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ABSTRACT

This werk describes the generation of intense ultrashort UV
pulses with an excimer laser pumped distributed feedback dys laser
(DFDL) system.

Emphasis is placed on the ability of the gain-coupled distributed
feedback technique of producing ultrashort pulses. Experimental
studies of an excimer pumped DFOL are described and a numerical
analysis based on the rate equation model is used to further the
understanding of the laser action, especially in gaining physical
insight into the pulse-forming dynamics. Some possibilities of
generating pulses of shorter duration are also discussed.

An excimer laser pumped DFDL system producing transform-1imited
single pulses of 100 ps duration with good transverse beam quality is
described. The propagation of the DFDL output beam is compared with
that of the zeroth-order Gaussian beam.

There are detailed descriptions of the construction of a master
oscillator-amplifier system which is used to produce 0.5 MW, 100 ps
pulses of UV radiation at 308 nm. The main points include the
operation of the DFDL oscillater at 816 nm, amplification of the high
quality output pulse in a two~-stage dye amplifier, and

requency-doubling of the resulting 3-4 MW pulse to produce the
required UV pulse. Methods of monitoring and optimising the
performance of the system at each stage are discussed. The final
output puise could be used in an injection locked XeCl gain module
producing very intense pulses for use in nonlinear optics

experiments.
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CHAPTER 1

INTRODUCTION

A conventional laser normally consists of an active medium and
two end reflectors. The essential condition of population inversion
is obtained with the active medium to provide the optical gain in the
system whereas a resonant cavity is formed with the two end
reflectors to provide the essential optical feedback.

A distributed feedback laser (DFL) is different from a
conventional laser in that no end reflecter is needed. Instead, the

feedback mechanism is distributed throughout and integrated with the

gain medium [1]. The necessary feedback is provided by Bragg
scattering from a spatially periodic perturbation of an optical
parameter of the active medium. Such a parameter can be the
refractive index of the gain medium [2] or the gain itself [3]. in

the case of a waveguide laser, this perturbation can be on the
cross-section of the waveguide structure [4]. A mixture from these
types of modulation may also be used. Spectral selection occurs due
to the wavelength sensitivity of the Bragg effect. The grating;like
nature of the device provides a filter mechanism which restricts the
oscillation to a narrow spectral range. The combination of gain,
positive feedback and spectral selectivity therefore fulfils the most
important requirements tor the operation of a laser.

Usually, the dimension of the distributed feedback iaser is of
the order of centimetres or less. And since no end mirror is
required, the laser is usually mechanically very stable. Tuning may
aiso be possible by changing the average refractive index or the
spatial modulation (perturbation) period of the optical parameter of
the medium. All these qualities have therefore attracted a lot of
interest in this type of laser. The distributed fTeedback (DFB)
approach has wide applications in such lasers as dye lasers [2],
semiconductor lasers {4] and thin film lasers [5,86].

There are several ways of creating a distributed feedback

structure. In general, a gain modulation is formed by the
interference of two beams which have been split from a single laser
source. The beams are recombined at the active medium so that the

spatial modulation of the pumping intensity leads to a corresponding

-
(W]



period modulation of the gain. In this case, tuning is most easili
! Y

achieved by changing the refractive index of the medium or by

changing the period of modulation by varying the angle of
interference. Gain modulation is most conveniently appiied teo dye
lasers. In the other types of modulation, fabrication of the DFB

structure is generally required beforehand; the device is then ready
for conventional pumping arrangements. Tuning is usually not easy

since the modulation period and the refractive index of the medium

are fixed. However, in the case of cross-section modulation,
variation in the thickness in thin film lasers can be used for
tuning.

A spatial modulation of the refractive index of the active medium
was used in the first experimental realization of a DFE laser [2].
The periodicity was generated by expcsing a tﬁin film of dichromated
gelatin to the interference pattern produced by two coherent UV beams
from a helium-cadmium laser, The gelatin, developed by methods
employed in holography, resulted in a spatial modulation of the
refractive index with fringe spacing about 300 nm. The developed
gelatin was then soaked in a solution of rhodamine BG to make the dye
penetrate into the porous gelatin layer. The resulting DFB structure
was transversely pumped with the UV radiation from a nitrogen laser.
At pump densities above 10 MW/cmz, laser oscillation at a wavelength
of about 630 nm was observed. The output linewidiin was measured to

2 less than 0.05 nm.

3}

Distributed feedback action has been obtéined from 2 cpztial

s -

moduiation of the gain induced by numping a Tiquid organic dye
solution (rhodamine 6G in ethanol) with fringes formed by the
interference of two coherent beams from a ruby laser [3]. The laser

was tunable over a range of 64 nm either by varying the angle between
the interfering pump beams or the refractive index of the dye
solution. The laser operated at around 600 nm. Linewidths of less
than 0.001 nm were measured.

If the active region of a laser is an optical waveguide,
distributed fesedback can be realized by periodic corrugation of the
waveguide surface [4]. This is the method adopted in semiconductor
DFB lasers in which the active region is a planar waveguide.
Periodic cross-section modulation has also been applied to thin fiim
lasers and solid-dye waveguide lasers. A waveguide structure

consists of three main regicns; they are: an active region of

14



refractive index nf, a base region which is usually a substrate of
refractive index ns, and a cover of refractive index nc. If the
relation nf > nc,ns is satisfied, then the wave launched at an
appropriate angle will be guided along the active region without any
loss to the outside. The mechanism can be thought of as the incident
ray being successively totally internal reflected at the interfaces.
However, for a wave to be guided, phase consideration must be taken
into account. It turns out that there is a discrete set of values of
¢f, the angle of inctdence on an interface, at which a wave to be
launched will be guided. These guided modes have different
propagation constants and the refractive index of the film appears to
be different for different modes. Hence the spectral output cf a
laser with a waveguide structure is a set of narrow lines of
different frequencies. However, the sepa;ations between these
frequencies are generally small. In the case of a distributed
feedback structure, the modes which are amplified are those which
simultaneously satisfy the Bragg condition and are allowed modes of
the waveguide structure.

One of the earliest experiments involving thin film DFB lasers
has been conducted with a polyurethane thin film [5]. The film,
doped with rhodamine 6G, was deposited on an. isotropic substrate.
The superstrate (i.e. the cover material) was taken to be air.
Modulation of the refractive index was induced by opticaily pumping
the Lthin film with fringes formed by the interference of two coherent
beams from the second-harmonic radiation of a single-mode giantpulse
ruby Taser. It has been found that thsra are multimode struct:
the output of the DFL if the waveguide is thick and single-guided
mode operation can be achieved with thinner films.

Because of their various optical properties, semiconductors have
been found to be very useful as the principal material in integrated
optics. The first optically pumped GaAs semiconducter surface DFB
laser [4] was obtained by periodically corrugating the air-GaAs
interface with a corrugation period cf 0.35 pum and groove depth <f
approximately 52 nm. Optical pumping was previded by a Q-switched
ruby laser (A = 0.6943 um).

The waveiength of a distributed feedback laser is related to the
period of modulation on the device and is approximately given by the

formula

7\0 = 27A, (1.1)

15



where AO is the wavelength of oscillation, A is the period of
modulation and m is the refractive index of the active medium. This
condition is known as first-order Bragg scattering and AO is the
first-order Bragg wavelength. There is a major problem in producing
oscillation in the visible region with semiconductor distributed
feedback lasers. The refractive index of GaAs is 3.6. Therefore, tc
generate a wavelength of, say, 0.83 um, a perturbation period of
0.117 um is required. The lack of convenient ultraviolet (UV) pump
source in the early days made it very difficult to produce high
visibility modulation of this magnitude.

The alternative was to use higher order Bragg scattering. in
this case, the oscillator wavelength is given by

*

mho = 2nA (1.2)
where m is a positive integer. The coupiing, however, is usually
very weak. Nevertheless, oscillation in the third order (m = 3) has
been obtained. In fact, third-order Bragg scattering was used to
produce the radiation at 0.83 pum in the exampie above [4]. . The
threshold pump power density was 200 kW/cm2 at 77 K.

A similar experiment has been carried out in the study of a

heterostructure formed by epitaxial growth [7]. In this cace, the

solytion layer; the threshold pump power density decreased by more
than one order of magnitude tc around 10 ‘kW/cmZ. Subsequent
electrically pumped DFB semiconductor lasers ére also very
successful.

Modulation of the gain is utilized in colour centre DFB lasers.
In one of these experiments [8], a spatially modulated distribution
of FA(II) centres was used to produce the distributed feedback
structure. The FA(II) centres were produced from U centres by using
the room temperature two-photon coloration process. In order to
generate the laser intensity required for the two-photon process, a
specially designed interferometric technique was used to write the
gratings. The technique permits the piecewise generation of
precisely registered gratings of arbitrary size by sequential
exposure of small segments of the photosensitive medium. A higher

power density can therefore be afforded and hence a shorter exposure

16



time required to produce a certain concentration of FA(II) centres.
The DFB samples were longitudinally or transversely pumped with 532
nm light, in the form of pulses of 10 ns duration at 77 K. The
output spectra were in excellent agreement with the theoretical
predicted values and the linewidth in each case found to:be narrower
than 0.2 nm.

Distributed feedback action in gas is most easily achieved in
hollow-core waveguides. In DFB dye lasers and in DFB solid state
lasers the emission linewidth is relatively large. Therefore, no
oroblem arises in looking for coincidence between the pericd of
modulation and the emissicn wavelength. On the other hand, in
electrically excited and optically pumped gas lasers the emission
linewidth is narrow at Tlow pressure. For this reason matching
between emission and periodic structure is c;itica]. In the first
distributed feedback gas laser [9], which was a brass waveguide
resonator containing CH3F gas, the problem of matching was overcome
by temperature variation between - 30°C and 95°C. The hoilow
rectangular waveguide had a length of 320 mm and a width of 40 mm.
The bottom of the waveguide exhibited rectangular periodic
corrugation with a depth of 124 -um and a period of 248 pum
corresponding to a quarter and half of the wavelength of the.CHSF
emission (486 um). In order to optimize feedback, the height of the
waveguide could be varied between O mm and 20 mm. The maximum signai
output was produced at about 55°C when it was longitudinally pumped

by the 9.55 um CQZ laser.

D

The distributed feedback approach has been demonstrated o ©
applicable to a wide variety of lasers. In particdlar, these lasers
were found to produce radiation of narrow linewidth. It was
discovered recently that the gain-coupled distributed feedback dye
laser (DFDL) emitted ultrashort pulses of picosecond duratiens under
certain conditions [10]. Within a specific range of pump power,
single pulses couid be generated without the need of a pulse
selector. The pulsc shortening mechanism is generally referred to as
’‘self Q-switching’, which is basically a2 resonator-transient effect
similar to relaxation oscilliation. Experimental resulits of the
output characteristics indicated that DFDL pulses were close to be
transform-limited. Without the need of sophisticated electronic and
optical components, distributed feedback dye lasers provide a very

convenient and inexpensive means of picosecond pulse generation. The



main theme of this thesis is the generation of ultrashort pulses with
gain-coupled distributed feedback dye lasers.

In Chapter 2, the coupled-wave theory of distributed feedback
iasers will be derived. Some imbortant basic characteristics of the
DFB structure will be discussed. The remaining chapters will be
devoted to the gain-coupled distributed dye laser. In Chapter 3, we
shall outline the theoretical model used to simulate the intensity
output of the DFDL. This model is based on the photon rate
equations which describe the interaction between the population
inversion and the number of photons inside the laser cavity.
Computer solutions will be presented. The key parameter of this rate
equation model is the equivalent cavity decay time, first used by Bor
[10]. It is a measure of the average time a typical photon spends
inside the laser cavity. We shall be discuss;ng the validity of the
use of this particular parameter. In Bor’s model, the cavity decay
time varies quadratically with the population inversion. Through
this dependence, the dumping rate of the cavity photons is
accelerated in the vicinity of pulse formation, leading to the
so-called self Q-switching effect. In Chapter 4, we shall examine
the process of pulse formation with a'simplified rate equation model.
In particular, we shall attempt to estimate the contribution of the
self Q-switching effect towards the pulse-shortening process. With

this new approximate rate equation model, we shall derive some simple

relationships between sciie important parameters. These analytic
expressions will be compared with the full computational results.
They will ke shown te be fairly geed approximations. Moreover, thase

expressions are also found to be applicable to Bor’s original model.
Some experimental results will also be used to compare with these
relationships. Physical insights into the pulse-forming mechanism
will be found from these comparisons.

Experimental studies of an excimer laser pumped distributed
feedback dye laser will be described in Chapter 5. The generation of
single pulses of duration of about 100 ps will be described. The
spectral and temporal characteristics of the laser will be discussed.
The optical beam quality as well as other characteristics will also
be examined. Most of these studies are concerned with singlie-pulse
operations. Some comparisons between the output characteristics of
the DFDL and the theoretical computer predictions will be presented.

In Chapter B, we shall describe an oscillator-amplifier system used

18



to amplify the single-laser pulses generated from the distributed
feedback dye laser to produce intense coherent pulses with power up
to 4 MW. Frequency doubling of the visible pulses was utilized to

gensrate 0.5 MW ultrashort UV pulses.
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CHAPTER 2

COUPLED-WAVE THEORY OF DISTRIRBUTED FEEDBACK LASERS

2.1 Introduction

The fundamental characteristics of a distributed feedback laser
(DFL) is that, in the absence of external cavity mirrors, the
necessary feedback is provided by Bragg scattering from spatially
periodic perturbations of the optical parameters of the active
medium. These perturbations can be either the refractive index or
the gain of the laser medium. They correspcond to the real and
imaginary components of the complex Pefracti;e index of the medium
respectively. The feedback mechanism produced by these perturbations
therefore has the same physical origin and can be described within a
single theoretical model.

Figure 2.1a shows the operation of a distributed feedback laser
in simptified terms. The arrows represent two waves, one travelling
to the left and one to the right. . As each wave travels in the
periodic structure, it receives light at each point along its path by
Bragg scattering from the oppositely travelling wave. This creates a
feedback mechanism which is distributed thrcughout the length of the
periodic structure. Since the medium also has gain, it can be seen
that with sufficient feedback, there will be a condition for

oscillation. These two counter-propagating waves (Figure 2.1b} are

said to be coupled by backward Bragg scattering. Using this
coupled-wave model, Kogelnik and Shank [1] developed a theory of

distributed feedback lasers. The analysis to be described below is a
linear gain theory and steady-state sclutions at threshold can be
obtained. In particular, it is found that for a distributed feedback
(DFB) structure with some given parameters, there is a discrete set
of modes; each mode has its resonant frequency, itz characteristic
threshold gain and its characteristic field pattern.

Before considering the rigorous mathematical theory of DFB
lasers, a brief qualitative consideration of the fundamental physics
would be helpful in understanding the origin of the distributed
feedback mechanism. It is well known that light waves are subject to

reflection in traversing from one medium to another if the

20



Figure 2.1a. Illustration of laser oscillation in a periodic

structure.
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Figure 2.1b. Two counter-propagating waves in a distributed

feedback structure.
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refractive indices of the media are different. A distributed
feedback structure may be represented, in its simplest form, as a
stack of thin films having alternating refractive indices as shown in
Figure 2.2. Any wave traversing this structure will therefore be
subject to reflection every time it crosses a boundary. Similarly,
the periodic perturbation of the complex refractive index (Figure
2.3) causes the travelling waves in the DFB structure to experience
periodic reflections and part of a forward-going wave will turn into
a backward—-going wave and vice versa in a continuous and smooth
fashion. These periodic perturbations will hence produce similar
effects as a stack of partial reflectors. Instead of the two highly
reflective end mirrors in a conventional laser device, a DFB structure
consists of thousands of these low reflectivity "mirrors” distributed
along the whole length of the structure to‘provide the essential
feedback for laser oscillation. The spectral selectivity of the DFB
structure may be simply explained in terms of Bragg diffraction which
is well known in the field of X-ray diffraction by crystals. As
shown in Figure 2.4, constructive interference occurs when the Bragg

condition is satisfied, i.e.
2A cos B = m}; m=1,2,3... (2.1)

where A is the wavelength of the X-ray, 6 is the angie of incidence
as show: in the figure, A is the spacing between the crystal planes
and m is a positive integer. In the special case of 8 = 0 and m = 1,
a forward-going wave will bhe scattered diresctly backward if the
wavelength A equals 2A. This is basically the situation for a DFB
structure operating on first-order scattering (i.e. m = 1). Taking
the medium index into account, the Bragg condition in a DFB structure

is given by

AO = ZnOA (2.2)

where L is the refractive 1index of the medium, AO is the
oscillation wavelength in free space and A is now the period of
modulation (see Figure 2.5).

The above consideration, though giving physical insights into
the basic feedback mechanism, is not adequate in providing

quantitative results relating to the general DFB structure. In
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particular, the discussion so far has not taken into account any
spatial phase variation of the electric field as a result of the
waves traversing the inhomogeneous medium. This important spatially
varying phase factor has important implications for the allowed
oscillation frequencies that the DFB structure can support. A full
analysis starting from the basic eiectromagnetic theory is required
to bring out the important characteristics of distributed feedback

lasers.

\b]
»

! Coupled-Wave Model

2.2.1 The coupled-wave equations

The electromagnetic wave eguation for the electric field in a
linear, homogeneous and isotropic medium can be derived from

Maxwell’s equations and written as

3°E 3E
VE-pe —5 - oz~ =Y [ g ], (2.3)

where E (= E(x,y,z,t)) is the complex electric field vector, € is the
electric permittivity of the medium, p is the magnetic permeability
of the medium, p is the free charge density and o 1is the
conductivity.

This equation is simplified when the following assumptions for

the DFB medium are made:

i) the medium is uncharged (p = 0);

ii) the electric field is independent of the x and y coordinates
(plane wave approximation);

iii) the electric field amplitude is time-independent (steady-
state analysis);

iv) the scalar form of the electric field is considered.
The electric field may then be written as
E(z,t) = E(z) exp (iwt), (2.4)

where ® is the angular frequency of the wave. Substitution into

equation (2.3) leads to

[\
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2
é—% + wzucE - iwpoE = 0, (2.5)
3z

—

where E is now the compiex amplitude of the electric field of angular
frequency . The angular frequency variation exp{iwl)] can now be

dropped and E = E(z). This equation may then be written as
— + kK E =0, (2.8)

where
k2 = w2uc - iwuo. (2.7)
From the electromagnetic theory, the absorption coefficient a is

related to the conductivity by

_ Mco

o , (2.8)
2¢E;

where €. is the relative permittivity or the dielectric constant of
the medium and c is the speed of light in vacuum. Since the gain is
just the negative of absorption, the gain coefficient, «, can be

expressed as

_ —uco

= = (2.9)
2n

where 7m is the refractive index of the medium (since 7m = Vcr). If we
_ _ _ 2

further note that p = Mg» € = €48 and MgEq = 1/c~, where Hg and g

are the permeability and the permittivity of free space,

respectively, equation (2.7) can then be re-written as
A POl (2.10)

This ‘k constant’ equation can now be modified to account for the
inhomogeneous nature of the DFB structure and k2 is allowed to vary

spatially according to

2

k2(z) = 95 n2

(z) + ialz) gmz), (2.11)

(9]

26



where 7n(z) and «(z) are the spatial periodic varying refractive index
and gain respectively. The coupled-wave theory, originally developed
by Kogelnik and Shank [1], is based on this ‘k constant’ equation and
the scalar wave eguation for the electric field (equation (2.8)).

If the optical properties of the laser medium are independent of
the x and y coordinates, but vary periodically as a function of z
which points in the direction of wave propagation (see Figure 2.3),
then we are essentially considering a one-dimensional! model and the
plane wave approximation made earlier is justified.

We assume a spatial modulation of the refractive index, n(z), and
the gain constant, oa(z), of the form

.

no + n1 cos 2602,

n(z)
(2.12)

1]

alz) a., + o, cos 2602,

0 1

where no and o

g are the average values of the refractive index and

the gain of the medium, respectively, and ™ and a1 are the

corresponding amplitudes of spatial modulation. The Bragg condition

(2.2) can then be written as

w
(@]

i
D)
-
)

where BO = /A and wo/c = ZH/AO and ©g

another parameter B can be defined as

is the Bragg frequency. Also,

B:—. (2-14)

We then make the following assumptions.

i) that the DFB laser oscillates at or near the Bragg
frequency Wy

i) that the gain is small over distances of the order of
a wavelengih, i.e. aA << 2mn,

iii) that the perturbation of the refractive index and

gain are small;

hence
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(2.15)
M <My

0(.1 << O(.O

Substituting equation (2.12) into (2.11) gives

2 - 92

2
) b +
k—(z) 5 (no n1 cos 2802)

+ 2i

ale

(¢. + a, cos 2302)(n0 +

0 1 cos 2302). (2.18)

1

Applying the assumptions in (2.15) allows us to write the k constant

-

of the wave equation (2.8) in the form

K2 = g° + 2ia B + 4KB cos 2Bz, (2.17)
where
™ g
K = [%—-*-E‘Iu‘l). (2.18)

The first two terms on the right-hand side of (2.17) describe the
usual behaviour of a plane wave in a homogeneous medium. The last
term, which contains the periodic characteristic, is responsible for
the Bragg scattering in a distributed feedback structure. The
coupling constant k in equations (2.17) and (2.18) is a central
parameter of this model. It measures the strength of the backward
Bragg scattering and thus the amount of feedback provided by the
structure.

In principie, a periodic perturbation of the medium generates an
infinite set of diffraction orders (see equation (2.1)). But in the
vicinity of the Bragg frequency, only two orders are in phase
synchronism and of significant amplitude. As shewn in Figure 2.1,
the two significant waves in the DFB structure are the twc counter-
propagating waves R and S. These waves grow because of the presence
of gain and they feed energy into each other due to Bragg scattering.

The waves can therefore be described by complex amplitudes R(z)

and S(z) and the electric field can be written as the sum
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E(z) = R(2) exp(—iBOz) + S(z) exp(iBOz). (2.19)

Since the gain over distances of the order of a wavelength is assumed

to be small, we can treat R(z) and S(z) as slowly varying so that
82R 828

their second derivatives —> and —5 c¢an be neglected. Equations
9z az

(2.17) and (2.18) may then be inserted into the wave equation (2.6).
By comparing terms with equal exponentials, we can obtain a pair of

coupled-wave equations of the form

-R* + (ao - i8)R = ikS,
(2.20)

S + (ao - i8)S = ikR,

where & is a normalized frequency parameter defined by
2
(82 ~ BO) no(w -~ wo)

= — - = = 1)
5 25 B - B — (2.21)
and ’ represents the differentiation with respect to z. The

parameter & is a measure for the departure of the oscillation

frequency w from the Bragg frequency w, and the Bragg condition may

then be expressed as & = 0. °

It can be seen from the coupled-wave equations (2.20) that the
growth of the R wave is dependent on the S wave, and vice versa, via
the constant k. In fact the two waQés are coupled together by this
coupling constant, k, the magnitude of which depends on the depth of

modulation of the optical parameters.

2.2.2 Solution of the coupled-wave equations

To solve the coupled-wave eguations, some boundary conditions are
required. Since the model is that of a self-oscillating device,
there are no incoming waves, and the internal waves start with zero
amplitudes at the ends of the device, receiving their initial energy
by scattering from the counter-propagating wave (Figure 2.1). If the
structure is of length L, extending from z = - L/2 to z = L/2, then

the boundary conditions for the wave amplitudes are
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R(-L/2) = s(L/2) = O. (2.22)

Also, because of the assumed symmetry of the device, the electric

field must either be symmetiric or antisymmeiric, i.e.
E(-z) = E(z) or E(-z) = - E(2). (2.23)

The general solution of the coupled-wave equations, which are

first-order coupled differential equations, may be written as

R = a exp(yz) + r, exp(-yz),
(2.24)
S = s, expl{yz) + s, exp(-yz),
where ¥ is a complex propagation constant. The boundary condition
(2.22) implies that the coefficients ry and s, are related by
r1/r2 = 32/81 = - exp(qyL). (2.25)
Hence, R and S are given by
R = 2r1 exp(-yL/2) sinh ¥(z + L/2),
(2.26)
S = 2s_ exp(-yL/2) sinh 3{z - L/2).

2

The syvmmetry conditions (2.23} lead to a iurther set of relatijons

between the coefficients ri and si:

(2.27)

Hence, the field distribution may be written in the compact form
R = sinh y(z + L/2),
(2.28)

S =% sinh y(z - L/2).

These solutions of the coupled-wave equations can therefore be used
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to describe the longitudinai field distribution of the modes of a DFB
structure.

To determine the allowed values of ¥, the solutions of equations
(2.28) must be inserted back into the coupled-wave equations (2.20).
Taking the sum and the difference of the two resuiting equations will

eventually lead to

- ¥ sinh{yL/2) + (ao - i8) cosh{yL/2) = * ik cosh(yL/2)

(2.29)
- 7 cosh(yL/2) + (ao - i8) sinh(yL/2) = F ik sinh(yL/2).
Combining Lhese expressions gives
v+ (ao - i8) = = ik exp(yL)
(2.30)

¥y - (ao - i8) = ¥ ik exp(-yL).

Some mathematical operations on these expressions give several
important results. Multiplication gives the dispersion relation
2

2 = k24 (a - 15)°. (2.31)

Adding the two equations yields the cbmplex eigenvalue equations
kK = * iy/sinh 7L. (2.32)

Another important equation can be obtained by taking the ditference
of the eqguations:

®. — i8 = * ik cosh 7L. (2.33)
By combining equations (2.32) and (2.33), we get

%y = i = y¥ coth 7L. (2.34)

Now, for a DOFB structure with a given coupling parameter k and
device length L, the eigenvalue equation (2.32) will give a discrete
set of modes characterized by the eigenvaiue ¥y. And for each value
of y, there is a corresponding rescnant frcguency 8 and a threshold
gain constant «. These values can be obtained from equations (2.33)

or (2.34).
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2.3 Results and Discussions

2.3.1 High gain and low-gain approximations

Some important characteristics of the DFB structure are revealed
by considering the high—-gain approximations.

If oy >> k, then equation (2.31) can be approximated by

¥ = o — i8. (2.35)

Inserting this into the first of the expressions in equation (2.30J,

we get

2(«0 - i8) = * ik exp(a. - i8)L. (2.36)

0]

This equation can then be multiplied by its complex conjugate

equation to yield
2 2 *
4(ao +87) = kK exp(2aOL). (2.37)

This equation gives an idea about the spectral selectivity of the DFB

structure. For a frequency deviation from the Bragg frequency of
*

s = %y the power coupling kk has to be doubied to keep the

tihhreshold gain the same. Also, in the vicinity of the Bragg

frequency (8 = 0), equation (2.37) can be written as

4a§ exp(—ZaOL) = (nn1/h)2 + af/4. (2.37a)
In particular, in the case of pure gain modulation, the threshold
condition then becomes

a /x. = 4 exp(—aOL). (2.37b)

Hence, for a device with a given length and a gain constant, there is
a minimum depth of modulation (a1/a0) required to attain oscillation.
Another interesting point of view is that for a given medium with
gain parameter @y, more DFB "mirrors" (i.e. larger L) must be used if
the "reflectivity" of these mirrors is low (i.e. low a1/a0) and vice
versa. A similar argument can be applied in the case of pure index
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modulation.
In the vicinity of the Bragg condition (i.e. & << ao), equation

(2.36) is approximately

n
[08]
o)

2a0 exp(isl) = * ik exp(aOL).
A comparison of the phases in this equation reveals the typical
resonance condition for a DFB device. The phase on the left-hand
side is simply 8L; on the right-hand side, it is given by the sum of

* /2 and the phase of k. Hence the rescnance condition is given by
3L = (g + 1/2)n + phase(k), (2.39)

where g is an integer. Using equation (2.21) and noting that w =

2nmv, this can be rewritten as

c ar 1

v -y = E?ﬁ;: q+ 5+ (%)phase(n)]. (2.40)
The resonances are therefore spaced approximately c/2nOL apart,
which is the same as in the usual two-mirror laser cavity of length L.
For gain coupling (phase(k) = m/2) there is a resonance at exactly
the Bragg frequency Y4 (Figure 2.6a). However, for index coupling (k
real and phase(k) = 0) there is no resonance at the Bragg frequency
(Figure 2.6b). This somewhat unexpected result is difficult to
explain without a rigorous theory.
In the Jlow-gain 1imit, « is very much less than k (i.e.

0

ao << k). For gain coupling near g

exactly the Bragg frequency, the same result as found in the

~ 0, there is a resonance at

high-gain limit. The threshold condition is of the form [1]

o, = /L. (2.41)

For index coupling the first resorances are near

S = K. (2.42)

The threshold condition is in the form of
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That is, the threshold gain is inversely proportional to the length
of the DFB device. These results are found to be good approximations
3

in the appropriate regions according to the numeirica

Kogelnik and Shank [1].

calculations by

2.3.2 Stop bands and dispersion

It is well known that periodic structures are dispersive and that
they have stop bands of frequencies in which propagation is
forbidden. This has a profound influence on the resonance spectrum of
the DFB strdcture. In earlier sections, we have learnt that four
waves exist .in the DFB structure and that they propagate as
exp[i(iBO + ¥)z]l. The complex propagation constant 7 is determined
by the dispersion relation (2.31).

Let us consider the case of pure index modulation (i.e. k is
real) in a gain-free structure (i.e. «, = O0). Equation (2.31)

0
becomes

¥y- = Kk" =~ 8. (2.44)

Hence ¥ is imaginary if 62 > K2 and real if 6d < K2. And the

dispersion curve can be obtained by plotting

52 - (im(¥))? = &2, (2.45)
or
2 . 2
[é] - [””(7) 17 =1, (2.46)
K K 1
where im(y) is the imaginary part of %; it contributes to the total

propagation factor in the exponent i[BO + im(y)lz. In Figure 2.7a,

where the propagation constants are plotted as a function of w/c,

there is a stop band centred at the Bragg frequency. inside this
band (with the width egual to 2«k) ¥ is real, indicating evanescent
waves. Outside the stop band, the dispersion curve is a hyperbola

which approaches asymptotically the 1ine where +the propagation

constant = w/c and the reflection of that 1line through the Bragg
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frequency. When gain is introduced into the structure («, > 0), the

dispersion curves are found to change gradually from the FFpattern of
the gain-free structure to the X pattern of the asymptote as shown in
the normalized plot (Figure 2.7b) obtained by using equation (2.46).
Similar dispersion curves can be obtained for the case of pure
gain-coupled DFB structure. In a zero average gain (ao = 0) device,
the dispersion curve is also hyperbolic with the same asymptotes as

in the case of index coupling except that the curves are rotated

through 90° as shown in Figure 2.8a. There is no stop band in
frequency. There is, however, a forbidden band of propagation
constants, which is of width « again centred at the Bragg

1’
increases, the curves change shape gradually

-

cendition. Again as %
as shown in Figure 2.8b.

As mentioned before, the mode spectra and the required threshold
gains can be calculated using equations (2.32) and (2.34). Figures
2.6a and 2.6b are representations of a typical mode spectra for pure
gain and pure index modulations, respectively. The dashed lines
indicate the basic c/2n0L frequency spacing which occurs in the
high-gain limit. The mode spectra are symmetric with respect to the

Bragg frequency v Of particular interest is the index coupling

case in which theEe is no resonance at vy It has been shown [1]
that with increasing coupling k, the stop band will increase and
eventually becomss comparable to c/2n0L and starts pushing the
resonances away frrom V.. A small amount of pushing is shown in

0
Figure 2.b6b in which the threshold gain of the modes is alse

indicated. Note that there are always two modes having the lowest
threshold gain value.

A typical mode spectrum for the case of pure gain coupling is
illustrated in Figure 2.64.. There is always a resonance exactly at
the Bragg condition and there is no frequency stop band. But the
dispersion of the period structure produces shifts in the resonances
so that the modes spacing is never quite equal to c/2noL, though the
mode with the lowest threshcld gain is always at the Bragg frequency.
The fact that the threshold increases with the frequency spacing from

g provides the spectral selectivity of the DFB structure.
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2.3.3 Mode pattern

Equation (2.28), which describes the relative amplitude

distribution R(z) and S(z) of the two coupled.Awaves in a DFB

structure, can be wused to determine the relative intensity
* *
distributions RR + SS for different eigenvalues 7. An intensity

distribution represents the intensity envelope (or "mode pattern") of
the modal standing-wave pattern.

Of particular interest is the mode pattern for the fundamental
mode, that is the mode at or, in the case of index coupling, closest
to the Bragg condition. There are basically three different types of
patterns which depend on the strength of coupling k (Figure 2.9).
when the coupling is small (kL << 1), the iptensity pattern hangs
through in the middlie region of the device and peaks at the ends
("undercoupling"). Conversely, when the coupling is large (kL >> 1),
then the mode intensity peaks in the centre of the device and decays
towards the ends ("overcoupling"). These two limiting types of
behaviour are linked by a region of ‘"critical coupling”, where
kL = 1 and where the intensity is more or less uniformly distributed
throughout the device.

The higher-order modes seem to behave similarly but with one

characteristic distinction. In the overcoupled case, these high
orders have more than one peak (e.g. Figure 2.10). In particular,
the number of peaks depends on the corresponding mode number N

2.4 Conclusion

This chapter started with an introductory section on the most
basic concept of a DFB structure and an attempt was made to explain
in simple terms why such structures can support laser oscillation.

We then described a rigorous theory in order to bring out the
general characteristics of these devices. The derivation of the
cuupled-wave theory was outlined and some important features of the
DFB structure have been discussed. These include the discrete nature
of its resonance modes, the corresponding threshold conditions and
the longitudinal mode patterns. We have also discussed the
influences of the dispersion in the periodic structure on its

resonance frequencies. In particular, the stop bands of
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index-coupled structures do not allow oscillations at the Bragg
frequency.

In the following chapters, we shall be concentrating on one
particular type of distributed feedback lasers, namely, the

ain-coupled distributed feedback dye lasers.
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CHAPTER 3

3.1 Introduction

The coupled-wave theory developed by Kogelnik and Shank [1]
successfully describes some fundamental characteristics of
distributed feedback lasers. In particular, the experimentaily
observed spectral properties of the 1light sources generated by DFB
lasers were well explained by the theory in terms of the mode
structures and the threshold-gain characteristics.

For the rest of this thesis, we shall be focussing our attention
on one particular type of DFB lasers - the gain-coupled distributed
feedback dye laser (DFDL). Similar to other types of distributed

feedback lasers, the DFDLs have been known to have good spectrail

properties for a long time [3]. They are particularly interesting
because the active medium, dye, has been well known to be quite
special; dye lasers are easily tunable over a wide range of
frequency from the ultraviolet to the near-infrared. Gain-coupling

for the dye laser can be easily arranged by pumping the active medium
with two interTering laser beams. In this case, tuning Iis
accomplished by varying the angle cf interference so that the period
of gain modulation is changed and the wavelength of oscillation is
accaordingly altered.

The gain-coupled DFDLs have received much interest recentiy due
to their temporal characteristics. It was discovered that under
certain conditions, the DFDLs emitted ultrashort pulses of picosecond
duration. In fact, there are several advantages in using the DFDLs
to generate ultrashort pulses. First of all, unlike a mode-locked
dye laser, which generates a train of closely separated pulses, a
DFDL can generate single ultrashort puises directly; hence no pulse
selector is required. Secondly, the nitrogen-pumped or excimer-
pumped DFDL systems are inexpensive, compact and reliable since they
do not contain any sophisticated opticai or electronic components.
The pulse repetition rate is continuously variabie and is determined
by the repetition rate of the pumping laser. The distributed

feedback technique is applicable to any dye operating at any



wavelength since no saturable absorbers are needed. Tunability
without mode-hepping is also straightforward. The time-bandwidth
product of a single pulse is close to the transform~limited values of
i

Gaussian-like profiles. Also, it is easy to construct an oscillator-

amplifier system, since oniy a small fraction of the pumping laser
power is needed to pump the DFDL.

In later chapters, we shall describe some experimental studies on
the gain-coupled DFDLs. Before then, we <shall be concentrating on
the theoreticail background of these lasers. In the next section, we
shalil outline a theoretical model based on a couple of rate equations
which describe the interaction between the populaticn inversion and

the number of piiotons inside the laser cavity. A computer program

has been developed at Imperial College during the course of this work

to simulate the laser action. Some typical solutions to the rate
equations will be presented in section 3.3. The general features
will also be briefly described. In section 3.4 we shall examine two
specific ways of generating shorter pulses. We shall consider the

power output of the DFDL under high pumping power conditions. The
possibility of further pulse shortening with external feedback will
also be explored. In section 3.5 we shall go through the derivation
of the key parameter of this rate equation model — the equivalent
cavity decay time. The assumptions made on the derivation will also

be closely examined.

3.2 Rate Equations

The generation of ultrashort pulses by a gain-coupled distributed
feedback dye laser (DFDL) was first experimentally demonstrated by
Bor [10]. Thc gain modulation was produced temporarily by pumping
the active medium with two interfering beams from a nitrogen laser.
It was found that, in general, a train of short puises was emitted
when the DFDL was pumped well apove threshold. Within a certain
range of pumping power, however, the laser was found to emit single
pulses of duration shorter than 100 picoseconds. A theoretical model
based on the photon rate equations was used by Bor [10,11] to explain
these observations. Experimental results show good qualitative
agreement with the computer solutions. The following describes this
rate equation model.

This model treats the dye laser as a four-level system. The
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laser is assumed to be oscillating in a single mode. Only the ground

singlet state S the first excited singlet stats S and the second

1 1
of the dye molecules are considered to be

0,
xcited single state S

D

2
nvolved in the lasing process. Triplet-state effects are negl

cted
ecled.

-

It is assumed that the emission and the absorption bands of the dye
molecules in solutions are homogeneously broadened and that the decay
of the metastable upper level (S1 state) is purely radiative. In the
case of the S_ singlet level being the upper absorption level, the

2
S.-S, nonradiative relaxation time is assumed to be much shorter than

tie 1ifetime of the S1 state in the presence of stimuiated emission.
However, the bleaching of the ground state, spontaneous emission and
excited state absorption at the Tlasing wavelength aire taken into
account.

Figure 3.1 shows the idealized four—~level laser system. The
nonradiative relaxation rates of 3 > 2 and 1 > 0 are assumed to be
large enough so that all the molecules can be treated as to be either
in level 2 or level 0 at all times. The behaviour of the DFDL can

then be described by the following coupled rate equations [111]:

g C

dn _ - - = -0
I - Ipop(N n) ﬂ nq - =, (3.1)
(o0 - o_)c
dgq _ e a _ 4 N
T — ng - = + Q (3.2)
c
The meanings of the symbols are as follows:
n: spatially averaged density of molecules in the first
excited singlet state 81,
q: density of DFDL photons,
N: density of dye molecules,
Ip: spatially averaged pump photon flux per unit area,
op: absorption cross-section from SO to higher lying singlet
states at the pumping wavelength Ap,
o excited state absorption cross-section from S1 to 82 at

the lasing wavelength A1,

o stimulated emission cross-section from S1 to SU at. the
lasing wavelength,

T: fluorescence lifetime,

T : equivalent cavity decay time,
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c: the speed of light,
n: refractive index of the dye solution,
Q: the fraction of spontaneous emission contributing to

the laser output.

Note that n, g and Ip are time-dependent parameters and that they
represent the spatially averaged values over the entire length of the
laser device.

Equations (3.1) and (3.2) are nonlinear equations describing the
rate of change of the population inversion density, n, and the rate
of change of cavity photon density, g, respectively. The egquations
are coupled in the sense that solutions can be found only if both
equations are solved simultaneously.

The first term in equations (3.1) is the pumping rate for the
laser inversion. It originates from the absorption of the pump
photons by the ground state molecules and their subsequent fast
relaxation into the metastable S1 state. The second term describes
the depletion of population inversion by stimulated emission. Spon-
taneous decay of the excited molecules in 81 gives rise to the third
term.

The number of cavity photons can be increased by the stimulated
emission process but decreased when excited state absorption occurs.
The combined effect is put toycther to give the first term of
equation (3.2). The second term accounts for the cutput coupling
loss with T being the average photon lifetime in the cavity. The
third term simulates the effect of spontaneous emission on the
temporal behaviour of the laser.

The parameter Q accounts for the fraction of the sponténeous
emission which propagates into the angular and spectra] range of the
DFDL beam and is calculated as

Q=——b—, (3.3)

nNo L28
p

where L is the length of the DFDL, (Nop)—1 is the penetration depth
of the pumping beam into the dye solution, b is the height of the
excited volume and S is the spectral factor determining the fraction
of the spontanecus emission which falls into the DFDL bandwidth. The

exact value of & was found to have insignificant effects on the
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computer solutions [11].

The parameter tc is the equivalent cavity decay time. It is
defined as the ratio of the total photon number in the laser cavity
to the rate of 1loss of photons. It therefore measures the
statistical average time spent by a photon inside the laser cavity.
For a conventional cavity formed by two end mirrors with
reflectivities R.,and R. and no other lcsses, the cavity decay time

1 2
(photon 1ifetime) T, is given by [12]

(3.4)

where nlL/c is the cavity transit time.
The equivalent cavity decay time for a first-order overcoupled

distributed feedback laser was obtained by Chinn [13] and is given by

2
oo (Il (
TC = 2—C- (TE ] y \35)
where k is the coupling constant. This expression was calculated
primarily for the index-coupled distributed feedback laser. Never-

theless, Bor [10] wused the corresponding expression for the
gain-coupled DFDL in his rate equation model. Assuming that the
effect of any refractive index modulation o tiie feedback is

n2gligible, the equivalent cavity decay time can then be written as

5 a. (3.8)

The amplitude of the gain modulation «, 1is related to the

1
population inversion density n by
@, = (ce - oa)Vn, (3.7)
where V is the visibility of the pumping interference fringes.

Therefore the expression for the cavity decay time is

nLd
Tc = 2
8cm

—
W
(00}

[n(o*e - Ga)V]Z.

Note that TC js not a constant as in the case of the conventional
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cavity with two end reflectors (3.4). It is proportional te the
square of the inversion density n. During the emission of a pulse,
the inversion density drops rapidly and therefore the cavity decay
time will in fact fall even more rapidly. This will lead to an
additional contribution to the overali pulse shortenjng effect.

The output power from one end of the DFDL is calculated as

gLab

P=%—§E , (3.9)
0 Tc
where h is Planck’s constant and
a = 1 {(3.10)
No )
p

is the penetration depth of the pump beam into the dye solution. The

steady-state (threshold) value of the population inversion can be

calculated by considering thc cpcration of a cw laser. In this case,
the change of the number of cavity photons will be zero and the
contributions by spontanecus emission will be negligible. Using

equations (3.2) and (3.8) with these assumptions, an expression for

the threshold inversion, ng» can be obtained:

2/3

no=-—2__ | (3.11)

0 To_-o L |V ' '
e a

3.8 Computer Solutions

The coupled rate equations with the auxiliary equations described
in the previous section were used by Bor [11] to simulate the
temporal evolution of the output power of distributed feedback dye
lasers. A fourth-order Runge-Kutta numerical scheme was used to
solve the equations on a computer using parameters corresponding to
their experimental conditions. Numerical instabilities occurring at
the beginning of the computations (t = to) were suppressed by using

the following approximate stationary solutions tor n(t) and q(t) as

the initial values:

n(tO) = Ip(to)oer, (3.13)
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Qn(to)
. _ T
q(bo) - 2 2 (o -0 )c (3.14)
8cn 1 _ e a Al )
3 n(t.)(c -o_J}V n RS
0 e a

1
j—-

where tO is the starting time of the calculations. The pumping pulse

represented by Ip(t) was assumed to be a Gaussian and the value of tO

was chosen such that Ip(to) was at least 1000 times less than the
peak of ID(t). Some detailed computer solutions have been presented
in two of Bor’s publicaticns [10,11]. In general, goocd qualitative
agreement between the computer solutions and the experimental
observations was obtained. The rate equation model therefore offers
a good qualitative description of the temporal behaviour of the
distributed feedback dye laser.

During the course of this work at Imperial College, a computer
program based on the rate equation model described above was
developed to study the temporal characteristics of the distributed
feedback dye laser output pulses.

The mainframe CDC Cyber 855 computer at Imperial College Computer
Centre was used and the program was written in FORTRAN. The
coupled-rate equations were solved with a numerical scheme based on
the fourth-order Runge-Kutta method. Due to the very rapid changes
of the parameter q upon pulse formation, a small integration
step-width was required to retain accuracy and avoid instability.
This, however, does impily that the computing time will be extremely
long. This problem was solved by employing an integration step-width
control routine to regulate the step-width so that substantial
computer time can be saved without losing accuracy. Using this
computer program, the results cbtained by Bor [11] were repeated and
confirmed.

Some typical results obtained by us are shown in Figure 3.2.

Parameters for the organic dye rhodamine 6G were used in this set of

2.4 x 10 '" om©, o, = 1.4 x 10718 cm2, o =

calculations: c

0.7 x 10—16 cmg, T

4 ns, AO = 590 nm, Ap =337 nm, n=1.44, V=1,

S = 104, N=21x10°2cn S (i.e. 3.5 x 107° M), £=6 mm, b = 0.25

mm. Pulse duration (full width at half maximum (FWHM)) of the
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Gaussian pump pulse was chosen to be 3.5 ns.

The general features of the computer resuits may be summarized as
follows. There is a threshold pumping rate above which 1lasing
occurs. Within a specific range of pumping rate above the thresho]a,
a single pulse is emitted. As the pumping rate is increased, two or
more discrete pulses are emitted. The actual number of pulses in the
pulse train depends on the pumping rate. The duration and the
intensity of the pulses vary within a pulse train. From the first
pulse to the last in a pulse train, the power gradually drops and the
pulse-width increases; that is, the first pulse has the highest
power and the shortest pulse-width. The separaticn between two
consecutive puises varies without any general trend. The duration of
the first pulse always decreases and its power increases with
increasing pumping rate.

Single pulse emission occurs for values of pumping rate lying
between 1.0 and 1.38 times the threshold value in this particular
example. Typically, the duration of the single DFDL pulse can be
shorter than the pumping pulse by a factor of 50 to 100. Clearly,
the distributed feedback dye 1laser provides an effective way of
generating short pulses from relatively long pump pulses. Some
possibilities of generating shorter pulses will be examined in the
next section.

Some more generai characteristics of the pulses generated with a
DFDL laser have been stu&ied theoreticaliy using this model and will
be presented in Chapter 4, tcgether with the results from a
different mcdel. Impertant features will then be discussed in

detail.

3.4 Generation of Shorter DFDL Pulses

Distributed feedback dye lasers have been well known as tunable
narrow linewidth 1light sources for a long time. Hcwever, there has
been increasing interest in the transient behaviour of these lasers
recently. Until a few years ago, the only reliable way of obtaining
ultrashort 1light pulses was by the mode-locking technique;
ultrashort pulse generation by distributed feedbackbdye lasers now
offers an alternative way of obtaining picosecond light pulses. In

this section, we shall consider two ways of obtaining shorter DFDL
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pulses theoretically using the computer program developed at Imperial
College. Other possibilities of generating shorter pulses will be
discussed in later sections.

The computer solutions of the couplied-rate equations described
above has revealed the trend that the duration of the first pulse
decreases as the pumping rate is increased. Therefore shorter DFDL
pulses may be produced simply by using a higher pumping rate. This
possibility has been investigated theoretically by us. A typical
computer result is presented in Figure 3.3. As expected, the
duration of the first pulse decreases as the pumping power is
increased. However, the decrease in the pulse duration slows down
considerably when the pumping power is increased to about five times
the threshold value. Further increase in pumping power only produces
a small amount of further pulse shortening.

Nevertheless, the duration of the first pulse can easily be
halved by operating the laser at around three times the threshold
value in this particular example. At this pumping power level, the
temporal structure of the laser is as shown in Figure 3.4. Since the
durations of the individual pulses are different and the separations
of the pulses are variable, such a puise train would not find many
applications. It is desirable to have single-pulse operation; this
can be achieved if the rest of the pulse train, other than the first
pulse, is suppressed. This is exaciiy what Bor and Schafer [14] have
tried. In their experiment, a properly timed guencher dye laser
pulse of adequate energy was injected intc the DFDL cavity at a small

so that

[

angle te extract part of the stored energy he thresheold
population inversion was never reached again after the emission of
the first pulse. The fast leading edge of this quencher pulise was
injected into the laser cavity before the build-up of the second
pulse starts. Hence, only the first DFDL pulse was generated and all
the Tlater pulses were quenched. Thics technique has several
advantages. Firstly, the DFDL pulse duration can easily be shortened
by a factor of two. Secondly, the shot-to~shict stability of the DFDL
pulses is excellent. This can be deduced from Figure 3.5. Small
variation of the pumping power does not serijously affect the pulse
duration or the pulse energy of the first pulse iT a high pumping
power is used.

However, the technique cannot be taken much further than this

because of several limitations. Firstly, as we have pcinted out,
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Figure 3.3
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Figure 3.5

Temporal and energy characteristics of a DFDL
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a much larger increase in pumping power is required to produce even a
smali degree of further pulse-shortening. Secondly, as shown in
Figure 3.5, the separation between the first pulse and the second
pulse alsc decreases with increasing pumping power. The practicat
implications are that the timing of the quenching pulse becomes more
critical and that a sharper leading edge of the quencher puise may be
required. Also, at high pump power and in the absence of a
qguencher pulse, only a small fraction of the pump energy is converted
inte the first DFDL pulse, a large amount of this excitation energy
would end up in the remaining DFDL pulses. Hence, for successful
quenching, the energy of the quencher pulse must be increassd when
the pump power increases. However, a high energy quencher pulse may
not be readily available and may considerably complicate the entire
experimental arrangement. In addition, the efficiency of the entire
system will be lowered significantly since a large amount of energy
is wasted in the quenching process.

It is interesting to consider the temporal behaviour of the
entire DFDL pulse train under high pumping power. Our computer
simulations (Figure 3.6) show that there is a fundamental change in
the temporal characteristics. Instead of producing more discrete
pulses as the pumping power is increased, a broad "background" now
emerges at the end of the pulse train (Figure 3.6a). Higher pumping
power produces more pronounced "background" and the pulses at the
back of the pulse train can now only be regarded as some ripples on
the broad "background" ({Figure 3.6b). Further increase in the
numping power reveals that the shape and size of this "brackaround"
follows the pumping pulse very closely indeed (Figure 3.6c). This
profile in fact becomes the dominant feature in the output of the
DFDL under very high pumping power and its peak power eventually
exceeds that of the narrow first pulse (Figure 3.6d).

In the remainder of the section we shall discuss the possibility
of generating shorter DFDL pulses with external feedback.

The basic gphysical mechanism of short-pulse formation for the
distributed feedback dye laser can be attiributed to the inlerplay
between the optical field in the laser cavity and the population
inversion. Pulses are formed while the population inversion is
oscillating about the threshold value. This is illustrated in Figure
3.7. When a pulse is formed, the population inversion drops from a

value above the threshold to a value below. It can alsc be deduced

Ui
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Figure 3.7. The formation of an ultrashort pulse in a DFDL.
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that the duration of the pulse depends strongly on the total fall of
population inversion (see section 4.4). A fast depletion of
population inversion clearly will give rise to a short pulse.

Imagine that the population inversion has almost reached its peak
and that a pulse is just about to be emitted. If the number of
cavity photons suddenly goes up, the population inversion will be
forced to drop at a faster rate than it otherwise would; a shorter
pulse will be emitted.

This special situation can be arranged by injecting a coherent
short pulse into the laser cavity at the right instant. One way of
achieving this is by re-injecting the very DFDL pulse back into the
cavity just before the expected time Tor the emission of the next
pulse. This may be conveniently arranged by the use of an external
"mirror".

This particular possibility of generating shorter pulses was
investigated using a modified version of the computer program based
on the rate equation model. A hypothetical external feedback
mechanism, which would re-inject the output pulse back intc the laser
cavity after a specific time-delay, is assumed. The time-delay and

the amount of feedback may be varied.

A typical computer result is shown in Figure 3.8. The temporal
profile for the normal DFDL (without external feedback) is also
inserted for comparison. In this particular example, the

reflectivity of the external minor equals O.5.
In the case of a normal DFDL without external! fssdback it is
cenvenient to refer to the separation betwsen the first and seceond

(O30 ~T LTS H H

pulse as t and the duration of the first pulse as At1. The

time-delay éztween the emission and the re-injection of a pulse will
be referred to as the "external rcund-trip time"”. It was found that
the temporal structure could be seriously affected by this parameter.
The optimum value of this external round-trip time was found to be
about "t - 1.25At1". If the external round-trip time differed from

12

this optimum value by more than 0.75At irregular tempcrai structure

would appear. 1

As shown in Figure 3.8, the duration of the pulse is gradually
shortened after successive re-injections. However, due to the
smaller pumping rate at the end of the pulse train, the pulse
duration gets broadened towards the end. Somewhere in the middle,

there is an intense pulse with minimum duration. The width of this
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Figure 3.9. DFDL output with external feedback - high pumping rate.

a) output power; b) durations of the pulses (the fourth column).
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pulse is smallest when the external round-trip time is at its optimum
value.

The minimum pulse-width also depends on the reflectivity of the
external mirror. With higher reflectivity, the minimum pulse-width
achieved will be smaller.

Pulse shortening with an external "mirror" can be more effective
if a high power pump pulse is used. An example is given by Figure
3.8. The pumping power is twice as much as before. The minimum
pulse-width achieved with this pumping power is shorter than the
previous case by a factor of just cover two. Also, although the
pumping power is fairly high, the pulses emitted are still discrete.

The broadening of the pulses towards the end of the Gaussian pump
pulse seemed to be due to the low values of the instantaneous pumping
rate. To test this theory, an appropriate constant pumping rate was
used in a computer simulation instead of the Gaussian pump pulse.
Figure 3.10 is the temporal profile of a normal DFDL (without
external feedback) under the constant pumping rate condition. Note
that this is equivalent to cw operation. When some external feedback

is introduced, the temporal structure changes dramatically (Figure

3.11). The variation of the pulse-width with pulse number is shown
on the graph below (Figure 3.12). The pulse number gives the
position of the pulse concerned in the pulse train. Clearly, the

pulses never get broadened at any stage.

Another feature of the DFDL with an external "mirror" is that the
spacing of the pulses is constant. Moreover, this temporal spacing
is directly related to the pecsition of the externmal "“mirror” and
therefore is more controllable.

Note that in using this computer model, a few factors have been
neglected. Firstly, we have ignored the non-zero transit time across
the DFB structure; we assumed that the injected photons were
uniformly distributed along the cavity immediately upon re-injection.
This assumption may be far from perfect since the distributed
feedback structure does give rise to some back scattering. Secondly,
the external "mirror" or ‘“mirrors" may lead to an additional
longitudinal mode structure. An arbitrary position of the "mirror"
may not be compatible with the gain grating structure since the phase
of the returning optical wave may be of critical importance.

We have considered two specific possibilities of generating

shorter pulses. There are also some other methods of producing
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Figure 3.11. DFDL output with external feedback —
constant pumping rate.
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shorter DFDL pulses such as using a short-duration pump pulse or a
short device length. These will be discussed in the next chapter

after the pulse-forming mechanism has been more thoroughly examined.

3.5 Comments on the Equivalent Cavity Decay Time

The rate equation model has been shown to be quite successful in
explaining some of the temporal characteristics of the distributed
feedback dye laser. The key parameter of the model is tha equivalent

cavity decay time T, It was shown to be a time-—-dependent parameter

Moreover, this time-varying nature was often regarded as the cause of
the formation of ultrashort pulses in DFOLs. In this section, we
shall examine the validity of the use of this important parameter T_.
As will be shown, there are a few discrepancies between the physic;1
characteristics of the gain-coupled distributed feedback tlaser and
the features implied by the expression of T, as given in equation
(3.86).

First of all, we shall describe the derivation of the expression
for T Some important equations used in the derivation of T, were
first derived by Haus [15] to obtain an approximate analytic
expression for the power emitted by the overcoupled distributed
feedback laser with refractive-index perturbation. The basic

couplod-wave equations (equation (2.20)) used have been modified to

-R* + (., - o« - i8)R = ikS, (3.15)
0 L
7 : : *
S’ + (ao i T i8)S = ik R. (3.18)
%
Here, o is the loss ccoefficient per unit length and k is the
complex conjugate of the coupling constant k. Differentiating

equation (3.15) gives

-R” + (ao -« - iS8)R’ = ikS’. (3.17)

L

IT we eliminate S by substituting equation (3.15) into (3.186),
multiply the result by ik, and then eliminate S’ by substituting the

resulting equation into (3.17), the following differential equation
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will be obtained:

” 2 g 2 3
R” = [[K] + (ao - - i8) }R, (3.18)
2 * .
where IKI is equal to kk . The solution to equation (3.18) may take
the form of
R = A exp(*x i€z), (3.19)

where &£ is given by

+ (o, — o, ~ i8)". (3.20)

0] L
Equation (3.20) is equivalent to the dispersicn relation derived in

Chapter 2 and & is related to ¥ by

€=+ iy. (3.21)

Haus considered a structure containing a mode of high externat
quality factor so that the power escaping from the ends per cycle is
only a small fraction of the energy stored in the cavity. He argued
that the amplitudes of the counter-propagating R and S waves at the
ends of the structure will then be small compared with their maximum
values inside the structure so that a good approximation for the

distribution of R would be given by

R = A cos €&z, (3.22)
with nodes at the ends of the laser device where z = % L/2. This
implies that

£L = mm. (3.23)

The field distribution described above is a good approximation for an
overcoupled laser (see Figure 2.8). If we consider a structure with
no net gain cor loss (i.e. o - o« = 0), equation (3.20) may be

6] L
re-written as
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- - 2 1/2
5L =+ |kL| [1 + (éL)2] . (3.24)
SN
Substitution of equation (3.23) gives
- m2n2 1/2
L = £ |kL| [1 + = . (3.25)
|l |

Now equation (3.22) may be substituted into equation (3.15) with

the condition ay - aL = 0, hence
g = %E A sin £z - g A cos £&z. (3.26)
For an overcoupled laser with
|L| >> mm, (3.27)
the magnitude of &8 (equation (3.25)}) may be approximated by
|s] = |«]|. (3.28)

Therefore the profile of S expressed in equation (3.26) is

approximately given by
|S| = |A cos &z| = |R]. (3.29)
Hence the R wave and the S wave have similar intensity distribution

profiles.

We noted that at z

- L/2, R is at a node (Figure 2.1); that

is, R = 0. Therefore, we have from equation (3.15)

- -R’(L/2)

: ) (3.30)
e ix

where Se is the value of S at z = - L/2. It can be shown that

R’ (-L/2) is equal to ZA. And using equation (3.23), an expression

for the light intensity at this end (z = - L/2) cof the laser can be
obtained:
2
2 mr iA12
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The remaining steps of the derivation of the equivalent cavity
decay time T were taken up by Chinn [13] by considering the end
losses and internal energy storage of the distributed feedback
structure. He started his analysis with an alternative form of

equation (3.29):
[R| = |S] = A f(x,y) cos £&z; (3.33)

a transverse spatial dependence described by f(x,y) is included. And
the square of the field amplitude at each end of the laser device is

given by

2
Re}z = 1se|2 > [ TE%E ] A%T2 (x, ¥). (2.24)

The total light energy escaping from the structure is proportional to

>
2[ mr ] A2ij2(x,y) dx dy, (3.35)

TelC

and the rate of loss of photons g is given by

. mm 2 2 ce 2
g = 2[TETE] R ij (x,y) dx dy, (3.36)

where € is the electric permittivity of the medium.

Now the total number of. photons inside the cavity (g) can be
found by integrating (RR* + SS*) over the device length and the
transverse cross-section using equation (3.33) and then multiplying

the result by e€/hv:
1 21 € 2
g = 2[(§ LA ] e Jff (x,y) dx dy. (3.37)
Then the equivalent cavity decay time, which is defined as the
ratic of the total number of photeons in the laser cavity to the rate

of loss of photons (q/4), can be obtained:
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2
— [J—'“—E] ) (3.38)

c 2c | mm

The integer m is related to the mode numbher of the resonance mode
and for a first-order mode m is equal to one. Hence, the equivalent
cavity decay time for a2 first-order overcoupled distributed feedback

laser is given by

-, = Ik [leld]” (3.39)
This is the expression used by Bor [10] in his rate equation mode! of
distributed feedback dye lasers.

A careful examination of the assumptions in the derivation would
raise a few questions on the validity of the use of this expression
for gain-coupled distributed feedback dye lasers.

Compare the basic coupled-wave equations (3.15) and (3.16) with
those derived by Kogelnik and Shank (equation (2.20)). The use of K*
in equation (3.18) implies that index-coupling has been assumed. In
fact, this was explicitly stated by Haus [15].

The approximate solution of equation (3.22) works well for the
case of index-coupling. However, for our gain-coupled laser, pumped
by two equal intensity interfering beams, operated at the Bragg
frequency, this approximation may not be justified. For, in this
case, the value of ¥, which can be calculated from equation (2.31),
is a real numerical quantity. This means that &, which is equal to
+ iy, is completely imaginary and equation (3.23) can never be
satisfied. Another question arises in the approximation of equation
(3.28). Since our laser is operated at the Bragg frequency, the
value of 8 is exactly equal to zero. Therefore equation (3.28) does
not hold.

One of the most important assumptions made in the derivation of
T was that the laser was considered to be overccupled. However, it
can be shown that this assumption may not be valid. In fact, we can
calculate the relative field distribution for our gain-coupled DFDL
in the steady-state condition.

For a gain-coupled laser operating at the Bragg frequency (8 =

0), the dispersion relation (2.31) becomes
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¥ = (ia1/2)2 + (ao)z. (3.40)

Since the periodic modulation is accomplished by the interference of

the pumping beam, «, can be expressed as

1

a, = Vao. (3.41)

Hence, the dispersion relation takes the form

2 _ 2 ,. _V,
r= g (1 7 (3.42)
and y is given by
V,1/2
= + - =
¥ + a0(1 4) . (3.43)

Therefore, ¥y is a real quantity and the field distribution of R

expressed in equation (2.28) is a real hyperbolic sine function, i.e.
R = A sinh y{(z + L/2), (3.44)
and similarly,
S =% A sinh y(z ~ L/2), (3.45)

where A is a real quantity.

The point to note is that these field distribution functians
cannot possibly be approximated by the cosine function as suggested
in equation (3.22). Moreover, even the relative intensity
distribution, RR* + SS*, is not compatible with the overcoupled
pattern. Figure 3.13 is our calculation of the intensity
distribution. This particular intensity pattern, in fact, is very
similar to that obtained by Duling III and Raymer [16]. They
investigated the time behaviour of the gain-coupled distributed
feedback dye laser power output using a semiclassical theory which
took into account the field propagation within the laser cavity.
They found that in the case of steady-state operation, the
gain-coupled DFDL is always undercoupled. Note that the introduction

of a loss term o does not affect the general result so long as the

visibility of the interference fringes is not affected by it. Hence,
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Figure 3.13 Steady-state spatial intensity distribution
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we can conclude that for the gain-coupled laser, the overcoupled
condition can never be reached in the steady state or below the
threshold. In fact, Duling III and Raymer have shown that in some
cases the laser remains undercoupled even when the threshold has
been exceeded. From their results of intensity distribution one can
see that the "cosine" approximation for the field distribution
(equation (3.22)) can hardly be justified [10]. Yet the calculations
by Bor [10] using the T, expression suggest that the overcoupled
condition is reached well below the threshold when the population
inversion is only at about half of the threshold value. Cieariy, the
use of this T expression may not be appropriate in the case of the
OFDL.

The threshold-gain value aOL for the gain-coupled DFDL can be
calculated, using the coupled-wave model, by solving the eigenvalue

equation (2.32), which is
K = % iy/sinh 7L. (3.46)

Using equations (2.18), (3.41) and (3.43) and assuming that the
visibility V is equal to 1, the eigenvalue equation can then be

solved to obtain the results

yb = 1.317, (3.47)
and
e L = 1.52. (3.48)

The steady-state value of o L for Bor’s rate equation model can

0
also be calculated using equations {(3.7) and (3.11) and the condition

that V= 1. It is given by

el = 2(m*° = .29, (3.49)
Again, this is inconsistent with the prediction based on the
coupled-wave theory as given in eguation (3.48).

In this section we have carried out the derivation of the
equivalent cavity decay time Tc' We have taken a closer look at the
assumptions made in the derivation and raised a few questions on the
validity of these assumptions for our particular type of tasers. We

have also pointed out some discrepancies between the theory involving
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the parameter T, and the other established theories. In particular,
it was found that the important assumption of overcoupled operation
could not be justified for the gain-coupled distributed Teedback dye

laser.

3.6 Conclusion

The basic elements of the rate equation model have been described
in this chapter. They were used to simulate the generation of
ultrashort pulses with the gain-coupled distributed fcedback dye
laser. Some typicail computer soluticns were cobtained. The computer
program developed during the course of this work has also been used
to investigate two specific possibilities of generating shorter
pulses; the laser action under high pumping power and the effect of
a hypothetical external reflector were simulated using modified
versions of the computer program. Although the basic results of the
rate equation model were in good qualitative agreement with existing
experimental results, there are, however, some doubts as to the
validity of the use of the equivalent cavity decay time in the rate
equation model for the DFDL. In Chepter 4 we shall continue to

explore the pulse-forming mechanism with a modified rate equation

model. In this new model, an appropriate cavity decay time will
replace the one expressed in equation (G.E8]. It is only an
approximate model; however, by approcaching the same problem from a

different angle, this model will provide an indirect way of explering

the physical mechanism responsible for the generation of short pulses

by the gain-coupled distributed feedback dye lasers.
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CHAPTER 4

RATE EQUATION MODEL OF UNDERCOUPLED BDISTRIBUTED FEEDBACK DYE LASERS

4.1 Introduction

The rate equation model developed by Bor seems to be fairly
adequate in describing the temporal behaviour of the gain-coupled
distributed feedback dye laser (DFDL). The computer solutions of the
equations were in good qualitative agreement with experimental
observations. However, as we pointed out in the last chapter, the
use of the equivalent cavity decay time in the rate equation model
may not be appropriate.

Although a more rigorous theory on the time-dependent behaviour
of the gain-coupied DFDL has recently been developed, the study of
the physical origin of the mechanism behind the generation of
ultrashort puises by the DFDL has been far from thorough. In
particular, the effect of the varying nature of the equivalent cavity
decay time has never been seriously examined but has been in the past
given as the main cause for the formation of ultrashort pulses.

In this chapter, we shall explore the mechanism of pulse
formation using a simple theoretical model. This model i1s also based
on the coupled rate equations but the equivaient cavity decay time is
replaced by an appropriate constant cavity decay time, which
corresponds to an undercoupled mode pattern. This is only an
approximate model and is not as complete as some of the existing
models. However, by approaching the same problem from a different
angle, some of the underlying physical processes associated with
pulse formaticn with DFDLs can be revealed in an indirect way. A
reasonably accurate simple model may be much mcre effective in this
respect than a full rigorous theory, the solutions of which can only
be found by numerical computation. The relationships between
different parameters and the interacting processes may not be so
transparent in a compiicated rigorous theory whereas simple
analytical relationships may easily be derived from a simplified
model. The results obtained from this new model will be compared

with the results of the more rigorous and accurate theory. Any
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discrepancy may well be due to the effect neglected in the original
assumptions of the simplified medel, in this case, the effect of the
varying nature of the cavity decay time.

In the next section, an appropriate constant cavity decay time to
be used in the new model will be proposed. Some computer so}qtions
will also be presented. Comparisons between this new model and
existing models will be the main subject of section 4.3. In section
4.4, approximate analytic expressions will be obtained from some
simple algebraic analysis on the new set of pheoton rate equations.
Comparisons with the resuits from full numerical computations will e
given. Some of the relaticons derived with this approcach will be

shown to be ccnsistent with experimental observations.

4.2 The Undercoupled DFDL Model

As pointed out in Chapter 3, the overcoupled approximation used
by Bor may not be appropriate. It has also been shown [16] that the
DFDL could be operating in an undercoupled condition throughout the
entire process of pulse formation. It is therefore interesting to
consider the transient behavour of the DFDL using an undercoupied
approximation. In the following rate equation model, a constant
caviity decay time corresponding to the undercoupled cperation is
used. As the pulse-formation process is associated with the
oscillation of the population inversion about the steady-state
threshold valye, we shall choose the value of the cavity desay time
corresponding to the steady-state condition. It is expected that the
mean value of cavity decay time will be close to this threshold
value. This is found to be consistent with the field intencity
distribution pattern computed by Duling III and Raymer [16].

The caiculation of this threshold cavity lifetime follows closely
the approach used by Chinn [13]. We have shown in section 3.5 that
the field distiribution of the counter-propagating waves for the
zeroth-order gain-couplied DFDL can bc represented by real hyperbolic

sine functions:
R = A sinh y{(z + L/2), (4.1)

and'

S =+ A sinh y(z - L/2). (4.2)
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Then, the square of the field amplitude at each end of the laser is

given by
= [s_|” = A% sinh® L. (4.3)

The total light intensity escaping from the structure is proportional

to

2A23inh2yL, (4.4)
and the rate of loss of photons g is given by
. _ apl s 2 c €
g = 2ATsinh™ gL n b Axy’ (4.5)

where Axy represents the transverse effective area of the laser. The

total number of photons inside the laser cavity, g, can be found by
* *

integrating (RR + SS )Axye/hv over the device length using equations

(4.1) and (4.2):

(4.8)

2 A €
2A 1. _ 7L Xy
{— sinh 2yL _E] el
The cavity decay time, Ty’ defined as the ratio of the total
number of photons in the laser cavity to the rate of loss of photons,

may now be calculated using equations (4.5) and (4.6}:

1 1 . _ oL
) 5T [E sinh 2yL 5 ] EE

sinh2 yL c

cu , (4.7)

where the second subscript on Ty denotes that the cavity decay time
corresponds to an undercoupled approximation. The vaiue 3L for the
gain~couplied DFDL has already been determined in Chapter 3.
Substituting this value (9L = 1.317)}, given by equation (3.48), into

the above expression, the constant cavity decay time is obtained:

T = 0.27

cu (4.8)

OI-:S
=

At first sight, it may seem unreasonable that the cavity decay

time is shorter than the cavity transit time. However, its value is
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Figure 4.1a Steady-state spatial intensity distribution
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Figure 4.2 Coupled waves and spatial intensity distribution
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in fact consistent with the results of the other established
theories. In Bor’s rate eqguation model, the value of the equivalent
cavity decay time corresponding to the threshold population inversion
was found to bes 132.2 ps [10], whereas the corresponding cavity
transit time for the 9 mm laser (with n = 1.44) was 43.2 ps. Also,
in the semiclassical theory of DFDL [16], the durations of the pulses
were found to be shorter than the cavity transit time, indicating
that the absolute equivalent value of the cavity decay time may even
be smaller.

It should be noted that the spatial intensity distribution
(RR* + SS*) obtained by us (Figure 4.1a}) and used in the derivation
of Tey is very close to the steady-state intensity distribution
calculated from the numerical computation (Figure 4.1b) using the
semiclassical model [16].

It is more revealing to consider the relative amplitude
distribution of the counter-propagating waves (Figure 4.2). The
parameters used in the calculation of the curves in Figure 4.2
correspond to the zeroth-order gain-coupled DOFDL (i.e. oL = 1.317).
It can be seen that the photons leaking out at the left end of the
laser are associated with the S wave. Now the field distribution of
the S wave implies that most of these photons are generated near the
left end of the laser. Similar arguments apply to the photons
associated with the R waves. Therefore, the average time spent by
the photons inside the laser cavity is less than the cavity transit
time, resulting in a short cavity decay time. This argument is
concsistent with the spatial populatijon inversion distributions
calculated by Duling III and Raymer [16]. They showed that after the
formation of a pulse, the original uniform distribution had been
changed in a way which suggested that the depletion was heaviest near
the ends of the laser device.

By replacing the time-dependent value of T in the coupled rate
equations (equations (3.1) and (3.2)) with this new constant cavity
decay time Toy We obtain a rate-equation model for the DFDL with an
underccupled approximation. These new coupled rate equations can now
be solved exactly as described in section 3.3. Some typical results
are shown in Figure 4.3. The parameters used in these calculations
are also the same as those given in section 3.3.

It can be seen that these results are very similar to those

obtained in section 3.3. Detailed comparisons between the results of
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the two-rate equation models and the semiclassical model will be the
main subject of the next section. It is useful at this stage to
consider the basic assumptions and the Tlimitations of this

undercoupied DFDL model.

First of all, the rate equation model is basically a mean-field
approximation; only the spatial averages of the time-dependent
parameters are used in the calculations. Field propagation effects

and the spatial variation of the counling strength, for instance, are
neglected in this model. These effects may alter the field pattern
during puise formation. The use of the constant cavity decay time
means that only the average value of the cavity decay time is
considered in the approximation. Effects arising from the temporal
variations of the coupiing strength and the field pattern are not
taken into account at all. Therefore, the corresponding temporal
variation of the cavity decay time has been totally ignored in this
model. In fact, this is the most fundamental difference between this
mcdel and the more rigorous and more accurate semiclassical model.
The effect resulting from the temporal variation of the cavity decay
time is generally referred to as the self Q-switching effect. Hence,
comparisons of the results generated by the two models may lead to
some sensible evaluation of the influence of the seif Q-switching

effect on the pulse-forming process in DFDLs.

4.3 Comparisons with QOther Thesoretical Houdels

The general features of the computer solutions of the
undercouplied DFDL model were shown to be very similar to those of the
eriginal rate equation model proposed by Bor {(we shall refer to Bor's
model as the overcoupled DFDL model). In this section, we shall
compare the two models in more detail. Results from the
semiclassical model of the DFDL [16] will also be wused in some
discussions. The parameters used in the calculations in this section
are basically the same as thoses given in section 3.3 unless stated
ctherwise.

Figure 4.4a shows the dependence of the duration of the first
pulse on the pumping rate. This is calculated with the undercoupled
DFDL model. Figure 4.4b is the corresponding result calculated using

Fa

Bor ‘s overcoupled DFDL model. Apart from the absolute values of
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Figure 4.4a First-pulse duration versus pumping rate
(undercoupled DFDL model)
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Figure 4.5a  First-pulse energy versus pumping rate
(undercoupled DFDL model)
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Figure 4.6
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puise durations, the similarities are obvious. Figures 4.5a and 4.5b
show the corresponding dependence of the energy of the first pulse on
the pumping rate calculated from the undercoupled and overcoupled
models, respectively. The sharpness of the threshold of the DFDL is
clearly shown. The threshold of the second pulse is also marked by
the symbol *. The range of pumping rate suitable for singie-pulse

operation is best illustrated in a diagram such as Figure 4.6.
Clearly, the thresholid of the second pulse is well defined. Hence
the second-pulse threshold pumping rate can be used as the reference
for defining the duration of the first pulse. This pulse duration,
of course, corresponds to the minimum pulse duration under single-
pulse operation. Comparisons between the first-pulse durations under
different operating conditions will be based on this common
reference.

It is well known that shorter DFDL pulses can be generated if the
length of the laser device is decreased. The temporal
characteristics of the first DFDL pulse for a shorter device length
of 1 mm are shown in Figures 4.7a and 4.7b, which correspond to the
calculations from the undercoupled DOFDL model and the overcoupled
DFDL model, respectively. Figures 4.8a and 4.8b show the
corresponding energy characteristics. The durations of the first
pulse, in each case, are indeed shorter than the corresponding values
for the longer 6 mm device. However, the range of pumping rates for
single-pulse operation (as a percentage of the second-pulse threshold
value) is considerably narrower. Also the pumping required for laser
nscillation is increased by a large factor.

The dependence of pulse duration on laser device length is better
illustrated in Figure 4.3. The curve "C1" is calculated using our
undercoupled DFDL model whereas the curve "C2" is computed from the
overcoupled DFDL model. The discrete points on curve "E2" are
extracted from the experimental results obtained by Bor [11]. It can
be seen that despite the simplicity of the undercoupled

approximation, this new model does show good qualitative agreement

with experimental chkservations. At least, it gives a good
first-order estimate of the temporal characteristics of the
gain—-coupied DFDL. More comparisons of experimental data with the

predictions of this model will be presented later on.
We mentioned that the most fundamental difference between the

undercoupled DFDL model and the more complete semiclassical model
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Figure 4.8a  First-pulse energy versus pumping rate
(undercoupled DFDL model)
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[16] was that the self Q-switching effect was neglected in the former

model. It is therefore interesting to compare the temporal
characteristics calculated from the two models. Figure 4.10
“illustrates some typical results. The curve "C1" was obtained from

the undercoupled DFDL model whereas the curve "C2" was extracted from
the semiclassical model results of Duling IIl and Raymer [1B]. The
difference between the two curves should give some reasonable
estimates of the self Q-switching effect on the pulse duration of a
typical DFDL. Obviously, the self Q-switching effect does give rise
to shorter pulses. However, the contribution to pulse shortening due
to this effect may not be as large as it was often believed to be.
Other factoirs may be just as important. For instance, the absciute
average value of the cavity decay time may play a major role in the
formation o7 shorﬁ pulses.

The dependence of pulse duration on the magnitude of the cavity
decay time has been investigated using the undercoupled model. By
varying arbitrarily the value of the constant cavity decay time, the
corresponding duration of the first DFDL pulse is determined (at
second-pulse threshold). Figure 4.11 summarizes the resuits. The
importance of the absolute magnitude of the cavity decay time cannot
be ignored.

One of the shortcomings of Bor’s rate equation model, as pointed
out by Duling I11 and Raymer [16] was its failure in predicting the
pulse duration of ths DFDL pulses when the pump pulse duration is
apprecaching the cavity transit time. The semiclassical theory
developed by Duling III and Raymer, on the other hand, should work
well in this regime. It should be interesting to compare the results

of the undercoupled DFDL model and those of the other theoretical

models.
We shall, first of all, present some results from the
undercoupled DFDL model. Figures 4.12a and 4.12b are the computer

simulations of the generation of single DFDL pulses with a short
duration pump pulse having a duration of 70 ps (FWHM). The laser
device lengths are 1 mm and 4 mm, respectively. Otherwise, the
parameters used in the calculations are the same as those given in
section 3.3.

Figure 4.13 shows the dependence of the duration of the first
pulse on the pumping rate for the 1 mm laser. Figure 4.14 shows the

corresponding energy dependency. The general Teatures of these
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Figure 4.10 Theoretical dependence of pulse duration on device length
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Figure 4.11  First-pulse duration versus cavity lifetime
(undercoupled DFDL model)
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Figure 4.12b. Generation of single DFDL pulse with a short pump

pulse (device length: 4 mm).
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Figure 4.13  First-pulse duration versus pumping rate
(undercoupled DFDL model)
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Figure 4.14  First-pulse energy versus pumping rate
(undercoupled DFDL model)
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curves are similar to those of Figures 4.7a and 4.7b for which the
corresponding pump-pulse duration 1is much Tlonger. As expected,
shorter duration DFDL pulses are produced with a shorter pump pulse.
Moreover, there are a few more practical advantages of using shorter
duration pump pulse for single-pulse operation. Firstly, the range
of pumping rate suitable for single-pulse operation is very much
wider. Secondly, over a large part of this range, the durations of
the first pulse are quite stable. Hence it is much easier to obtain
short and stable single pulses. These results are consistent with
the theoretical predictions frcm the semiclassical model [16].

By considering the dependence of the duration of the first pulse
as a function of the length of the DFDL for the case of a short
duration pump pulse, Duling III and Raymer peointed out the
discrepancy between their semiclassical model and Bcr’s overcoupled
DFDL model, which failed completely as the cavity transit time was
approaching the pump pulse duration. It is therefore interesting to
bring in the results from the undercouplied DFDL model for comparison.
Figure 4.15 shows the results from the three different models. The
curve "C1" is calculated from the undercoupled DFDL model. The curve
"C2" is extracted from the results of the semiclassical model [16]
and the curve "C3" is the corresponding result calculated from Bor’s
overcoupled DFDL model. The discrepancy between Bor’s model and the
semiclassical model is evident. The undeicoupled DFDL model, on the
other hand, still gives reasonable estimation on the duration a7 the
first pulse.

Some important limitations on the undercoupled'DFDL model in the
regime of short pump pulse should be noted. Although the
undercoupled field pattern is a reasonable approximation in the
vicinity of pulse formation, the use of a constant cavity decay time
will affect the dumping rate of cavity photons at the tail of the
first pulse. Although, within our assumptions, this does not
seriously affect the duration of the first pulse, it does lead to an
over—-estimation of the number of cavity photons a2t the end of the
first pulse and therefore affects the temporal structure of the
second pulse and the other oncoming pulses. This is particularly
serious for the cases of high pumpina rate and short duration pump
pulse. The temporal structure of the DFDL pulses may suffer from
distortion. Instead of two discrete pulses, the computer simulation

may give a picture of two pulses beginning to merge together (Figure
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Figure 4.16a. A computer-generated multiple-pulse profile

from the undercoupled DFDL model (short pump pulse).
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Figure 4.16b. A computer-generated temporal profile from the
undercoupled DFDL model (short pump pulse).
(L = 4 mm).
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Figure 4.17 First-pulse duration versus pump pulse duration
(undercoupled DFDL model)
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4.16a). The distortion can become very serious if the pumping rate
is high and the laser device length is long. The "second pulse", for

instance, may merge completely with the first pulse to give an

appearance of a strange-looking single pulse {(Figure 4 16b). This
undercoupled  model obviously cannot be used to simuiate
multiple-pulse operation in the short pump pulse regime. Neverthe-

less, as we have shown, this model should remain a good first-order
approximation for determining the pulse duration under the
single-pulse operation conditions.

As discussed above, shorterr OFDL single pulses are produced if
the duration of the pump-puise is short. This dependency of DFDL
pulse-width on the pump pulse duiration has been investigated more
thoroughly using the undercoupled DFDL model. The results are
summarized in Figure 4.17. The advantage of using a shcri pump pulse
to generate short DFDL pulses is clearly shown.

Although shorter pulses can be produced using a shorter duration
pump pulse, such a pulse may not, however, be readily available in
practice. For example, in the experimental laser system to be
described in the next chapters, the duration of the pump pulse is
about five to six nanoseconds. It is therefore useful to consider
the temporal and energy characteristics for this experimental
condition. We shall set the duration of the pump pulse at 5 ns and
the device length at 5 mm. Otherwise, the parameters used for the
following calculations are the same as those given in section 2.3.
Figures 4.18a and 4.18b, which show the dependence of the pulse
duration on the pumping rats, are the theoretical results from the
undercoupled DFDL model and the overcoupled DFDL model, respectively.
Figures 4.18a and 4.13b show the corresponding energy dependence.

It is sometimes useful to know the effect of varying a particular
parameter on the pulse duration of the DFDL. Some results of these
studies are presented below. Again, we use both the undercoupled
DFDL model and the overcoupled DFDL model in the investigations.
Figures 4.20a and 4.20b show the effect of the upper-state lifetime
on the pulse duration ot the first pulse. Figures 4.21a and 4.21b
show the dependence of the pulse duration on the refractive index of
the dye solvent. In the rate equation models, the number of initial
cavity noise-photons is estimated by approximating a stationary
initial condition. It is interesting to see how the pulse duration

and the required pumping rate for single-pulse operation are affected
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Figure 4.18a  First-pulse duration versus pumping rate
(undercoupled DFDL model)
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Figure 4.18b  First-pulse duration versus pumping rate
(overcoupled DFDL model)
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Figure 4.19a
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Figure 4.19b  First-pulse energy versus pumping rate
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Figure 4.20a Effect of upper-state lifetime on pulse duration
(undercoupled DFDL model)
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Figure 4.20b  Effect of upper-state lifetime on pulse duration
(overcoupled DFDL moder)
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Figure 4.21a

Effect of solvent refractive index on pulse duration

(undercoupled DFDL model)
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Figure 4.21b  Effect of solvent refractive index on pulse duration
(overcoupled DFDL model)
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Figure 4.22a Effects of initial noise-photon number
(undercoupled DFDL model)
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Figure 4.22b  Effects of initial noise-photon humber
{overcoupled DFDL model)
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if the initial noise-photon number is varied. Figures 4.22a and
4.22b illustrate these effects. The curves are calculated for a
range of initial photon numbers over two orders of magnitude.

As shown above, the general features of the results from the
undercoupied DFDL model were very similar to those obtained using the
overcoupled DFDL model first developed by Bor. Despite thé
inappropriate assumptions made in the derivation of the eqguivalent
cavity decay time in Bor’s model (see section 3.5), the results
predicted from this overcoupled DFDL model seemed to fit the
experimental data quite well. A cicse examination of the fundamental
similarities between the two rate equation models may provide some
clues to the reason why Bor’s model can give good approximate
results.

We have shown that the magnitude of the cavity decay time in
these rate equation models has a strong influence on the DFDL pulse
duration. The constant cavity decay time used in the undercoupled
DFDL model has been derived from the steady-state coupled-wave theory
and its magnitude should be a good approximation to the average time
a photon spends inside the laser cavity. The mean value of the time-
dependent equivalent cavity decay time (during pulse formation) in
Bor‘s overcoupled model is in fact very close to the value of the
constant cavity decay time in the undercoupled DFDL model. It is
therefore expected that the results generated from the two models
would be very close.

But the undercoupled DFDL model neglects the effect due to the
varyving nature of the cavity decay time whereas in Bor’'s cvercoupied
DFDL model the equivalent cavity decay time is a rapidly changing
quantity in the vicinity of pulse formation. Hence Bor’s model does
contain some features which <can simulate the varying Bragg
reflectivity effect. Therefore, the overcoupled DFDL model could
sometimes give better computer simulations than the undercounled DFDL
model. Comparisons of the results from the theoretical models
suggest that this self Q-switching effect may well give rics to a
further pulce shortening of around 40% in the case of a long duration
pump pulse being used.

The undercoupled DFDL model has been shown to give fairly good
first-order approximation to the Taser output characteristics under
various conditicns. The absolute magnitude of the average cavity

decay time was found to play an important role in the process of
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short pulse formation in DFDLs. By comparing this model with the
more complete semiclassical model, it was deduced that the self
Q-switching effect could shorten the pulse duration further by

+

another factor of about two.

One of the major features of the undercoupled DFDL model is its
simplicity. In the next section, we shall use this simple model to
analyse some basic characteristics of the DFDL pulses. As we shall
see, the results of some simple analysis agree very well with the
calculations from full numerical computations. Some of these results

wiill aiso be compared with availatle experimental data; good

quaiitative agreement has been found.

4.4 Characteristics of DFDL Pulses

The undercouplied DFDL model has been shown to give reasonably
good first-order approximations. It is, however, only an approximate
model and cannot match a more complete theory such as the semi-
classical model. Nevertheless, the simplicity of this model can be
exploited to yield simple analytic expressions which may give some
clues to the underlying physical mechanism for the formation of short
pulses in the DFDL. These expressions will be compared with the full
numerical computaitionai results. Qualitative agreement between some
of the analytic expressions and experimental results has also been
found. However, it should be noted that this analysis is valid only
in the regime of long-duratior pump nulse. |

In our undercoupled DFDL model, the cavity decay time is assumed
to be a constant. The resulting rate equations are, in fact,
equivalent to the coupled rate equations for relaxation oscillations.
Hence the results for the undercoupled DFDL model should be relevant
to relaxation oscillations under the appropriate conditions.

The computer simulations from Bor’s original rate equation model
suggest that the formation of short pulses is due to the rapid
variation of the value of the equivalent cavity dccay time in the
vicinity of pulse formation. This seems reasonable if we consider a
diagram such as Figure 4.23. Apparently, the puise is formed when
the equivalent cavity decay time drops. However, a similar diagram
(Figure 4.24) can also be generated in the undercoupled DFDL model.

In this case, it 1is shown that the pulse is formed when the
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Figure 4.23. The formation of an ultrashort pulse in a DFDL
(overcoupled DFDL model).
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Figure 4.24. The formation of an ultrashort pulse in a DFDL
(undercoupled DFDL model).
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population inversion drops while the cavity decay time has remained
constant throughout. It is therefore reasonable as a first-order

approximation to treat the process of pulse formation as the
interacticn ¢of the cavity photons and the population inversion in a
laser cavity with a constant Q factor. This is the basis of the
following rate equation analysis. It will be shown that with siight
modification, the general results are applicable to Bor’'s overcoupled
DFDL model as well. This shows that the most basic mechanism of
pulse formation can be adequately described within the simple under-
coupled DFDL model and the self Q-switching effect can be treated

separately as a second-order correcticn.

In our undercoupled DFDL model, the coupled rate equations are
given by
dn 9eC
E = IpO‘p(N -n) - T nq - ‘?, i (4.9)
(0 -0 )c
dg _ a _ Qn ,
I = n ng - —— + —. {4.10)
cu

These equations are the same as equations (3.1) and (3.2) except that
the equivalent cavity decay time Tc is now replaced by the constant
cavity decay time Ty The meanings of the other symbols are the
same as ithouse given in section 3.3.

In the vicinity of pulse fTormation, spontaneous emission may be

neglected; the simplified rate equations become

dn Géc

— =10 (N-n) - —nq, (4.11

at 0% M q { )

dq (oe - ca)c q

I = _—'ﬂ ng - = - (4.12)
cu

During pulse formation, the system experiences gain and the intensity
of the output pulse continues to increase so long as the population
inversion is above the steady-state threshold value. And when the
population inversion drops to this value, the intensity of the output
pulse stops growing; this is the peak of the output pulse. The time
when this occurs will be taken as "time zero" (t = Q). Hence, when

t =0, n=n. and 93 = 0, where n. is the threshold inversion and
0 dt tO 6]

tO denotes the value at t = 0. Putting these into equation (4.12)



yields

=5 (4.13)

This equation can be put back into equation (4.12} to give an

alternative version of the cavity photon equation:

In the vicinity of pulse formation, the population inversicn may be

written as

n(t) = Ng ~ knt, (4.15)
where kn is the rate of depletion of the inverted population. We
note that the value of kn varies very slowly for most of the time
during pulse formation. Therefore, the value of kn is assumed to be
constant. This is a fair assumption to make so far as the following
analysis is concerned. Substitution of equation (4.15) into equation

(4.14) gives

dg _ {_ 'n
R ]q. (4.18)
0 cu
Integration gives
kn 2
ql(t) = 9 exp[— S t ] , (4.17)
0 cu
where qo corresponds to the peak of the pulse centred at t = O.

Since the output intensity is directly proportional to the number of
cavity photons, the DFDL pulse is therefore expected toe have a
profile very close to that of a Gaussian pulse as described by
equation (4.17}. Figure 4.25 is a comparison between the Gaussian
pulse and the DFDL pulse profile generated with the full numericai
calculation by the computer. The two profiles are basically very
close to each other.

Figure 4.26 is a microdensitometer plot of a streak camera trace

of a DFDL pulse obtained in our experiment at Imperial College. The
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Figure 4.25 Comparision of computed DFDL pulse and Gaussian pulse profiles
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Microdensitometer plot of a DFDL pulse profile

Figure 4.28.
obtained with a streak camera.
Figure 4.27 Comparision of Gaussian and DFDL pulse profiles
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vertical scale, which represents the intensity, is logarithmic. The
corresponding linear plot of the DFDL pulse profile is compared with
the Gaussian pulse in Figure 4.27. They are obviously very similar.
In particular, there is very little difference at the top half of the
pulse profiles. It is therefore reasonable to approximate the DFDL
pulse as a Gaussian pulse.

For the Gaussian profile described by equation (4.17), the pulse

duration (FWHM (full width at half maximum)), At, is given by

At (4.18)

The relationship between the pulse duration and the rate cf depletion
of population is clearly expressed in this equation.
The total number of photons emitted (qt) for the entire pulse may

be expressed as

[oe]
q = = [atey at (4.19)
t T - T
cu
et 0 0]
where V is the volume of the laser cavity. Now, substituting

equation (4.17) into equation (4.18) and evaluating the integral

Vq 2nn . T
_ o / 0 cu (
a = = K . (4.20)
cu n

Combining this with equation (4.18) gives

q, T /
_ 't Tcu 81n2
At = aa v Tl (4.21)

For a four-level laser system with the stimulated emission

gives

process totally dominating the de-excitation of the upper state

population, the total number of emitted photons can be expressed as

S
[\
M

q, = flan|V, (
where [An| is the total drop of population inversion per unit volume
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and f is the fraction of energy, released as a result of popuiation
de-excitation, being converted into the emitted photons. I there is
no less in the system, f will be close to unity.

For a Gaussian pulse, 76% of all the photons are emitted within
the "FWHM" pulse-width, At. Within our assumption, the drop of
population inversion during this period is therefore roughly equal to
76% of the total drop of population, |An]. Hemce, a reasonable
estimate of the population depletion rate (kn) would be obtained by

dividing 0.76|An]| by At:

« =o0.76 180l (4.23)
n At

The values of kn and [An[ can be measured from the graphical outputs
of the computer simulations, whereas the calculatiorns of At are
performed within the computer program. Equation (4.23) was found to
agree fairly well with the results of computer simulations. For
example, the data corresponding to Figure 4.28 are {Anl = 3.8 x
1022/m3, At = 121.4 ps. This gives a value of kn at 2.4 x 1032/m35
according to equation (4.23). It should be compared with the value
of kn measured from the graph: 2.8 x 1032/m38.

By combining equations (4.22), (4.23) and (4.21), we obtain
dg = 1.28Tk 7, - (4.24)

This equation, together with equation (4.13), may now be substituted

into eguation (4.18) to give

6.82fntcu'
At = (0 = o e . (4.25)
e a q0

The output power of the DFDL was given by equation (3.9). In the
undercoupied DFDL model, the peak power of a DFDL pulse (PO) is

therefore given by

(4.26)



Figure 4.28. Temporal characteristics of a DFDL.
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3.41fnhlab 1
At = ( - o_J)A '
%e " %a’t0 VP,
In our computer simuiations, the vaiue of T, is twice as much as
o_. This implies that for every two photons being invoived in the
=Y

stimuiated emission process, there is another one being absorbed by

an excited-state molecule, which will subsequently end up in an even

higher excited state. Therefore only 2/73 of all the photons
generated as a result of de-excitation will end up as emission
photons. In this case, the value of f in equation (4.22) should be

equal to 2/3. Again, the magnitude of the value f may be determined

from the results of computer simulations. For exampie, the data
2

corresponding to Figure 4.28 are IAn[ = 3.8 x 102“/m3, At = 121.4 ps,

PO = 8.5 kW. The value of 9 is therefore equal to 6.8 x 1012. This

implies that the value of f is 0.68S.

The relationship between the peak pcwer and the pulse duration of
a DFDL pulse is clearly expressed in equation (4.27). The results of
computer simulations can be wused tc check the accuracy of this
expression. Table 4.1 gives such a comparison. Column 1 of each row
shows the pumping rate used. The peak power of the pulse is written
down in column 2, and column 3 shows the corresponding pulse
duration. For each particular value of peak power, the pulse
duration can also be calculated using the expression in equation
(4.27); the result is shown in column 4. The differences between
the results calculated from the expressions in equation (4.27) and
the full computer numerical evaluations are less than 10%.

Equation (4.27) may be expressed more generally as a simple

proportionality relationship:

At x — (4.28)
vP
U
or
AtVPO = censtant. (4.29)
This relationship may easily be verified by plotting the value of
1/VP0 against the pulse duration At. Figure 4.23 shows the

theoretical relationship between the peak power (PO) and the pulse

duration (At) calculated using the undercoupled DFDL (computer)
model. The different pumping rates used range from 0.6 x 1026cm_ds_'
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Table 4.1:

Peak Power

Helationship between

and Pulse Duration

f
]Pumping

]

Computer Simulation Resulls

PR

Rate Peak Power | Pulse Duration | calculated from
(E+23) P et eqn. (3.27)
1.2¢0 8.5 kw 121 ps 132 ps
1.32 11.2 KW 107 ps 115 ps
1.50 14.4 kKW 95 ps 102 ps
1.50 4.1 kKW 174 ps 191 ps
2.0 20.8 kW 80 ps 85 ps
2.0 10.4 kW 116 ps 120 ps

2.0 4.1 kW 136 ps 191 ps




Figure 4.29 Theorectical relationship between peak power and pulse duration
(undercoupled DFDL model)
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to 40 x 1026cm_gs_1. The data are associated with the first DFDL

pulse for each level of pumping rate. Apart from a small offset, the
linear relationship is clearly a fairly good approximation.

Some experimental results obtained by us at Imperial College are
alse used to compare with this simple relationship (4.28). Figure
4.30 is obtained from the measurements of the streak-camera traces of
single pulses from a distributed feedback dye laser. The
experimental results agree fairly well with the simple analytic
expression of equation (4.28).

It is interesting to see whether the same reiationship applies to
the overcoupled DFDL model which is based on a varying cavity decay
time. Figure 4.31 gives the results computed with this model.
Clearly, the relationship described by equation (4.28) is equally
applicable in this case despite the fact that it is originally
derived from a model based on a constant cavity decay time. This is
understandable since, apart from the self Q-switching effect, both
models should have similar basic features and therefore should
produce resuits having common general characteristics. This further
supports the argument that the self Q-switching effect may be treated
separately as a further pulse-shortening effect on top of the more
basic pulse-shortening mechanism that can be satisfactorily described
in terms of relaxation oscillation. The data in Figure 4.32 are
extracted from the results published Ly Bor [10]. The parameters
used are slightly different from those for our calculatiens but the
linear relationship (4.28) is clearly a good approximation.

Another interesting expression can be c¢btained by combining

equations (4.21) and (4.25):
At « 1/q, . (4.30)

Since the energy of a pulse (E) is directly proportional to the

number of emitted photons (qt), therefore we would expect

At « 1/E (4.31)

or
EAt = constant. (4.32)
Figure 4.33 illustrates this theoretical relationship between the
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Figure 4.31 Theoretical relationship between peak power and pulse duration
(overcoupled DFDL model)
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Figure 4.32 Theoretical relationship between peak power and pulse duration
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Figure 4.33 Theoretical relationship between pulse energy and pulse duration
(undercoupled DFDL model)
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Figure 4.34 Theoretical relationship between pulse energy and pulse duration
(overcoupled DFDL model)
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pulse energy and the pulse duration. The data points are obtained
from the full numerical computations using the undercoupled DFDL
model. Apart from some offset, the relationship expressed in
equation (4.31) is a fairly reascnable approximation. Again, we can
test whether the same relationship applies to Bor’s overcoupled DFDL
mode. Figure (4.34) shows that the relationship applies equally
well as before.

It can be deduced from the computer simulations of laser output
that the duration of a pulse is related to how much the population
inversion has dropped during pulse formation. A more formal
relationship can be obtained by combining eguations (4.22) and

(4.23):
At « 1/|An]. (4.33)

From another point of view, the total drop of population inversion
depends on the maximum value of inversion reached prior to pulse
formation. More importantly, it is related to the initial
"overshoot", that is, the difference between the maximum value and
the threshold value of population inversion (or the excess population
inversion). When the population inversion first exceeds the
threshold value, the main "pulse"” is not emitted immediately but some
pulse build-up time is passed before the pulse is formed. In fact,
during this pulse build-up time interval, =nergy from the pump pulse
is continuously being depesited into tihe Jlaser system and the
pulation inversion continues to increase until the cavity-nhoton

number grows to such a high level that the stimulated emission rate
exceeds the pumping rate. It is the amount of this excess population
inversicn which will strongly influence the pulse duraticn as well as
the energy of the coming pulse.

Obviously, the excess pecpulation inversion depends strongly on
the pumping rate during the pulse build-up time, since part of the
pumping rate is required to keep the laser above the threshold by
balancing ocut the de-excitation processes. We would therefore expect
the excess pumping rate (i.e. the difference between the average
pumping rate and the threshold value) to be the basic determinant on
the excess population inversion achieved at the end of this pulse

build-up time. Hence, the pulse duration should ultimately depend on

the average excess pumping rate during this pulse build-up time. One
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way of showing this dependence is illustrated by Figure 4.35. The
pulse duration is plotted against the reciprocal of the square root
of the excess pumping rate. The data points are obtained from the
computer calculations using the undercoupled DFDL model. The

corresponding peak power of the 3.5ns-duration pump pulse ranges over

> — -
three orders of magnitude (from Ip = 0.12 x 1O¢50m 28 ! to Ip =
256 x 1025cm_2s—1L Apart from some offset, the relationship is
rather close to a linear one. Figure 4.36 is the corresponding

theoretical relationship between the pulse duration and the excess
pumping rate for the overcoupled DFDL model. The data points are
extracted from Bor’s computer solutions in reference [10]. The
similaries between the results of the two models are apparent.

We have seen from previous results that the duration of the first
pulse decreases rapidly initially as the pumping rate increases above
the threshold. However, further increase in the pumping rate does
not lead to significantly shorter pulse duration. This can be
explained in terms of the relationship between the puise duration and
the excess pumping rate.

As soon as the pumping rate of the pump pulse exceeds the
threshold, the gain of the system starts to build up and the number
of cavity photons in the cavity starts to increase exponentially
leading to the formation of a pulse at the end of the pulse build-up
time. With a higher power pump pulse, the gain will ke increased at
a faster rate and the rpulse build-up time will be shorter. The
process of pulse build-up will be fast enough so that the pumping
rate at the end of the puise build-up interval does not exceed the
threshold value by a targe factor. Therefore, the average excess
pumping rate during this period remains relatively constant even if
the peak power of the pump pulse is increased by a large factor.
Hence the pulse duration cannot be shortened by ény significant
amount. For example, computer solutions show that the excess pumping
rate increases by a factor of only five while the peak power of the
pump pulse is increased by a factor of almost a thousand ({rom Ip =

- —_ [ =y - -
0.3 x 10250m 2 ! to Ip = 256 x 102”cm 25 1% The coirresponding
duration of the first pulse in this case is only shortened by a

factor of two over this range.
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Fig 4.35 Theorectical relationship between pulse duration and excess pump power
(undercoupled DFDL model)
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Figure 4.36 Theoretical relationship between pulse duration and excess pump power
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4.5 Conclusion

A simple undercoupled DFDL model has been used to analyse the
basic pulse-forming mechanism of distributed feedback dye lasers.
The results from this model have been compared with other theoretical
predictions. In general, the pulse durations obtained with this
simple model were longer than those from the other models because the
self O-switching effect has been ignored. The similarities between
these theoretical models suggested that the self Q-switching effect
could be treated as a second-order effect. The pulse-forming
mechanism could well be described in terms cf relaxative oscillation
which involved the interplay between the excess pcpuiation inversion
and the cavity photens. The self Q-switching effect could be
regarded as an additional effect contributing to further pulse-
shortening by a factor of around 40%. The undercoupled DFDL model
has also been used to obtain some simple approximate analytic
expressions related to the general characteristics of the DFOL
pulses. These expressions were shown to be in good agreement with
the results from the full numerical computer calculations. Some
experimental results were also used to confirm the validity of these
relationships. Although the analytic expressions were derived from
the simple undercoupled DFDL model, they were shown to apply equally
well to the results from the overcoupled DFDL model which is kzced on
a varying cavity decay time. This gave further support to the
of relaxation oscillation and that the self Q-switching effect can be
treated separately. The results of the analysis showed, among other
things, that the output profiles of the DFDL pulses closely resembled
the Gaussian pulse and that the pulse duration was inversely
proportional to the square root of the peak power of the pulse. It
was also deduced that the duration of the first pulse of a DFDL was
ultimately determined by the average excess pumping rate during the

pulse build-up time.
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CHAPTER D

EXCIMER LASER PUMPED DISTRIBUTED FEEDBACK DVE LASER

5.1 Introduction

The gain-coupled distributed feedback dye laser (DFDL) was
invented by Shank, Bjorkholm and Kegelnik in 13871 [3]. Since then,

the <spectral characteristics <f the DFDL have been extensively

studied. Whereas it was well known for some time that narrow
linewidth coherent 1light could be generated by these lasers, the
temporal behaviour of the DFDLs was largely ignored until it was

discovered that these lasers emitted picosecond pulses under certain
pumping conditions [17]. The first detailed studies of picosecond
pulse generation with gain-coupied DFDLs were described by Bor [10].
Instead of a beam splitter, as used by Shank et al. [3], a
holographic grating was used as the beam-spiitting device. A
nitrogen laser pump beam, of normal incidence to the grating, was
diffracted by the holographic grating into the +1 and -1 orders,
which were then recombined, via two mirrors, at a dye cell containing
the active medium, an organic dye soluticn <f rhodamine 6G. The

interference fringes of the pump beams led to a spatial medulaticon of

gain in the active medium, thus providing the feedback essential feor
laser oscillation. Within certain pumping power range. single shert
pulses of duration of about 100 ps were generated. The pulses were
also found to be nearly transform-limited. A
‘Further experimental work on the DFDL has since then led to other
elaborated methods of generating shorter pulses. For example, with
the help of a quencher laser, it was possible to reduce the DFDL
pulse duration by a factor of 1.5 to 1.7 [14]. Usually, a train of
short pulses is generated when the laser is pumped well above
threshold. However, by the proper timing of the injection of a
quencher laser pulse into the DFDL cavity, part of the stored energy
is extracted so that after the formation of the first pulse, the DFDL
remains below threshold for the rest of the pump pulse. Hence only
the first DFDL pulse is generated while the successive pulses are

suppressed.
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A very effective way of generating shorter pulses is simply to

use shorter pump pulses. Bor et al. [18] investigated this
experimentally. For example, a passively mode-locked Nd:YAG laser
was used as the source of short pump pulsss in an experiment. Pulses
of 16 ps duration, obtained from frequency tripling (355 nm}, were

used to pump a DFDL. The duration of the DFDL puises generated with
these short duration pump pulses was as short as 1.6 ps [19].

Using a travelling-wave pumping scheme, the pulse duration
generated by a DFDL could become as short as 1 ps when pumped by a 5
ps duration pump puise {20]. And very recently, a new achromatic
distributed feedback dye laser arrangement has been developed [21].
Subpicosecond pulses (~ 320 fs) were generated with a pump pulse
duration of 8 ps.

Undoubtedly, the distributed feedback dye laser is an attractive
system for the generation of ultrashort puises of duration in the
range of 1 ps to 100 ps. 1In fact, in some respects, the DFDL systems
have certain special features that give them some advantages over the
conventicnal mode-locking systems in the generation of picosecond
pulses. The DFDL, in its simplest form, is inexpensive, compact and
reliable. No sophisticated optical or electronic components are
required for its operation. Continuous tuning over several
nanometers without mode hopping has been demonstrated experimentally
and shown to be straightforward [i7]1. Since saturable absorbers are
not needed, the system can be used to generate short pulses at any
wavelength ranging from 2360 nm to 800 nm [22]. Hence the entire
vigible spectrum can ke covered with the heln of various tftuning
methods. With a special but simple optical pumping arrangement, any
pulsed pumping laser (with an appropriate excitation wavelength)
including broadband lasers, such as the nitrogen and excimer lasers,
can be used to produce high spectral quality outputs. The pulse

repetition rate is continuously variable and is simply determined by

the repetition rate of the pumping laser. §Single picosecond pulses
can be obtained without pulse selectors. Also, the spesctral
properties of the gain-coupled DFDL are excellent; simultanccus

measurements of the pulse duration and spectral linewidth have shown
that the DFDL pulses were close to being transform-limited. Since
only a small fraction of the pump energy is required to pump the
DFDL, an oscillator-amplifier system can be constructed to generate

high power laser pulses [23]. In the following, experimental studies
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of an excimer pumped distributed feedback dye laser will be
described. The laser has been used as the basis for the consiructicen
of a master oscillator-amplifier system which is used to generate

ns
\

intense ultrashort UV puises.

5.2 XeCl Excimer Laser Pumped DFDL

5.2.1 Introduction

The construction of an excimer laser pumped DFDL system producing
transform-limited single puises of 100 ps duration with good
transverse beam quality wiil be described.

The organic dye laser is the most versatile continuously tunabie
coherent Tight source. The fluorescence bands of individual dyes are
several tens of nanometres wide. For the operation of pulsed laser
pumped dye lasers, the spectral range from the UV at 310 nm to the
near IR (infrared) at 1285 nm can be covered by different dyes. In
particular, the XeCl excimer laser system on its own can provide
coverage of the entire spectrum from 330 nm in the UV to 975 nm in
the IR; only the lasing dye itself needs to be changed [24]. This
is because most dyes have an absorption band at the lasing wavelength
of the XeCl laser (308 nmj, and because these populated states of the
dyes are coupled very efficiently withh the upper laser level S,
through fast internal relaxaticn grocesses.
eneral, ccmmercial rare gas halide excimer lasers offer high
peak power and high repetition rates, and the operation of such laser
systems is relatively simple. The XeCl laser 1is especially
attractive kbeccause of its long gas-fill lifetime; this also means
relatively low operational costs. The excimer laser used in our DFDL
experiments was made by Lamda Physik (EMG 101). Normally, a standard
gas fill was used to obtain the XeCl emission at 308 nm. The maximum
energy output from the XeCl laser was 150 mJ in a pulse of duration
of approximately 10 ns. A typical pulse shape is shown in Figure
5.1. Although the laser could be operated at a repetition rate of up
to 50 Hz, most of the experiments were carried out with single shots.
The output beam of the excimer laser was quite uniform across the
rectangular beam which had a dimension of 10 mm times 26 mm at the

front window of the laser. The vertical divergence for XeCl



Figure 5.1. Typical pulse shape of the Lambda Physik EMG 101
XeCl laser output.
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operations was quoted as 1.1 mrad and the horizontal divergence is
2.5 mrad .

To create the spatial gain modulation required for the essential
distributed feedback, the UV beam from the XeCl excimer laser was
split into two which were then recombined to produce the interference
fringes at the dye cell. The spatial modulation of pump intensity
would lead to a spatial modulation of population inversion and hence
the gain. It is important that the visibility of the interference
fringes should be good so that the gain modulation is deep encugh to

can be

)

give the strong feedback required for laser oscillation. Thi
easily achieved with pump <scurce of high spatial and temporal
coherence. However, the XeCl excimer laser is a broadband laser with
low spatial coherence; a special pumping arrangement is thus

required.

5.2.2 Pumping arrangement for the DFDL

In order to produce good visibility fringes from the broadband
XeCl excimer laser, the "achromatic" pumping arrangements, first
proposed by Bor [25], was used in our distributed feedback dye laser.
A schematic diagram of this pumping arrangement is shown in Figure

—

5.2. The pumping beam enters normally into the quartz parallelepiped

(15 mm x 50 mm x 58 mm) after passing through a cylindrical lens
(focal length 180 mm), which is not shown in the diagram. The
holographic grating diftracts the normal incidence beam into the +1
and -1 orders. The diffracted beams undergo total internal

reflection at the sides of the quartz block and recombine on the
surface of the dye cell. The focal 1line on the dye cell is
perpendicular to the grooves of the grating. The use of a wedge dye
cell can prevent reflection of the DFDL output beam from the side
windows of the cell directly into the lasing region of the active
medium. Careful consideration of the geometry shows that the

interference fringe separation A is given by

A= d/2, (58.1)

where d is the grating constant, the reciprocal of the number of

lines per unit length. Therefore the fringe separation at the dye
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Figure 5.2 Schematic diagram of distributed feedback dye laser
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cell is independent of the pumping wavelength. This means that each
spectral component of the XeCl laser radiation creates an
interference pattern with the same fringe separation. Another
important property of this special geometry is that for each point on
the dye cell, the two interfering beams have been diffracted from the
same point on the grating. This point-to-point matching between the
holographic grating and the active region of the dye makes it
rossible to obtain good visibility interference fringes although the
spatial coherence of the XeCl beam is relatively low. The main
drawback of this special pumping scheme is that ithe only practical

way of tuning the laser is by changing the refractive index of the

solvent.
It must be stressed that the intemsities of the two non-zero
diffracted pumping beams from the grating must be well-balanced.

Otherwise, the visibility of the interference fringes may not be good
enough to generate sufficient feedback for laser oscillation or the
DFDL output beam may have a very high content of amplified
spontaneous emission (ASE).

The alignment of the distributed feedback dye laser involved the

steering and focusing of the diffracted pumping beams into

narrow-beam-waist focal lines, which had to overlap each other right
at the inner surface of the dye cell. Some of the alignments were
found to be critical to the proper operation of the DFDL. Nine

micrometer screw gauges were used in the mounts for the fine
adjustments of the relative positions and orientations of the main
cptical ceompenents. The holegraphic grating was fived on a kinematic
mount so that the direction of the normal of the grating can be
aligned with the incoming UV pumping beam. The kinematic mount was
on a translational stage so that the distance between the grating and
the quartz parallelopiped could be adjusted. The orientation of the
quartz parallelopiped was controlled by three micrometer screw
gauges; they provide the fine adjustments in the rotationai
movements about the three orthogonal axes. The dye cell could be
rotated about the vertical axes to become parallel with the grating.
Its position relative to the rest of the optical components was
controlled with a translational stage. The cylindrical lens was also
on a translational stage so that the position of the focal plane can
be independently controlled.

Apertures, UV attenuators and beam splitters were used to control
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the UV pumping power entering the distributed feedback dye laser.
The fine adjustment of the pumping power was made with a uniformly
thick glass slide, which was mounted on a rotational stage. By
varying the angle of the glass slide to the propagation direction of
the pumping beam, the effective thickness of the glass slide, as seen
by the pumping beam could be changed and the amount of attenuation by

the glass slide varied.

5.2.3 Experimental studies of the DFDL

The pumping pulse as well &s the DFDL output were wusually
monitored with ITL TF1850 UV photodiodes conmnected to a Tektronix
storage oscilloscope with an amplifier having a rise-time of 1 ns
(Tektronix 7A19) and a timebase with a maximum resolution of 1 ns per
cm (7B72A). Theoretical simulations showed that the laser output of
a DFDL could be fairly sensitive to the power of the pumping pulse.
In fact, the pumping pulse shape could have some important effects on

>the operation of a DFDL. For our XeCl laser, this required attention
since the pulse shape varied with the main discharge voltage of the
laser. Figure 5.3 shows such variations for a fresh gas fill. The
pulse energy and peak power decreased as the discharge voltage was
decreased. The discharge voltages corresponding to the three traces
in Figure 5.3a are 30 kV, 25 kV and 23 kV respectively. The
corresponding energies are 105 mJ, 77 mJ and 57 ml respectively. For
Figure 5.3b, the correspornding discharge voltages arc 23 kV, 22.5 kV
and 22 kV, and the pulse energies are 57 mJ, 46 mJ and 38 mJ
respectively. In general, there were two peaks in the pulse profile
of the XeCl laser output. The drop in the total pulse energy, as the
discharge voltage decreased, was largely due to the diminishing power
of the second peak, although there was a reduction in the power of
the first peak. In fact, for an old gas fill (after ~ 106 shots),
the second peak almost disappeared completely even wher the discharge
vaitage was high. An example is shown in Figure 5.4; the discharge
voltage of the XeCl laser pulse was 30 kV and the pulse energy,
measured with a calorimeter, was 48 mJ.

With a double-peak pump pulse, the generation of single DOFDL

pulses can be problematic, for double DFDL pulses are expected to be

formed as soon as the pumping threshold is exceeded. It should be
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Figure 5.3. Variation of the XeCl pulse shape with main

discharge voltage.
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Figure 5.4. XeCl pulse shape for an old gas-fill.
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Generation of DFDL double-pulse with a double-peak

Figure 5.5.

pump pulse.
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impossible to have single-pulse generation. In fact, this behaviour
was observed in early experiments (Figure 5.5). Part of the double-
peak XeCl pump pulse is shown on the left-hand side in Figure 5.5;
the two DFDL pulses generated arec also recorded on the right-hand
side. The temporal separation of the twe DFDL pulses is very close
to the separation of the two peaks of the pump pulse.

Although it is possible to avoid having the double peak simply by
using a lower discharge voltage, the XeCl pump pulse produced would
tend to be less stable. The use of an old gas fill also has this
stability problem. On the other hand, it was found that the pulse
shape of the UV pump pulse as shown on the oscilloscope did nct truly
represent the pulse shape at the region of optical excitation. In
fact, it was possible to obtain single DFDL pulses withcut having to
use a very low discharge voltage on the excimer laser. There will be
further discussions on this in section 5.3.

Quite a few different laser dyes and solvents were used in our
DFDL to generate short pulses at different wavelength. Information
on some of these is summarized in Table 5.1. The exact wavelength of
operation in each case depended upon the refractive index of the
mixture of solvents and the grating constant (or the number of lines
per millimetre). The dye was chosen to match the required wavelength
so that the efficiency of the laser is optimized. The concentration
of the dye solution was chosen so tnat the energy of the DFDL single
pulses was high while the ASE level was stiil resascnably lTow. In

general, the basic characteristics of thc diflferent DFDLs are

similar.

Usually, the DFDL device length was set at 6 mm. The effective

cross-sectional area of the pumped region in the dye was
approximately 140 pm f{width of focal 1line) x 160 um (penetration
depth}. The threshold for lasing was reached with a pump energy of

about 70 uJ, corresponding to a threshoid pump power of around 10 kW.
Singie pulses (Figure 5.6a) of duration arovund 100 ps were generated
if the pump energy did not exceed the threshold value by more than
~ 25%. Above this pumping level, double or multiple pulses were
produced (Figures 5.6b and 5.6¢).

The energy of the DFDL pulses in single-pulse operation was about
0.5 uJ. The measured divergences of the DFDL beam were approximately
12 mrad (horizontal) by 15 mrad (vertical). The transverse

intensity profile of the beam could be described as ’Gaussian-like’.
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Table 5.1
The Distributed Feedback Dye Laser

Laser

Dyes and

Solvents used in

I

+ Refractive
Dye Solvents!Concentration| Grating index Wawvelength
{ fines Jomm 1
Rhodamine | 80 % ethanol ! 3 580
6 G 20 9 benzyl - | 3 X100 WM 24060 1.40 2 nm
alcohal
’ -2
Coumarin 50 % methanol 1.3%x10 ™M 2400 1.35 560 nm
153 50 % ethanol
Rhodamine 35 % sthanol -2
B 6596b8ﬂ2y|— 6 Xx 10 i 2400 1.48 616 nm
alcohol
150 % methanot | _3
Rhodamine o 2%x 10 M 2180 1.35 616 nm
B8 50 % ethanol

!

+ Lambda Physik dyes
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In fact, the propagation of the DFDL beam was very similar to that of
the fundamental Gaussian beam.
A Photocron electron-optical streak camera with a resolution of 1

ps was used for the measurements of the duration of DFDL pulses. The

spectral linewidth of the pulses were measured with a plane-parallel
Fabry-Perot interferometer (30 GHz free spectral range). The 1line-
width resolution of the interferometer was 1 GHz. Simultaneous

measurements of the pulse duraticns and the linewidths of DFDL single

pulses showed that the pulses were effectively transform-1limited.

5.3 General Characteristics of the DFDL

5.3.1 Single pulse operation

The computer simulations of the temporal characteristics of the
DFDL showed that a single pulse would be generated if the power of
the pump pulse did not exceed the threshoid value by a certain
percentage. However, as was discussed in section 5.2.3, the exact
shape of the pump pulse could strongly influence the output
characteristics of the DFDL. The double-peak feature of the pump
pulse obtained from our XeCl laser apparently could not possibly give
rise to singie DFDL pulses. However, our study of the divergence
properties of the XeCl beam revezaled that the pulse shape actually
varied with the divergence angle.

Using a quartz spherical lens of focal iength of 66 cm and =2
100 um pin~hole placed at the focal plane, the shape and relative
intensitg of the UV pulse across different regions of the focal spot
could be monitored. The pulse shape and intensity were found to be
quite constant across the horizontal direction over a region of 1.2
mm, corresponding to a divergence angle of 1.8 mrad. Across the
vertical direction, the region of constant pulse shape and intensity

was only about 200 um {* 50 pm) wide, corresponding to a divergence

angle of about 0.3 mrad. Within this region, the shot-to-shotl
stability of the pulse was also very good (% 5%). The pulse shape,
however, was different from that of the entire beam. Figure 5.7

illustrates this point. The pulse shape at the top was the temporal
profile of the whole beam that entered the dye cell of the DFDL. The

profile at the bottom was obtained near the central region of the
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Figure 5.7. Pulse shapes of XeCl pump beam.
a) for the entire beam

b) near the central region of the focused beam
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focused beam. In fact, at the very centre of the focai spot, the

pulse shape was rather similar to the Gaussian pulse profile and

resembled the pulse shape from the laser with an old gas fill (Figure
S.4). Outside the central region, the pulse intensity decreased
rapidly. Both the pulse shape and intensity became very unstable

from shot to shot. Some of the pulse shapes were very different from
the profiles shown in Figure 5.7.
In the distributed feedback dye laser, a cylindrical lens of

focal length 190 mm was used to focus the pump beam intc the dye

cell. The results obtained above imply that the eiffective width of
the focal Tine at the dye cell could be somewhat smaller than
expected (at approximately 60 um * 15 um). IT only the central

region is pumped with an intensity high enough to exceed the lasing
threshold, it will be expected that the DFDL output characteristics
will depend almost entirely on the exact pulse shape at this
particular region. This explains why a beam of an apparently double-
peak pump pulse can produce a perfectly clean single pulse. On the
other hand, a clean pulse can be generated only if the central
regions of the focal lines of the interfering beams overlap each
other very substantially. Indeed, the alignment which controlled
this overlap was found to be very critical to the proper operation of

the DFDL. It was found that this alignment had to be exact to within

about 7 um.

wWhen the DFDL was well aligned, clean single pulses were procuced
with reasonably good shot-to-shot stability (* 10% : amplitude on
oscilloscope). The lasing threshold was, as expected, well defined.

Signals obtained from the oscilloscope showed that single pulses were
generated if the pumping power level did not exceed the threshold

value by more than 25%.

5.3.2 Optical beam quality

The beam quality of the laser source is usuaily an important
parameter for many experiments involving coherent light sources. It
was therefore useful to have some knowledge of the propagation
characteristics of the DFDL output beam.

First of all, it was discovered that the laser beam behaved as if

it was coming from a point source situated at the middle of the DFDL
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cavity (6 mm in length). By placing a simple converging lens (f/{ 50
cm) a certain distance away from the DFDL cavity (object distance),
the laser beam would be focused down to a small spot at some distance
(image distance) from the lens on the oppesite side. It was found
that the simple lens law was obeyed.

The shape of the DFDL beam was elliptical with the major axis
aligned with the vertical direction. The exact transverse intensity
profile across each axis of the beam was recorded with a dicde-array
(RECTICON CCPD 1024) connected to an oscilloscope. The profiles were
found to be smooth and ‘Gaussian-like’. It is therefore appropriate
tc analyse the propagation of the DFDL beam using the theory of
Gaussian beam propagation. For the fundamental Gaussian beam, the
intensity (in the transverse direction) falls off slowly without any
sharp edges. Hence it is necessary to use some criterion to define
the beam radius (or spot size). The beam radius is conventionally
defined as the distance from the axis of the beam to the position at
which the field intensity is down by a factor of 1/e2 compared to its
value on the axis. For our elliptical "Gaussian-type" beam profile,
it was necessary to specify both the horizontal beam radius and the
vertical beam radius (see Figure 5.8).

The far-field divergence of the laser beam can be determined by
measuring the radius of the beam at a distance far away from the
laser cavity. Measurements were carried out at uifferent positiocns.
The vertical divergence was found to be 15 mrad (full angular
spread) and the horizontal divergence 12 mrad . The wvertical
divergence, in fact, can be related to the intensity disiribution of
the UV pump beam at the focal line.

According to the theory of Gaussian beam propagation, the beam
waist (w.) (i.e. the beam radius at the centre of the DFDL cavity) is

0

related to the far~field beam divergence angle 6. (half angle) by

.F

6. = A/TwW. 7, (5.2)

where A/ is the wavelength in the propagating medium. This
expression, however, applies to diffraction-limited beams only. For
our laser, operating at 616 nm, the full vertical divergence angle of
15.3 mrad implies that the vertical beam waist should be 26 um (i.e.
beam diameter = 52 um (+ 10%)) if the beam is diffraction-limited.

This value is in fact consistent with the effective width of the
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Figure 5.8. Diode-array records of DFDL beam profiles.
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Figure 5.8. Intensity profile of a focused DFDL beam
at the focal spot.
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focal line of the UV pump beam (60 um (% 25%)) found in section
5.3.1.

The beam waist of the DFDL beam can also be determined by simple
geometrical optics measurements. The theory of the focusing of the
fundamental Gaussian beam is aliso involved in this method. By
placing a simple converging lens on the axis of the laser beam some
distance away from the laser cavity, the focal spot at the other side
of the lens was monitored using the diode array (Figure 5.9). Simple
geometry, together with the paraxial approximation, can be used to
show that for a fundamental Gaussian beam, the ratio of the image
distance to the object distance is equal to the ratio of the size of
the recorded focal spot to that of the beam waist at the laser
cavity. For example, when a simple lens (f/{ 80 cm) was placed at
130 cm from the laser cavity, a focal spot of 110 um (+ 10%) diameter
(1/e2 criterion) was recorded at a distance of 224 cm from the lens.
This implies that the beam diameter was 64 um (% 10%) at the laser
cavity. Again, this agrees fairly well with the earliier results,
indicating that the DFDL beam was fairly close to being diffraction-
limited.

According to the theory of Gaussian beam propagation, the extent
of the collimated waist region of the laser beam is characterised by

the confocal parameter, b, where
2
b = 2nw0n/h. (5.3)

The confeocal parameter is twice the distance which ihe beam travels
from the waist before'the beam diameter increases by a factor of V2,
or before the beam area doubles. For a laser operating at 616 nm
with a solvent index of 1.345, a beam waist of 64 um implies that the
confocal parameter is 14 mm. This, in fact, indicates that the beam
diameter should be fairly constant throughout the 6 mm length of the

laser cavity.

5.3.3 Temporal characteristics

Single-pulse generation is one of the most important features of
the DFDL. In this section, the pulse intensity profiles and the

durations of single pulses generated by the DFDL will be examined.
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Figure 5.10. Microdensitometer plot of a DFDL pulse profile.

Figure 5.11  Linear plot of a DFDL pulse profile
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Figure 5.12 Comparision of Gaussian and DFDL pulse profiles
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The resolution of the oscilloscope is not high enough tc monitor the
temporal characteristics of the DFDL pulses. For  proper
puise-duration measurements, a Photocron electron-optical streak
camera (with a resclution of ~ 1 ps) was used. The temporal profiles
were converted into spatial variations of film density, which could
then be analysed with a microdensitometer. The recorded optical
density on the film as a function of input intensity could be
calibrated with neutral density filters. The calibration of the

streak timescale could be obtained by having two appropriately

time-deiaysd identical input pulses, which were derived from one
singie pulse by beam-splitting. It should be noted that the
microdensitoimeter plots of the streak traces were linear in the

optical density scale but logarithmic in the light intcnsity scale.
Since the intensity of the DFDL pulse was low, amplification

(x 100) was needed before the pulse duraticon could be measured with

the streak camera. When the laser was well aligned, single pulses
with clean profiles were obtained. Figure 5.10 is a microdensito-
meter trace of a DFDL single pulse. The exact pulse shape in the

intensity scale can be obtained by simple conversion of a number of
points into the linear scale. After the removal of the "background
noise", the linear plot of intensity against time can be obtained
(Figure 5.11). The intensity profile of the DFDL pulse can be
compared with the Gaussian pulse profile (Figure 5.12) and the sech2
pulse profile (Figure 5.13).

In general, with a well aligned laser, the pulse shape of the
DFRL single pulse varied only slightly trom shot toc shot and the
puises were always very smooth and free from substructures. However,
although the laser could be set to emit single pulses, the durations
of the pulses might vary from shot to shot within a range of * 15%
about the mean value. For operation at 616 nm, single pulses of
duration in the range 90 ps to 120 ps were obtained when the DFDL was
pumped just below the threshuld of the second DFDL pulse. When the
UV pump power was decreased by 15%, pulses of duration in the range
150 ps to 200 ps were generated. All these pulses were quite smooth
and without any significant substructures. The intensity of the
pulses was found to decrease as the pulse duration increased (see

Figure 4.30 of section 4.4).
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5.3.4 Spectral properties and the time-bandwidth product

The excellent spectral qualities of distributed feedback laser
scurces have been known for a long time. They are the direct
consequences of the wavelength sensitivity of the Bragg scattering
process. The gain-coupled DFDL, in particular, has a significant
additional advantage in that there is only one mode having the lowest
threshold gain. The threshold for this zeroth-order mode is
considerably lower than the rest of the resonant modes, making it
possible for the laser to oscillate in a single mode. The fact that
the transitions of the organic dye system are homogenecusly broadened
also favours single-mode operation.

For single-pulse operation, the laser is pumped just above
threshoid. Calculations from the coupled-wave theory suggest that
for the zeroth-order gain-coupled DFDL, the gain of the system must
exceed 1.5 times the threshold value for the next resonant mode to be
excited at all. Computer simulations can show that this will never
happen in our experimental conditions for single-pulse operation.
Indeed, all gain-coupled distributed feedback dye lasers operated in
single-pulse generation always produce single-mode output.

The spectral properties of the distributed feedback dye laser
output were investigated with a 30 GHz (F.S.R.) plane-paraliiel Fabry-
Ferrot interferometer (resolution = 1 GHz). Since the intensity cf
the DFDL output was low, the signal was amplified (x 100) before
measurements on the bandwidth were taken. The pattern of circular
fringes which emerged, after passing through the interferometer,
could be recorded on a Polaroid film (type 612). Figure 5.14 shows a
typical fringe pattern. In this case, twelve consecutive shots were
superimposed onto this film. The fringes are sharp and without sub-
structure; the short-term shot-to-shot stability of the lasing wave-
length was obviously good.

For guantitative measurements, a diode array (RECTICON CCPD 1024)
was placed along a radial direction of the circular fringes. Since
the fringe-separations were becoming constant at pecsitions far away
from the centre, measurements were taken on these fringes. Figure
5.15 shows an oscilloscope trace of a fringe pattern recorded with
the diode array. Now the mode separation for a 6 mm DFDL can be
calculated from the coupled-wave theory and is equal to 18.6 GHz.

This single shot measurement clearly shows that the Tlaser was in
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Figure 5.14. Typical Fabry-Perot interferometer fringe pattern

of DFDL single pulses.

12 shots
superimposed

Figure 5.15. Diode-array record of interferometer fringe

pattern of a DFDL single pulse.
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Simultaneous measurement of pulse duration

Figure 5.16.
and spectral linewidth for a DFDL single pulse.

l+—500 ps—+]

A./"'J
120 ps (FWHM)

pulse duration

linewidth = 2.6 GHz (FWHM)

= 0.3

TIME-BANDWIDTH PRODUCT
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Table 5.2: Simultaneous
Measurements of Pulse

Duration and Bandwidth

Eﬂ'rieuon Bandwidth Timi:OBdauncdtwidth
(ps) (GHZ)
88 3.1 0.28
100 2.9 0.29
108 2.4 0.26
115 2.4 0.28
118 2.6 0.31
154 2.1 0.32
164 2.1 0.34
165 2 .1 0.34
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single-mode operation. The spectral line of the iaser output was
smooth and structureless. Quantitative measurements showed that the
spectral linewidth of the DFDL (A = 616 nm) was about 2 to 3 GHz
(FWHM) .

An important parameter for coherent light sources is the time-
bandwidth product. Simultaneous measurements of the pulse duration
and the spectral linewidth were performed on the single pulses of the
DFDL operated at 616 nm. Typical results are shown in Figure 5.16.
At the top is the microdensitometer trace of the streak camera record
of the two identical time-delayed pulses. The separation between the
pulses, used for the calibration of the timescale, is 500 ps. The
duration of the single pulse is 120 ps. The spectral linewidth,
recorded with the diode array, <can be determined from the
oscilloscope trace at the bottom of Figure 5.168. The measured line-
width is 2.6 GHz (FWHM). The two simultaneous measurements imply
that the time-bandwidth product in this case has a value of 0.31.

The other results of simultaneous measurements of pulse duration
and spectral linewidth are summarized in Table 5.2. The values of
the time-bandwidth products were found to be in the range between
0.28 and 0.34. However, due to the lack of a proper calibration of
the film density response in the measurement of pulse duration with
the streak camera, the accuracy of these results was only * 30%.

The time-bandwidth procduct iz 0.441 for a transform-limited
Gaussian pulse and 0.315 for the sech2 pulse profile. In the last
section, we have shown that the DFDL pulse shape cleosely resembled
these pulse profiles. It can therefore be concluded that the DFDL

pulses were indeed very close to being transform-limited.

5.3.5 Other characteristics

Many applications involving coheren sources required the
wavelength of the source to be at a specific value, which may not be
precisely known beforehand. On some other occasions, it may he
necessary for the wavelength to be continuously variable across a
certain range. In both cases, a tunable source is required for the
exact desired wavelength to be reached. One slight disadvantage of
the achromatic pumping arrangement for the DFDLs is that the

tunability of the laser is not as versatile as other pumping schemes.



Nevertheless, it is still possible tc change the wavelength of the
laser by several means with this pumping arrangement.

As shown in Table 5.1 in section 5.2.3, the waveiengths covered
with just one holographic grating (2400 lines/mm) range over 56 nm.
In each case, the exact wavelength is determined by the refractive
index of the solvent mixture. Hence, by usfng different dye solvents
and mixture of solvents, any wavelength within the range can be
reached.

In our experiments, the wavelength of the laser output was
measured with a one-metre spectrometer (Monospek 1000} with a
resolution of 0.1A. After the operation wavelength had been decided,
the composition of the required solvent mixture could be calculated.
The exact volume of the required mixture put into the dye circulation
system was noted down. The wavelength of the laser could then be
checked with the spectrometer which had been calibrated with a He-Ne
laser at 6328 A. Any difference between the measured wavelength and
desired wavelength was then noted. Knowing the volume and the
refractive index of the mixture of solvents in the system, it would
then be possible to calculate the amount of one of the solvents
required to be added to reach the desired wavelength. It was found
that the laser wavelength can be changed to within 2 A of the aimed
value using this simple procedure only once.

If the refractive indices of the solvents are dependent on
temperature, then tuning can be achieved by controlling the
temperature of the dye solution. We investigated the dependence of
wavelength cn the temperature of the sclivent-mixture of methanoi and
ethanol (50%/50% mixture by volume). The laser dye used was
rhodamine B of concentration 2.4 x 10_3 M). The wavelength of the
DFDL  output was measured with the spectrometer, whereas the
temperature of the dye solution was recorded with a thermometer,
which could be read with a resolution of 1/40 of a degree Centigrade.
Figure 5.17 illustrates the dependence of laser wavelength on
temperature. The gradient of the best fitted straight line is - 1.94
A/°C, indicating that the laser can be stabilized to within 1 A if
the temperature of the dye solution is maintained to within 0.5°C.
The possibility of tuning is also illustrated with this graph. If
the temperature of the dye solution can be varied in a controlled
fashion, the wavelength of the laser can be tuned at a rate of 1.384

A/°cC.
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In fact, by studying the wavelength tuning of a distributed

feedback dye laser with the variaticn of solvent temperature, the

. : d
refractive-index dependence on temperature L5¥ of the solvent can be
measured [28]. For our achromatic pumping arrangement, the wave-

length of the laser is related to the refractive index of the mixture

of solvents by

A = wN, (5.4)

where N is the number of lines per unit length for the grating.

Differentiation with respect to temperaturec yields

dx _ 1 dn

C-iT - N 'dT . (5.5)
For our holographic grating, N equals 2180 lines/mm. The value of
g? (at 24°C) for this mixture of solvents is therefore equal to

-4.2 x 10—4/°C. This agrees well with the tabulated value for both
methanol and ethanol (-4.1 x 10—4/°C) [(271.

Various research workers have found that DFDOLs have much lcwer
ASE level [25,28] compared with other pulsed dye laser systems.
Although no systematic study was conducted of the characteristics of
the ASE from our DFDL, there were some general observations worth
mentioning. Basically, when an appropriate dye concentration was

used and the laser was properiy aiigned, the ASE level would be Tow.

The choice of dys was also another important consideration. In
genesral, a low level of ASE was a good indicaticn that the laser was

working properly.

The polarization of the dye laser beam in the transverse pumping
arrangement is determined mainly by the polarization of the exciting
laser beam, the retlative orientatioh of the transition moments in the
dye molecules from pumping and laser transitions, and the rotational
diffusion-relaxation time. The latter is determined by solvent
viscosity, temperature and molecular size. For a conventiocnal
resonator, the polarization can also bec affected by resonator
polarizing elements such as Brewster windows.

Among the distributed feedback dye lasers investigated (see Table
5.1), the coumarine dye in methanol/ethanol solutions was the only
system which produced depolarized output. In the other systems, the

output beam was strongly polarized in the direction perpendicular to



the lines of the holographic grating (i.e. parallel to the plane
containing both the excitation UV beam and the dye laser output
beam). Virtually no laser signal was detected in the other
poiarization direction. As for the coumarine system, when a
polarizing filter was placed in the laser beam, the signal amplitude,
monitored with an oscilloscope, fluctuated by an order of magnitude
over fifty consecutive shots. This behaviour was independent of the
orientation of the polarizing filter. However, when the filter was
removed, the stability of the total output signal became quite good

(~ £ 12%).

n
(1)

.B Comparisons of experimental and theoretical results

The rate equation models described in Chapter 3 and Chapter 4

were used to obtain computer simulations of the output

characteristics of the XeCl pumped DFDL. The following parameters
for rhodamine B were used in the calculations: op = 5.2 x 10—17cm2,
oe = 1.2 x 10—1ecm2, Ga = 0.7 x 10—1scm2, T = 3.2 ns, AO = 616 nm,
A, = 808 nm, 7 = 1.5, v=1,585=1%N=12x 108%n">

3

(i.e. 2.0 x 10 M), £ = 6 mm, b = 0.25 mm. The meanings of the
A

symbols can be found in section 3.2. Gaussian pump pulse with a
duration of 6 ns (FWHM) was assumed.

Figure 5.18 shows the dependence of DFDL pulse energy on the
pumping rate calculated with the undercoupled DFDL mecdel. Figure
5.19 shows the pulse duration dependence. Figures 5.20 and 5.21 show
the corresponding computer results calculated with the overcoupled
DFDL model.

These theoretical results are compared with ah experimental
result obtained with our XeCl pumped DFDL in Table 5.3. As
expected, the single-pulse duration calculated with the undercoupled
DFDL model is longer that what it really is since the self
Q-switching effect is not included in this approximation. The
computer resuits presented in Chapter 4 indicated that the self

Q-switching effect should produce a further pulse-shortening of

approximately 40%. The single-pulse duration obtained with this
model is 155 ps (with the second pulse at threshold); therefore, a
40% reduction will give an expected value of pulse duration at 93 ps.
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Figure 5.18 Dependence of first-pulse energy on pumping rate
(undercoupled DFDL model)
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Figure 5.19 Dependence of first-pulse duration on pumping rate
(undercoupled DFDL model)
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Figure 520 Dependence of first-pulse energy on pumping rate
(overcoupled DFDL model)
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Figure 5.21 Dependence of first-pulse duration on pumping rate
(overcoupled DFDL model)
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Table

Theoretical Results

5.3 : Comparison of Experimental and

Theoretical Results
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|
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! !
Threshold Pump 2 —2 |
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{ cm
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1]
+ !
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This is consistent with the calculation from the overcoupled DFDL
model and the experimental resuits.

The experimental threshold pump intensity was about three and a
half times larger than the theoretical values. The single-pulse
operation range was also larger than the theoretical predictions.

In general, the experimental results show good qualitative

agreement with the computer solutions of the rate equation models.

5.4 Conclusion

We have described the basic characteristics of a XeCl pumped
distributed feedback dye laser. It was discovered that various
properties of the UV pumping bezam could influence the DFDL output.
It was found that the single pulses generated with this DFDL were
effectively transform-limited. The DFDL beam also had excellent
transverse beam quality and the propagation of the laser beam was
successfully analysed with the theory of the fundamental Gaussian
beam. The DFDL beam was shown to be nearly diffraction-limited.

The operation of the laser system with rhodamine B in
methanol/ethanol solution was found to produce high quality stable
single pulses of approximately 100 ps duration at 616 nm. The laser
beam was found to be strongly polarized wiiit a Tow ASE background
level. It was also demonstrated that the laser wavelength could ba
tuned to within 2 A of the desired wavelength of 8160 3 by a very
simple bprocedure. The dependence of wavelength on temserature was
also investigated. With a proper temperature-controlled system, fine
tuning and wavelength stabilization should be possible.

The temporal and energy characieristics observed in experiments
were compared with the computer solutions of the rate equation models
described in Chapter 3 and Chapter 4. Good qualitative agreement was
found.

In the following chapter, we shall describe a system used to
amplify the DFDL output at iLhe wavelength of €616 nm toc produce
reasonably intense coherent pulses with power up to 4 Mw,
Frequency-doubling of these visible pulses was applied to generate

0.5 MW UV radiation at 308 nm.
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CHAPTER 6

PICOSECOND UV PULSE GENERATION

6.1 Introduction

Ultrashort laser pulses allow temporal studies of fundamental
physical, chemical and biological processes via the interactions of
light with matter. Some of these studies required ultraviolet (UV)
radiation. Distributed feedback dye laser (DFDL) systems, which can
generate ultrashort 1light pulses throughout the entire visible
spectrum, can provide the basis for the generation of ultrashort UV
pulses via the process of second-harmonic generation. In an excimer
laser pumped DFDL system, only a small amount of the pump energy is
required to drive the oscillator, leaving most of ihe energy to pump
the amplifiers. Amplification of the DFDL oscillator output signal
is needed to reach the high level of intensity required for the
nonlinear process of frequency-doubling. The oscillator-amplifier
system to be described operated at 616 nm. This wavelength was
chosen because the second harmonic at 308 nm falls within the gain
bandwidth of the XeCl! excimer system. This allowed the possibility
of amplifying the ultrashort uv puleses, obtained from
frequency-doubling, in a XeCl gain module, from which very intense
ultrashert UV pulses could be generated. Apart from this, the
excimer laser pumped DFDL system to be described should be suitable
to generate radiation at any wavelength in a very wide range in the
UV region of the spectrum.

The generation of high-energy pulses can be realized with a
system with a combination of a master oscillator and multi-stage
power amplifiers. In an oscillator-amplifier system, pulse width,
beam divergence and spectral linewidth are primarily determined by
the oscillator whereas puise energy and power are determined by the
amplitiers. Operating a conventional osciliator at relatively low
energy levels generally reduces beam divergence and spectral width.
In the case of the picosecond distributed feedback dye 1laser, the
DFDL oscillator must be operated within a certain range of energy

levels because the process of generation is based on controlled
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Figure 6.1 Schematic diagram of the laser system for the generation of ultrashort UV pulses
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resonator transients. The energy of a single pulse from the
oscillator is wusually very Jlow indeed and power amplifiers are
required to produce high~energy pulses.

In this chapter we shall describe an excimer laser pumped
oscillator-amplifier system which produced single pulses of peak
power up to 4 MW at 616 nm. The intense visible beam couid be
frequency-doubled to obtain ultrashort UV pulses at 308 nm. A

schematic diagram of the laser system for the generation of

ultrashort UV pulses is shown in Figure 6.1.

8.2 Amplification of DFDL Pulses

The amplifier chain for our excimer pumped laser system consisted
of only two stages— a conventional transversely pumped pre-amplifier
and a "Bethune" prism amplifier [23] which was transversely pumped
from four directions.

The conventional pre—amplifier was made up of a rectangular fused
silica dye cell (2 cm in length) containing a rhodamine dye solution.
A cylindrical lens was used to focus the UV pump beam onto the front
inner surface of the cell to form a focal line. This focal region of
the dye solution was strongly pumped to generate population
inversion. Thne cutput beam from the DFDL oscillator experienced gain
in passing through this region and its power was amplified.

The timing of the arrival of the DFDL beam at the amplifier was

found tc have a strong effect on the gain. This is mainly due tc the

short storage time of the dye system. Since the Tlifetime of the
upper lasing level 1is only about 3 ns, the population inversion
accumulated cannot be stored for much longer than this lifetime.

Mcreover, due to the high single~pass gain of the amplifier, the
spontaneous emitted radiation will be strongly amplified by
stimulated emission as it propagates through the amplifying medium;
thus the available gain for the laser pulse will be further depleted.
Hence the gain of the amplifier varies with time. It was thersfore
necessary to determine experimentally the exact time of the highest
gain. One way of doing this was to monitor the temporal evolution of
the ASE signal from the amplifier since the peak of this signal would
be close to the peak of the gain of the amplifier. The timing of the

DFDL pulse was then accordingly adjusted to coincide with the time of



maximum gain by varying the optical delay of the amplifier pump
pulse. This method was found to be very effective in determining the
best length of the optical! delay-line (~ 2.5 ns) for the amplifier UV
pump pulse.

The ASE of the amplifier, though useful in the above
consideration, was basically a parasitic effect which competed with
the signal to be amplified. Appropriate measures had to be taken to
reduce any undesirable effects caused by ASE. Although the level of
ASE could be reduced by operating at a low pumping rate, the gain of
the system however would be decreased as a result. Nevertneless, it
was important that the ASE of the amplifier did not get reflected
back into the gain path. This could be ensured by tilting the dye
cell so that the side windows were not perpendicular to the focal
line of the pump beam.

For two important reasons, the focal line of the pump beam was
also set at a slight angle to the optical path of the DFDL beam.
Firstly, this could reduce the ASE signal entering the next
amplifier stage. Secondly, perhaps more importantly, the ASE sigral
from the pre-amplifier should not be allowed to interfere with the
laser action in the DFDL oscillator. Otherwise the characteristics
of the output pulse from the laser would be altered. Another way of
reducing this undesirabie interaction was by increasing the spatial
separation between the oscilliator and the pre-amplifier. ince ACL
occurred in a rclatively large beam angle, a large separation would
effectively cut down the ASE signal entering the oscillator.
Additionally, the ASE signal from the amplifier would take a longer
time to arrive at the oscillator, which might have become "inactive"
at this stage.

Several dyes were used in the pre—-amplifier for the amplification
of the DFDL pulses at 616 nm. These included rhodamine 101, sulfo-
rhodamine B and rhodamine B (Lambda Physik dyes). A wide range of
concentrations were tried in each case. Rhodamine 101 was found to
preduce the highest gain. No advantage, however, was found in
replacing rhodamine B in the oscillator with the other dyes.

In fact, there was an advantage in using the combination of
rhodamine B in the oscillator and rhodamine 101 in the pre-amplifier.
Since the output spectrum of the ASE from the oscillator with
rhodamine B peaks at 600 nm whereas the main absorption band of

rhodamine 101 is located very close to 600 nm (at 580 nm), the
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rhodamine 101 dye in the pre-amplifier will in fact absorb the radia-
tion in the short wavelength region of the ASE from the oscillator.
Theoretically, a heavily saturated amplifier is most effective in

converting the stored energy, derived from the optical excitation b

J
<

the pumping beam, into the amplified signal. In the case of
ultrashort pulse amplification, the amplifier will be more saturated

if the input energy density is higher. Hence, the diverging DFDL

beam had to be focused into a small beam to pass through the
amplifier dye cell. The UV pump beam was also focused into a focal
line with a cylindrical lens (/£ 150 mm) so that the coupling
between the pump beam and the DFDL beam could be optimized. The

concentration of the dye 1in solution was chosen so that the
penetration depth matched the DFDL beam size at the amplifier dye
cell; this was determined experimentally by trying a wide range of
dye concentrations.

A 4 x 10_4 M solution of rhodamine 101 in methanol was used in
the pre-amplifier. The effective radius of the DFDL beam at the
amplifier cell was about 300 um. The energy of the pump pulse was
approximately 5 mJ. The energy of the DFDL pulse after this stage of
amplification was measured with a calibrated joulemeter (GEN-TEC
ED-100A) in conjunction with an oscilloscope. It was found to be
about 35 pJ, corresponding to a gain factor of about 80. The energy
density was just a few times above the saturatiui energy density.

It is well-known that the pulse shape may change in passing
through an amplifier. This occurs simply because the leading edge of
the pulse stimulates the release of some of the stored energy and
reduces the population inversion, thereby causing the trailing edge
to see a different inverted population. It was rather difficult to
assess the degree of pulse-shape distortion on the DFDL pulse since
the pulse shape of the oscillator output could not be determined due
to the small amount of energy being not high enough for the streak
camera measurement. However, the shape of the DFDL pulse after the
pre-amplifier was determined (see Figure 5.10). It was generally
still quite symmetric and close to the Gaussian pulse profile,
indicating that it might not have been distorted by any significant
amount.

A dye cell of the type described by Bethune [29] was used in the
second amplifier stage. The cell was based on a standard 45° right-

angle, fused-silica prism with a 35 mm long bore of 4 mm diameter,
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Figure 6.2. End view of the "Bethune" prism amplifier dye ccll.

Y

\ 4
Y Y

uv PUMP BEAM

168



drilled parailel to the rectangular faces of the prism (Figure 6.2).
A dye solution flowed through this hole. An unfocused UV pump beam
entered the prism from the left in Figure 6.2, with a beam thickness
equal to four times the diameter of the hcle in the prism. Four
different regions of the pump beam would end up pumping the cylinder
of the dye solution from four different directions symmetrical]y.
This could provide relatively homogeneous pumping.

Rhodamine 101 in methanol solution was used in the "Bethune"
amplifier. In fact, the concentration of the dye solution has a
large effeét on the pumping homogeneity in the transverse direction
since the penetration depth of ihe pump beam depends on the concen-
tration. Again, the ASE signal from the pumped amplifier could be
used to assess the gain distribution of the amplifier across the
transverse direction for different dye concentrations.

The pumping from the oscillator and the pre-amplifier were
blocked so that only the Bethune amplifier was pumped. A diffuse
filter was placed against the exit window of the Bethune cell. The
homogerneity of the ASE could in fact be seen with the naked eye. A
quantitative assessment was conducted by focusing the illuminaticn at
the filter with a spherical lens onto a diode array (RETICON CCPD
1024), which was placed along a radial direction of the circular
image. Figure 6.3 shows the oscilloscope traces of the transverse
distribution of the ASE signal for dye coricentrations over the range
0.75 x 10°% to 1 x 102 M. The lopsidedness in the signals i=
attributed to the measuring equipment. The basic features, however,
are clear enough. A ring-shaped ASE pattern was seen from the end
view of the dye cell if the concentration of the dye sclution was too
high. For low concentration, the ASE signal peaked at the centre.
However, the magnitude of the signal was lower. From the patterns in
Figure 6.3, it can be deduced that the best concentration is about
2 x 10—4 M. Experimentally, this concentration was alse found to
produce relatively high gain and the amplified DFCL beam had
reasonably good beam quality.

With a 2 x 10_4 M solution of rhodamine 101 in methanol in the
Bethune amplifier cell, the pre-ampliified DFDL beam was directed to
pass through this ampliifier with a diameter of approximately 2.5 mm.
Larger beam diameter would lead to a significant deterioraticn in the
output beam quality. Diffraction effects on the wings of the

Gaussian~like transverse beam profile seemed to be the main cause of
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Transverse distribution of ASE signal intensity

Figure B.3.
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beam deterioration for a large beam. The synchronization of the UV
pump pulse and the DFDL pulse at this amplifier was also determined
by monitoring the ASE signal of the amplifier. It was found that the
UV pump pulse had to arrive quite early at the amplifier cell. ‘This
was because the pump power per unit volume for this amplifier was
much smaller than for the pre-amplifier so that the build-up of gain
and hence ASE was slower.

The energy of the UV pump pulse entered into the Bethune
amplifier was about 32 mJ. The corresponding energy of the amplified
DFDL pulse, measured with a joulemeter (GEN-TEC ED-1C0A), was
approximately 350 puJ. This is equivalent to a gain factor of 10.

The gain characteristics of a laser amplifier for short pulses
have been analysed theoretically by Frantz and Nodvik [30]. Consider
that the duration of the pulse to be amplified is short relative to
the fluorescence lifetime, and the process of pulse amplification is
fast compared with the pumping rate. The amplification process is
then based on the energy stored in the upper laser level prior to the
arrival of the input signal; the effect of fluorescence and pumping
can be ignored. For a four-level laser system, the rate of change of

population inversion (3n/3t) can then be described by

(0))

n e
-é—t-— an. (6.1)
The meanings of the symbols are the same as those in section 3.2.
The growth of a radiation pulse traversing a medium with an

inverted population is described by

Q.)[Q)
O

= —ng - — (6.2)

where x is the position in the amplifier along the direction of pulse
propagation. The rate at which the photon density changes in a small
volume of the material (3q/3t) is equal to the net difference between
the generation of photons by the stimulated process (first term on
the right) and the flux of photons which flows out from that region
(3q/3x). These two nonlinear, time-dependent photon-transpert equa-
tions therefore account for the effect of the radiation on the active
medium and vice versa. These differential egquations were solved by

Frantz and Nodvik for a sqguare input pulse. They obtained an
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expression which relates the output energy density (EOU ) to the

t
input energy density (Ein)’ the saturation energy density (ES) and

the smali-signal single pass-gain (GO):

E . =E_ 1n{1 +G rexofE’f“‘s-ﬂ (6.3)
out = s " olPlE ) TP -3
S
where ES is given by
E_ = (6.4)
S (o
e

where hv is the photon energy and o is the stimulated emission
cross-section.

Although the DFDL pulse had a "Gaussian-like" profile, the gain
saturation characteristics described by equation (6.3) were found to
be a reasonable approximation for the gain characteristics of the
Bethune amplifier.

By placing different calibrated neutral density filters in the
path of the input DFDL beam before the Bethune amplifier, the
corresponding output pulse energies after the amplifier were measured
with a Jjoulemeter. The output energy can be plotted against the
input energy as shown in Figure 6.4. Equation (6.3) may be used to
fit a curve to the data points. The values of the saturation energy
and the smali-signal gain are varied until a suitable pair of values
is found to generate the best fitted curve. The curve in Figure 6.4
implias that the small signal gain was about 26 and the saturation
energy was 150 pd. Givgn that the diameter of the beam was approxi-
mately 2.5 mm, the saturation energy density would be about 3 mJ/cmZ.
This is consistent with the theoretical value given by equation

(6.4).

8.3 Generation of Ultrashort UV Pulses

6.3.1 The principles of second harmonic generation

Optical second-harmonic generation is an important nonlinear
optical process which has found wide applications as a means to

generate shorter wavelength radiation from coherent 1light sources.



With a technique called phase-matching, a ccherent laser beam of
frequency w can be efficiently converted into a beam of radiation at
the doubled frequency 2w, using a nonlinear crystal.

The intense DFDL pulses obtained after the two-stage
amplification have enough power to generate coherent ultrashort UV
pulses via the process of second-harmonic generation. Experimentai
demonstration of this will be described tlater. We shall first
outline the basic theoretical background of this important noniinear
process. A full treatment of the theory of second-harmonic
generation can be found in most textbooks on quantum electronics.

The electromagnetic field of a light wave propagating through a
medium exerts forces on the loosely bound, outer or valence
electrons, which will consequently be displaced from their normal
orbits. This perturbation creates electric dipoles whose macroscopic
manifestation is the polarization. If the field strength is small,
this polarization will be proportional to the electric field. 1In the
case of a very high field, the amplitudes of the electric dipcles
cannot faithfully reproduce the sinusoidal electric fieid that
generates them. The system responds nonlinearly. As a resuit, the
distorted re-radiation wave contains frequencies different from that
of the original wave. Second harmonic generation is one of these
nonlinear processes.

In this nonlinear process, two "fundamental" waves, which can be
derived from a single laser kbeam, at frequency w are coupled together
in a nonlinear medium tc prcduce a second-harmonic wave at twice the
criginal (fundamentai) freqguency 2. In general, the induced
polarization vector P can be expressed in terms of a power series

expansion of the applied electric field vector E:

. Z 2’,2("‘% = u ¥ wt) : E(ws)g(wt)

+
O~
=
W
e
1

O+ w +0): E(w)E(e )E(w )
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where xn are the susceptibility tensors of the nth order. The values
of the tensor coefficients are functions of the frequencies of the
interacting waves denoted by subscripts r,s,t,p. For small field
strength, the polarization is linear and proportional te the electric

field E and is accounted for by the polarizability tensor x’.

The x2 term in equation (6.5) is responsible for second-harmonic

generation. It is a third rank tensor having 27 components.
However, for the type of crystals used for second-harmonic

generation, many of the components of x2 are zero or equal to other

components of the tensor, as a result of crystal symmetry. Further-
mcre, for these crystals there is usually one predominant coefficient
associated with a single light propagation direction which yields
maximum harmonic power. In component form, the induced nonlinear
polarization associated with second-harmonic generation can be

written as
2w|  _ TATIA N
[PNLL =) U (6.6)
J,k

where the subscripts i, j and k refer to the Cartesian co-ordinates
of the crystal.

The wave propagation in the crystal is governed by the wave
equation (derived from Maxwell’s equations) taking into account the
nonlinear polarization:

2
5 3E 3°E

2
3
VE_—#OU&-"'HOC;—E'P}IO;?ENL. (6.7)

It can be solved with some simplifications corresponding to realistic

experimental conditions. All three interacting waves (i.e. the two
fundamental waves and the second-harmonic wave) are assumed to be
.plane waves propagating in the z direction so that gy = gf = 0. It

is also assumed that the variation of the complex field amplitudes

with z is small so that

2w 2_2W
k2w dE o dE (6.8)
dz 2
dz

and
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(6.9)

The medium is wusually transparent at 2w so that there 1is no
absorption at the second-harmonic wavelength.

If the amount of power lost by the input beam (as a result of
conversion to 2w) is negligible so that de®/dz = 0 (small-signal
approximation), the growth of the second-harmonic field amplitude

will be described by

2w K
dE _ 0 , ~0 _Q . .
[ = ]1 = - i = dijk E] Ek exp(iAkz), (6.10)
where
Ak = k2P - 28, (6.11)
and d;jk is the effective nonlinear susceptibility tensor. By noting
that there is no second-harmonic input, equation (56.10) can be solved

2w
for a crystal of length L and the conversion efficiency L;a—] can be

written as [31]

20 p3/2 02(d! . )22 . _w . sin2|2E
F_ -2 L [P 2 (6.12)
w e 3 |Area] “[AKL]2 '
P 0 n ==
2
© 20 :
where P and P” are the fundamental input power and the second-
harmonic output power, respectively.
. 2
The conversion efficiency has a factor described by Elﬂ—iéﬁkggl ,
(AkL/2)

which has the same mathematical form as the Fraunhofer diffraction
pattern of a single slit. In fact, the origin of this factor is also
connected with interference effects. Basically, second-harmonic
generaticn may be viewed as a two-step process— the generation of
second-harmonic polarization wave and thé transfer of polarization
energy into second-harmonic electromagnetic wave. The
second-harmonic polarization wave of frequency 2w generated in the
nonlinear medium is driven by the fundamental wave. Its phase

velocity and wavelength in the medium are therefore determined by the



refractive index for the fundamental wave (nm). Hence the wavelength

1
The energy of this poiarization wave is continuously transferred to

of the polarization wave is given by Ap = c/2v1nw, where v, = w/27.

the electromagnetic wave (at frequency 2w) which propagates freely

[0}

inside the medium. The wavelength of this electromagnetic wave is
determined by the refractive index of the second-harmonic frequency
(nzw) and is given by h2w = c/2v1n2Q. There will be efficient

energy transfer from the fundamental wave to the harmonic wave only
if the second-harmonic polarization and electromagnetic waves remain
in phase. Otherwise, there will be a certain degree of destructive
interference and some energy will flow back to the fundamental from
the second harmonic causing a severe Jlimit on the conversion
efficiency.

The phase mismatch parameter (Ak) can be expressed as

2
Bk = == (12% - 7). (6.13)
For a non-zero Ak, only a finite length of the medium will be useful
in the harmonic generation process. This length, termed the

coherence length, is given by

. ¢ = ;?;g%—j—;BT : (6.14)
IfT Ak is equal to zero, the coherence length will be infinite and the
conversion efficiency will then vary quadratically with crystal
length (in the small-signal approximation). This is known as the
phase-matching condition.

The phase-matching condition for second-harmonic generation can
be satisfied by taking advantage of the natural birefringence of
anisotropic crystals. In negative uniaxial crystals such as ADP
(ammonium dihydrogen phosphate), the refractive index for the extra-
ordinary wave is smaller than that of the ordinary wave for a given
wavelength (except along the optic axis where they are equal). For
each of these waves, the refractive index increases with wavelength
in the normal dispersion region. Hence by arranging trie input
fundamental to be an ordinary wave, there exists a propagation
direction along which the generated second-harmonic extraordinary

wave will see the same refractive index and propagate with the same

phase velocity as the fundamental, i.e.,
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2w W
ng (em) =0, (6.15)

wher ¢ , the phase-matching angle, is the angle between the

m
direction of propagation and the optic axis. The subscripts e and o

D

denote extraordinary wave and ordinary wave, respectively.

The nonlinear optical tensor of the crystal must be considered in
choosing the azimuthal angle for the propagation direction. For
example, in ADP crystals, the nonliinear polarization in component

form is given by

20 _ W_W
Px = 2d14EzEy
P = 24, EYEY (5.16)
N 147z x )
20 _ W-
Pz = 2d36ExEy ,

where and d,. are optical tensor elements of the crystal and

d14 5
X,Y¥,z are in the co-ordinate system of the crystal with z being the

direction of the optic axis. If the fundamental beam is an ordinary

wave, then Eg will be zero. Hence the only non-zero polarization
component given by equation (6.16) is Piw. The component of Piw

noirmal  to the direction of propagation is therefore given by
W

2d36ExE§sin em. For a single input beam, this value will be maximum
if the product EiE; is maximized. This implies that g“ must be in
the direction such that Eg = E? = E®/VZ. Hence the best azimuthal
angle for EP is 45°.

The discussions above outline the most basic requirements for
efficient second-harmonic generation in nonlinear crystals. Phase-
matching is the most important consideration. Nevertheless, there
are also other practical considerations. If phase-matching is accom-
plished at an angle em other than 90°, there wiil be a small angle
between the dircction of power flow (the Poynting vector) of the
fundamental and the second-harmonic waves. This angle (p) has the
effect of limiting the effective crystal volume over which harmonic

generation can take place. For a negative uniaxial crystail and type

1 phase-matching, this angle is given by
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(n.)
0] 1 1 . \
tan o= 5 [( 2(,3)2 - ( 2w)2] sS1n 28m. (6.1.7)
e s

) (6.18)

where a is the beam diameter and La is called the aperture length.
Although this effect can be minimized by using a large beam diameter,
the conversion efficiency, which decreases with beam diameter, may be
lowered as a result.

Another prctlem comes from the divergence of the interacting
beam. For second-harmonic generation in a negative uniaxial crystai,
the phase-matching conditien (Ak = 0) is satisfied only at exactly
6 = em; a small deviation (388) from this angle would yield a phase
mismatch Ak in the order of 88 sin 26m. Hence a limit is imposed on
the allowed divergence of the interacting beam. The angular
deviation &6 frem the phase-matching direction such that the

conversion efficiency drops to half of its peak value is given by

0.44 A“’n‘g/l_
86 = , (6.19)
(nzw - n2w) sin 26
0 e m

where ng, ngw and nzw are the refractive indices of the ordinary wave
at the ufunéamenta] frequency, the ordinary wave at the second-
harmonic frequency and the extraordinary wave at the second-harmonic
frequency, respectively. The tength of the nonlinear crystal is L.
This expression gives an estimate of the acceptable divergence angle
of the fundamental laser beam.

Since the refractive indices of the crystal are temperature
dependent, a variation in the temperature would affect the phase-
matching conditicn. The temperature deviation from the phase-matched
temperature such that the conversion efficiency drops to half of its

peak value is given by

W
AT = 0.44 A . (6.20)
L d ( 20 w)
dT T’e nO




Ambient temperature variation or absorption losses in the crystal are
possible scurces that give rise to temperature change.

Other practical considerations inciude the optical homogeneity
and the damage threshcld of the crystal as well as the neniinear

coefficient of the crystal.

6.3.2 Generation of ultrashort UV pulses with ADP crystals

Single DFDL pulses with power of 3 MW were easily obtained with
the two-stage dye amplifiers described in Chapter 5. These pulses
are powerful enough to produce ultrashort UV pulses through the non-
linear process of second-harmonic generation.

The nonlinear crystal used in the experiment was an ADP (ammonium
dihydrogen phosphate) crystal. It is a negative uniaxial crystail
belonging to point group 4 2 m and has a tetragonal symmetry. It is
transparent at wavelengths ranging from 0.22 um to 1.6 um. It is
hygroscopic; the pb]ished faces may be fogged if exposed to a humid
atmosphere. Crystals of ADP are available in large sizes and they
are of excellent optical quality. They also have large laser damage
thresholds.

The importance of phase-matching was discussed earlier on.
Efficient second-harmonic generation can be achieved oniy if the
iaser beam is launched in a phase-matched direction. There are aiso
resirictions imposed on the azimuthal angle. In practice, 2!l these
are pre-arranged by cutting the crystal at an sppropriate plane so
that the laser beam with the correct polarization is launched normal
to that plane. The crystal used in our experiment was originaliy cut
for a wavelength at 600 nm with a phase-matehing angle of 61.7 at
25°C. The phase-matching angle for a laser beam at 616 nm is 59.3°
at 25°C. The DFDL beam therefore had to be launched at an angle of
about 3.6 from the normal of the crystal. The crystal was fixed in
a gimbal mount so that it could be finely adjusted to meet ths
phase-matching requirement. The azimuthal angle had already been cut
at 45, The orientation of the crystal was arranged so that a
horizontally polarized DFDL beam entered the crystai as an ordinary
wave. The second-harmonic output would accordingly be vertically
polarized.

Equation (6.12) indicates that the conversion efficiency is
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proportional to the power density of the fundamental. Hence, the
amount of second-harmcnic power may be greatly enhanced by focusing
the fundamental beam into the nontinear crystal. There are, however,
some important factors which may limit the effectiveness of intense
focusing. First of all, a tightly focused beam may have a very large
divergence angle. However, the divergence angle is limited to a
value given by equation (6.19) if the phase-matching condition is not
to be seriously violated. If the extent of the focal region is
approximately equal to the length of the crystal, undesirable effects
due to beam divergence wculd be minimized if the crystal were placed
at the centre of the focal region. For a Gaussian beam, the focal

region has a length given by the confocal parameter b, where

2nw§n

b = — (6.21)

(see section 5.3.2). Within this focal region, the beam has approxi-

mately a plane wave-front. An exact analysis [32] shows that optimum

focusing occurs at L = 2.84b. The length of our nonlinear crystal is

17 mm. If the above fcocusing condition is applied, a beam diameter

of 33 um would be obtained in the focal spot. This, however,

implies the power density would have been 250 GW/cmz, which is well
above the damage threshold of the crystal.

Another problem would arise with such a small beam diameter. As

mentioned earlier, the walk-off effect will 1limit the effective

crystal volume over which harmonic generation can take place. Using
equations (6.17) and (6.18), we can calculate the aperture length
corresponding to a beam diameter of 39 um. A value of 1.4 mm is

obtained; this is much smaller than the length of the crystal (17
mm) .

It was decided that the focusing of the fundamental beam into the
nonlinear crystal should not produce an aperture iength much shorter
than the length of the crystal. This meant that the beam diameter at
the crystal should not be much smaller than 480 um. Experimentally,
a beam diameter of about 450 um (Gaussian beam assumed) was found to
produce reasonably high conversion efficiency. The second-harmonic
power obtained with other focusing conditions was lower.

A power density of ~ 2 GW/cm2 (2wO = 450 um) did not seem to

cause any optical damage to the crystal. No oven was available to
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keep the temperature of the crystal constant. However, when a
repetition rate of about 1 Hz had been used for more than a few
minutes, the system seemed to have reached a stable condition so that
the phase-matching angle did not vary from shot to shot. A quartz
prism was placed near the exit end of the crystal to separate the
second-harmonic beam from the fundamental beam by dispersion; The
second-harmonic beam could then be monitored with a UV photodiode.
Its energy was measured with a joulemeter (GEN-TEC ED-100A). When
the energy of the input fundamental beam was 265 uJ, the energy of
the second-harmonic beam was measured to be about 53 pJ. The
conversion efficiency was 20%. This value is substantially lower
than would have been expected from a crystal with a length of 17 mm
under perfect phase-matched conditions. But, as discussed before,
the walk-off effect would reduce the effective volume of nonlinear
interaction. This seems to be the main cause of the reduction in
conversion efficiency.

Although the exact pulse duration and pulse shape were not
measured since no suitable streak camera was available, the signals
recorded on the oscilloscope showed that the second-harmcnic pulse
duration was lower than the resolution 1imit of the oscilloscope
(i.e. less than 1 ns). The amplified DFDL pulse at the fundamental
frequency was monitored with a streak camera and found to have a
Gaussian-like profiie of duration about 100 ps; the second-harmonic
pulse would be expected to have similar temgporzal characteristics.

The second-harmonic beam had guite good beam quality. It was
rectzngular in cshape with soft =dges and the béam intensity was
fairly uniform over the whole region; no "hot-spot" was found. The
beam quality at the far field was also found to be very good. At a
distance of 11 metres from the nonlinear crystal, the intensity over
the beam area of 6 mm (vertical) by 15 mm (horizontal) was found to
be still fairly uniform.

Equation (6.12) gives the dependence of the second-harmonic power

cn the power of the fundamental. However, the quadratic dependency
will not be satisfied at high conversion efficiency when the power

lost by the input fundamental is not negligible. The correct depen-

dency takes the form of

P29 = p® tann2 (kv P® ), (6.22)
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Figure 6.85.
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where k is a constant, which depends on laser keam and crystal para-
meters. The dependency of second-harmonic energy on the fundamental
energy has exactly the same form. The magnitude and unit of constant
¥ are, of course, different.

The dependency of second-harmonic power on the fundamental power
was investigated experimentally. Using different calibrated neutral
density filters, the input energy of the fundamental beam could ke
varied. The corresponding output energy was measured with the
Jjoulemeter. Figure 6.5 shows the results of the investigation. A
computer prcogram was written to generate a curve described by
equation (6.22). The value of k was varied to produce a fitted curve
for the experimental data. This curve was found to be a better fit
than a simple parabola, confirming that the pump-depletion (i.e. the

depletion of the fundamental beam energy) cannot be totally ignored.

6.4 Conclusion

We have described an oscillator-amplifier system for the
generation of ultrashort UV pulses. With the DFDL oscillator
operating at 616 nm, a two-stage amplifier system was constructed to
produce intense ultrashort single pulses with peak power up to 4 MW.
Special care was taken to suppress the ASE of the high gain systen.
A prism ampiifiszr cell (invented by Bethune) was used in the second

stzge amplifier in order to obtain good beam quality in the final

—

aser beamn. The amnlifier saturation characteristics were alsc
investigated. Ultrashort UV pulses were generated with an ADP
crystal through the nonlinear process of second-harmonic generation.
Special attention was paid to the phase-matching requirements so that
a high conversion efficiency could be obtained. It was necessary to
focus the laser beam into the crystal to yield a high fundamental
beam intensity, with which the conversion efficiency varied almost
lineariy. However, fcr the crystal used in our experiment, the beam
walk-off effect put a 1imit on the degree of focusing, hence the

conversicn efficiency.



CHAPTER 7

CONCLUSION

Distributed feedback structures have been used to generate
coherent radiation in a wide variety of laser systems. The general
theory of both gain-coupled and index-coupled distributed feedback
lasers has been described. The major differences between these two
types of DFB lasers have also been discussed.

The generation of ultrashort pulses with the gain-coupled
distributed feedback dye lasers has been studied experimentally and
theoretically. The rate equation model used by Bor to describe the
laser output characteristics of the DFDL has been outlined and used
to obtain computer simulations. This model is based on the
photon-rate equations which describe the interaction between the

population inversion and the number of photons inside the laser

cavity. The key parameter in this model is the equivalent cavity
decay time. However, as we have pointed out, the use of this
particular parameter is by no means unquestionable, A modified

version of this model has been proposed as another way of analysing
the pulse-forming mechanism of the DFDL. In this simplified model,
the self Q-switching effect is ignored by using an appropriate
constant cavity decay time. The pulse-forming mechanism is viewed in
terms of relaxation oscillation. Comparisons between the results of
this new model and other existing models consistently indicate that
the self Q-switching effect produces a further reduction on the pulse
duration of DFDL pulses by approximately 40%. Some simple analytic
relationships have also been derived with the new set of rate
equations. They have been found to be consistent with the
computer-generated results. Moreover, these relationships have been
found to apply equally well to the original sets of rate equations
used by Bor. This further supports the approach of treating the self
Q-switching effect as a second-order effect. Some'of the analytic
expressions were compared with experimental results; good

agreement has been found.

Experimental studies of an excimer laser (XeCl) pumped
distributed feedback dye laser have been described in detail. It was
discovered that various properties of the UV pump beam could

186



influence the DFDL output. Simultaneous measurements of the temporal
and spectral characteristics of the DFDL pulses showed that the
single DFDL pulses were effectively transform-limited. The DFDL beam
was also found to have excellent transverse beam quality. The
propagation of the laser beam was successfully analysed with the
theory of the fundamental Gaussian beam. The DFDL beam was found to
be nearly diffraction-limited.

A master oscillator-amplifier system based on the XeCl pumped
DFDL has been described. Intense ultrashort single pulses with power
up to 4 MW have been produced. Second-harmonic generation in an ADP
crystal was used to frequency-double the visible laser pulse to
produce ultrashort UV pulses at 308 nm. Single UV pulses with energy
more than 50 pJ were recorded. This corresponds to a peak power of
around 0.5 MW.

Further development of the laser system described above is
currently under way at Imperial College [33]. For example, the UV
pulse can be used to injection-lock an XeCl amplifier to generate
very intense UV radiation. Simple multi-passes amplification may
also be used to produce intense pulses in a XeCl module. Through the
process of laser plasma interaction, these intense radiations can be
used to generate soft X-rays, which find applications in X-ray litho-
graphy.

It has been demonstrated that the XeCl pumped OFDL system is a
simple and reliable system for the generation of intense ultrashort

pulses.
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