
and there aro logsas associated with the co)l {tse1f for very narrow
cells, such a8 scattoring 1h the wall 1mparroct1ons and non=parallelfsm
of the two cell grass phm.

>

PR
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Figure 3-20, Mnasured ASL intensity at 5940 K vs punping and calculatod

intonsities vs scaled pumping (1.0 106

theoratical pumping
corrosponds to 125 oxperimontal punping) for two different
values of the coupling paramdtar. Gx = 0.1, 0.01, The
concentration ¢ 2.5 IU.J M and the cell dimensfons are

BO wox Lo x 18,2 un'
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In the preceding section, we demonstrated the matching of theory
and experiment for the case of 2.5 x ]0_3 M rhodamine 6@. It can be
seen that thé excellent quality of the matching is independent of the
concentration used. [t should be noted here though that extreme care
is*tequir;d to take accurate measurement at very high concentrations
{and consequently, small cell EEj}kness) because of possible cell wall
imperfections or slight bending of the cell. There is one more test we
can still subject the matching to, namely concentration scaling. It is,
of ‘course, expected that for concentrations below the point wheresflimers
are formed(z) (because dimers will a]ter’t5é~qesu}ts due to their parti-

-

cular absgrption spectra) the gain wil) scale,propo}tional1y to the con-

. {
centration. In particular, fer the same pumping of Pth = 1.0 x ]06,

3

[}

‘we have calculated for the 1.5 x 10~

and for the 2.5 x 1073 M solution, a gain of gg = 0.35 e\,

The gaiq
ratio is 1.56 and the concentration ratio is'].66 and these ratios are
within 6% to each other which is reasonably good, takiné into account \
the experimentaT\errors involved and the accuracy of the cross-section
used for the theo;;%ical calculations.

So far in this chapter we have presented a model for the ASE
which, besides providing an easy wayito understand the physical processes
involved, can be fitted accurately to experimental observations and used
to measure the unsaturated gain. Such gain méasuremehts only require
the intensity af a fixed wavelength and the spectral distribhtioniof the

intensity be measured as a function of pumping. Our model requires very

- accurate knowledge of the values of the different cross-sqétions involved

M solution a gain of gé = 0.25 em”

|
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and, indeed, it can be used to determine values for unknown cross-sections
as it wés done in our case for the ESSA cross-section. This model is
appealing for the accuracy of the predictions. However, more general
situatioﬁs with less well-known parameters require the development of a
simpler model which is not system-dependent. Along these lines, we have
developed such a simple model for the probagation of the ASE under the
assumptions that the gain line is homogeneously broadened and the ASE
intensity profile narrows considerably before saturation sets in. In the

AN
next section, we present our approximate theory and compare it with our

exact model and another similar approximate theory published recently.(40)

3.5.1. An Approximate Analytical Theory of the ASE

In what follows, we first treat the case of the ASE prqﬂgéating
only in one way through the amplifier in order to. have some physical'
insiéh? into-the process of ASE and also prpvide an alternate way of
ca]cﬁ]ating narrowing expressions similar to expressions found indepen-
dent]y.(gg) Second]y,.we'extend this tfeatment of the ASE t6 cover the
two-way propagation. Thirdly, we.evaluate the approximate tﬁgory by

,comparing it to the rate equation model developed previously and suggest
ways to improve its predictions. This approximate theory is based on
the following assumptions. '
(i} ° The gain medium is transversely homogeneous with respect to
pumping (no gain ‘inhomogeneity across the cell). ‘
(1)  There is a homogeneous Lorentzian gain line.
(ii1) The intensity profile gets narrower than the gain line well before

saturdtion sets in and the gain is reduced.
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(1) One HWay Propagation Case

The frequency distribution of a collision-broadened emission
line, such as the one approgimate]y corresponding to a dye molecule in
a solution, has a Lorentzian shape with a spectral width (FWHM) Av.f97)

<

. The normalized line shape function has the form

] 1 Y

g{v). = ; 3-2
HAVh -‘ + 52 . L ] ( 2)
where .
- vV -V g
§ = 0 and av, =
A\)h h \ Al
> /7
A 4 It has also been shown(gs) that for homogeneous med%é,/the gain y(v) cen-
T tred at Vo is given by ' pa
/ M) R— el ) ' (3-23)
— 1+ I(v)/ls(v)'Sn tspont - : ‘ .

where Is is the saturation intensity

8ihon2

I(v)=——2~—-—-——-
S $x°g(v = vg)

(3-24)

with n ipe refraction index, ¢ the quantum efficiency of the dye system,

A

tspont the spontaneéus lifetime of the excited singlet state, and aN®

the popu]ation‘iﬁgérsion density.at zero intensity. Setting, for the un-

saturated gain coefficient,

g = .g____AN“z' . . - (3-25)
o0 SMopont a . B :
\
we have:

2 e ey - e o xR




g0
[1+ 1()/1 ()10 + 6]

g(v) = y(v) =

/

We can generalize this in the case when distributed frequency radiation
is present to getf

9%

g(v) =

2 ] I(v)dv'
1 1+
0+ )0+ oy [ 1)

a

For the propagation of the radiation intensity, we have the following
equation:

9052) < g(1)1(v,2) + nglv)

3

The first term accounts for the stimulated emission and the second for

_the spontaneous emission. Let us set

BRIORS %o) I :(: :) e

and 1 +n=Kand integrate equation (3-28) assuming that q(z) is ex-

. picitly kpown.as a fungtion of z. Then, we get:.

Ke 95 1(2)

Tog . _ .-
e K1 1+ 62 ‘

when

2
=I dz
0 T+ q(2) .

For the ASé“if, the: intensity at .the end of the cell, is riuch larger than
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(3-26)

(3-27)

(5-28)

"(3-29)

'(3-30)

(3-31)

n, the part of_the spontaneous emission which couples 1n the cell to get//)

amp1if1ed ‘In other words,



If/n >> 1
and equation (3-30) can be written

L) g, U2)

109 5 T2

From th1$ equation, we can calculate the FWHM of the output 1nten§]ty

d1str1but1on At v = vgr We have § = 0 and

1.(0) = nexp(g,1(2))
When the intensity draps to one-half the maximum, we can write

I (o) :
L) = 5 = w2 exp(g 12)) = exp(gy1(2)/(1 + 64))

or
@) W(z)
g {z) - log 2=
° 1+ 68 '
For the case where 9; z) > loge 2, we have , .

Dy, (Z) )
" Dogg 2/tg, 10012

This is a similar power law dependence of narrowing on gain as that cal-

culared also by other authors.(gg)_ To proceed further, we must be able

to ca]cu]ate Wz). Now. the major approx1mat1on comes into effect.
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- (3-32)

(3-33)

‘(3-34)

(3-35)

(3-36)

(3-37)

=

will assume that the intensity spectrum is narrow relative to av, one lirie

shape spectrum width, before strong ga1n,§aturat1on effects take place,

o

while we still have enough gain and the stimulated emission is predominant,. -

The q(z) becomes (because of §l<< 1)

N v e ot dade

e

SRS

e 2o e

s
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3

] 1(Vs2)dy t :
a(z) = 175 J azldy T.(0) - (3-38)

s I1+6

where It(i) = [I{v',z)dv' is a function of z. Then, the equation (3-28)
5 .
can be integrated over frequency to give, after some algebraic manipulation:

It(z) +
tog, (————

€ .
. ) + It(z)/IS = g2 (3-39)

where ¢ = nnAY, 9, = go/(I - e/IS(o)), and 1! = Is(o)(l - e/IS(o)).

The term q(z) in the expression (3-31) is important only near or in the
. saturation region where the intensity is comparable to the saturation
intensity, as can be -seen from equation (3-38). In that case, below
saturation q{z) = 0 and we have from (3-37),

Ay 1oge2 1/2 .

Avh =-[ oL ] . Unsaturated regféﬁ (3140)
R , ,

©

L .

Well into the saturation ﬁegipn,.the'second term in equation (3-39) is

i . predominant and It(z) = gézI; = gozis. Consequently, we calculate for 1(L):
) N » | , |
L) = f +=32—= L jog(1 +gl) (3-41)
0]+goz_g0 09 go N . -
t .
Then, the narrowing is given by . o
avy log,2 172 . .
' &V, = [109 T+ g L)]' saturated region (3-42)
U e 0 _ ‘ ,
Equation'(3-42) shows that;in the saturation region, n ng continues but
. in a much slower pace. ) SR
Q

yd
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Next, we extend the above treatment to the two-way propagation case.

pad

(2) Two-Way Propagation Case

a

‘In a sinilar way to the Kprevic‘:usly treated case, we will have

‘ 9 o :
g(v) = ; 1 = R : (3-43)
(1 +890 + fadwezl ¥ 1 Av,2) 4 .
IS.(o)1 1+ 62 ‘
(I . ‘.‘o
+ -~ ' 3
‘dr"'i“ld;’z = g1 (6,2) + 1] | a
. & . . (3-44) "
ALZ) s g()[ (4,2) + ) ‘ ., o
‘ Now, we again define . )
— ' . ) : ) N ¢ L : N '.' Y ! @ ¢ ) ‘; .
+ I I (v',z)dv' R : .
9°(2) = 157/ —L-'-%——— . 7 (3-8s)
Is oh 1+ . ‘e L8 e
. '7 " . s i \\ . e o .8 f )
Then ) : -‘ \ ) . .,6 N . . b i
v ' = ' s . : ’
it (v,z) 0 Sl {walen) . : “ra ‘
dz Z ¥ =Ty IR C L (3-86) "
. v ) Trqla)rq(2) o, T e T T
‘ ’ . . B ‘ o ) - ° :.
Following the same way. as for the one way, prépagatidq‘t;gsé we can show o V.
. t S o i . * e i o

t':]at . - . . --.( ‘.‘ ) °‘. 4"

adz) _ 10992 '1/2‘
Avn‘ 961(1) :

where 1(z) is now given by

’ Z
](z)g'j +dZ —
01+q(2)+q(2)\ .
. - i
. b [ ‘.‘c\..
\'.
v
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Under the assumption of § << 1 before saturation which is a reasonable

one for high gain media we will have

IR ) - I(2) F(2) c ‘, (3-19).
"g ) where Is(b),is the saturation intensity at line centre.” The propaga- ;
§ ’ tion equations (3-44) can be written
. ° -t ‘ + k
}'% .. dJ

g Jt . . - ’
= - _ _ '
. 4z -J,t . .. - L

o +
'

ye Svem g AR
\

L
.y

I.+

Y

J
:‘ . , .. dZ \]I + \)- " .. K]
B e - P , r: + _TT.'_—.—. - >, - ‘a i . ,o ° .:
: . S - * ,‘ - % ., - . - a -~ @ . o u»
L)
’ “«  where ’
. - " .ﬂ : - ‘e 8 .
H . . hd ° ‘e ..
~ ‘ * . T e
; . with
o, "8 I e 4 . .
. < c s . ! .. - .o "w T . o
.4 ‘ ° L4 - (3"5])
) 4 ‘o .4 40 "O
“' o ' . . ° I s . . o pt- = , ‘c . ®. .o °
and I is taken to be at Tine centre. Because of-= L -
[ et ) s . . N ‘ . '\-.
9.‘ ® ' - * ’ ¢

21 I . a—(JtJt) or. . GtJt k - “—.‘ . - (3_52)

o . . . - »

B . . .
' B 3
LAERE I . N . »

o' 1. . -

"s S e t. which can ﬁef proven direqtly by using equations (3 50), we can’ integrate
L the equations (3—5@) in"a- fqrmal uamto g'eteﬁ._ ‘s ap i __\.,’o,.‘, . oo
¢ . ' -..h“.;. - ‘ o ‘\."':":v'b
.'1‘;'. ".-‘_ ., - ) ! “ N
L PR ¢ R ,:Q. .0 Vg @ ..o . A )‘\
' - \ SLw e hd : ‘"“‘o.:‘ ™ ‘-q. - *
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N ot (z) -J
g5z = log, Q—L—L b - %r ( +] l;)
o s s J(z o
. (3-53)-
J (z) -4
vz 10, (02 T T 1
| 3 .. s 3 (z) 9
Addingﬂequations (3-53) together, we have
+( - J +3 (z) -9
1og __i__)_-{- ]og ga—(_l Ij ’
Jo 0 s
=%.~(*;]—~-l:+ 11, . (3-54)
s J (z) Jo J(2) Jo \\\\)
Because of J+(z)J'(z) = J;J;.= K, we have -
'l -{: + - -
IR S O W S B S NI
: & =5t —- 2 (3-55)
\ s s J (2) Jy Y (2) Jo ,
\ .

. and équation (3-54) reduced to

k)

$, -
log, Q—§£L + log, Q—ézl =0

. (3-56)
Jo Jo (\)
For the case where there is no reflector at either end of the amplifier
we will have '
'J; = wlAvn = € and ‘ QE = 1Awn = € . ' (3-57)

-

b -

Then from the first of the equations (3-53) we get; using (3-57) and

hoting’xhat . '

-
-

eT(z) s 0T =0

- +
00 LJ

t

r~
-




| J+ +
1 9 '(z) = 1og (-—j—l- ——z—;-(9j43)-_ 1) + _E.(Q_ill-_
I' J'(z ¢ €

We can write (3-58) in terms of i+(z), since

35 (2) = iT(2) + wavn

g. - gO - g0

O "I - 2 TT?\"'T ] - Zy
S

IS = Is(l - 2y)

to get finally

9o? - log, (_m_.u . _1_1[1 . y_uu}
! y +1(2)

Thig equation relates the total intensity at the end of the cell with
the intensity at each point z within the cell and it can be used to
calculate i+(z) if i+(L) is given along with the gain 9, and the value

-~
¢ of the parameter y. <~

Y

‘ Because of

a2 () = 9T LTL) = OJ;'

J7(z) = i (z2) + avn

we ‘have

37(2) _ ot )T) e it eyl i)+ y
I ¥ : ¥ Y F
s @ it ey AT vy
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(3-58)

(3-59)

(3-60)

(3-61)
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and 7

J §Z) = IIG) + TlLi\\)n - 1-‘(2) vy
S S S

Then equating the two'expressions we get
i7(z) = y(iT(L) - @V ((2) + y) (3-62)

and the expression for 1(z) from equation (3-48) will be given by

(where we substituted for i (z) from equation (3-62))

»

dz
1+1 z)+y(1 (Qﬂ@l
y+it(z)

1(z) =

(3-63)

O~

Equation (3-47), (3-60) and (3-63) are the basic equations which can be
solved numer1ca]]y to calculate the different quantities involved. In

other words, for a g;ven set of values of the parameter y and for each '
Value of the gain 9, We can calculate and plot the cprrespondjng va]uei ‘
of i'(L) using equation (3-60) for z = L. Then, for a given value of
i+(L), y and g, we can also calculate from eqdation (3-60) a set of
i+(z) val;es, to be used in equation (3-63) to calculate 1(z) and, con-
sequently, ax, the narrowing. A computer program which solves these

-

equations is given in Appendix A.

.

(111) Evaluation of the Approximate Theory

. ~ In order to evaluate this approximate theory, we will compare
it with the results we have described earlier. Figure 3-26 shows the

narrowing vs gain for y = 10 6, a reasonable value of this parameter for




e
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Figure 3-26. -

Narrowing vs unsaturated gain from the approximate“theory

for a particular parameter value (y = 10'6) and experi-
mentally measured narrowing vs gain. This gain is éalcu]ated
from the exberimenf$1 pumping using the rate equation theo;y.
The concentration is 1.5 x 107> M rhodamine 66/ethanol

and the cell dimensions are 70 ¢ x 1 mm x 18.2 cm.
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our particular dye cell configuration. On the same graph we show the
experimenta]ly measured narrowing A\ -vs thesgainrfq}culated using the
rqﬁé equation approach theory. The hbmogenébus\]{;ewidth at half maxi-
m;m/in the approximaté theory is taken to be 420\3? We see that the

approximate theory gives values for thehnarrowing well off the values

predicted by the more accurate rate-equation theory. We can improve

the agreement by treating ax as a free parameter, The reasoning

homo
behind this approach is that, as we have seen before, most of the

shifting of the spectra of the ASE occurs at low pumping and the un-

_saturated section of the narrowing is nearly independent of the coupling

constant of the ASE into the cell; consequeﬁtly, we can try to match the
approximate theory with the experiment at the region below saturation,
which is neaffy independent of the coupling constant and alsb is less
affected by the intensity spectra-shift. Additionally, we can calculate
an app;oximate y value from the deensipns of the.particular:cell employed
and also have a more accurate y value by coniparing experimental and -
theoretical plats of tota) intensity vs gain. In short, comparison of

~

the intensity curves (theoretical and experimental) below and above
A
saturation provide a reasonably accurate y value to be used and the

value of AX is treated as a parameter to match the region below

homo
saturation of the narrowing vs pumping plots. In this sense, we exploit
the saturation regioq. which is sensitive to the y values to obtain an -
accurate y value and do the matching in a region which is neither sen-
sitive to ihe y value nor to the spectra shifting, which cannot be ac-
counted for in the\approxtﬁgte theory. Fo]lowing this techﬁique. we

matched the apprbximafe theory with the experimeﬁt in the case of.

et e ety a——
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1.5 x 10'3 M rhodamine 6G, whose gain we have al#eady determined from
the rate gquation theory. Figure 3-27 showsathe total experimentally
obtained ASE intensity, integrated over wavelength, vs the gain which
has been determined by comparison with the rate equation theory. Be-
cause we employed a dye cell with a‘cross-section of 1 nm x 70 u and a
length of 18.2 ¢m, we have én approxiﬁ%te value for the solid angle
subtended by the amplifying medium of 2.1 x 10’6 which though has to be
reduced to v 10"7 if we take into account the fact that we used an
aperture of 5 cm 1 meter away from the cell to accept a small fraction
of the ASE close to the axis of thelcell. We have seen before that

the y parameter normalized to the saturation intensity is actually equal
to this solid ang]g:' Consequently, we can plot the theoretical intensity

7 and compare the

vs gain for severaé?& parameter values around y = 10
experimental and th;oFetieal plots to determine a more accurate y value,
which is then going to be used in the narrowing plot.

Figure 3-28 shows the results of matching the spectral narrowing

-6

o
curves with parameters ax = 600 A and y = 10 ~ determined from the

homo
intensity plots in Figure 3-29. We see that an agreement of 20% can

be easily achieved over most of the gain region except for very low
values. We could probably improve the accuracy further if it was pos-
sible exparimentally to have more pumbing because in that case we could
go deeper into the saturation region and then have more evident the de-
pendence of the narrowing on the y parameter. The sm§11 déscrepancy,
which appea}s in the beginning of the saturation region in Figure 3-29

is due to the shift of the intensity spectra with pumping. This shift

will delay the saturation until we reach higher pumping which finally .

/‘\
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Figure 3-27. Total intensity, integrated over wavelepgth, vs gain. This
- gain is calculated from the experimental pumping using the

rate equations theory,

~
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Figure 3-28.

Narrowing v§ gain. The gain of the experimental plot is
calculated from the experimental pumping using the rate

equations theory. The concentration is 1.5 x 10}3 M

2.
‘fﬁﬁéamine 6G/ethanol. The approximate theory plot cor- .
responds to a FWHM of the homogeneous line function of

o
600. A.
k3]

- el
fare )
L



g
‘g_\é’

NARROWING ( A)

150

§

:

100L.

A
T Lk

exper.

—— t!':eo ry

/

-6
Y=10

d

4 .

B
FWHMh":GOOA

1 A
05 .

" GAIN (cm
. 'F1G.3-28

.1)

- ~
-
[ R S
.

r e~
T \.- S



Figure 3-29.

N

.
q

Normalized total ASE intensity vs §aih for several values
of’fhe y pangmeter of the approximate theory and -experi-
mentally measured intensity vs gain. This gain is .cal-
culated from the experimental pumping using the rate

equation theofy. The concentration is 1.5 x 1073m
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°Up'to 'now e have compared o‘Ur approxma-te theory wi th the rate

-1 ©

equat1on theory and }mproved its predict1on gu1ded by the fact that

the gdin was already known accurate]y from.the solution of the rate

..-‘

. - equat1ons In practice though, it 1s ne1ther easy nor economical to

Y

4
i

. .
§Wiaym:z:n.y.vwl . e
f

-
wil
PR P 7]

&

oIVe'tbe rate_ equations for each case and is really useful to be able

to find the gain from the direct app11cat10n of ‘the approx1mate theory.

&

/ ':. ? This, of course, is going to be a,twocparameter fit approach, since

o

S . e both y -and Mpo mo

mental and theoret)ca] curves of total 1ntensity Vs pump and. narrowing

w\T1 be'adjusted to have the best fit between experi-

Vs pump. The neceZsary steps can be summarlzed as follows:

(i); plot the experimental total intensity of the ASE vs pumping

and" calculate: an approximate y valie for the geometry of the ce]l
\
(y wi]l be of .the same order of magnitude as the solid angle’ subtende%

U

] : by ‘the gain column taking account of any possible apertures used in

. the measurement 'of the/1ntensity )
3 ’ :
(11) normatize the 1ntensity to an approximate value of saturation

‘, A ,..1 - ‘{ 1ntensity, yhich can be found from the intersection of the extension

Of the two Tinear section of the 1ntensity vs pumping cprve (above and

:‘a?‘f. - . be]ow satﬁration) The point on the intensity curve corresponding to !
a*i o - f‘}; ihea;ame pumping. as the intersection is approximate]y equal to the sa- f

B S turation soint. _f |

iﬁ?yf,«'::"; (11&) on the same graph plot the norma1ized 1ntensity vs pumping from

St | :‘;f the eXpariment and a set ‘of 1n¢ens1ty‘vs gain curves for several va]ues
TR I N

= 54 :_j?TTT;a;;[ il Fooen 0T //’ N :

L}

L3 . . . . ~ g » ‘ 1 e ’

"',::: 2! ." b te e . 4 .‘ ‘. . . J - !
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of the y parameter close to the calculated value of y from (i). Scale
the x-axis to get the unsaturated section of both sets of p]dts parallel.
This will determine an approximate y value.

(iv) nlot the experimentally obtained narrowing.ax vs pumping and
determine the limit of narrowing at saturation.

(v) treat the homogeneous gain linewidth as a free parameter and

for the y value obtained in (iii) find the value of ax which together

homo
with the used y value will determ1ne a best fit p]ot of ax vs gain.
(vi) read the gain, for a given narrowing, from the gain axis (x-axis)

of the theoretical curve.

In order to clarify tHe& “process described above, we will present
an example. Thg experimental data belong to the previously treated case
of rhodamine 6G in ethanol of cancentration 2.5 x 10-3 M. Figure 3-30
Shows the normalized (see (ij) above) and scaled expe}imenta] fotal in-
tensity of the ASE.vs pumping a]oég with a set of theoretical plots of:
total 1nt§nsity vs gain for several values of the parameter y. We see
that y = 10"7 gives a very close fit between experimentally obta}ned and
theoretlcal]y ca1cu1ated intensity curves. From Figure 3-30, we also see
that to Find the gain which corresponds to the experimental pumping we
| . have to mg1t1p1y it by the scaling factor 0.004 cm'l. Figure 3-31 show?
the experimentally obtdined spectral narrowing vs pumping properly scaled
-7 = 650 A.

and the theoretica?]y obtained best fit for y = 10°' and ax

homo
‘On the same plot we also show the unscaled exper1menta1 narrow1ng plot
vs gain qalcu]ated using the rate equation approach. It can be seen

“that, wiﬁh the exception of very low pumping, the gains obtained for the



e

Figure 3-30.

Normalized total ASE intensity vs gain for several y values
from the approximate theory and experimentally measured
intensity vs ‘pumping for a concentration of 2.5 x 10“3 M

and-cell dimensions 50 v x 1 mm x 18.2 cﬁ.
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Figure 3-31,

Narrowing vs pumping measured experimenﬁ;TTy for 2.5 x 10‘3

M rhodamine 6G and narrowing vs gain dalculated usng

LY
y =10 ° and A*homo

responds to gain calculated using the rate equations theory.

= 650 A. The upper x-axis scale cor-
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same naggowing from the scaled experimental plot and the one obtained

from the more accurate rate equation theory agree within 20% (for example,
. C . .

for a narrowing of 200 A, we read from the scaled experimental plot, a

gain of 0.55 cm'] and from the rate equation through the unscaled plot, a

- gain of 0.45 cm'], which agree within 20%). For completeness, next we

« present a recently published approximate theory on the ASE‘(40) which is

W:'
tz-along the same lines as the one we have developed.

’
-~

3.5.2 Casgerson'sjApproximate Analytical Theary of the ASE - A Comparison
(40)

This theory takes into consideration the two-way propagation
of the ASE and the effect of the saturatjon of the gain. It assumes though

no transverse variation of the gain, a Lorentzian gain line for the homo-
4

4
s

" geneous case and an intensity spe;trum which is much narrower than the
gain 1inewidth we}l before saturation settles in. Under these assumptions
the complicated fntensity probagation equations can be simplified, because
now we can deai‘hith total intensities integrated over frgquency, to

yleld the following

8
dx+(;)f' gh[x+(z) + XQ]

(3-64)

dz 1+ x(2) + x7(2)
. dx(z) . _Snbx (2) %) 3-65
s dz 1+ xt(z) + x7(2) ( )

A

N .
where x+(z) LI fI+(y.z)dy is the total intensity of the wave travelling
in the positive z direction normalized in units of the saturation inten-
sity IS(& = l/IS). 9, {s the unsaturated line centre gain coefficient,

and Xo is thé‘;pontaneous emission input parameter. After some.algebraic

&
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manipulations, we end up with the following equations:

(1 - 2x0)ln(xt/x0 +1) + th.= z, = ghL (3-66)
In(x,/x_ +1) 1/2

Av  _ t' "o

N CI W R DI (3-67)

where Xy is the total intensity emerging from the end of the cell, Av is

the narrowing and | is the length of the cell. Equations (3-66) and (3-67)
can be used to determine the gain 9y and the narrowing if Xo is known.

Figure 3-32 shows a plot of the measured AX vs the gain calculated

using the rate equation theory. On the same graph we plotted a\ vs

gain calculated from Casperson's approximate theory, for a reasogable X,
value for dye lasers.(Ao) It can be seen that Casperson'§ predictions

are very far off, just gs we found for our theory. Thegspectrum narrows 4
much too fast as far as the gain depehdence goes. Agaid, ;n obvious way

to improve the agreement is to treat the-homogeneous 1inewfzth as a free
parameter and try to get the best fit of ax vs gain, and intensity vs

pump or gain. In doing exactly this, we‘found that a value of Ayomo =
600 R and a value of the normalized to the saturation coupling parameter
Xo = 10'6 will gtve a reasonable fit. Figure ;—33\shows the fit we can

, ° -
get, assuming AAh = 600 A, Xy = 10 6

s to the experiment. This fit is
reasonably good except at very low pumping (below gains of 0.05 cm']).
Figure 3-34 shows.a set of total intensity curves for different Xy values
vs gain- from equation (3-66). Also on the\same plot, we show the experi-
mental curve of the intensity 1ﬁtegrated over wavelength vs gain. Qé

6

see that Xy ® 107" gives a reasonably good fit, taking into considera-

tion the ‘approximate nature of the (sperson's theory. From Figure 3-34,



Figure 3-32.

Narrowing vs gain calculated from Casperson's theor& and
narrowing measured experimentally vs gain. This gain has

been calculated from the experimental pumping using the

rate equations theory. The concentration is 1.5 x 10'3

~

M rhodamine 6G/ethanol. \
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Figure 3-33. Narrowing vs gain calculated from Casperson's theory for

- 1n-6
X0 10 homo

- perimentally vs gain calculated f#bm the corresponding

and FWHM = 600 A and narrowing measwred ex-

pumping by using the rate equations theory. The concen-

3

tration is 1.5 x 10°° M rhodamine 6G/ethanol.
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Figure 3-34.
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Total intensity, integrated over wavelength, vs pumping

intensity for both experiment and approximate theory after

scaling has been performed.
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we can'§Ee thét the»%a]culated intensity saturates faster then the ex-

3

per1mem¢a}1y observed one,  because the maxxmum 1nten51ty shift w1th

rpumpinﬁ is nat taken 1nto account in the-approx1mate theory. Experi-

‘ﬂ - -~

mentaJ]y, the 1ntensityxw111 keep on increasing and shifting to lower -

.'wavelengthsfudtiilfhe absorption losses ind%eage to the dEgree ihat

| thef’cannot be overcome at the low end dffthefspectrum by the ﬁumping

prdVided In'tﬁat case, the extra pumping wii] produce enough intensity
to ‘saturate the gain at wave]engths near ‘the peak 1ntens1ty.

Frdmﬁtheshortanalysis we presented above, it is clear that

FCaSperson S approximate theory can be'used to calculate the gain with

: reasonab1e accuracy “(in a s1m11ar way as in our approximate theory)
'femp1qy1ng the approximate Xo va]ue 'To improve the predictions of this’
;vftheory. we.have t6 couple it with a dorelexact theory such as our rate

';equation‘eeproech.) S

Cgspeﬁsgn‘s theory can. be used to detefmine gain following a’
procedufé‘sim11ar to the one descr1DEd for oury approximate theory. Never-

theless,. this theory shows some features of the propagation of the ASE,

*namelys, the saturation of the narrowing with no rebroadening for the

homogeneous broadened medium and the varfation of the gain and 1ntensity

along the cell. whdch are similar to the results we get from our appro-

In conclusion. in this section we have presented an approximate
m1-an Iytical method, which can be used to calciuTate the gain and we
@

have cmnpared the gain calculated by_\ging this method to gain predictions
't . . : ’ . ' '

‘e
-

b
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of the rate equation method. We have also suggested a way to use the
approximate method for 1naependent calcutation of the gain and we have
discussed another.similar approximété method of-gain calculation and
ASE propagation. We have seen that unless care is exercised,*@he appro-
Xximate methods can introduce a large error in the gain calcuﬁgtion, but,
suitably applied, they car give reasonable results for the gain, good

to within ~ 20%.

3.6 DISCUSSION AND CONCLUSIONS

In this chapter, we studied the amplificatioh of the spontaneous
emission. We developed a model for the ASE based on the rate‘equatiob ap-
proximation and sotved it for the particular case of a dye molecule.
This model describes the way the ASE spectrum chapges within the cell
and makes predictions for the emitted intensity, the narroying of the
ASE and the maximum wavelength shift which can be directly compared
with experimental observations. This moée] also provides us with an
accurate way to calculate the unsaturated gain and demonstrates the
importance of the excited single state absorption (ESSA) in determining
the eéacf behaviour of the ASE. Actually, using this model we were able
to predict the ESSA importance and correct and extend the.spectrum of
published ESSA cross-section. This important feature of the theary can
be used.in other cases, where some cross-sections aﬁg,]ess well -known,
to make useful predictions of these cross-sections by comparison with
thé experiment.

In particular, within the gain medium, we have noticed the

following:

LN

Y
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(1) The spontaneous emission propagating in any of the two directions
starts with 4 broad spectrum, which gets ?grxower as it propagates within
the gain medium and at the same time it§/éedﬁ moves towards shorter waver
length because of the non-uniform gain profile.

(1i) The number of excited molecules varies within the cell and this
variation can be significant in the case of high pumping, where the in-
tensity build up is large enough to 1essén the excited molecules number

and thus decrease the gain. ° : -
(ii1) Propagation in the cell can be divided into three distinct regions,
namely a central region where most of the amplification takes place and

two symmetrical r;g1ons where the intensity could be high enough to saturate
the gain. The length of these regions depends on the pumping and an in-
crease of the pumping will shrink the amplification region. We have

seen that most of the narrowing takes place within the unsaturated re-

.gion which leads to the conclusion that extreme pumping will not neces-

sarily produce small spectral widths. Also, increase of concentration,
though it will provide more gZin for the 'same pumping, will cause satura-
tion in a shorter distance within the cell and the net narrowkng wili only
1mprovels11ght1y since most of the propagation again takes place within
the saturation region, where the gain is small. The answer to this pro-
blem of narrowing 1s to find a way to limit the 1ntensit{\of the ASE or
dse a wavelength selective feedback mechanism (such as a 51 ction
grating) to limit &ﬁplification t6 a narrow band of the ASE/;pectrum.

In order to limit theyphoton flux per cmz, we can use a :Eﬁies of small
size cells with neutral density attenuators be£ween them to drop the

2

intensity output of each individual cell below the saturation point. Another

—
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very interesting approach is to use a cell thick with respect to the
absorption length of the dye material. In this case, it is possible to
have partial propagation of the ASE outside the gain region and con-
sequently, less photon flux inside the puhped region, which implies
that higher gains can be achieved by using higher pumping. This is,
of course, equivalent to higher narrowing than before, because the
narrowing is inversely proportional to the unsaturated gain.

* An alternative possible improvement of spectral narrowing is

to use a thin cell in conjunction with appropriate saturable absorbers.

gy |
The absorber will provide a séﬁtctive strong absorption along the spec-
tral region of interest, which is also intensity dependent and thus it
will contribute to the additional narrowing of the peak intensity of
the ASE.

With respect to the emitted ASE itself, we should note the

following:

") The intensity of the ASE exhibits a special behaviour both
spatially and with respect to pumping. The beam, for the case the cell
has a uniform absorption cross-section across it, is smooth with a di;
vergence of the order 6f one-half of a degree‘\\The intensity of the ASE
wi th respect to pumping exhibits the usual behaviour. There are three
distinct regions, namely: the very low pumping region below threshold,
where there is no significant photon flux in the cell towcr;%Ee an in-
duced emission; the region-above threshold but below saturation where
the main narrowing takes place and the 1ntensi£y increase drastically

-with respect to pumping; the saturat?bn region where the intensity
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bu?]d—up is large enough to saturate the gain.

(i) A main characteristic of the ASE is the lack of mode structure,
which is always present in laser oscillator. This lack of modes can be
of great importance in absorption spectroscopy in casés where absorpt{on
lines lie between successive laser modes and mode hopping prohibits the
access to such lines by cevity length tuning.

(1i1)  The tuning of the ASE can be done by using a selective loss

(99) (100)

feedback mechanism or the injection of monochromatic radiation.
The use of different concentration of the dye material will provide ad-
ditional spectrum to tune in and the pumping itself tunes the ASE. Another
very interesting tuning method could be the combination of the loss selec-
tive mechanism with the injection of monochromatic radiation to produce
tunable ASE with wavelengths other than the ones supported by the loss
selective element or the injection radiation wavelength. This has been

demonstrated for the case of laser oscil]ators.(loo)

Besides the rate equation model, in this section, we have also
developed a semi-analytical approximate model! which is independent of the
charagterist1cs of the particular system. We have seen that using this
approég;ate model, it is possible to calculate the unsaturated gain
within ZOi. This model is very useful in cases where complete accurate
knowledge of the characteristics off the gain medium is not available.
This approximate model also gives some insight into the propagation of
phe ASE and takes account of the saturation on the narrowing and the

intensity output.

In conclusion, in this chapter, we have presented a complete




.

theoretical and experimental investigation of the propagdtion of the
ASE in a gain medium (with constant absorption cross-section across the
cetl, thin cell case) and shown the main effects of the interaction of
light with the molecules for the particular case of dye material. This
study wés restricted to the time independent phenomena and pumping rates
‘which are appropriate for flashlamp pumped systems. [t is then natural
to extend the treatment we have done so far to include time dependent

(]O])). This extension is

phenomena (such as relaxation oscillation
part of our future research. This study was also restricted to cases
with uniform absorption cross-sections across the cell. The extension,
though, of the rate equation theory to cover spatial inhomogeneity of
gain across the cell is very complicated and will not be presented here.
Instead, because of the great experimental interest, we will try to treat
the so-called thick cell case (where the‘cell thickness is larger than
the absorption length) in a different way, based on solving
Maxwell equations for the field in the cell and looking for spatial

modes across the cell, for a particular gain profile. This investi-

gation 1s reported on in the next chapter.
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- CHAPTER 4
SPATIAL MODES IN ASE

4.1 INTRODUCTION

In the previous chapter we studied the amplification of the
spontaneous emission in a thfg cell, where no spatial variations of the
parameters across the cell are involved. In most of the experimental
situations, tho;gh..thick cells (with gain and index of refraction varia-
tiongkacross the cell) are used. It seems then natural to extend the
treatment of the ASE to cover the thick cell cases, in order to determine
when spatial variations become iimportant and to modify our method to mea-
sure the gain under these congitions'if po;sibf;. The solution of this
problem is extremely complicated, becau§e it involves both the amplifica-
tion of the field along the axis and its spatial distribution across the
cell. The fi;st attempt to solve this problem i{s to assume that the pro-
cesses along and across the cell are separable, which is true under cer-
tain cond1t10ns"ﬂéﬁ§ﬁgned later, In fhis_case we can treat the propaga-
tion of thgcfielg/gcross the cell using Maxwell's equations with the ap-
propriate boundahy conditions and profiles of the parqmeters,{nvo1ved.
Such treatment widl provide us with the distribution of thevfield across
the cell, whicﬁ'is goiﬁg toamodify the amplification behaviour along the
cell, fgpé}proceed1ng to solve this problem of‘field_distribution inside
thé cell, it 1s abp;opr1ate ko 1nve§tfgate the processes which give rise

to spaEial inhomogeneities across the cell.

- 167 -
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(i) Gain Profile

At high concentrations of dye material, the pumping 1ight from
either a laser or a flashlamp is absorbed in a distance which is generally
much less than the width of the dye cell. According to Beer;S Law the
intensity of the pumping light falls exponentially with the depth inside
the cell and because the unsaturated gain is proportional to the pumping,
the profile of the gain across the cell is an exponential one. Conse-
quently, the gain varies exponentially across the cell and this will af-
fect the way the ASE propagates along the cell. Also, as we will see in
the next section, the gain itself can modify the index of refraction and

thus gain inhomogeneity creates index of refraction inhomogeneity as well,
N e

(i1) Index of Refraction Change

There are two processes which will change the index of refrac-
tion across the cell, namely the heating of the solution and the existence
of gain. The heating of the solution is the res(ltof the themmalization
processes within the electronic energy bands, the non-radiative decays
and also the absorption of the solvent itself. In our case, the absorp-
tion of the solvent (ethanol) {s very small and uniform o&ér the cell
width for the pumping region of interest and consequently it can be neg-
lected. The spatial profifé of the thermalization processes is of course
proportional to the profile of the absorpt{on of the pumping 1ight and
therefore the 1nde* of refraction change has the same profile as the gain
across the cell before onset of diffusion. Consequently, because the
index of'refraction drops with increasing temperature we will have a
higher index along the axis of the ce]l'along with an exponential varia-

4
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tion of the.index across the cell. This is equivalent to a converging
lens and it will push the field propagating along the cell toward the
centre of the cel]f‘ Tﬁen, some of the ASE can propagate outside the.gain
region. This kind of propagation is only possible when there is a net
flow of energy from the gai; region inward toward the loss région to
offset the losses, which are experienced'byvthat portion of the ASE pro-
pagating outside the gain region. Next, we deal with the change of the
index of refraction due to the presence of gain.

The relation bﬁmween gain and index of refraction can be seenA
in the following simple way. First, assume a molecule positioned at R
and an electron bound to the nucleus are at distance ¥r. Then the in-
teraction Hamiltonian between the electron and an external field is

given by \

€ SRRy (4.1)
where u = -er is the electric dipole moment.
Then we can define a macroscopic polarizatioﬁ
_P = New> (4.2) ¢

where N {s the number of interacting molecules/cc and <u> 1s the ensemble

average. The displacement D will be given by

— o — —

D=cE+P ek +ciE (4.3)

for the case of small fields E. ﬂére. ¢ 1s the dielectric constant and

x 1s the electric susceptibility. Equation (4.3) can also be written as’

- §° - - .
D= ¢[1 + E*-x]E = g'(v)E . (4.4)



\- @
! “
170
" where
‘s 1
e'(v)=e[1+.-e~—-x] : : : I
In other words, we have associated the interaction of radiation ;
"with the molecules to the dielectric constant or the susceptibility oé~
"the me@ium. Next we will see how this change of the susceptibility re-
lates to the gain. Let
Ebz,t) = Eo exp 1 (wt - k'z)_
be a plane wave propagating in a gain medium along the z axis. Then,
the wavevector k' inside the gain medium will be given by :
= o) = k(0 ¢ x/2e) (4.5) .|
where _ . ;
. k=uwhe  and Ix| << 1.7
Exprgésing x with its real and imaginary parts (x = x' - 1x") we write
equation (4.5) as follows: )
. | u‘
k' = k[1-+ )L..(_"l] - 9 kx"(v) ) - (4.6)
2n2 2n2 ;

)]/2,

where n = (e/e is the-index of refraction of the medium far from. resonance.

Near resonance though,

n' = (e'ey) 1E e (et + egutedle )V

or ., . . " .

(4.7)




-y ¥,

S

- ’-i ©

1N

-
"~

Then the plane wave can be written as

' E(z,t) = E exp i(uwt - zk(l~+3;$—l-) exp(kx"(u)z/Zn ) (4.8)
n . -

" We see that the result of the interaction is to change the phase of the

plane wave by kx'(v)/2n2 and to vary the amplitude by an exponential
.gain factor of kx"(v)/Zn?.‘ Then the gain for the intensity (I = EE*) is
given by

g(v) = kx"(v)/n? (4.9)

! This equation ;elates the gain to the imaginary parts of the suscepti-
bility and through the Kronig-Kramers reﬂations (which re]aﬁe the real
and 1maginary part of .the susceptibi]ity) to the real part/also. But
from.equatﬁon (4‘7) the real part will contribute directly to the change.

+ of the index of refraction. In conclusion we have seen/that the pre-

sence of gain wil] increase the index of refraction 1n the'gain region.
It s then c)ear from what qu discussed above that in a thick
cell with high concentration, we havé a non-unifonn/gain problem with .

‘the addition-of a non-uniform 1nden of refraction due to thermalization

or non-radiative processes in the 'asing materiah. and the presence of..
the .gain {tself. The change of the refraltive yndex will cause a lensing
effect and»thé positive Iens (whi/ch 1s formed yhen the change of index

due to temperaturetincrease is larger than tne change due to the presence '

. of gain) will redistribute the 1e1d away fnom ‘the wa]ls of the qell

where the gain is maximum. This field wilf then experience less gain

as 1t.proppgates further{”zom the walls a ld the prbpagat1on may oceur 1n

7 " , . .
- . p - . -
- . . j \
‘ . : .

4 q
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modes corresponding. to real solutions of the wave equatibn‘which are

4

syable eigenmodes propagating along the cell and confined to a fixed

distribution in space. This type of propagation of the field will mani-
fest itself through the intensity vagigtion in the near field anq the -
far fie1dh(50) It is also possible that,‘because part of the field is
. propaéating outside the gain regfon, the intensity of the field in the
gain rengR remains small relative to the saturation intensity for long
propagation lengths. This acts to enhance the spectral narrowing of the
field, because, as we have seenlin the previous chapter, most of the 2 B

narrowing takes place before saturation. Add1ityonal narrowing could

also result from the wavelength dependent diffraction losses, which be-
come significant with high concentrations. It-is then important both

~ from a theoretical point of view and from a practfcalknne td'investigate
the propagation 6f the ASE in a thick cell, Next, we present a review-

of the existing 1iteratﬁre on "ASE piopagatfon in thick cells.
K3

et aitaudiaa
4
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The refractive index gradient e fect in the so-called super-
radiant dye'amplifier have been observednindirectIy by a numbey of

(45)(47)(79)(]02)(]03) both for p]aner and circular dye cell

authors,
structures. According to reference (45) a high concentration (2. 9'10 m/1)
rhodamine 66 ethanol solution is kept in a cell of variable thickness.

The slab cell is pumped on one side only. The far field‘pattern con~

siet of two distinct modes separated by a time averaged ang]e of 2°

corresponding, in a crude approximation, to a zig-zag way of 11ght pro-

(79)(102)

pagation along the cel] Burlamacchi et al. reported mode

patterns)of near and far field for the case of circular dye cell and
flashlamp operation and also reported 1nd1cations of existence of whis- -

pering modes, which propagate circulating clockwise and antic}ockwise

along the wall of the cell. Tikhonov et al. ,({03? using a planar cell
reported also an angular divergence of the two emitted beams of a few/.
degrees for sufficiently high dye concentration where the absorptio
length is smaller than the dye cell thickness; Their explanation was
the
cell due to pump heating at those high tonceotrattons. We ghopi note

also related to the lens-like index of refraction distribution i

that‘in a planar cell, which is excited in a perpendicular way/the ab-

~ sorption length is directly comparable to the cell thickness to dgter- ‘

mineé the kind of modes we will have. But for a cy]indrical dye cell
the radiation focuses as it propagates inwards and a proper treatment, |

"{s needed to detennine the effective absorption length and the effect

of the cell wall on the oblique incident pumping light (104) ‘
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Beside 'the ekperimental observation @lready mentioned, a theore- é.

L

tical. analysis, based “on the hydrodynamic approach, which relates the-

temperature variation (due to non-radiative decay and interband‘;Q-
" laxation) to the refrettive tgdex variation has been reported by Balucani
gtﬁgl;ﬂqg) In this treatment, the refractive index variation tor small

changes in temperature is given by
- \{) . ’ N ‘
n(x8) ="n, = (28 ) At / - (4.10)

where

eXt(x t) = aI(x.t), (%%) = -410"%K"T for ethanal at room [
Po temperature . S

and Py is the pressure at thermodynamic equilibrium, P the density, P ) - p
the specific heat at constant pressure and I(x,t) the intensity of the
pumping 1ight, which is directly prqportional to the heat power density
Ba]ucani et al. (49) computed that for a concentration of rhodamine 66 T -
of 1.0 107 m/l. an ablation f]ashtube with a ‘blackbobdy temperature of

“abort 30, 000°K and & pu]se of 2.5 usec, a temperature fncrease of 0.3°C . - ;‘i;ﬁn
and an 1ndex of refraction change of the order of 5°x 10"4 are produced. A
" We mention these ca]culations here in order to give a fee11n9~for the ‘

: changes ‘of’ temperature and index of refraction invo]ved. Such changes ,

of the index are going to be used in a later secttan when pprticu?av solu-

- ey ey T o -

. tions of Maxwell's equqtion far spat¢a1 modes are- found. \simpler -
R . . B | . .

[ 4

LI
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Qay of analysing the 1ight propagation has been presented by Pratesi

(48)

and Ronchi, using a geometrical ray-tracing method and assuming a

quadratic profile for the spatial vardiation of the index of refraction
and the gain.. From the calculations done by Bulucani g;_gl;,(49) a

quadﬁatic approximation for the index o? refraction seems quite rea-

sonable for flashlamp pumped planar cells at low enough dye concentra-

1 (48) using the assumption made above and con-

tion, Pratesi and Ronch
sidering only the situation. in which the 1ight beam remains a]most
paral]e] to the optica1 axis, in order to use the geometrical optics -

approximation have found the ray trajectory equation and the conditishs

. for mbde structure for the planar cell geoméfry. They have found that

. the refraction index change will detqrming’ the position of a certain

liné; cal1ed;the caustic, and‘when the caustic 11es outside the cell wall
only Teaky modes can prapagate. on the cun\rany, when the caustic line
Iies inside the ce]] wall prapagat%égwat guided modes can occur up to
substantially 1arge order, . In additioh it 1s shown that for .thick cells

_ ‘some higher order guided modes will require gains, which are readily

available in dye amplifiers and they propagate in a real situation. Some

experimenta? results of the far field deviation from the axis of the cell

. For different cell thickness are also presented and compared with the
‘theory along with time integrated far-field patterns.

} Theéa'appnoxihate ray trajectory calcdiatidns provide a starting

point in the mode propagatton probi _but in ordar to apply the theory

' in realistic situations we will h e to deveTap a more sophistical mode]. -
- which will 1nc1uda the phase of the propngating wave a}ong the call and a
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more realistic index of refraction and gain distribution across the cell.

In the next section, we will present a model for the doubly pumbed slab

~dye cell assuming an index step variation and using a wave equation ap-

o

proach.
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4.3 A MODEL FOR THE TRANSVERSE MODES IN THE ASE CELL

The dye cell under consideration }s a planar structure which is
pumped by two identical flashtubes, one on each side. For sufficieﬁt]y
high concentration the gain region becégg; small with respect to the
cell thickness. Furthermore, there {s a transverse variation of the-
index of‘refraction due to the presence of gain~itself and the tempera-
ture-induced spatial variations. To determine the behaviour of the
field ip the cell, we have to solve the Maxwell's equations looking
for the conditions, which d@termine thé existence of transverse modes
1n’the cell. Under the assumption that both the gain and the index of
refractﬁ;n have a similar distribution, several authors have obtained

so1utio§s for specific profiles in the related case of solid state

' electron-beam-pumped lasers, such as Guassian, sech2 and step functions

(reference 50 and réferences cited) which are approximations to the

spatial variations of the ga{ﬁ. The work reported here is an appli-

.

cattan and extens;hn of this ear];ér work.
Figure 4-1 shows tpg particulgr configuration assumed in the dye
amplifier slab cell. A sym&etric step gain profile is assumed at both
sides of the cell along with a'IOSSy sectﬁon in the m1&d1e due to the
absorption of the unpumped region at the wavelength of the emitted ASE.

We seek tfansverse field solutions similar to the one shown in figure

" 4-1. We assume that the transverse variation of general solutions of the

wave equation, propagating along the z direction, have the form

A= Ao stnpx . for -~0<x<d _ ‘ y
N R d<x<d+h (4-11)
AwhAysinp'(x-l) | dth ¢xc2d+h

-
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Fig. 4-1.

1)

i
A model f\4 the ASE in a thick planar cell. L is the cell .
{
thickness and d is the width of the index of refraction step. i
The dotted line represents a mode of the field across the i
cell. The full line is the gain or the loss experienced by
the field across the cell.
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These solutions must satisfy the wave equation (see Appendix B).

LS. |

9_2,’:, « [k% - é—%]A (4-12)
X c
According to our model we will assume the folTow;ng index step profile:
€6+6€6'1(C;'£5) for 0<x <d
- e(x) = L'(; - 1(:; + n']') d<x <d+h (4:13)
\cé*dcé*i(cg-e;) | d+h<x<2d+h

Here, ca is the real part of the dielectric constant far from resonance,

— e —

556 is the step change of the real part at the dielectric constant,

c;, c{. cg refer to the effect on the dielectric constant of the gain,
!

the absorption, and the non-résonant losses. [n our case, the dye am-

plifier with no feedback, the non-resonant losses, which can be attri-
buted to absorption of the solvent or mirror distributed losses are

negligible. Then, equation (4-13) becomes

s

o et dcé + 1c; for 0<x<d N

1

N
i

y 3
£(x) = cé - 1:; d<xcd+h \ (9-‘4){\\~J,_,;,///
y+ el + dl dvncxcadth 3
. -Next we §ubst1tute‘(4r1]) and (4-14) into (4-12) to get
e T :;2-_ k2 - w2 ¢, -1 9’3 ¢! - wZ éc! | - ('4.;75;)
:2- 0 cz g ? 0 - - - >
- 2. e
22 Ve b
q =k ';T{***" € v ot i
S e ¢ ? ar"’.w_a
] e M"'u‘“’ el B r
s et L
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Define

RrTe
According to (B-19), the intensity gain 1Y given by
men
a .4
9% n

Then (4-16) wi1l be given by

9

we " '
ui".’l.._ﬂ. = wn -___‘__9_21"\
¢ C( Cn) c 9

mc?
wh wn
B = Sl T 9

"]. n is the real

where g s the gain in ™! and ag 1s the loss in cm
fndex of refraction far from resonance and ¢ is the velocity of light
in vacuum..

Next, we will apply continuity and symmetry conditions to sim-
piify equj@f&ns (4-15). Provided that the gain and 1nda¥ steps are the
same 1in (o;d) and (d + h, 2d + h) we have p = p' and we need only to
deal with tve boundary at position d, togather with the boundary at L/2,

The Roundhry cond1tions and the continuity conditions are given
((1) ts Justified experimentally. Also, calculations of the poSition of
caustic(qa) fpr our case support this assumption)

1) A=oatxn~ 0.l
1) A is continuous at x = d,d+h
111) %% 1s continuous at x = d,d+h

180

(4-16)

(4-17)

(4-18)

by

the

(4-19)
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Symigtry conditions are :
1) p=p (4201
i) Ale'Q(d + h/2) _ A2eq(d + h/2) )

Then at d we have

-qd qd
A]e + A2e

A0 sin pd (4-21)

and the continuity of logarithmic derivatives gives

\.
-q.‘\]e'qd + A,edd Aop cos pd

2 " .
d qd Ao sin pd (4-22)

+ Ae

-q
Ae 2

From (4-20, i1) we have A2 = A]e'qL. then (4-21) can be written”as

' Ao sin pd = A](e'qd + eQ(d'L)
‘and (4-22) as

¥

%g a tan{pd) £

e

-q{L-d) _ 4-qd (0.23)
q(l-d) , .-ad 7

Equation (4-23) together with equations (4:15) deteérmine the solutions.
Here of course p and q are complex numbers. Next, we set
pd = (p' + 1 ")d = u + igu

(4-24)
qd = (q' + 19")d = v + isv

Then (4-23) may be written as

o+ 4R _ v asvI(1 - L/d) (v o+ dsv)
VgxfT§v.u fjgéf:3”1k0) e(v TSI - L74) e_Tv FTsv) - (4-25) .

~

y

R R SR R O

" e
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A )
Equations (4-15) can be written

22 . (& S o g woed
-p~d® = (k" - }d™ - dad” =
—C’Z" —_—C_Z—— .
we'
o?d? = (K - )¢ + 1sd’
c
and taking the square of equations (4-24) we have
(pd)? = (u® - ) + 21F ‘
. j (4-27)
(PQ)z = (v2 - s&V8) + 218v2
Now, we equate real and imaginary parts of (4-26) and (4-27) to get
2, 2 2
2 22 . 2 wey 9 W Geod
-(u -ku) (k -;"c—z'—)d ~'-"*'c"2-~
2 22 2 W |
(v€ - s") = (k= - ——5—)d' (4-28)
c
ZFUZ 8 adz
st2 = de
Then we set
R T SN
B 2 9 ¢ %s .
. C“ . h ' .
(because of (B-21)):
¢ ‘ wzégéd?
¢ = '-"'——2-— v . .
¢ ‘ . .
3 °u)2€‘ % (4"29)
52 (k- ""‘Q‘(')')d2 "
. c .
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and replace the equivalent quantities e: ¢, &, in equations (4-28) to get

-(u2 - Ezuz) = § ;\;\\7ﬁ\

(v2 - szvz) = § S

) , (4-30)
ke = qd?
2$v2 = 8

In these relation ¢ is related to the real index sﬁep.aéo and . is
re]ated to the loss and both gAand @ together with (1-L/d) are to be
taken as initial pgr;méters. The solution ;f the equations (4-25) and
(4-30) will giQe u, Q.‘F. s and\éonseqdently u'wﬁichhis related to the
gain necessary to have modes in the system.\ .

In order‘;o be able fé use equation Z4-25) to calculate u and
v we have to sgpérate the real and 1maginéry paris of thg equation. Ac-

* cordingly, we write for the left hand side of (4-25)

u+ku yl+ks,  uk=s - |
Vidsy v, 2 +1 1+ gl ' : (4-31)

for the first tem of the right hand side of (4-25). after some algebra

sinu)cos(u) + 1 sin-h(ku)cos h(ku)

tan(u + 1Eb) )

. (4-32)
| . sin ha(Fh) + cost(u) ' '
and for the second term of the right hand side of (4-25)
e, S
L padit- -q 4 .
e !+ e. | .C3"+ C$ ) , C3 + 99

.
P e ey v

\
s WU NU TN S
<
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. ) AN
A=z1-Ll/d '
C, = eV cos(sAv) - & 'cos(sv)
| C, = e sin(sAv) +7e”Vsin(sv)

Cq ="MV cos(sAv) # eVeos (sv)

.
®
b3
!
i
s
3
.
»

Cq =V sin(sAv) - e Vsin(sv) . . -

* Then substitute equati/éns (4-31), .(4-32), (4-33) into (4-25) and equating

real and imaginary parts we have the final equations

g

(1 +ks)6, - (k - S,)@é = 0

\ Fl(u,v.E', :
?{’j v - - 2 (4-34)
/\J Fz(u.v.T{h) z u(k - s)_G‘3 -v(t +s )‘G4 =0
. , R \ ,
It * . 4’ “~ ¥

Y A et
Ay ’“/ﬁm h(ku) cesh(ku) - . N
AZ#:éi'iW'bOS(u) 'k " ‘
sin hz('i'u) + cosz(u)
y . . 2‘ 2
6y =0[C3 + ¢Z) |
= AZEC]CB + C2C43 - Altczca - C]C4] . -

noy/ the new set of basic equati'ons of - the problem. Equations (4-:30) :

h be further simplified for use in calculations. If we combine the.

U O U I R S (4-35)
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Rewriting the last.equation of (4-30) we have

25v2 - b = 0 | T (4-36)

In conclusion, we have arrived at a set of four.equations (4-34), (4-35)
and (4-36) with four unknowns, u, v, k and s and three initial para-
meters: A, related to the cell active regfon. ¢, related to the index
step, and_e,'reiateg to the absorption losses in the unpuﬁped region.

The solution of these equations will give us the gain necessary to sup-

port the transverse modes, through the equation (4-17) after we have

calculated o from‘the third equation of the group (4-30). This gain

should be high enough to overcome the losses, which in the case of the

e -

amp]if1e\‘"Tfhout~£eeg§ggEi~izi the losses due to radiation leaving the
active regioﬁkﬁy”d+ff&agt10n Then, we should call this loss the d1f-

1
AT sl v

fraction loss. In the-case-of the dye oscillator we have to include -
another loss due to the stattering of 1ight in the mirrors ‘and the coupling
of the 1igh;‘fhrough a partial]y transmitting mirror to the outside of the

cavity world. It can be seen though from equation (4-13b) that it 1s the

" sum.of the losses in the nonpumped region which are 1mportant and hé\

thg individual contributions. Nevertheless, after we have determined the

\values for u, v, K, s We can ca]culépe'the field distribution using the

' equation‘(4;11). and‘Fonseduently get the intensity distribution for the .

near field which for stable modes 1s the same anywhere in the'ce113 Then,
we can determine the far field intensity distribution using equat1on((8-33)

of Appendix B. Next, we presént a-computer solution of the basic hquations

méntioﬁed above a]ohg with some results.

B S
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4.4 NUMERICAL SOLUTION
It was dndicéted 1n.the previous section that in order to find
the ;rénsverse modes- we have to.solve simultaneous equationé.(4-34).
(4-35) and (4-36). Becaus¥ of the complexity and nonlinearity of these
equations, we still have to solve them nmneriéa]ly to find Uy Vs F’and S»
the variables which determine the modes and the field, The equations
(§~34) include expdnential énd trigonometric functions of the variables;
thué:ﬁwe will héve multiple rodts and thus ﬁultip]e solutions, which are
on1j=discrim1nate€3by the gain needed to support those soiutions. Ob-
Qiouély, the solution with the smallest gain Qﬁll be amplified the most.
and depending on the available gain it cén be the only one present.
Because of the multiplicity of the solutions, it is then necessary to

have some guidelines 1in fiﬁding the lowest gaiﬁ solutions for given con-

centration @eli thickness and index step. A close look at the equations

(4-11a) and (4-24a) reveals that for u between zero and n/2 we will have
| ==

only one peak of the 1ntensity within the gain region and this.corres-

ponds-to the lowest mode. - The next one will have two peaks in the gain

region (/2 < u < n).gnd.so forth., A similar argument holds for the

. varfable v. For shal1er.va1ues of V. the spacinﬁ of the field ripples
_in the région (d, d+L) will be larger, provided that we always“keep the

Kk value posttive in order to have propagation. It is not a1ways possible .

'thcugh to say in advance that. the higher order modes will. experience higher:

1osses because the combination of the tndex step. the lToss and the cavity

- thickness ma& produce a high order mode with a low gain, requirement. This

makes thg search for modes and-the companison with real exnerimepta1 situa-

-
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4.5 THEOREFICAL RESULTS -~ " .- . ,

“w

' 2 fn orden ‘to demonstrate the usefu’rness of the simple model LCOome "
cerning nhe amp11f1cation of the ASE 1n %kthwak we1r* ﬁh1ch was presented
t A“in the preceedir:g s%don" we preser:?t here some resu]ts for some part1- ﬂ
. Gular values of the barameter inrvolved copnesponding to actual experi-
mgntaT conqniarn"s In the next sec*tion. we will present efpwm\ental

' oresults and compare them tb the theoreticat’ r‘esgi gseim or‘der to evaTuate

'the‘made}. Figur‘e 4-4 sbqws the*near fieid jngenstty across tbe celd;

for a cell tmckness of BQonwicronS/. a. rhodamirre 6G/ethanol concentmtAqn PR

ey

of 2‘9 X Idkb M¢ and*a “peak waye}vngth of the em%t;ed rad«fation of 5930. A

The‘absorption 105'5 of the dyg \sblutioﬁ m the unpump& region s 0 092 cm.. -l

S5\
T\ L and the 1ndex, st&p nn isr‘given by 2nan = *1 0. X 10 where n fs the »MdEx

R . ¥
Lt

. of’ refmcﬁon for ethanol (p.+T.359). Tt _can -be séen that the fterd
k propagat.es bo’ch {nside the p,t.mped reg1on ¢ (¢ ts ’the absorption I.ength
at the wavalength of ?;uaximum &bsorption which 13 5300 A for the rhodamine
_56 ‘solution) and ou;side the pumped region ‘ Thls 4s Because the dbsorp-
tioh losse*s‘ at r.he pedk wavelength are relatively small and the cell

By

thickncss of 300 micr‘ons is ‘not Very 'Iarge compared to the pumped region

.

R 1%ngth of 42 microns: ”The effect of the cell thickness on the near field
disffibutféﬁvisfé%éwn in figure 4-5, where we have kept all the other
pafﬁmeters the same except the cell thickness, which now is 1750 u. I%
can be seen that .the peak intensity in the unpumped region is ;haller
than the intensity in the pumped regionh and also decreases towards the
centrélof the cell. Similar results are obtained for the case of in-

creased losses experienced by the field for a cell length of 300 microns.

te



Fig, 4-4,

Normalized intensity of the ASE across the cell. The cel)

thickness 1s 300 um, the index step an is given by 2nan =

-10‘4. the peak wavelength 1s 5930 A and the absorption

1

loss 1s 0.092 cm '. The rhodamine 6G concentration is

2.0 x 1073 moles11itre.
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Normalized intensity of the ASt across the cell. The cell
thickness is 1750 wm, the width of the index step is 42 um,

the index step an 1s given by Z2nan - -10"4, the peak wave-
]

length fs 5930 A and the absorption loss is 0.092 ¢m™ . The’

rhodamine 6G concentration is 2.0 x 1073 mole/1itre.
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Of course, the combination of high losses and increased cell thickness
1s going to enhance the propagation of the field within the gain region
and eventually confine it to that region completely for this particular
index step.

We have seen in section 4-3, equations (4-17) and (4-28), that
it 1s possible to calculate the gain required to overcome the diffrac-
tion losses for given index step and losses in the unpumped region.for
a particular cell thickness, Consequently the solution for a particular
case provides us with values for the u, v, k, s defined in equation (4-24)
and values for the gdin needed to support the different spatial modes
of propagation. . The gain is given by the relation

2
2und )

gd‘lff = (Z‘EU)/(""’)‘”~~ (4-37)

which is obtained by combining equations (4-17) and (4-28). This gain

s the absolute minimum gain required (and we will call it the.diffrac-
tign gain, because of the familiar diffraction term appearing in the
denominator) and any additional gain is going to be used to amplify the
spontaneous emission, For the case shown in figure 4-4, a 941 £f of 0.2 cm"1
1s calculated and for the case of figure 4-5 a gain of 0.9 cm“ is needed

to establish the spatial mode. This reflects the fact that more energy

is lést*by the field travelling jn‘a thick cell outside the gain region

and this increased energy loss has to be supplied by increased gain in

the gaig,regionf‘ In the geometrical ray approximation, the losses are

higherlin the thick cell because the 1ight has to propagate (in-its zig-

‘,zag way) for a longer distance within the unpumped loss region,

e W e m
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The far field distribution shown in figure 4-6 corresponds to

e

A

the near field of figure 4-4, It can be seen that the far field deviates
from the cell axis by an angle of 0.6° for this particular case and con-
sists of two symmetrical beams about the cell axis. The far field for
the thick cell which corresponds to figure 4-5 is of similar nature

with much less rattling around the axis which is due to the very many
cycles of the near field inside the unpumped region. - The far field

angle for the thick cell (1750 um) is 0.65° 1nd1catfﬁ§ the fact that the
f;r field 1s mainly determined by the index step, which is kgpt constant
for the two cases, since the concentration -is kept constant.\ It is, of
course, expectéd that both near and far fields will depend oh the index
of refraction step. Figure 4-7 shows the variation of the far field
angle (whidh measures the deviation of the far field from the cell axis)
against the change of the index step. For this particular case, the con-
centration is 1.5 x 10'3 M rhodamine 6G/ethano}, the absorption loss at.
5930 A 15 0.04 cn™' and the cell thickness-1s again 300 wm. It can be
seen that the far fleld angle varies nearly Jineafly over the region of
1nterest pert}%ent.to our experimental situation (0.4° to 0.65°) which

is treated°1ﬁ’the next section.

' On the same graph we have plotted the far field angle for the
cases 1n which the absorpt1on'depth of the pumped radiation is reduced
by a factor of 1,15 and 1.35 (corresponding to d = 56 um,.48 um, 42 um).
It can be seen that the variation of the far field ang]e is relatively

small over the region of interest to our experimental situation. Then,

to a first approximation, this fqr field ‘angle can be used as 2 compari -



Fig. 4-6.

Far field intensity against the far field angle, The cel
thickness is 300 um, the width of the index step 1s 42 um,
the index step is given by 2nan = -10-4. This far field

corresponds to the near field of figure 4-4,
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son between theory and experiment, without treating the absorptidn length
as a parameter. A more precise treatment would require a detailed com-
parison of the experimental and theoretical near field distributions.
_However, it proved extreme]y difficult to obtain good near field patterns .
to do this comparison in order to determine the exact value to be used

for the parameter d. Consequently, we will treat the approximate case

of fixed d, but we will see that even this approximation gives a very

good prediction for the index step range and the temperdature variation

of the dye material, when exci{ted by a flashlamp pump.

Figure 4-8 shows the variation of the require#gain to sustain

the spatfal modes versus the losses in the unpumped region for a parti-
cular index step an (2nan ==1.0 x 10'4) and a concentration of 1.5 x 107 M
of rhodamine 6G/ethanol in a 300'um cell width. It can be seen that the
gains required are readily available In the case of flashlamp pump dyes
as we have seen in the previous chapter. It should be noted here that
the far field angle was relatively insensitive to moderate change of the
absorption losses in the unpumped region and with a value around 0.53°.

For the 1.5 x 10'3m/l concentration we have found that the peak wave-
1

4

[+]
, Is around 5930 A, which cor-

responds to an absorption loss of 0,04 an (08] » 0,352 x 1079 e® from

1

length, for gains of the order of 0.8 cm
Appendix A) and Odqff ™ 0.15 cm™' from figure 4-8. It was emphasized in
Chapter Three that in order to get aécurate gain measurements by using
the narrowing of the output intensity versus pumping, a uniform pumping
- profile 1s required across the cell, It is then clear from figure 4-8

thui any gain measurement with a non=unti form pumping across the cell will



B
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Fig.

4-8,

Diffraction losses against the unpumped region absorption

-8

losses for a cell width of 300 um, an index step size given
by 2nan = -0,1 x 10'3 and a width of the index step of
56 um,
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{ntroduce considerable error (it is the product of loss times the cell
thickness, which is of importance In determining the required Yyiff

and here we changed the product by changing the loss, which is equivalent
to keeping the loss constant for a particular toncentratfon and chaﬁqing
the cell thickness). [n the next sectfon we will present our experimental
data related to narrowing in a thick cell, the effect of concentration on
narrowing and also tar field angle data in conjunction with®alculations
(based on the theory presented with respect to the spatial modes) and
determine values for the {ndex step and consequently the temperature rise

of the pumped region of a thick cell.
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4,6 EXPERIMENTAL RESULTS

It was mentioned before that accurate measurement of the avaflable
gain requires a uniform pumping cross-sectfon. [requently, however, dye
cells are used which are thick with respect to the absorption length. [Tt 1y

natural then to try and fnvestigate the behaviour of the dye amplifier under

.~

practical thick cel) conditions, San-uf the resulty obtained are presented

here along with useful comparisons with the results calculated from the model
of the spatial mode distribution, which we developed earlioer,

Figure 4-9 shows the narrowing ot the output {ntensity versus
pumping for a cell of 300 um thickness and two different concentrations,
On the same graph we also present the narrowing versus pumping for a cell
with uniform absbrption across the cell for comparison. [t can be seen
that for low pumping the thin cell exhibits more narrowing than the thick
ce]l. because there are no diffractfon losses and all the gain {s used
for narrowing. For higher pumping, thguqh. the Intensity of the ASE s
so high that {t saturates theavallable galn and the narrowing decreases
very slowly with pumping. On the contrary, {n the thick cell furghor
narrowing can be obtatned at high punping because now some of the ASL
propagates outside the gain region keeping the Intensity fn the gain re-
glon Hower than before. This means that thc}o {s loss saturation of the
gain for the same pumping than before dnd’zonscquontly more narrowing tan
bp achfoeved. This {s evident in Figuré 4-9 for punpings of 300 and above.
Incraedsing the concentration to 4.0 x 1073 mole/1 {n the thick cell will
cause tho gain region to decrecase and the diffraction losses to increase

resulting in smaller spectral narrowing for pumping below 300 and more

narrowing for high pumping above 300 as we can see {n Figure 4-9 (because

the intensity of the ASE s sti1] well below the saturation point),

v/
y
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Flg, 4-9,

Spactral narrowing of the ASE (FWHM) against pumping for two
coll widths of 7Q um and 300 um and two ditferent concentra-

tions of 1.5 x 10" mole/1itre and 4.0 x 1073 mole/11tre.
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~ For Jow and snedium pump1ng the narrowing is smaller than the one corres« *

pondtng to 1 5 x 10 mo1e/l, because -the diffraction loss change is

o

larger thad the {ncrease of the gain due to the concentration change;
but for high enough pumping more narrowing can be achieved than before,
because of high gains available and low intensities in the gain region.

In other words, the introduction of losses (either absorption in the un-

pumped regien or diffraction losses) keep the intensity of the ASE in the

gain region low with respect to the saturation intensity and congﬁhuently
high gafps can be achieved with high pumping and thus more narrowing .
than before. It shauwld be noted here that there is, of course, an upper
Yimit in the concentration to be used which is determined by efther the

T*n

roughness of the cell surface (which- ‘begomes crucial when 1t {s of the -

R i

same order as the absorption length) or, the fonnat#on of dimers from the -

H

dye molecules, These dimers can have absorption. bands.in the emission ,
+ w {
band of the monomers and their formation also lessens the number of the

, 1) .
2) Tt 1s then clear that for a’par’!gular cell

s

available molecules. .
thickness and pumping there 18 a spectfic concéntration which 'will give
the narrowest spectral outﬁut intensity., This 1s shown 1n figure 4-10 *
for a ce11 of 300 microns and a pumping which corresponds to the satura-
tion region for the 70 um cell and 1.5 x Y0~ -3 molg/1 (I- = 210 in figure
4-9). It can be séen that a 1imit in narrowing of 175 g cah be achieved
"3 mote/1. This Timit fs
st11l higher than the one we can ach1eve with the same pumping and a-thin

w1th a concentration of approximately 3 x 10

cell, which 1s about 130 A. This result 1s consistent ‘With the argupent
with respact to narrowing-in thick cells presented above, because the

pumping used 1s not high enough 0 supply sufficient gain, and higher



Fig. 4-10. Spectral narrowing of the ASE (FWHM) against concentration
of rhodamine 6G for a particular pumping Ip » 210 of figure

4-9. The cell width 1s 300 wm and the length is 18.2 cm.
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pumping will certainly give a narrowing below 130 A,

204

Figure 4-11 shows the variation of the peak wavelength of the-
ASE versus concentration for the same conditions of pumping (Ip = 210)
and cell thickness (300 microns) as in figure 4-10. [t can be seen that
a .wavelength tuning of over ZSO'K can be eas1l¥ achieved and though the
spectral width itself is not very small a wavelength dependent loss (such
as a diffraction grating) can greatly increase the narrowing.’ 0
Figure 4-12 shows the effect of cell thickness on narrowiﬁg of
the ASE aover the available pumping range for a fixed concentration of
1.5 x 10'3 mole/1 of rhodamine 6G in e;hanol‘ [t can be ;éen that the
spectral narrowing of the ASE decreases with respect to the cell thickness
increase for low or medium pumping., Again, increase 1n pumping will
certainly produce more spectral narrowing of the ASE for the thick cells.
It should be noted here that as we have concluded from figure 4-8 a thicker
cell will require a higher Ogyff to sustain the propagation of spatiql
modes in the cell and thps less gain is left to amplify the spontaneous
emission, Al

s
Ying of the AJE, the zig-zag travelling 1ight will encounter less gain

¥, in the geometrical ray-approximation of travel-

medium to co fribute to its narvow1ng Consequently, we have less nar-
rowing as the tﬁ\bﬁness increases for pumpings below or near the satura-
tion” rogion of tha thin cell case.

As was mentionad before, the distribution of the far fiald 1s
directly related to the near field distribution, which 1n turn depends
on the 1nd§x step produced mu1n{y by tﬁe heating due to the non-radiative
traﬁsitioné for a particular concentration and celi thickness. - It is

then natural to 1nvest19ate the behaviour of the far field with respect

N \

}v
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Fig. 4-11. Peak wavelength of the ASE aga1nsf the concentration of
t;hodamme 6G/ethanol* for a particu]ar'pumping Ip = 210
of figure 4-9. The cell width {s 300 um and tha -cell
Tangth is 18.? cm.,
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to concentration and index step. Our aim is to establish primarily a
way to measure this index step and also estimate the gain from the ob-
sarved narrowing. Figure 4-13 shows the measured far field angles versus
pumping for several concentrations and for a particular cell thickness
“of 300 ym. It can be seen that for very low concentration the far field

angle and 1ts change are relatively small reflecting the fact that the

. temperature increase {s smaller because the heating fs spread over a

larger volume. For relatively high concentration and high pumping the

far ficld angle varies rapidly up to values as high as 1¥. It {s possible
to match the experimentally measured far flold angle in a particular case

to the fér field calculated by our-thoory to determine the index step value.
Once we know an for a particular, tase we can use this as a calibration,
which allows us to f1nﬂ’KH’?8;:;by concentration and pumping. The ac-
curacy of fh1s colib?ation caﬁ(bc'tostod by comparing far field angles
prodicted in this way with those measured experimontally. Noxt we use

the technique described above to determino tho index step and tost the
accuracy o} the prodictions of the theory.

Figung 4-14 shows the far field angle against the scaled pumping

for a particuiar concentration (1.5 x 1073 m/1) measured oxperimontally

and the far field angle against the index step calculated according to
our model for a cell of 300 micron thickness, the same copcentrat1on. a
peak wavalength of Ao * 5930 R and an absorption loss of'0.04 qm'] (cor-
respariding to tha wavelength Ao)._ It can be seen that the far field
angle in the oxpariment changes from 0.36° to a maximun of 0.66° and

mat;p1ng this change to the prodicted one gives an index step range of



Fig. 4-13. Far flold angle against pumping for several concentrations.
v The coll width 1s 300 yum dand the amplifying medium {s rhed-

amine 6G,
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Flg., 4-14,

bar fleld anglo agalnst index step sfzo for three difforont

‘wldths of tho Indox stop (%6 ym, 48 um, 42 ym), On the samo

graph we have plotted the far flald angle measured against
pumpimg to got a best 1t with the theory and thus calllbrate
the punping apainst the indox step size caused by the heating

of the pumping.
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0.05 x 1073 < :2nan; < 0,141 x 1073 (where n is the index of refraction
at room temperature, taken to be equal to 1.359). Slight adjustment'of
the parameter d will certainly change the range somewhat but in the

first approximatjon, in the medium or low pumping regions, we wi]]yhave a
small change as we can see from the plots for index step widths of

56 um, 48 m and 42 .m in figure 4-14. Néverthe]ess, the knowledge of

the index step magnitude gives us the temperature increase. According

to the last of the equations (4-10) we ‘have for the ethanol at room

temperature:

an ~45,~-1

AT 4.0 x 10 K -
Then for the observed index step range of “~“~\\\\\\\\

1.8 x 107 < [an} < 5.2 x 107 * e

we have a temperature increase range of
0.05° < AT < 0.13°K

It is possible to compare this value of aT with the predicted value of
Balucani and Tognetti.(49) Using their results, and scaljng appropriately
for a cell thickness of 300 m%crons, a concentration of 1.5 x 10'3 mole/l
and a pumping pulse risetime of 1.5 usec we get a temperaéure increase
near the cell walls of ~ 0.18°. This value is somewhat higher thanm the
oné we have calculated because they use a flashlamp b]ﬁggbody sped{}un
extending from 3000 A to 5700 A when they calculate the tif?yrature in-
crease. ‘Howeyer, in our experimental situation we use Wratften filters

to block the UV radiation from reaqjﬁng’the dye solution. Consequently,

they have some additional pumping from the UV part of the spectrum and
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therefore more heating as well. Additionally, Balucani and Tognett1(49)
have not accounted for the 10555; of the reflectors, which project the
light from the flashlamp onto the dye cell.

Next, we use the index step we have already dete;nined to test
the accuracy of the calibration mentioned before. Accordingly, for
concentrations of 3.0 x 1073 m/1 and 4.0 x 19"3 mole/1 (which have peak
wavelengths of 5940 K and 5980 3, absorption losses of 0.57 cm'] and
0.52 cm'], correspondingly} and for the highest pumping available, we
have index steps of 2nan = -0.282 x 1073 and -0.376 x 10'3, respectively.
These index step values have been scaled appropriatﬁgy to take account
of the effect of the concentration on the iAdex stégfﬁﬁdth. From our
theory we have calculated far field anglés values of 0.86° and 1.08°
for the two concentrations. Experimentally we have measured far field
angle values of 0.83° and 1.0° for the two concentrations, which agree
within 8% with the predicted values from the theory. This strongly sup-
ports the accuracy of the measured index step.

It was mentioned before that our model for the propagation of the
ASE in thick cells can predict the least gain (equation (4-37)) required
to establish the propagation of the lowest loss mode in the system. Figure
4-15 is a plot of this gain, gdiff’ against 2nan, where An is the index
of refraction step and n is the index itself. A cell thickness of 300 um,
a concentration of 1.5 x.1075 mole/1 is used with a loss of 0.04 ! at
5930 R. [t can be seen that the 941ff varies quite rapidly with the in-
dexX step change and for Ehe index step correspon&ing to our highest

pumping available 941 ff is approximately equal to 0.4 cm']. The accuracy

Kod F

e
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Fig.

Diffraction losses against the index of refraction step size
for a cell length of 300 um, a width of the index step of

56 um, a concentration of rhodamine 6G of 1.5 Xx 10'3 mole/litre

1

and an unpunped region absorption loss of 0.04 cm ' at 5930 A.
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I3

of the prediction can be tested experimertally. In order to do thié we
measure the ASE intensity against pumping, for a particular wavelength,
for a thin cell (with no spatial variation of the index across the cell)
and a thick cell for the same concentration. The separation of the two
plots is a measure of the additional pumping needed to overcome the dif-
fraction losses and it can be directly compared to 94iff? when a cali-
brated pump in available. The results obtained are shown in figure 4-16
along with the calibration of the pump (from Chapter Threé we have found
that Ip = 180 corresponds to an unsaturated gain of 9 = 0.76 cm_]). It
can be seen .that near the highest available pumping the two b]ots are
separated by pumping difference which corresponds to a gain difference

of 0.5 cm°], while the 941 fFf calculated is 0.4 cm']§3 In conclusion,

our Guife values give a reasonably good indication of the amount. of losses

involved in the thick cell and these losses are within 20% of the measured

ones for the particular tase investigated.
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Fig. 4-16.

\\
\\

Intensity of the ASE at a ﬁx‘articular wavelength against

pumping for the same fﬂneen)tration of 1.5 x 10'3 mole/litre
of rhodamine 6G and two different cell widths of 70 um and
300 ym. On the pumping scale we indicate the callibration
of the pumping with respect to the unsaturated gain for the

case of "the rhodamine 6G of the same concentration obtained

in Chapter Thsk\/
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4.7 DISCUSSION AND CONCLUSIONS ) -

In this chapter we have investigated the propagation of the
amplified spontaneous emission in a thick cell, whose width is greater

than the absorption length of the amplifying medium, We have developed

a model for the propagation of the ASE, which provided for the estab-

lishment of spatial modes of the field across the cell. This model pre-
dicted quite accurately the far field angle, the index step associated
y}fgjggz\;émperature increase due to the non-radiativeﬁtransitioﬁs and
the necessary éain needed to support such a field distribution. Accor-
diqg»to this mode]:ﬁfgfyindex step establishéd at both sides of the
planar cell will push some of the field outside the gain region. The

exact distribution of the field depends in a complex way on the index

step, its width, the losses in the unpumped region and the cell thick-

215

ness. For example, high absorption losses force the field to stay mostly

inside the gain region and thick cells require more gain to support the
mode distribution because the field sees the loss in the unpumped re-
gion f&r Tonger distances than before. In thick cells there is ; con-
stant flow of energy from the gain region to the unpumped region and the
propagation of the field partly outside the gain region affects the nar-
rowing of the ASE. In a thin cell, with nb spatial variations of the
gain across it, the intensity of the ASE builds up relatively fast and
saturates the gain thereby restricting the narrowing achieved. .In a
thick cell, part of the intensity 1eaks_outside the gain region and

this decreases the ASE intensity and thu$ keeps the gain unsaturated

for higher pumping. As we have seen in Chapter Three, the narrowing

.
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depends on the available gain and since in thick cells we. can have
much higher pumping without causing saturation we will yltimately have
much more narrowing of the ASE. This is clearly demonstrated in Fiqure
4-9, where the narrowing of the ASE is compared for three different
cell widths.

We also have investigated the effect of the concentration on
narrowing for a particular cell width and pumping. We have found that
for fixed pumping, there is a specific concentration, which will give
the smallest narrowing of the ASE and this narrowiﬁ; will be lgfs than
the one obtained in the thin cell if the pumping is not high enough.

In other words, concentration, cell thickness and pumping will have

to be obtimized to give a 5articu1ar value of spectral narrowing in the
ASE. We should mention here that there is another parameter which can
be varied, namely the unpumped region absorption losses. Because of
_the great variety of dyes available, absorbing in regions extending
from the UV to the IR region, it is possible to mix with the amplifying
dye medium another combination of dyes having an absorption at the peak
wavelength of the ASE. In this case both the magnitude of the absorp-
tion and its wavelength dependence will affect the propagation of the
ASE and its narrowing.

The effect of the index of refraction change on the field mani-
fests itself most unambigquously in the far field distribution and the
deviation of the far field from the cell axis. We have seen that our
theory péedicts quite accurately the far field angle, which for flash-

Jamp dye amplifiers can be as high as one degree, It should be noted
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here that the far field we measured is to some degree integrated over
time and the index step corresponds to the adiabatic heating of the
dye since the duration of the pumping pulse (3 usec) is much too short
to allow any significaét diffusion to take place.

A comparison of the far field angles predicted by the model
with the ones measured experimentally allows the determination of the
index step and consequently the temperature change, which produced if.
We found that the index step due to temperature is much larger than
the one due to the gain and we are thus completely justified 1n omit-
ting the contribution of the latter. The temperature increase measured
in this way (0.13°C) compares well with the value abtained by extra-
potation from values predicted from therﬁal calculations reported earlier.
Finally, we were able to predict from our méde] the shift of the inten-
sity of the ASE versus pumping toward higher pumping when a thick cell
is used instead of a thin one both with the same concentration. Addi-
tionally, we have predicted and verified experimentally the far field
angle for several other concentrations from the already measured index
step. We should note here that the ability to predict the far field
angle and the index step is of great practical importance in the case
we want to use the system as an amplifier and have an efficient coupling

of the sigpa] to be amplified into the cell.




CHAPTER S

DISCUSSTON AND CONCLUSIONS

Because we have already presented a detailed discussion 1n each

individual chapter, we will Timit ourselves to a brief presentation of

the main achievements of this work and also discuss possible extensions

of this work to other fruitful areas of research.

In Chapter Two we dealt with the study of the ablation-type

f]a\hlamp and the main results are as follows:

(1)

(i)

(iii)

(iv)

(v)

it has been shown that high-current short-pulse flashlamps can be
characterized in a very useful way by studying their behaviour as
a function of the specific input energy to the P]aiﬂ@\Pf the
flashtube; b

it has been shown that the radiation of these ablation-type flash-
lamps resembles the blackbody radiation at the temperature of the
plasma over a cons{Aerable range of input energies;

we have extended én.a]ready existing model, which relates the
flashlamp plasma resistivity to the discharge current, to find
a more accurate relation between resistivity and plasma tempera-
ture or specific input energy rate;

we have developed a useful design criterion for determining the
physical dimensions of the ablation-type flashlamps;

we have found the effect of the filling gas pressure on the pulse

risetime and output intensity and also the advantage to be gained

- 218 -
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in terms of light palse risetime by delivering energy to the
flashlamp plasma at as high an overvoltage as possible; and,
(v1) fihally, we demonstrated experimentally that ablation-type flash-

lamps can be used to pump efficrently dye amplifiers 1n the

visible region.

Of course, the study of the flashlamp 15 far from complete and
possible areas of research could nclude the extension of the risetime
to lower limits than before, the repeatabilyty of the pulse output (wﬂiah
1s related to the initial development of the discharge), the désign of
appropriate élrcu1ts to take care of the change of the flashlamp resis-
tance and inductance with time, the scaling of the flashlamps to higher
total output power, the effect of the wall of the tube on the spectrum
of the emitted light and finally the spatial confinement of the plasma,
which could produce blackbody radiation without ablation. '

In Chapter Three we dealt with the amplification of the spontaneous
emission in a dye material both theoretically and experimentally. A model
for the ASE based on the rate equation approximation has been developed
for the case of dye cells with no spatial variation of the gain across
the cell. This model describes the way the ASE spectrum changes within .
the dye cell and makes predictions for the emitted intensity, the narrowlng
of the ASE and its peak wavelength shift with pumping. This model §;§p‘
provides us with an accurate way to ca]culafe the unsaturated gain‘and
demonstrates the importance of the excited single state absorption (ESSA)
in determining the exact behaviour of'the ASE. The predictions of the )

model have been tested experimentally and a very good agreement was found.

iy [od
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In particular, it was found that:

(i)

. (11)

(iti)

(iv)

(v)

T (vi)

N

the spontaneous emission érop jating in aQy of the two directions
within the ng cell starts Q?Ezﬁa road speétrum, which gets nar-
rower as it pr;EZEEte&nggﬂi}g/éeak\Q?velength shifts becau#® of
the non-uniform gai® profile; ‘ \\

for high pumping it is possibie fbuhavé a consider variation
of the excited state population along -the cell which 18ads to
considerable decrease of the gd?n. Accordingly, the fatensity

of the ASE and its narrowing are affected by this gain reduction.
Most of the narrowing is done within the unsaturated region in
the cell and narrowing in thgﬁigfuration region continues but

at a much slower pace;

the intensity of the ASE at the end of the cell exhibits the usual
behaviour wi;h”re;pect to pumping. There are three distinct
regions present (Below threshold, above threshold and saturation
region); :

the spectral’nérrowing and the intensity of the ASE with respect
to pumping can beyused to find the unsaturated gain and its spec-
trum for a particular dye material with known paraﬁ;ters and
cross-sections of the processes involved;

the ‘excited singlet state absorption is very important in de~
termining the profile of the ASE and the gain in the system.
Additionally, our model can be used to predict the ESSA cross-

section for other dye systems with less known parameters;

it is possible to develop a semf—anqutica] approximate model,
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which is independent of the characteristics of the particular g4
dye system, to be used in the approximate calculation of the un-
saturated gain. This approximate model assumes a Lorentzian
gain profile for a homogeneously broadened system and takes into
account the satu}agion effect of the gain. The predictions of
this approximate mekhod are in fairly good agreement with the
experimentally observed values of gain and narrowing (which were

evaluated using the rate equation model) under certain conditions.

ﬁith respect to the extegsion of this work’, future research could
certainly include the dynamic behaviour of the ASE, the laser excitation
of the dye material‘to achiéve mqpq higher pumping in a shorter time to
study relaxation péggomena, the n€¥0duction of wavelength tuning feed-
back,elements in the system and fin;Tig the amplification of an input
signal of a giQen spectrum.

In Chapter Four we investigated the propagation of the ASE in a
thick cell, which exhibits spatial variation of the gain and the index of
refraction across thg cell. We developed a model for the field structure
across the cell, which predicts the near and far field distribution and
the tempergture variation of the dye solution because‘of the non-radiation

processes present in the dye molecule., Additionally, we investigated the

effect of the cell thickness and the diffraction losses on the narrowing

of the spactrum of the emitted ASE.

In particular, it was found that: ¢ e

(1) in a thick cell part of the ASE propagates outside the gain re-

gion, because of the positive lens effect due to the local heating



(1)

(iii)

(iv)

(v)

(vi)

222

of the medium. This kind of propagation introducesia certain
amount of diffraction l;sses (which have to be overcome before
any amplification of the spontaneous emission take place) and
also can keep the intensity of the ASE in the gain region low
with respect to the saturation intensity, which affects the pos-
sible spectral narrowing;

the field across the cell can exhibit stable spatial modes, which
will be present in the near field, and which produce a far field

-

away from the axis of the cell;

a far field angle of up to 1° can be easily produq;d by index
var{ifiyn across the cell in an ab]ation'?]asﬂ1amp pumped dye
amplifje?;;

a comsiderable diffraction loss is present which is especially

pronounced in the case of high pumping, high loss of the unpumped

" region and high cell thickness;

the narrowing of the spectrum of the ASE can be improved by the

use of thick cells and high pumping, because the introduced losses
will keep the intensity at the gain region tow with respect to

the saturation intensity. The increase of the concentration

will }mprove the spectral narrowing also up to the point where

cell surface flatness and formation of dimer dyes become important;
the far field angle variation with pumping can be used to predict
the change of the index of refraction due to temperature increase.

In turn this index of refraction change can be used to make use-

ful predictions for far field angles of other cell thicknesses
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and concentrations and provide estimates of the diffraction 1os§es
involved in the amplification of the spontaneous emission in a

thick cell.

~

As far as the extension of this work is concerned, future research
» could include the detaiﬁed experimental investigation of the near field,

which will help to further evaluate the model, a study of the coupling
of a signal of specific spatial mode structure 5nto the thick cell ampli-
fier, the emp]oyment of high laser pumping to achieve lower limit of nar-
rowing, the use of controllable absorbing 1osse;/to study their effect
on the spectral narrowinq, the use of selective loss tuning elements,
the use of non-resqnant feedback to enhance the spectral narrowing and
finally the development of more realistic models with respect to the shape
of the index of ?ﬁfraction profile.

+In conclusion, in this work we have studied the ablation flash-
lamp characteristics and the amplification of the spontaneous emission
both in thin cells (without any spatial variation of the gain and of the
index of refraction across the cell) and thick cells. In all three areas
we have developed appropriate th;oretical models (which describe the '
behéviour‘of the systems involved) and verified experimentally most of
the predictions of these models. This work, besides being useful in
understanding the flashlamp dye amplifiers, is of great practical im-
portance in developing dye amplifié: systems appropriate to particular

applications. e
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eOOLPAM TST 7377w TS T24aG7 ETM w,heuRQ

6C Tr 75 .
7051 IF(4(I)CTery 15=5) 60 TA 73 _ R
o CALL 2LOTOT(A(TY 32010 ,25) o
7¢ CERTINGS ‘
c CALL SCALZ (5435=5,041E=5,0,35v1k,1.75-16)
i CALL JUT=LT
c £ INT 178 >
IF PSSLLTS IN A TRANSFER TO THE “IEXT LIME
170 FOOMET (140 ,% SPONT, £MISSINN COCSSECTICN VS WAVELENGTH *)
C-== 1797 ===c--TIST Ve
\ ce 1000 J
CCmmmemmmmiaacian 300TH WAYS POCPACATION LCCP=====
. x1=1
Ke=1
Cmmmnm 7ERC T
£o 73 I=
SPII(IN=0
STIT(T)=)
SPAST(1) =
II(I1=0,9
SPST1(1)=6.0
703 CCMTINULS
Commmmm
Co-=emcnss CEILLULATION OF INTEHSITY ,81,M0,NT. )2 SVERY SECTION DX----
CHTR120. ]
STeRE=z1.3 \
Xz 0 o 0 .
£O SCC J=1,JUTRA
GO »13 L=zt ,NN
SESTL(LY =GST2 (K1) .
Kizxit?
314 CCMTINCE ,
STT=(, 0 .
¥zX ¢0X
C ....... --—wmswm w - - an
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ST
JIPROUTINE SURR 73474 TS TRASE FTN ot o (- Te
SURFOUT RS 'SUS2 (4SS, 1T,25UA2)
£ —==cl IMTIGIATION OF ASS(UY*I(L)*rL
COMMPAN 4 NN
REAL I k- , ‘
| ?1;§¥$10&w ASS(H32) 4 ITLR2), ASSTIT(R2), 2602(82),72(32) ,K(#2)
3 Sy
RC E0 I3 1eAN
ASSTI(L) =ASSCI)I*IL(])
60 CONT INUST
Covmmens TAKE RIS IVATIVE OF  ASSII(I)
CALL OGT3(WyASSII,CEQ2;R2,[SR2)
IFUIERZ  +&Qe 0) GO O 66
ERINT A7
6 FORMAT (1 X YIZR2 NQT 22RQ AT SUn2¥)
STQF -
CCNT INYT
CALL OFFGUyASSII,QER2,22,82)
KSUE2=72(4¢2) 4
FETURN
3 E"-D f ‘
L OCKS=-=
123 /¢ S 3
063 OLTCI, QUTRUTE  ANF6 STCP, !
T LAfELS==
e by o cn . Bh 320 67 £ 518
VAN
R A £n 32 ASSII ? 34380 A
) 21F 1 ] Ao cC13 3 SUAOOUTTAE
I 2159 T:3? I INSE
R A 02 ) 12 N I 1220 /¢
[. - EYT: ?NnLo OUTPUU} - EXTEDNALc
Q SHLR SUTINE £3Ln2 R A 1R Vs
' - EX T INAL, S - 2R INTRY 7
R L7 32 22 R 73n 4 !
I0GRAM-UNTT LENGTH 19 SYNMAQLS ’ i
) 5
‘e STORAGE USED VCAZ SECONECS - \ ;
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JIROUTINE SKTCH 73774 TS TRACE ETN we€tani
, SUNRQUTINTG SKTTHLT Todpdy X oMMy MAXL LMTUY, JJe NV LASS)
‘ Cee== PLCTS INTENSITY VS LAMCA  ewoeamesca-os
3 REAL *MOL
; REAL II .
‘ PEAL “axXTII, MAvL
' CIMEASION ASS(<2)
§ CIMENSIIN TIC32Y,w(32)
: IF(JJWAELLMTYY) GO TO 7
' IF(J."Re 1) GO T 6p
! IF(J.:CEIS) G TO 66
: IFtU.=GL5C) co TO &6
[IF(JeCe?%) 70 TO &b
. IF(JEC.100) GO TQ 65
) GC TC 7
86 CONT INUE
» C THIS POUTINT TAKES IN T ACCCUNT THE yNOIMPEQ NYZ R°n nICN,.
C ..... Q-----------‘--. -
(® LNPUMPEC CYE CELL LENGTH TN CF  veeeses
856?“=3°0
1647 IADS=1,NN .
IICT43S) =TI(1AAS) 4 EXPASS{TIATS) * NAMQL®'ILGTH)
1917  CONTINLS -
C LT R TN N
C “““““ - - -
C ¢ YCTAL INTENSITY (INTIGRATED CVI® ALL WAVILENGTHS)
UrI=0,0
i CC 8L LL =1
SumI suwr+ix(LL)
30 CChTI'LL
SUMI= SUMT*1,02-9
SFINY Ay ,SUMI
a1 FORPAT(tx.*TOTAL INTENQIYY CE N B R W A °Horah5/c~/cw/ssd}.//)
C--- FIND WAVELEANGTH OF MAX, IMTINSITY eeccce--
© MAXII=II (1) . b
} PAXL=W(1)
CC 70 L=T2,MN _
IFTMAXIT LY IZI(LYY GO TO 71
GO TC 70
,/ 71 MAXTT=IT (L) .
. MAXL=W (L)
70 CONTINLE
FAXTIISMAXEI®] ,02~9
: FRINT 20 ,MAXTT,MAXL .
! 29 EQPMAT (1 Xy ¥MAX, INTENSITY( NIy CF FHOTCNS 7/ CMes2 /3EC)=#,
e o D U5 NS AN KVUNGTH OF MAX INTENS.:%,£1f.4) -
g , CCANTINUE
C ¢ °POCTH THE INTFMLSITY eLQT
£r=g2
caLtL §C13(h.tI.II-NN'I )
o IFCIERNE,C)ST
€0 9 x=¢, ,
rcerLISE THE INTENSITY LIVICE DY waxill
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APPENDIX B

A i N

1. Solution of Maxwell's Equation

Maxwell's equations to be solved for the dye amplifiers are in the'

MKS system of units:

ol
=

]

VXH=j+-5:E (B]) PN
Fo .28
vxE= -3 (82)
v-D = 0 (no charge) ‘ ’ ‘ (83)
v-B = 0 \ (84)
/
also for a polarization linear with the fjeld
D= eE+P =g+ exE = € ¢k (BS5)
€= {1 +x)
and
B = ?OH . (B6)
From (B2)
FeowwyxdBa_ 2 .
SV xVxE= ¥ x3p ”'ﬁ(vx'ﬁ) (B7)

i
i |
o D) - e gy (v x ) = g HoE e (D] (67) f

Because of V+D = v-(eoe'f) = eov-(eﬂ = 0, we have

- 243 -
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eV E+ E-Vg = 0
)
or /);J
— — v ’ )
VE = -E - Pl -E+V log ¢ (88)
Using (B8) we can write (B7) as follows
| = 2% _ 3w 3, F
V(-E+v log €) - V°E = -uafg—t{oE% € gf(eE)]
-or’ * - -
oF ., 108% ., =
, Moo 5t Y ;5'-25 (eE) - v %F - V(E Vloge)=0 (89)

v » .
The last term in (B9) is.negligible for the small index changes encoun-
tered in this work even when E is not perpendicular to v log e. Also, for a
lossless dielectric ¢ = 0. Then, (B3) can be written as

2

/ 2= 1 3% =, . e 3E , O°F, . .
. VE-_?[—2—E+2—ET -"—2']—0 \\ (B10)
c et { SR

~
The derivatives of ¢ are taken to be small compared to the derivatives

of E. Then (B10) "becomes for a constant ¢ with respect to time in the
pumped and unpunped'region of the cell.

2

@
m|

2

VE - & (811)
' C

]
o

(A"

t

@

‘ Subsequently, it will be necessary to ensurethat the boundary conditions

N : ‘
on thg‘fie1d~are satisfied at the surface separating the pumped and un-

pumped regions where the dielectric constant discontinuous. Addi-
tionally, we will assume no!variation of the gatn along the y axis, per-

pendicular to the p1ain defined by the direction of the propagation z,
; , o
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and the direction of pumping x, which is true for the case of cell height
less than the width of. the parallel pumping 1ight.' Moreover, for a dye
amplifier there is no mode structure along the cell and consequently we
expect no transverse and longitudinal mode interference, which is the
case for oscillators with comparable gain region thickness and'cavity
lengths. In other words, we can decouple the variation of the field
along the cell and across the cell. Then for a propagating plane wave
along z

i(kz +w t)

(x, t,z}*jé} X, t)8 : (B12)

where A(x,t) 1is a slowly varying complex function. Then (B11) can

be written as

2 2 21 €w 2
3"A 2 e 3 A A
- kA - = - =0 (B13)
. ;;§ 3t2 c2 at c2
€ aZA
Because E—-—§-is very small w1th respect to the other terms,
3t

since A(x,t) is a slowly varying function, we get from (B13)

2 .2 2
—ﬂt 2——-[-?-% + KA - L£4) (B15)

lew C

For stable eigenmodes dA/3t = O and (B14) becomes

2 2
2.&1%431.= [ - &L%JA(x’t)

(B15)
3X o

v -

7

. . ped
This is the basic equation to be solved. In order to solve this equation
we need to assume a general form for the solution pertaining to the pro-

blem along with the appropriate boundary conditions,

= . Lta - s sane e
.
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2. Re]atioh'of parameters to gain and loss

. From (B-11) we have -

P
2= ¢ 3°E
E-522=0 (B-16)
c2 at2 ) '
with
1 1]
e = € + ieo, /e = n + ix

where € is the dielectric constant and n the real index of refraction

far from any resonance.

Then, squaring the third of the above relations, we get

e =g, t T, =.("2 - KZ) +*12nk

o] /
or

—

0 (B-17)

1]
& = 2nk

Next, assume a solution to the wave equation of the form

E =x"Egeﬂ“’t - kz) (plane wave) and substitute this solution in (B-16)

- to get for k the relation

l‘ n w W

vy I = +

#ﬂ*' 2 3 E(n ix).
Then the plane wave is

= . wn we o -
E Eo exp 1 (wt c z) exp( C ) . (B-18)

There is thq; gain and the amplitude increases when x > 0. The intensity

(I = EE*) gain.is gi#en by
L] k1]
20k - 20 S0 . Yo
= &t - &0 X em— -
q 3 ¢ 7n En 1 (B-19)
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Then we can define the parameters.
- QE_ " ene ") = en ' (8-20)
¢ 2 ‘9 " "c'en &g ¢ 9 i}
wz X whiw " wh,
B=-C? €p = C(Cn EIL) = 5 ) (B-21)

where g is the gain in an”| and ag is the loss in Y
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-3, Near and far-field reYhtions

In this section we wjll try to find the appropriate equations,

. Which relate the far field pattern to the near field distribution. First,

we will show that there is a Fourier Transform relation between the near

and far field distributions. From figure B-1 we have that

1/2
ro = [ + 24 . (B-22)
~ 1/2 1/2 C .
rellx- mPe B s (d v a? - 2] 4
because rg > Xin We can write
£ o rgll - 3 | (8-23)
7‘0 . !
‘-

_ Let E(n) be the near field and E(x) the far fig]d. Then from the Huygens

formulation of diffraction we have

Ex) = Te(n)e'®Tdn N (B-24)

where the 1ntegra1 is taken over the aperture A Substiﬁuting for r

from the relation (B=23) we get

\9

1kr (1knx/r0)

E(x) - -—-—-—-{ (n)e (B~25) ~-

which shows that. to within a mu1tiplfcation factor, thé far field E(x)

s givenby the Fourier traﬁsform‘of fhe.near'fielh E(n).

.t
N L)

~

“In our case. we will have for the near field acccrdfng to equa-
 tlon (4-11) |
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A= A0 sin px for (o0,d)
' A = A]e'qx + Azeqx " (d,d+h) (8-26)
A =

A3 sin p(x-L) (d+h,2d+h)

Then, the far field will be, if we switch variables between n and x and
set B = exp(ixro)/ro,

i(an/rO)

E(n) = BiA(x)e dx (3-27)

where k is the wavevecto{ in free space (k = én/A). Using symmetry re-
lations and boundary conditions we can relate the coe}ficiehts A1. A2
and A3 of (B-26) to Ays which can be chosen arbitrarily in the case we
are not interested in absolute intensity measurements. Accordingly, we
can easily show that

¢ Ay sin(pd)
A
1 gmqd , Lq(d-L)

e A @ g W ——— s

Ay sin(pd) o
ho " Tal, T ® (8-28]
Ay = et 4 o700 4 galeL))

Then the total far field intensity will be the sum of the.codtributions
of the individual near fields taken over the region of their validity.

(1) For the. region (0,d) we have

1(knx/ry) d 1 kax/r,)
E(n)y = %{A(x)e Oax « AOBgsin(px)e : 0% dx
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But
ax X .
Jsin(px)e®"dx = ——la sin (px)~ p cos(px)]
: L 2 ep
Then after some algebra we find N
. , g
AOB (iknd/ro) ikn .
E(n)y = —Le (= sin(pd) - p cos(pd)). +-p]  (B-29)
(ika/rg)™ +p- 0

o(i1)  For the region (d,d+h) we have

ikr @
0 d+h }
E(n), = g f A1[e'qx + eQ(f L)] e
o 4

(iknx/ro)

dx

This .is a standard exponential integral and after the normal

integration we get

0 t(d+h) s(dth) zd sd

= e __rrt =qb e ' T4 _ e, ale - -

By = by A= e ) - (e e S )
where A] is given by (B-28a) and ¢ and & by

cs-q{-ﬂ(ﬂ ﬁ\

. r B “

0 p

s = q + K0 | , {

0
(ii1) For the region (d#,L), in a similar way to.the one used for the
region (0.d), we get

(1knL/ro)] . -(iknd/ro)

Eln)g = BAge (e (42 sin(pd) + p cos(pd)] = p]  (B-31) :

where‘A3 is given by (B-28c).




P e I

Py

R,

252
Then the far field is given by
E(n) = &n)l + E(n), + E(n), *(B-32)
and the intensity distribution -will be
. I{n)= E(n)E*(n) : ‘ (B-33)
The intensity can be plotted\ versus the angle 6, which is cal-
culated from the relation |
6= tan-l(n/z) | (B-34)

where z has been. taken 1arge'enough in order that the Huygens formulation
is valid. Equations (B-29) to (B-34) are directly used in the computer
program to calculate the far-field after we have found y,y,K,s5, which

satisfy the transverse mode equations (4-34), (4-35) and (4-36).

"
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.

A. Estimation of the contribution of the gain to the refractive index’

From the Kronig-Kramers rélation we have for the real and imaginary

parts of the dielectric constant

- . to e ’
e'(v) - 1= l'f 5*12—% dv' : ) (8-35)
R _'m\"\)
).
Y
Alsq,. from equation (4-13a) we have

e(v) = e'(v) + 8e'(v) + i[e"(v). - 6" (V)] (B-36)

Then (B-35) can be written as

'] *‘w i l\ \ 'I MG l: t d ]
JORRHOERERY e_i_xv).dv-\_ Ly (8-37)

\Y V=V
-0

L]

Far from resonance e(v) = e¢'(v) + ie"(v) and equation (B-35) is valid.
* >

Then (B-37) can be written as

"t

" 1 ]
be'(v) = - L deluldy (8-38)
Also far from resonance e(v) = e;(v) + {e"(v) and n = ng + ix with
e'(v) = ng - KZ P ng. Then, ‘ b
§e' = Znodno ) ‘ (B-39) .
. From the gain parameter calculations we have found that’(equar
tion (B-19))
n ’ - A K . . -
HORE P10 N o Ba) 4
where g 1s the.gain in e, - '
P
| N :
r g
i
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/ v
Substituting for 6¢'(v) and &e"(v) in equq;ion‘(B=38) from (B-39)
and (B-40) we have ' - /X

’ j v av (B-41)

4

If we assume that the gain Tine can be represented by a Lorentzian

sz
'g(\’) = go ) 2 ‘ (8‘42)
‘ (vo - v)© + Ay '

Then we can write (B-41) in the form \

A 2 2 . ’

“Agghv e dv’ Aggdv dx )
Sny = . - = o=
-0 4y2 - [(v0~v32 + sz](v—v') 4r® -o (x2+Av2)§x+v0-v')

which after the integration gives

'-QOAAvZ ﬂ(vo -v')

§ny = C (B-43)-
0 4n? -2Av[Av2 + (vo - v.)2]
This function has a maximum when vo.-.v' = Avs Then
© 9pA : :
|80 max = 18n : . . ) (B-44)

Assuming some.reasonable values for 9 and A such as A = 0.6 u and 90 8
"]. we have

/
. W =’ ‘6‘ . \ Toe-

Evidently, the gain-induced index is small and .it may-mean that

;he~1ndex step 1nduced by the ‘heating is more important. We have'already

seen in section 4-1 that Balucani et al. (49) have computed, for the -case -

.
>
)
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In conclusion™it seems that the changﬁ of the index of refraction
dug, to temperature- is much mo7 important than\’the change due to gain

for the dye laser systems.

[P
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