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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF SCIENCE
PHYSICS

Doctor of Philosophy
DEVELOPMENT OF SHORT PULSE SOURCES AT 1.5um FOR NON-LINEAR
PROPAGATION STUDIES IN OPTICAL FIBRES
by David Patrick Shepherd

The development of sources of short mode-locked
pulses at 1.5um is described. Pulses of sufficient power in
this spectral region are of great interest for the study of
non-linear pulse propagation in optical fibres, where the
interplay of negative group velocity dispersion and
self-phase modulation can lead to soliton formation and pulse
compression.

Initial work concentrated on a Nd:YAG pumped
methane Raman laser at 1.54um. The use of a high pressure
cell and a capillary waveguide reduces the stimulated Raman
scattering threshold to just ~190kW. The use of synchronous
pumping is shown to reduce this even further, to ~50kW, which
is an order of magnitude less than the peak power available
from a typical cw pumped, mode-locked and Q-switched Nd:YAG
laser. These threshold values are shown to be in close
agreement with theoretical predictions. Peak output powers of
nearly 70kW are available in bandwidth-limited, 100ps full
width half maximum duration pulses.

We then describe a Nd:YAG pumped Yb:Er phosphate
glass laser, showing it to be a wversatile source in the
1.5um spectral region. Pulsed, cw, mode-locked and Q-switched
operation have been demonstrated in bulk and fibre forms. A
simple rate equation model of this sensitised 3-level laser
system is shown to be in rough agreement with experimental
results, with absorbed power thresholds as low as ~S00mW and
~12mW being found in the bulk and fibre forms respectively.
Typical mode-locked pulse durations of ~70ps are found and
subsequent pulse compression via high order soliton
propagation has given pulses of ~400fs.

Finally the Yb:Er laser is assessed as a candidate
for enhanced mode-locking via a non-linear external cavity,
as in the soliton laser.
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1. Introduction

1.1 Aims

The central aim of this thesis is to investigate
methods of production of short mode-locked pulses in the low
loss spectral window of the negative (anomalous) group
velocity dispersion region of silica optical fibres
(~1.55um). It has been shown, [1], that the propagation of
optical pulses in (loss-less) single mode fibres is described

by the non-linear Schrddinger equation as below,

S 3 a’s 8%E(z,t)
—m-- + (1/v )==-|E(z, 1) = (i/2) [-=—5- | [-mom5-ost
3z 3t dw a3t
- izlE(z,t)1PE(z,t) ...(1.1)
= (1) - (ii)

where E(z,t) is the pulse envelope, B(® is the propagation
constant, 1/vg:d8/dw is the inverse group velocity, and ¥ is
a (positive) constant dependent on the single mode fibre
used. This equation and its soliton solutions are discussed
in more detail in chapter 4, but it is sufficient here to
note that TfTor a convex upwards pulse (azE/6t2<0 over the
central portion of the pulse) the non-linear self-phase
modulation term, (ii), can be brought into balance with the
dispersive term, (i), as long as we have negative group
velocity dispersion (dzﬁ/dw2<o). Under such circumstances the
pulse propagates with an unchanging pulse shape. This, 1in
fact, corresponds to the lowest order soliton solution of
equation (1). At lower intensities the dispersion term
dominates resulting in pulse broadening, while at higher
intensities the pulse shape bscomes periodic and will always

initially undergo compression.

The first experimental demonstration of this
behaviour was made by Mollenauer et al in 1980, [2], and
there has since been significant interest in the possibility

of high-bit rate communication systems involving non-linear



pulse propagation (for example see ref.[3-9]). This interest
was enhanced by the discovery that the fibre Raman gain can
be used to compensate the fibre loss and amplify the solitons
with practically no change in pulse shape, [6-9]. Thus the
non-linear, all optical system is seen to have many
advantages to the conventional linear system with electronic

repeaters, some of which are:

1) The elimination of dispersive pulse broadening which
would otherwise eventually cause the pulses to overlap,
leading to loss of information and limiting the maximum

possible bit-rate.

2) The repeater separation is therefore governed merely
by the fibre 1loss rather than the group velocity

dispersion

3) Compatibility with using the fibre Raman gain (with
simple cw diode laser pumps at the beginning and end of
each amplification period) leading to an all optical
system that avoids the use of bit-rate limiting

"high-speed"” electronics.

4) Compatibility with wavelength multiplexing, with no

need to demultiplex at each repeater.

It is reasonable to suggest that, from egqn.(1.1), a linear
system at the zero group velocity dispersion wavelength
should also be possible. However in practice pulses of
usefully large energy in this region are found to suffer
significant broadening through a combination of non-linear
effects and higher order dispersion, [8]. Thus the soliton
system appears to be the only way forward for long distance

all optical communications.

Higher order solitons are also of interest due to
their 1initial pulse compression behaviour. This is an
attractive way of obtaining short pulses as it merely
involves launching 1light into a suitable length of Tfibre

rather than the much more complicated diffraction grating



technique, [10,11].

Much interest, [12-19], has also been generated by
the fact that non-linear processes, such as soliton
formation, in an external cavity can lead to improved
mode-locked performance of the “"master” laser. In this way
~1.5um colour centre lasers have had their normal mode-lockead
performance (~10ps) enhanced by a factor of ~200 leading to
pulsewidths near the limit set by the gain bandwidth (~50fs),
[20].

Thus it 1is «clear that thers is a need for
convenient and versatile sources of ~1.5um mode-locked pulses
with which to investigate the general Field of non-linear
effects in the negative dispersion region of silica optical
fibres. At the present time there are few sources which can
meet this requirement, which explains why the colour centre

laser has dominated the experimental work undertaken to date.

Although all the work presentad here is directed by
this central aim it should also raise some interesting points
in the general field of new laser sources, as 1indicated 1in

the next section.

1.2 Thesis Layout
In chapter two we describe the 1low threshold

operation of a capillary waveguide CH4 Raman laser. Pumped
with a mode-locked and Q-switched 1.064 m Nd:YAG laser, the
Raman laser produces a train of (sligthly shortened) pulses
at 1.544um. The optimum conditions for low threshold
operation are discussed. Theoretical and experimental results
are shown to be in close agreement in both single pass and
synchronously pumped configurations, with very low thresholds
being achieved. The suitability of this source for soliton
experiments is considered, although this technique through
variation of the pump laser and Raman medium should be of
general interest as a method of frequency conversion of short

pulses.

In chapters three and four we describe a



longitudinally pumped Yb:Er phosphate glass laser at 1.53&um.
Er3+ doped glass has a well known 3-level laser transition in
the 1.5um spectral region, [21]. Due to the scarcity and
weakness of suitable absorption bands in Er>’ it is often
co-doped with various sensitizer ions. Here we use Y53+ which
is known to allow pumping by Nd:glass lasers at 1.054 m,
[22], and we demonstrate, for the first time, that pumping
via the widely available 1.064um Nd:YAG laser is also

possible.

In chapter three we describe this laser’sbasic
operation, pulsed or cw, in bulk or fibre forms and we also
identify some of its advantages compared to the colour centre
laser. A very simple rate equation analysis of this co-doped,
3 level laser system 1is shown to give reasonable agreement

with the observed thresholds.

In the fTirst part of chapter four we describe the
actively mode-locked behaviour of the Yb:Er laser in all its
forms, using the techniques of amplitude and phase
modulation, typically obtaining a stable bandwidth limited
output.Thus this source which is capable of running pulsed or
cW, Q-switched and/or mode-locked, in either bulk or fibre
form is seen as a very versatile source with which to carry
out investigations of soliton behavior. Besides this

application it also raises some points of general interest

such as,

1) Low threshold cw operation of a bulk 3-level laser
through the use of longitudinal pumping and a short

active medium length, i.e. "mini-laser” techniques.

2) An interesting example of the use of co-doping,
especially 1in the fibre laser case where slope

efficiencies were the largest found to date for such a

laser.

3) An interesting example of mode-locking in a fibre
laser, where all the necessary ingredients for soliton

formation (i.e. negative group velocity dispersion and a



large non-linearity) are present within the active

medium.

In the second part of chapter four we discuss the
non-linear Schrédinger equation and the properties of
splitons more fully, and as an example we describe the
spliton pulse compression of the mode-locked Yb:Er laser in a
length of single mode optical fibre. A wvery large single
stage pulse compression 1is obtained with the corresponding
frequency spectrum showing the onset of soliton self
frequency shift effects, [23-26]. Finally we consider the
possibility of constructing a "soliton laser” based on the

various Torms of Yb:Er laser we have described.

Some concluding remarks on this work are given in
chapter five, while appendices one to eight contain the
relevant published literature. The references are listed 1in
numerical order at the end of each chapter for the

convenience of the reader.
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2. LOW THRESHOLD OPERATION OF A CAPILLARY WAVEGUIDE Qﬁ4 RAMAN

LASER AT 1.54um

2.1 Introduction
The aim of the work described in this chapter is to

investigate the possibility of achieving a convenient source
of short pulses at 1.54um, via the low threshold frequency
conversion of short pump pulses at 1.06é64um, by cstimulated
Raman scattering (SRS) in CH, gas. We will first give a brief
discussion of the theory of Raman scattering in order to
obtain the equations necessary to calculate the expected pump

power thresholds.

2.2 Raman Scattering

2.2.1 The Raman Gain

For a medium which has zero charge density and
where the only current 1is given by the displacement current,

the fields obey Maxwell’s equations as below,

VAES=-2a8/ 38t (2.1)
VAH=38D / 8t (z2.2)
V.E=0 ' (2.3)
V.B = 0 (2.4)

Where the magnetic field intensity is ﬁzg/po. For an applied
electric E the resultant electric polarisation can be

described as,

2> < 3
P = e YE + £ K X 2>Ez+ . K<3>X<3>Efs o (2.5)

- o= 0 = o =

<nd> . .
where K" 1s a numerical factor dependent on the
nonlinear process being considered. Thus the electric
displacement is,
L
D=¢eE +P=¢gE+P +p (2.6)
N
= ¢g + P L



L. ey . - . .
where P 1is the familiar linear polarisation of the medium

L. s . . .
and EN is the nonlinear polarisation given by,

2D 2> .2 3
ENL: £ K X( +80K )X<3> 3

. (2.7)

m
im

Effects due to the nonlinear term become
significant with the relatively large optical field strengths
available from 1lasers. By applying the VA operator to
eqn.(2.1) and using the identity VAVAE = V(z.g)—vzg we

obtain,
—Vzg = - (62 / atz) po[eg + ENL] (2.8)

This can be re-arranged to give the wave equation as below

where the phase velocity is c=(£u0)~1/2,

vE - (1/ &) (B%E / at?) = (17 «c®) (3%p"/ 8tY) (2.9)

By confining ourselves to plane waves traveling in the =z

direction eqn.(2.9) reduces to,

8%e/8z°- (17 *)(3%E 7 8t?) = (1/ ec?)(3%p"'/0t?) (2.9a)

The electric field amplitude at frequency “ﬁ can be written

as,

Ew (z,t) = (1 / 2) {Ej(z) exp[i(wjt - ka)] + c.c.} (2.10)
J

and similarly the nonlinear polarisation is,
NL NL .
P, (z,t) = (1 / 2) {P, (z) exp[l(mjt - ka)] + c.c.} (2.11)
J

Where we have assumed a zero phase mismatch betwween ij and
ij, as 1s the case for non-parametric processes such as
stimulated Raman scattering, [1]. Equations (2.10) and (2.11)
can be substituted into eqn.(2.9a), which must hold

separately fTor each frequency wJ- This 1is simplified by

9



applying the “slow” variation approximation, which is that
the envelope changes by only a small fraction in a distance
of the order of one wavelength (thus we can drop the 3251/622

term). We then obtain,

2(8E, / 8z) = -i(w / njeoco)pj‘* (2.12)

2 .

a =n.w £ =
where we have used kj n, j/CO and 7N % (c0 being the
velocity of light in a wvacuum and nj the refractive index at
mj). It should be noted that we have also assumed a wave

travelling in the positive z direction.

Having arrived at the general equation given above
we will now concentrate specifically on the description of
Raman scattering. Spontanecus Raman scattering was first
discovered by Raman in 1928 [2]. It is a weak scattering
process in which an incident pump photon of frequency wp is
annihilated and a scattered photon of lower frequency ©_ is
created. The energy difference hmrzh(wp—ms) causes an
excitation of the scattering medium (e.g. in the case of CH4
gas there is a vibrational excitation of the molecule giving
a Raman shift of 2917cm-1). Fig.2.1(a) summarises the effect
with the scattered photon being emitted in any direction, as

in spontaneous emission.

Fig 2.1(a)
. Spontanecus Raman

Scattering

— e — e — —
nw fiw
Hmy *
A
Mr {excitation of mecium)
() . . Stimulated Raman
— —— —— o e —— — Scattering
Ro fiw fiw R
L e D o
R
SN 5“
pr
hur (excitation of medium)
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Fig.2.1(b) summarises the effect known as stimulated Raman
scattering (SRS) where a molecule is subject to two incident
photons, one at wp and one at @, and the scattered photon
produced as a result of annihilation of ax is 1identical to
the 1incident photon ©_- Thus the scattered photon is
stimulated by the incident photon and, as in an ordinary
laser, this provides a mechanism for amplification. Fig.z.2
shows schematically how, as a pump beam passes through a
medium, stimulated emission can produce a rapid growth in the
scattered wave. Spontaneous s;attering can provide the noise

to initiate the whole process.

Fig 2.2
[
A B
,‘/'J AAAA -
P
© o © Au\ﬁv’(o
P s 3 $ Cenos S
ﬂ“\ﬁ A
»- L B
(A
s

SRS can also be usefully described in terms of
fields and nonlinear susceptibilities rather than the photon
model Jjust described. Taking the hydrogen molecule as a
simple example, if we apply an electric Tield Eam we will
produce an oscillating dipole moment p at the frequency mp

such that p:aEQP, where a is the polarisability.

Schematic Representation

Of The H, Molecule

Surrounding
Electron Cloud

B
r

11



This will radiate at wp and is the origin of the familiar
linear optical properties. However the polarisability is
dependant on the separation r and if the molecule is

vibrating at © then a will also oscillate as below,

a = a + (8a / 3r) (r—ro) cosw t (2.13)

Thus for Eoncosth we have a dipole moment given by,

p = [ao + (8a / 3r) (r—ro) cosmrt] Eocoswpt (2.14)

and this will have oscillation components at ((.)p‘wr) and
(wp+mr) which are the Stokes (ws) and anti-Stokes (was)
frequencies respectively. An applied electric field stretches
the electron cloud and the nuclei will take up a new
equilibrium separation. If this field has two components G%
and ©_, then the separation is modulated at a frequency
wp~ws. If w O T, the natural resonance frequency, then the
vibration amplitude is comparatively large. Thus by applying
electric fields at wp and @w_ we can drive the molecular
vibration ©_, while this vibration and the field at wp will
produce a field at w_- This 1is schematically represented

below and again noise at o is needed to start the process,

vibration

w B W, W s e—— G}
r

3 P s

w . w ,w
£ P r

The amplitude of the molecular vibration is
proportional to Ep and ES and so the dipole moment and hence
the polarisation has a term dependent on ]Eplezy So the

appropriate nonlinear polarisation is, from eqn.(2.7),

Pt = e kP x 1E1 E (2.15)



Where ¥ 1s the Raman susceptibility, xP:XCS)(—ms;wp‘w

(3> pws).
For SRS K is (3/2), see ref.[l]. At resonance only the
imaginary part of the Raman susceptibility remains

(Zr:x;+ix;’), [3], thus equations (2.15) and (2.12) give,

(3E_(2) / 92) = (30 / 4cyn) x,’ 1E_(2)17E_(2) (2.16)

For the small signal case of negligible pump depletion we can
put Ep(z):Ep(O)zEpo and so eqn.(2.16) can be integrated to

give,

E,(z) = E_(0) expl(30, / 4cyn ) x,” IE_ 1z] (2.17)

The time averaged intensity for a ¥field Eﬁ) is given by

Iw:(l/Z)E c.n

0o lewl , thus the Stokes intensity is,

Is(z) = IS(O) exp[GP] = IS(O) exp[grlpoz] (2.18)

where the Raman exponential gain Gr is given by,

— 2 r 2 .
G = (Sws 7 aoconsnp) X Ipoz (2.19)

and g, is the Raman gain coefficient. The imaginary part of

the Raman susceptibility is given by, [4],

167°n cte AN
177 meioo_RI0 0 (do / dQ) (2.20)

k)
QO
Lo}

where AN 1is the population density, Awr is the full width at
half maximum Raman linewidth, and (do/dQ) is the Raman
differential cross section defined in terms of intensities.

The Raman gain coefficient is therefore,

2
G ATA
r 4 s N
g = —--Z-- e (do /dQ) (2.21)
r 2
I =z ho n"Aw
poO s

13



2.2.2 The Population Density

The population density is related to the pressure o

and the temperature T by the simple relation,

AN

I

so / kT

7.32x10°7 p(atm) & / T(K)

M

where # is the fraction of the total population density in

the initial level of the Raman transition. For CH4 gas 9=1,

[5], and so,

AN = 7.32x10°7p / T (2.22)

2.2.3 The Raman Linewidth
The Raman 1linewidth for CH4 was fTound to be a

linear function of pressure in the 1-50atm region by Taira et

al, [6]. They give the result as,

Aw = mc(64 + 2.4p) (2.23)

where p 1s again given 1in atmospheres. By inspection of
equations (2.21), (2.22) and (2.23) we see that the Raman

gain coefficient has a pressure dependance given by,

g, <p/ (p+ 26.7) (2.24)

r

2.2.4 The Differential Raman Scattering Cross Section
Most of the data on the differential Raman

scattering cross section given in the literature is for N2 at
some particular exciting frequency v . In order to find do/dQ

at »_ for CH, we use the expression given by Schrotter and

Klockner, [7].

14



s
(do/dQ) ., , =(do/dQ) (2, )-~~-----2d- (2.25)
4’ " n 2" " n

-

where v is the Raman shift for CH4 expressed 1n c:m'1 and Zd
is the "relative normalised differential Raman scattering
cross section " defined and tabulated in ref.[7]. To find

(da/dQ)CH at the pump frequency vp used we can apply the
4
following transformation, ([8],

i, 1 7°% 4
Q - vp Q. + v v
do - |9¢g —_ig_ ek _ig s T |__s_ (2.26)
dQ dQ 2 , )
CH4, CH*,Dn ______ + Y v
P O v T o ¥ s
ig n ig s
where » =v -v , v’=p -vp , and Q. is the frequency of the
s P r s n r 1g

transition from the 1initial Raman level to the dominant
intermediate level 1 in the Raman process (Qigz“f'><104o::m—1 for

CH4). Combining equations (2.25) and (2.26), and substituting

in T =9 and (do/de), =43.2x10"°°m’/Sr at v =19436.4cm”

)
2 n
(as given by Schrétter and Klbdckner), we obtain,

(do/d0), = 4.63x10 "7 |oocdoeeo oy ol % (2027)

4
4’ vp 7:<104——1)p Tx10 +L’S

2.2.5 Raman Exponential Gain At Threshold

As previously stated, the process of stimulated
Raman scattering 1is initiated by the weak noise intensity
IS(O) at the Stokes frequency produced by spontaneous Raman
scattering. In the small-signal region the generated Stokes
intensity will show a rapid dependence on the incident pump

intensty Ip due to the exponential gain factor, egn.(2.18).

0
Thus 8RS appears to have a threshold behaviour, in that

below a certain incident pump intensity there 1is no

15



observable Stokes intensity or pump depletion. This
definition of threshold is arbitrary in that, for instance,
it depends on the sensitivity of the detector used to observe

the Stokes output, but it 1is however a useful guide to

calculating the required pump intensity.

Calculation of the required Raman exponential gain
to reach threshold G, (e.g. [1],[9]) shows that there is
little difference in whether one defines threshold as when
there 1is total conversion of the pump to the Stokes
frequency, or as when one first achieves an observable Stokes
output. In practice the required value typically lies between
20 and 30. Thus we will take Gth=25 and use the easiest
practical measure of threshold as the point at which
depletion of the pump is first detected. (AZ G codedattd rasledd]
Shveidd Hhecs bz ;Aaéczd’ ot an errer of ot fowst +20% .

2.2.6 Threshold Pump Power For Guided and Unguided Media

The on-axis Raman exponential gain for an unguided

medium can be written as,

+172
G =g [?P / nwz(z)} dz (2.28)

-1/2

where 1 1s the 1length of the medium, P 1is the peak pump

power, and W(z) is the pump beam spot size. Kogelnik and Li,

[10], give,

W' (z) = w§ [1+ (2z / b)?] (2.29)

where b 1is the confocal parameter (Zﬁdgfkp) and W, is the
pump beam waist spot size formed at the centre of the medium.

Substituting eqn.(2.29) into eqn.(2.28) we obtain,

G =g_ (4P / 1) tan” "(1 / b) (2.30)

r

where we have used fdx/(x2+az):(l/a)tan—1(x/a). However,

eqn.(2.28) does not generally hold for Gaussian beams, where

ié



the Stokes radiation will experience an average gain that
includes the off-axis 1intensity. Consequently the overall
Raman gain is smaller than that given in eqn.(2.30). Cotter

et al, [11], give the corrected gain as,

G =L(r /r Ytan ' (1/b)I[(4Pg /r )" "*-21(4pg /2 )" (2.31)

The Raman exponential gain for a guided medium is given by,
1
p exp(—apz)
G =g | [--mmmmymTees - a_| dz (2.32)
o)

where ap and a_ are the waveguide attenuation coefficients at
the pump and Stokes wawvelengths. For a capillary of bore
radius a, Marcatili and Schmeltzer, [12], give cz:0.43l2/a3
for propagation of the EH11 mode. Efficient coupling (= 98%)
from a TEMOo mode pump into the EH11 mode may be made by
satisfying the launch condition SNOIZa, [13], where, as in

egn.(2.32), W, is the pump beam spot size at the capillary

entrance.

It should be noted that in eqn.{2.32) we have used
an effective area of nwg. This takes 1into account the
transverse variation of the pump and Stokes beams via an

overlap integral, [14]. Solving eqn.{(2.32) leads to,

- 2 ~——
G = (P / mi ) gl . ~al (2.33)

r

where leff is the effective length of the capillary related

to the actual length by,

1eff: (1 - exp (—apl 1) / aP (2.34)
The guiding behaviour of the capillary reduces the beam
diffraction by reflecting it back into the Raman medium. Thus
a high intensity-length product, and therefore a high Raman
gain, can be achieved. Re-arranging eqn.(2.33) we obtain an

expression for the pump power required to achieve SRS

17



threshold in a capillary waveguids,

_ 2
P (th+ asl) L / grleff (2.35)

2.2.7 Capillary Waveguide Design
Expressing eqn.{(2.35) in terms of the capillary

radius we Tind,

where we have taken 1=1m (limited by the length of the Raman
cell), and A _=1.544um. Thus, for lp:1-064ym, we Tind the

results shown in fig.2.3 which give an optimum capillary bore

radius of a =70um.

2.2.8 Transient Raman Scattering
The results obtained up to this point apply to a

steady state solution. However, if we use pump pulses that
are temporally short compared to the dephasing time T2 of the
Raman medium (transient Raman scattering), the gain will be
lower because the molecular vibrations do not have enough
time to build up to their steady state wvalue, [15]. In fTact a
significant degree of transience applies for pump pulse
durations Tp of up to twenty times Tz. Defining the dephasing
time as TZ:Z/Awr we can apply a correcting factor F, as given
in ref.[8], to egn(2.35). Thus the pump power required Tfor
SRS threshold under transient conditions 1in a capillary

waveguide is given by,

_ 2
Pth‘ F(Gth+ asl) ”wo / grleff (2.36)

2.3 The Pump Laser

2.3.1 Choice Of Pump Lassr
Radiation 1in the 1.5um region can readily be

obtained via stimulated Raman scattering of a 1.064pum Nd:YAG

18
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pump in CH4, [17]. Our aim was to obtain a convenient source
of short pulses at 1.54pum suitable for use as a research tool
in optical communications laboratories. With this in mind we
decided to use a cw pumped, mode-locked and Q-switched,
Nd:YAG laser {(Spectra Physics 3000) as the pump source. This
type of laser 1is widely available, and is capable of high

Q@-switch repetition rates (~1kHz).

In practice we found the pump laser provided an
output of up to ~1.6mJ in a -~200ns Q-switched envelope of
mode-locked pulses. The mode-locked pulses had a repetition
rate of ~82MHz and a full width half maximum (FWHM) duration
szlzops. Thus peak powers of up to ~0O.7MW were available.
The output was in a clean TEMOO mode, which 1is essential for
good coupling into a capillary waveguide. Fig.2.4 shows a

typical train of output pulses.

2.3.2 Actively Stabilised Acousto-Optic Mode-locking

To obtain mode-locked performance with the
acousto-optic modulator used in the pump laser cavity, it is
necessary to match the RF drive frequency and the cavity
length to one of its resonances. We would like to apply RF
powers of up to 1W 1in order to obtain good diffraction
efficiency, but the dissipation of this amount of acoustic
energy gives rise to temperature changes large enough to
shift the modulator resonances. Thus it was necessary to
employ an active feedback stabilisation scheme, [18], to lock
the acoustic resonance to the RF drive frequency. A schematic
diagram of the system used is shown in fig.2.5. It relies on
the observation that the phase difference between the
incident and reflected RF signals passes through zero at a
resonance. The directional coupler provides signals
proportional to the incident and reflected RF. The phase
detector then compares the two signals and gives a dc output
proportional to their phase difference. This signal, after
amplification, is used to control the incident RF power level
via a voltage controlled attenuator. Thus a slight shift in
the resonance causes a phase difference to be detected and
the RF power to be altered, such that the resonance returns

to its original frequency.

20



Fig 2.4 Pump Laser Output Train
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The use of this scheme has the added advantage that
it also allows the tuning of the RF over a significant
frequency range without unlocking the system, because the
modulator resonance is forced to follow the RF freguency.
This allows fine tuning of the frequency to the cavity

length, which can have a comparatively coarse adjustment.

A temperature controlled oven is used to keep the
average temperature stable so that changes in room

temperature do not affect the long term stability of the

locked system.

2.4 A Single Pass Waveguide Raman Laser (see appendix 1)

2.4.1 Introduction
From the equations developed in section 2.1 we are

now able to calculate the Raman gain coefficient and hence

the predicted power thresholds for SRS under guided or

unguided conditions.
The experimental conditions are,

Pump Pulse Durations (FWHM) sz 120ps

CH4 Gas Pressure £ = F0atm.
Pump Wavelength kp: 1.064um
1st Stokes Wavelength A = 1.544um

s

Thus we can evaluate egns.(2.22),(2.23) and (2.27) with the

results shown below,

Population Density AN = 1.77x10° 'm °
Raman Linewidth (FWHM) Ao _=2.19x10" 'Hz
Differential Raman Scattering 36 2 -1

Cross Section(do/dQ)=7.20%x10 ~“m Sr

Substituting these values into eqn.(2.21) give a steady state

Raman gain coefficient of,

23



g = 4.27x10 m.w

If we now consider the unguided case, we can

re-arrange eqn.(2.31) to obtain the SRS power threshold,

where we have again included a factor F to account for the
transient conditions (section 2.1.8). The dephasing time is
T2=2/Awp:9.13ps, and for Tp=120ps this leads to a value for F
of 1.36. Thus for optimum focussing ( tan—i(l/b)=w/2 ), we
would predict an unguided SRS threshold of ~2.5MW. As stated
in section 2.2.1, the peak power available from cw pumpead
Nd:YAG lasers 1is typically ~0.5MW. Therefore the need for a

waveguide to reduce the SRS threshold is apparent.

In this calculation we have used the highest CH4
pressure allowed by our Raman cell. This is because a high
pressure reduces the SRS threshold in two ways :

(1) the steady state Raman gain coefficient is increased as
shown by eqgn.(24)

(2) the degree of transience is reduced because there is an
increase in the Raman linewidth and a corresponding decrease

in the dephasing time.

2.4.2 Experimental Arrangement And Results

Having decided upon a cw pumped Nd:YAG laser as the
pump laser, we have shown that there is a requirement for a
waveguide and a high CH  pressure in order to reach SRS
threshold. With this in mind we used the experimental

apparatus shown schematically in fig.2.6.

The use of a capillary waveguide Raman laser was
first demonstrated by Rabinowitz et al, [19], and a number of
authors (for example - [8],[20],[21]) have since shown that

low SRS thresholds can be obtained with such devices.

Our Raman cell consists of a narrow bore fused
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silica capillary waveguide supported and held straight inside
another capillary of large outer diameter (~6mm). This lies
in a high pressure container {(up to ~70atm) which has 1Zmm
thick fused silica windows. The waveguide is 74.écm long and
has a bore radius a=100um, which is near to the optimum value
(~70pum) given 1in section 2.1.7. The capillary ends were
cleaved and inspected to make sure they were flat and square

to the bore.

The pump beam was focussed down to a ~67um waist NO
at the capillary entrance satisfying the launch condition
SNO:Za. A capillary transmission of T=57% was readily
obtained, compared to a theoretical wvalue of 70%. The
discrepancy between the figures is probably due to slight
bending of the waveguide. The transmitted beam was in the
form of a clean circular spot of diffraction 1limited

divergence. The experimental pump attenuation coefficient is,

t (2.38)

a = -1n(T) / 1 = 0.75m
Substituting this wvalue into eqgn.(34) we get an effective
length of 57.1lcm. The theoretical signal attenuation

coefficient 1is given by,

! (2.39)

a_z a (A / Ap)z = 1.58m
Using eqn.(36) we can now predict a SRS pump power threshold
of ~200kW. This is an order of magnitude improvemsnt on what
we would expect for the unguided case. In practice we found
we were able to obtain SRS at a threshold of ~190kW. A
typical pump depletion and Stokes output at 1.54un is shown
in fig.2.7. Comparing figs.2.7(a) and (b) shows the strong
depletion that can be caused with the full pump power
incident on the capillary. The smaller interleaved pulses are
due to light travelling along the capillary walls and hence
are delayed with respect to the main pulses by ~ns. When
aligning the capillary fTor maximum pump transmission we noted
that there was a corresponding minimum in the size of the
interleaved pulses. This was found to be a useful practical

aid to the alignment proceedure. Fig.2.7(c) shows the train

26



Fig 2.7 Pump Depletion And Stokes Output
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of 1.54um output pulses which had an amplitude stability
equal to that of the pump pulses. The rising dc level on the

picture 1s due to the response of the Ge detector used.

The pulsewidths of the pump and output mode-locked
pulses were measured using a background-free second harmonic
autocorrelator, see fig.2.8. Using a OM: crystal and Si
photodiode for the pump, and a LiIO3 crystal and extended S20
photomultiplier for the output, we obtained the results shown
in fig.2.9. The mode-locked performance of the pump laser was
disappointing, being typically ~120ps. However it has been
observed, [22], that this type of laser shows optimum pulse
amplitude stability for such pulse durations, and we have
always fine tuned the mode-locking frequency to produce the
most stable pump depletion. As has been found by other
authors (e.g. [15],[16]) some degree of pulse shortening can
occur for transient Raman scattering and we measured typical

output FWHM pulsewidths of ~100ps.

Using a pyroelectric energy meter to measure the
energy in the train of output pulses, we were able to
calculate that the largest individual mode-locked pulses had

an energy of ~7uJ. Thus peak output powers of ~6&kW were

avallable.

2.5 A Synchronously Pumped Waveguide Raman Laser

(see appendix 2)
We have shown that waveguide techniques can bring

the threshold for a 1.544um CH4 Raman laser within reach of a
commercial cw Q-switched and mode-locked Nd:YAG laser. We now
attempted to reduce the threshold even further by combining
the waveguide with a ring resonator to provide synchronous
pumping. Thus Stokes output would be fed-back in synchronism
with the next pump mode-locked pulse, providing a large

seeding signal to the Raman scattering process.

2.5.1 Threshold Pump Power
The Stokes intensity after one pass through the

waveguide is given by,
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I_,= IS(O) exp ([grlpileff / F1 - asl) (z.40)

where Ip1 is the intensity of the corresponding pump pulse.
When the second pump pulse passes through the Raman medium it

amplifies the Stokes signal which is fed-back in synchronism

with it. Therefore,

I

1]

<2~ RI_, exp ([ngpzleff / F1 - asl) (2.41)

= RIS(O) exp ([grl (Ip1+ Ip2) / F1 - 2asl)

eff

where R is the fraction of the Stokes power fed back into the

capillary. Thus we obtain,

n
_ (n-1) _
I_=1I(0)R exp |[g 1 / F1 % I, na_1 (2.42)

sn r eff 3
i=1

In ocrder to obtain SRS threshold we require that
G:In(Isn/IS(O))ZZS, as previously stated. Therefore the

threshold pump power condition is given by,

n
2
(n-1)InR + (g 1_, ./ #W F) ¥ P, —-nal =25 (2.43)

i=1

2.5.2 Experimaental Arrangement And Results

Fig.2.10 shows the apparatus ussad. The pump
focussing condition is the same as for the single pass case
and is provided by a 20cm focal length lens (not shown). The
prisms Pi,Pz,P3 and the beam splitter B form the ring
resonator directing the Stokes wave back into the capillary.
The prisms Pl,Pz are on a common mount with a micrometer
adjustment for fine tuning of the cavity length to achieve
synchronism with the pump pulses. The lenses L1 and L2
cocllimate and fTocus the Stokes beam respectively, so that it
is efficiently re-launched into the capillary, i.e. there is
a waist wo formed at the capillary satisfying the condition
3w0:2a. The beamsplitter B has a high transmission at the
pump wavelength and provides the output coupling for the

Raman laser.
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From egn.(2.43), and using values of n and ) P,
measured from a photograph of the pump pulse train, we were
able to estimate a threshold of ¥0kW. In practice we did
slightly better than this, first observing pump depletiocn at
peak powers of ~50kW. Fig.2.11 shows the pump pulse train at
the threshold for SRS. It can clearly be seen that the first
signs of depletion occur approximately 4 pulses after the
peak of the Q-switched train. This is in good agreement with
the results found when putting the experimental threshold
powers into eqn.(2.43), which predicts that the maximum value
for the exponential Raman gain would occur 4 pulses after the

peak.

Fig.2.12 demonstrates the effect of synchronous
feedback on the pump depletion. Fig.2.12(a) shows the
transmitted pump pulse train just below the single pass
threshold with the feedback arm blocked. Fig.2.12(b) shows
the heavily depleted pump pulse train when the feedback is

introduced, under thes same pumping conditions.

Fig.2.13 shows the train of 1st Stokes output
pulses for an incident pump peak power of 310kW. As before,
thesse pulses showed excellent amplitude stability.
Measurements of the energy in the output pulse train implied
that 1individual mode-locked pulse energies of ~1.3uJ were
available. Once again pump and signal autocorrelation
measurements were made using the apparatus shown in fig.2.8.
The wvalues Tound fTor the pulse durations were similar to
those seen 1in the single pass case. Fig.2.14 shows the
autocorrelation of the Stokes output averaged over the pulse
train. Thus peak output powers of ~12kW were available.
Measurements of the output bandwidth were also made but were
instrument limited as we did not have the appropriate mirrors
for the Fabry-Perot interferometer at that time. This
measurement did at least enable us to put an upper limit on
the time-bandwidth product of ~0.7. This wvalue should be
compared to the value of 0.44 expected for bandwidth limited

Gaussian pulses.

2.6 Summary
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Fig 2.11 Threshold Pump Depletion
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We have shown that the threshold for stimulated
Raman scattering in CH4 gas can be reduced by a factor of 50,
to ~50kW, by employing waveguide and synchronous pumping
techniques. This allows the use of a Spectra Physics 3000 cw
Nd:YAG laser as the pump, while still being ~10% above
threshold. The train of mode-locked output pulses have FWHM
durations of ~100ps and peak powers of up to “6&kW. The
output pulses are stable and are contained in a clean,
circular, diffraction limited beam. Anti-Stokes radiation at
812nm was also observed for both the experimental
arrangements. Second Stokes radiation at 2.8um wWas not
observed, despite its probably being generated in significant
amounts, because of the wvery low transmission of the Raman

cell windows at this wavelength.

It should be noted that there are two features of
the pump depletion that are, as yet, unexplained. Firstly, it
can be seen in fig.2.7(b) that the single pass pump depletion
is not symmetric about the envelope peak. This is suprising
because pump pulses of the same power on either side of the
envelope peak should suffer the same degree of depletion. The
second point is that despite ~20 or more pump pulses showing
significant depletion in both experimental arrangements we
typically only see ~10 output pulses. From simultaneous
obsevations of the pump and output pulses it appears that the
Stokes output corresponds to the initial part of the pump

depletion.

Another point to be noted is that all the results
discussed in this section have been taken at a G-switch
repetition rate of 5Hz, despite the fact that the pump laser
can operate at repetition rates of >1kHz. This is because at
these higher repetition rates we observed a rapid and
unexpected breakdown of the CH, , leading to a "sooty” deposit
on the inside of the cell entrance window and at the entrance

of the capillary waveguids.

Thus we have successfully demonstrated the low threshold
operation of a CH4 Raman laser at 1.54um. This is of general

interest as a means of frequency conversion of short pulses.
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However we were specifically interested in finding a
convenient source of short pulses at 1.5mm for the
investigation of soliton effects and pulse compression in
optical fibres. Despite it certainly being capable of such
investigations, (it has enough peak power to propagate very
high order solitons), this source has several practical
drawbacks which led us to try and find a more attractive
alternative. The main disadvantages are,

1) The relatively long pulsewidth, caused by the poor
performance of the pump laser, leads to very long soliton
periods (see section 4.2) requiring the use of very long
lengths of fibre.

2) The output consists of a train of pulses of varying peak
powers which would therefore all propagate different order
solitons. As our autocorrelation equipment avarages over the

pulse train we would get a confused picture.
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3. A LONGITUDINALLY PUMPED Yb:Er PHOSPHATE GLASS LASER AT
1.536um

3.1 Introduction
In this chapter we describe the operation of a

1.54um Yb:Er glass laser pumped by a 1.064um Nd:YAG laser.
This source should be capable of running pulsed or cw,
Q-switched and/or mode-locked, and would thus offer a more
versatile source than the Raman laser with which to carry out
soliton experiments. It would also have the advantage that it

should be possible to operate this laser as a soliton laser,

[1].

Most of the soliton investigations reported to date
have used a colour centre laser (F2+ centres in NaCl, [2]) as
the pump source, but the Yb:Er glass 1lasar could offer

several advantages for this particular application :

1) Operation at room, or elevated, temperatures should be
possible, whereas the colour centre laser requires cooling to
liguid nitrogen temperatures for reliable operation.

2) The Yb:Er glass could be pulled into a fibre. Thus a
mini-YAG pumped, mode-locked, Yb:Er fibre laser could be
envisaged where soliton effects could be taking place within
the laser medium itself.

3) The Yb:Er laser offers a potentially much cheaper route to

obtaining mode-locked pulses in the 1.5um region.

fdded to these advantages is the fact that the
Yb:Er laser could be efficiently Q-switched due to its long

upper state lifetime (~8ms).

In this chapter we will describe the Yb:Er system
and its basic operation as a laser. The mode—-locking of this
laser and its use for non—-linear pulse propagation

experiments will be described in chapter four.

3.2 The Yb:Er System

3.2.1 Choice Of Pumping Scheme
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The first operation of an Yb:Er glass laser at
1.54um was reported by Snitzer and Woodcock in 1965, [3],
using a silicate glass and flash lamp pumping. Longitudinal
pumping of an Yb:Er glass laser by a Nd laser was Tfirst
demonstrated by Gapontsev et al in 1973, [4], using a pulsed
Nd glass laser at 1.054um as the pump. Longitudinal laser
pumping allows the pump power requirements, and hence the
thermal loading of the glass, to be minimised (for example
see ref.[5]). As there will be significant thermal loading
associated with the proposed cw operation of this three-level
glass laser, we decided to use longitudinal pumping, with
1.064um Nd:YAG lasers as the pump source. This pump source
has the added advantage of wide availability in a variety of
forms, i1.e. as high power quasi-cw lasers, as cw lasers with

output powers of 10W or more, and as miniature diode pumped

lasers.

3.2.2 Rate Equation Analvsis
Figs.3.1 and 3.2 show the energy level diagram and

the absorption spectrum of the Yb:Er system. Pump radiation
at 1.064um 1is weakly absorbed by the Yb3+ ions causing

excitation from the upper level of the '?F,‘,/2 multiplet. The

thermal population of this level at room temperature is only
~2% of the total population. By heating to ~100°% it is

possible to double this figure and hence double the pump

2

absorption. The Yb3+ ions are excited to the F5/2 level

followed by non-radiative transfer of energy to the 111/2
level of the Er3+ ions. There is then a rapid relaxation to
4

the 113/2 upper laser 1level. This metastable level has a

lifetime of ~8ms. Lasing occurs down to the 4115/2 ground
level at an emission wavelength of 1.536un. Thus it is clear

that we have a 3 level laser system.

Also shown 1n fig.3.1 are the excited state
absorption of both the pump and signal wavelengths from the
upper laser level. Following the analysis of Galant et al,
[6], we will make the simplifying assumption that these
excitations relax rapidly back to the 4113/2 level. We can
then write down the steady-state rate equations,
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Fig 3.1 Energy Level Diagram For The Yb:Er System
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dn2p
4t =B (ny ) o, - Ny Nyp =0 (3-1)
ans
""""" = Bu (n - n,.J -n,/ Tap T dgng -
dt
B..U (nzs- n,) ¥ d.n, .~ Bepup(n23~ ngJ + dgng = O
(3.2)
( dnSS\
““““ = an Nyt 93ny, = 0 (5.3)
_ dt
[dny .| B ( ) - d 0 ( )
_____ - u n - N - n = 3.4
i dt J es s 2s 4s 4 4 s
[ dnSSN
————— =B u{(n,-n_)-dn =0 (3.5)
! dt J ep p 2s Bs 5 bBs
NP: n1p+ n, . (3.8)
Ns = r}1s+ nzs+ n3s+ n4s+ nss (3'7)

Where NS,Np are the total population densities of the Er3+
and Yb3+ ions; n . etc. are the population densities of the
various levels 1in the Yb:Er system: BP,BS,Bepand Bes are
proportional to the Einstein coefficients for the various
transitions shown; sz and T, are the spontaneous decay
times of level 2 in Yb, when there is no Er present, and of
level 2 in Er: d3,d4 and d8 are the rates of decay of levels
3,4 and 5 in Er; uP and u_are the densities of the pump and
signal radiations; o is the quantity proportional to the rate
of transfer of the excitation energy from the yb3* ions to

3 .
the Er * ions.

It we assume that the rates of relaxation from
levels 3,4 and 5 of Er are high enough that <i3» @
dé» B, u, and ds» Bepup , then n,= n = n;= 0. Using egns.(3.1)
-(3.7) we can now obtain,
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dn
2p
————— = - + - - =
{ J BpupNP nzp(ZBPup 1/Tp) O.Sa(Ns 6)n2P 0o (3.8)
dn2s
————— = -B_ud ~o.5(NS+ 6)/72s+ O.5an2p(Ns—5) =0 (3.9%)

where we have introduced the threshold inversion 5=nzs~nls.

We can find an expression for & by applying the threshold

condition,

Rleexp(Zléos‘ aes(Ns+ 8)1 - 21kis): 1 (3.10)

where Ri,R2 are the mirror reflectivities, kis is the signal
inactive absorption coefficient, o, is the stimulated
emmission cross-section, and O 1s the signal excited state

absorption cross-section. Re-arranging egn.(3.8) gives,

n, = -=-—--—---B_F P ___________ (3.11)

S (3.12)

By inspection of eqgn.(3.11) we find two conditions for

efficient laser action,

1) B u, « 0.5a(N_- &) (3.13)
- the pump must not bleach the 1 - 2 excitation in Yb.

2) r;; « 0.5a(N_- &) (3.14)
- quenching of the 2F5/2 level in Yb should be dominated by
the non-radiative transfer of energy to the 41“/2 level in

Er.

In the ideal case, where eqgns.(3.13) and (3.14) are both
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satisfied and there is no excited state absorption, we obtain
from eqns.(3.10),(3.11) and (3.12),

P hvpV(Ns+ &) / 27, (3.15a)

21k, + 1n(1 / R R.)
§ = ——--i3 ot 27 (3.15b)

where V is the volume of the signal mode in the laser medium
and th: hvapru;i is the threshold absorbed pump power.
This is the standard three-level laser requirement that at
least half the population needs to be excited. It should also
be noted that we have assumed cw operation (Tpump» TZS),

If we now allow the condition of very high rate of
transfer, eqn.(3.14), to be broken and for excited state

absorption at both pump and signal wavelengths, we obtain,

8 = ommmmmSe-eeeooS oS82 2 (3.16b)

Here, fTollowing [6], we have used up':up(l+ [kep+kip]/kp'),
where up' is the total pump energy density, up is the
"useful” pump energy density, kep is the pump excited state
absorption coefficient, kip is the pump inactive absorption
coefficient, and kp’ is the coefficient of the “"useful" pump

absorption.

The right hand term of eqn.(3.16a) can be

re-expressed as,
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where m. is the quantum transfer efficiency.

Comparison of egns.(3.15) and (3.16) show that due
to the signal excited state absorption we now need a larger
inversion to achieve threshold, and that due to pump excited
state absorption and the reduced transfer efficiency it is

harder for the pump to achieve this than it was before.

It has been found experimentally by several
authors, [6-9], that phosphate glasses give the highest
transfer efficiencies. They have two advantages in that they
have a capability for fast energy migration through the donor
sub-system (Yb), [10], and the relaxation rate d, is very
fast, [8],[9], effectively removing the possibility of back
transfer from the Er3+ to Yb3+ ions. It is also necessary to
have relatively high ion concentrations in order to achieve
high transfer efficiencies. a high Yb3+ concentration is
obviously also favourable in terms of increasing the pump
absorption. However, too high a concentration of Er-’ ions
would inevitably raise the laser threshold, as can be seen
from egn.(3.16). In practice Yb3+ ion concentrations are

-3

limited to around 2%lozicm before crystallization begins to

. 3+ .
occur, and optimum Er ion concentrations have been found to

be of the order of 10 cm >.

Table 3.1 gives the various parameters, for 1.064um
pumping of commercially available Kigre QE-7 Yb:Er phosphate
glass, that are neseded to calculate the expected laser
threshold via eqn.(3.16). Using these parameters and assuming

there are no losses (kis:O, R1R2:1) we Tind from egns.(3.15)

and (3.1&),

116 Wem ° 8§ =0 cm >

P /v

I

ii> P/ V = 263 wem ™ > 5= 2.6x10" "cm
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Table 3.1

Parameter Notes

st 1X1olgcm3 From absorption spectrum.

N = 2.2><1021cm3 From absorption spectrum.

sz: 570us , From ref.[&].

sz': 180us Lifetime of level 2 in Yb with Er present,
(see fig.3.3)

W, = 4x10°s”t * w23:1/72;- l/'r2p is the rate of transfer

a = 3.8x10 ®em’s™? wzszanlszaNS at low levels of excitation.

n,= 70% * The guantum transfer efficiency ntZstng

o_= 7X10‘21cm2 From ref.[11]

kK = 0.05cm ' The pump absorption coefficient (e IOOOC)

o= 3.5x10 *%cm? From ref.[12].

o__= 7.5><10_220m2 The pump excited state absorption coef.
from ref.[é], can be used to find k .

Ao 32 i Wz The approrcinads  Frmed Gadn bl it B °P

*These figures correspond to low excitation levels.

Analysing the contributions to the increase in threshold show
that it is dominated by the fact that at threshold the
transfer efficiency nzh~0.5. This accounts for most of the
~2.3 times increase in absorbed energy threshold between this
system <¢ii> and and an ordinary 3-level laser <¢i>. The effect
of both pump and signal excited state absorptions are
comparatively negligible. Figs.(3.4) and (3.5) show how the
rate of transfer of energy st and the transfer efficiency n,
vary with the degree of excitation nZS/NS. It is interesting

to note that we can put an upper limit on the expected slope

efficiency of n:(vs/vp)nzhzo.ss.

Despite our final aim being to produce a cw
mode-locked system, we decided, in view of the large expected
threshold power requirement, to carry out our initial
investigations using a quasi-cw pump source. This source (5ms
pulse, S5SHz repetition rate, ~100W quasi-cw power) will give
us more power 1in hand and will reduce the expected thermal

effects compared with cw pumping.

3.3 Quasi-cw Operation (see Appendix 3)
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Fig 3.3 Yb Fluorescence
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3.3.1 The Pump Laser
A diagram of the pump laser used for our initial

investigations 1is shown in fig.3.4. @n intra-cavity =3
telescope was used to obtain a high TEMOO output power. This
increased the TEMOO mode spot size within the rod, and hence
extracted more energy, [13].0utput pulses of ~100W peak
power, at a 5Hz repetition rate, were readily obtained. The
pulse duration was 5ms, which is comparable to the upper
state lifetime of the Yb:Er laser (8ms). Two glass plates at
Brewster’s angle were used to polarise the laser. This
allowed the use of a polariser and quarter-wave plate to

isolate the pump laser from the Yb:Er laser.

3.3.2 Experimental Arrangement aAnd Results

Fig3.7 shows the simple semi-spherical cavity used
to first obtain lasing. The plane pump input mirror had -99%
reflectivity at 1.54um and ~90% transmission at 1.064 un.
Placed close to this mirror was a 7.5cm long AR coated Yb:Er
phosphate glass rod. This rod was made of commercially
available, Kigre QE-7 glass. The end mirror had a 20cm radius
of curvature, and had >99% reflectivity at 1.54ium. This
cavity design allows us to vary the signal waist spot size on
the input mirror, by changing the mirror separation. The pump
beam was focussed to a ~170um waist spot size using a 20cm

focal length lens

At room temperature lasing was seen to occur at a
pump power, 1incident on the input mirror, of 64W. This
corresponds to an absorbed pump power of 10.4W. The output is
confined to a clean TEMOO mode by the constraints of the

cavity design and pumping conditions.

As stated previously, we can significantly increase
the pump absorption by heating the 1laser medium, thus
increasing the thermal population of the absorbing level. We
therefore placed the rod in a simple home-made oven and
obtained the results shown in fig.3.8. This shows how the
time difference betwsen the start of the pump pulse and the

signal pulse varies with temperature. Fig.3.9 shows
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Fig 3.8 Graph Of Time Delay Between The Start 0f The
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Fig 3.9 Pump And Signal Output Pulses
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corresponding pump and signal pulses at an oven temperature
of ~100°C. This is the safe upper limit on the temperature
for the rod AR coatings. The pump absorption at this
temperature was ~30% and the incident pump power threshold
was reduced to 32W. The absorbed pump power threshold was

therefore 8.6W, in good agreement with that found at room

temperature.

A glass plate was then placed in the cavity which
gave a known loss with angle of tilt. The power of one of the
reflections was measured and used to calculate the total
output power. The results are shown in fig.3.10. Thus we
found an optimum output coupling of 8%, fTor which the
corresponding output power was ~2.2W ( ~45mW average power ).
This was later directly confirmed using an output mirror of
the appropriate reflectivity. The incident pump power
threshold for this output coupling was ~37W and so we had a

slope efficiency of 7=13%.

From the expressions obtained in section 3.2.2 we
can calculate an expected threshold absorbed cw power of
~1.3W, where we have assumed that the signal is focussed at
the 1input end of the rod such that- it has a confocal
parameter equal to twice the length of the rod. This figure
should be multiplied by a factor of 4/3 to allow for the
quasi-cw pumping conditions, see section 3.4.1, giving an
expected threshold of ~1.7W. The difference between the
predicted (1.7W) and experimental (8.6W) thresholds will be
partly due to the fact that we have not taken into account
the overlap of pump and signal radiations. This is known to
be an important factor for longitudinally pumped lasers (for
example see [14]), and may also explain the lower than

expected slope efficiency.

In practice we have always used confocal or near
confocal pumping to minimise the pumped volume. In order to
allow a better pump-signal overlap, and to minimise the
signal mode volume in the rod, we built the spherical cavity
shown in fig.3.11. This allows us to experimentally vary the

signal spot size and its location. For a -50m pump waist
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Fig 3.10 Graph Of Output Power Against Output Coupling
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spot size at the centre of the rod, we now obtained an
absorbed power threshold of Jjust 4.5W, compared to the
theoretical value of ~0.7W (where we now assume the signal

confocal parameter is equal to the length of the rod).

It can easily be shown that (for a zero loss
cavity) the threshold absorbed power should decrease with rod
length 1 because the minimum laser mode wvolume has an 12
dependance. With this in mind we have also used a 2.5cm long
rod in the same cavity as that shown in fig.3.11. However the
best result we acieved was an absorbed power threshold of
2.1W. This 1is only a factor of two improvement on the 7.5cm
rod compared to the 9 times improvement expected. This result
may be due to the fact that this rod had Brewster angled
faces, as later experiments with a 2cm long AR coated rod

show a greatly reduced threshold, (see section 3.4.1).

3.3.3 @-Switched Operation At 5Hz
The cavity shown in fig.3.12 was used to obtain

Q-switched operation at 5Hz. We have gone back to a simple
hemispherical cavity, where we now use a 50cm curvature
output mirror (10% transmission at 1.54um) to give a cavity
length long enough to fit in two glass plates as polarisation
selecting elements, and an AR coated LiNbO3 electro-optic
modulation crystal. The crystal was orientated as shown in
fig.3.13. Lenzo et al, [15], show that when a voltage V is
applied in the X, direction the principal axes rotate by 45°
about Xy and the crystal becomes optically biaxial. The

voltage needed to cause a quarter wave retardation is given

by,
Vv = ad./ 4an°r. 1
ns2. T Nola2+s
where n, is the ordinary refractive index, r,, is the

relevant electro-optic coefficient, d1 is the thickness of
the crystal in the electric field direction, and 13 is the
length of the crystal in the propagation direction. Thus when
we apply a wvoltage Vnyz(“Q.ékV) the horizontally polarisad
light will be returned, after a double pass through the

crystal, with wvertical polarisation, and will thus be
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Fig 3.13 LiNbO3 Q-Switch Crystal
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Fig 3.14 Q-Switched Output Pulse .
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rejected by the plate polariser. In this way we were able to
hold off lasing during the pump pulse, allowing the inversion
to build up. Just before the end of the pulse the voltage is
turned off allowing a large Q-switched pulse to develop. The
~60ns FWHM pulse, shown in fig.3.14, had an energy of ~C.7mJ
indicating a peak power of ~10kW. This corresponds to ~20% of
the energy obtained in 1long pulse operation (~4ms) being
available as @Q-switched output. Observation of amplitude

stability showed fluctuations of less than 5% .

3.4 CW Operation (see appendix 4)

3.4.1 Experimental Arrangement And Results

The experimental set up used is shown in fig.3.15.
The pump laser is a Spectra Physics 3000 cw Nd:YAG laser
giving an average output power of -~7W at 1.064 m. This is
focussed to a ~70um waist spot size at the centre of the
2.5cm Yb:Er rod. The Yb:Er laser cavity is an extended
version of that shown in fig.3.11, which gave the lowest
thresholds for quasi-cw pumping. The two 6&cm lenses allow
variation of the signal spot size and location, to obtain the
optimum pump and signal overlap. The S50cm focal length lens
aided the extension of the cavity length to make it suitable
for future mode-locking experiments. The three mirror cavity
arrangement was used to allow the excess pump light to be
sent back into the Yb:Er rod for further absorption. This was
found to be a very easy and useful way of reducing the

incident pump power requirement.

Initial investigations of cw pumping had shown that
we could obtain lasing for a period of up to ~10s duration
which then rapidly faded. If the pumping was continued damage
centres formed within the rod. Gordon et al, [16], show that
the temperature Tc at the centre of a medium pumped by a

Gaussian profile beam is,

_ 2 2
T,= Ty + P 1n(3.562a"/ W.) / 4km (3.18)

where TO is the temperature at the edge of the rod (radius

a=1lmm), Pht is the power absorbed per unit length that goes
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into heating, k is the thermal conductivity, and W, is the
pump spot size. Assuming that 1—(vs/vp):o.31 of the pump
power goes 1nto heating the rod we can predict typical
temperature rises at the centre of the rod =20%C. The
temperature of the outside of the rod is determined by how it

is cooled as below, [17],

T, T.,= P,/ 2mah (3.19)

where Tcl is the coolant temperature and h is the surface
heat transfer coefficient. For air cooling h“iow/mzK and
thus we find TO*Tcl~6OO°C. Therefore the need for a good heat
sink 1is obvious. In our initial investigations the rod lay
loosely in the dural oven. To improve the removal of the
heat, and essentially fix the outside temperature of the rod
to the oven temperature, we wrapped the rod in copper foil
and ensured the oven was in tight contact with it. With these
improvements we were now able to obtain damage free cw

operation at an oven (heat sink) temperature of ~120°C.

Assoclated with the temperature distribution within the
rod will be a thermal lens. The lensing effect is due to the
combined effects of the change of refractive index with
temperature, the change of refractive index due to thermal
stress, and the thermally induced curvature of the end faces
of the rod, [18]. However we should be able to compensate for
the presence of such a 1lens through adjustment of the

intra-cavity lenses.

In practice we were able to obtain cw operation at
a threshold absorbed pump power of ~1.6W, compared to the
best quasi-cw threshold of ~2.1W. Observation of the
Er fluorsscence shows that after 5ms (the length of the
quasi-cw pump pulse) the fluorescence level is approximately
3/4 of its eventual cw level. Thus the reduction in threshold

between the two pumping schemes is Just as expected,

indicating that the losses, such as thermally induced
birefringence, have not significantly increased for cw
pumping.
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Using a 1% output coupler we found an average
output power of ~17mW, for an absorbed power of 2.7W, giving
a slope efficiency of ~1.5% . Similar output powers ( 22mW)
were found with a 10% output coupling, indicating that the
optimum output coupling is probably somewhere between these
two figures. The average power reflected off one of the
Brewster surfaces of the rod was found to be ~3.6mW when
using high reflectivity cavity mirrors. Comparing this figure
with that found for the 1% ouput coupler confirms that the
loss due to depolarisation resulting from birefringence in

the rod is very small.

Later results with a 2cm AR coataed rod with
slightly wedged ends gave a much improved performance,
suggesting there may have been something wrong with the
Brewster faced rod we used for the results above. The 2cm rod
gave the reduction in threshold we originally expected for
shorter length rods, with cw lasing now being obtained for an
absorbed power of ~500mW. Predictions based on the quasi-cuw
pumping of the 7.5cm rod would give an expected threshold of
~240mW. The difference between these two figures may be due
to the fact that the available gain will have been reduced by
a factor of 3.75 making any cavity losses a more significant

factor in determining the threshold.

Using a 10% output coupler we were now able to
obtain an output power of ~21mW for an absorbed power of
1.05W and a threshold of ~770mW, implying a ~7.5% slope
efficiency. This may be improved through selection of the

optimum output coupling.

These results suggest that a rod of ~5mm length
would have an absorbasd power threshold of <100mW. A diode
pumped miniature Nd:YAG laser operating at 946nm would be
very well absorbed by this 1length of rod, see fig.3.2,
implying that it could be used to pump such a laser. Heumann
et al, [19], have recently reported on the cw operation of an
Er>? fluoroaluminate glass at 1.6um, using the 4113/2—>:}15/2
transition. In their case they have co-doped with Cr and

3 . . .
vb> " 1ons to allow pumping with a krypton laser at 647.1nm.
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Although output powers of Jjust ~2mW Wwere gobtained, it 1is
interesting to note that they have acheived a very low
absorbed power threshold (~80mW) by using a very short rod
(1=4mm), suggesting that our above predictions are not
unreasonable. An alternative way of obtaining very low lasing
thresholds is to go to a fibre laser configuration, as will
be discussed in section 3.5. Thus the choice of which variety
of Yb:Er laser is to be used, (large Yb:Er rod [ ~few cm],
miniature Yb:Er rod [~few mm], or fibre laser), depends on
which combination of threshold and available output power
meets the requirements of the particular application being
considered. In our case, the results obtained for cw Nd:YAG
pumping of the bulk 2cm long rod are seen as a very promising
route to obtaining a mode-locked source suitable for
non-linear propagation studies in optical fibres, including

the possibility of a soliton laser.

3.4.2 High Repetition Rate Q-Switched Operation

Preliminary results for the high repition rate

Q-switching of the cw pumped Yb:Er laser were found, using
the Brewster faced rod and a 1% output coupler, by simply
introducing a chopper in the "signal arm” of the cavity, as
shown in fig.3.15. Using this part of the cavity does not
interfere with the pumping conditions, as would happen
anywhere else due to the blocking of the pump Tfeedback
mirror. Q-switched operation, at repetition rates up to
~125Hz, gave peak output powers of ~25W in ~750ns FWHM
duration pulses. Fig 3.16 shows a time exposure of several
output pulses 1indicating a reasonable pulse to pulse

amplitude stability (<10%).

3.5 An Yb:Er Fibre Laser (see appendix 5)
It was hoped that a sample of the Kigre QE-7 glass,
used in the bulk experiments, could be pulled down into the

form of a fibre, so that any results obtained could be

directly compared to those found for the bulk rod.
Unfortunately this has proved to be a technically difficult
operation and such a fibre is not, as vet, available. However
recent developments in the fabrication of rare-earth doped

optical fibres, [20], has made possible the production of
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Fig 3.16 Time Exposure Showing Several Q-Switched

Output Pulses
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fibres with sufficiently high doping levels to allow good ion
to ion transfer efficiencies. Thus M.E.Fermann and
J.E.Townsend of the Department of Electronics and Information
Engineering, Southampton University, were able to produce a
silica based fibre with Yb" ' and Er°’ concentrations of ~1.7%
and ~0.08% respectively. The 4.6um core diameter (2a) Tibre
has a cut-off wavelength (lc) of 1.5um, ensuring single mode
operation at the signal wavelength and good launch efficiency

at the pump wavelength.

The 1lasing characteristics of this fibre were
investigated using the cavity shown in fig.3.17. The input
mirror had a 98% reflectivity at the signal wavelength and
was highly transmitting at the pump wavelength. The output
couplers used had reflectivities of 90% and 73% at the signal
wavelength. These mirrors were butted directly onto the ends

of the fibre forming a simple low loss cavity.

The laser characteristics change with the length of
fibre used because of the laser’s 3-level nature. Figs.Z.18
and 3.19 show the results obtained with a multi-mode version
of the fibre (lc:2.6ym, 2a=8.4un) which was used in initial
investigations before the single mode fibre was available.
Fig.3.18 shows that the absorbed power threshold increases
linearly with length due to the linearly increasing number of
Er3+ ions that need to be pumped up to achieve inversion.
However the incident power threshold goes to a minimum at a
length approximating to one absorption length, due to the
fact that with decreasing fibre length less and less pump is
actually absorbed. Fig.3.19 shows how the signal wavelength
varies with fibre length. The shift, from 1.568mm at 2.8m to
1.549um at 25cm, results from the fact that there is a small
splitting of the Er3+ ground state. Although the gain is
greater fTor the pure 3-level transition, at 1longer fibre
lengths the required pump power to invert half of the Er3
ions becomes very large and the laser shifts to the longer

wavelength quasi-four level transition, [21].

The results obtained for the single mode fibre are

summarised in table3.2.
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Fig 3.18 Graph Of Threshold Power Against Fibre Length
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Fig 3.19 Graph Of Qutput Wavelength Against
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Table 3.2

91lcm length, 27%|84cm length, 10%
output coupler output coupler
Threshold launched power 16mW 12mWW
Threshold absorbed power 8.0mW &.6mW
Slope efficiency
(w.r.t. absorbed power) 4.2% 2.8%
Signal wavelength 1.56um 1.56um

These results clearly show the advantage of going to a fibre
laser configuration where, due to its guiding quality, we
have a very small pumped volume and a good overlap of pump

and signal radiations.

Fig.3.20 shows the output versus input
characteristics of this laser. The saturation of the output
at high pump powers 1is believed to be due to the observed
saturation of the pump absorption. Thus it is clear that
higher output powers are obtainable, at the expense of a
higher threshold, by using longer lengths of fibre which will

not saturate so quickly.

The thresholds are well within reach of
diode-pumped miniature Nd lasers. Indeed such operation has
subsequently been demonstrated, [22], using both miniature
Nd:YAG and Nd:YLF lasers. The results that we have obtainead
compare favourably, especially in terms of slope efficiency,
with the only previously reported Yb:Er fTibre laser, [23],
despite having lower doping levels. It should also be noted
that pumping with a Styryl 9 dye laser at 820nm, [24], can
give eaven better results (3.7mW threshold, 7% slope
efficiency), indicating that direct diode pumping should be

possible.

3.6 Summary
In summary we can say that we have shown that the

Yb:Er glass laser 1s a versatile source of radiation at
~1.5um, that can be operated in a bulk or fibre

configuration. Combining this with the fTact that it can be
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conveniently pumped by Nd:YAG lasers, makes it a very
promising source for studies of non-linear propagation in the

negative dispersion region of optical fibres.

We have also shown that the simple rate equation
model for the transfer system gives fair agreement with the

observed results.
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4. MODE-LOCKING QF Yb:Er GLASS LASERS AND THEIR USE FOR
NON-LINEAR PULSE PROPAGATION STUDIES IN SILICA OPTICAL FIBRES

4.1 Introduction

Having described the basic operation of the ~1.5um
Yb:Er glass laser in all its various forms, we will now
consider the mode-locking of this laser such that it produces
short pulses of 1light with sufficient peak power to study
non-linear pulse propagation in the low 1loss part of the

negative dispersion region of silica optical fibres.

4.2 Mode-locking Of The Yb:Er Glass Laser

We will firstly give a brief general discussion of
mode-locking 1in an inhomogeneously broadened laser system
such as a glass laser, before going on to describe our own

results.

4.2.1 Mode-locking Of Inhomogeneocusly Broadenad Lasers

The resonant frequencies (longitudinal modes) of a
Fabry-Perot type laser resonator correspond to the situation
where a wave making a complete round trip inside the
resonator returns with the same phase except for some

integral multiple of 27. Thus the mode. separation is given

by,

(x)s = TIC/]. (4-1)

where 1 1is the optical cavity length. The total optical
electric field at an arbitrary point inside the resonator

will be the summation of the individual oscillating modes,

E(t) = ZEmexp {i[(w0+ mws)t + ¢m]} (4.2)

where w0, is an arbitrary reference mode frequency and ¢m is

the phase of the mth mode.

If we now consider the case of N equal amplitude
oscillating modes that have somehow been pulled in phase with

each other such that ¢m:0 we obtain,

76



m=+{(N=-1>/2

E(t) o Z exp {i(wo+ mws)t}

m=-(N-1>/2

I
m

sin{New t/2)
exp(io t) E, ———————i (4.3)
sin(wst/z)

where ®, is now the central mode frequency. Thus E(t) behaves
like a sinusoidal carrier wave at frequency @, whose
amplitude 1s varied in time according to egn.(4.3). The

output power will be given by,

P(t) « —==-s——-=mmmmo (4.4)

Fig.4.1 shows the time behaviour of the laser output for
N=10. The signal 1is periodic in the round trip time T=21/c
and the pulse duration, defined by the time from the peak to
the first zero, 1is 7=T/N. The number of oscillating modes is

N:Aw/ws, where Aw is the oscillating linewidth. Thus,
T ~ 2n/Aw = 1/Av (4.5)

Since the oscillating bandwidth cannot exceed the gain
bandwidth, the shortening of the pulses is fundamentally
limited. ITf the same proceedure is carried out for randomly
varying phases the output consists of a set of a set of much
weaker random impulses. Thus the signal is noise-like but it

is still pericodic in the round trip time, [1].

In practice the modes will be brought into phase
with each other by the use of the active mode-locking
techniques of amplitude (aM), [2,3], and phase (FM), [4],
modulation.

1) Amplitude Modulation:
If an amplitude modulator is placed inside a laser

cavity such that the 1losses are modulated at the mode
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separation ©_, it is then reascnable to expect that short
pulses will be produced that pass through the modulator at
its point of maximum transmission. In the frequency domain we
can say that each oscillating mode mq aquires sidebands at
wths. Thus these sidebands Tall on the adjacent modes,
tending to couple them together by "injection locking”.

ii) Phase Modulation:

In this method of mode-locking it is the cavity
length that 1is modulated at the mode separation freguency.
The easiest way of explaining how this produces a pulsed
output 1is to realise that this 1is equivalent to the end
mirror moving backwards and forwards at ©_. A wave striking
the mirror while it 1s moving will suffer successive Doppler
frequency shifts on esach round trip, pushing it out of the
gain bandwidth. However a short pulse striking the mirror at
either of the turning points will merely suffer a spectrum
broadening frequency chirp rather than a general shift. Thus

there are two possible short pulse operating points.

The mode-locked behaviour of a laser will also
depend on whether it 1is homogeneously or inhomogeneously
broadened. In the latter case each mode within the gain
profile reaches threshold independently causing spectral
"hole-burning” as the gain at those particular freguencies
saturates to the losses. Thus we can have oscillation on a
large number of longitudinal modes and the active modulator
has merely to lock them together in phase, which requires a

relatively small modulation strength.

However 1in a homogeneously broadenad system the
laser system tends to oscillate on one or, due to spatial
hole burning, Jjust a few longitudinal modes. Thus the active
modulator must take on a much stronger role in creating the
modulation sidebands and broadening the oscillating spectrum.
This leads to a quite different dependance of the pulsewidth
on the strength of modulation and the gain bandwidth.
Kuizenga and Siesgman, [5]1, have derived an analytical
expression for the pulsewidth in such a system, assuming a
Gaussian pulse shape, finding that a steady-state solution 1is

obtained when the spectral broadening of the modulator is
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balanced by the spectral narrowing of the gain medium. They

give,

174 1/2

Tp(homog) S it e B (4.6)

where 9, is the saturated gain coefficient at line centre, v

13

is the modulation frequency, Avg is the gain bandwidth, and &
represents the modulation strength. For typical operating
values of g, and 8 (say 0.1 to 1.0) the factor (90/6)1/4 is
near to unity. Thus the pulsewidth is given by, [1],

0.5 0.5
Tp(homog) -~ "“‘"“*“‘*“—I;E- ~ —-——I;-z-___ (4_7)
(v v ) Ny .

where NO~Avg/vs is the total number of modes in the gain
bandwidth. Unfortunately no such analytical expression has
been found for an inhomogeneously broadened system but

the limiting pulsewidth valus can be expressed as, [1],

0.5 0.5.
v (inhomog) =~ ----- e (4.8)
P Av N »

g 0 s
where, 1in comparison to eqgn.{4.5), we have now assumed a
Gaussian pulse shape. Thus we typically expect the pulsewidth
in a homogeneously broadened system to be significantly
larger than the gain bandwidth limited wvalue of ~O.S/Az-g.
Whereas 1in an 1inhomogensously broadened system we would
expect to be able to approach this limit if we were able to
get enough of the spectrum above threshold in the first

place.

Using such active mode-locking techniques on cw
pumped Nd doped glass 1lasers has recently given pulses of
<10ps duration, [6-8], and there would appear to bs no reason
why similar results could not be obtained with the Yb:Er

glass laser.
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4.2.2 A Quasi-cw Mode-locked Yb:Er Glass Laser

(see appendix &)
Using the pulsed Nd:YAG pump laser described in
section 3.3.1 we set up the apparatus shown in fig.4.2. The

resonator design needed to satisfy three major requirements,

(1). A small signal spot size at the plane input mirror to

minimise the signal mode volume in the Yb:Er rod and give

good overlap with the pump.

(2) .A collimated beam through the acousto-optic mode-locker,
to give optimum diffraction efficiency and allow the tuning

of the cavity length without significantly affecting ths

laser performance.

(3). Matching of the cavity length 1 to the fixed modulation
frequency of the mode-locker /2, (1~115cm, ©/2 ~65MHz).

These requirements were readily obtained through the use of a
40cm focal length lens which was AR coated at 1.5un, placed
~40cm from the input mirror, as shown in fig.4.2. This gives

a ~170um waist at the input mirror and -a O0.8mm waist at the

output mirror.

The acousto-optic modulator was a 7cm long fused
silica slab originally designed for use in a Nd:YAG laser
with wedged ends AR coated at 1.0&é4mm [Intra Action ML-&7J].
However it was found to also have low loss at 1.54pmm and,
with a pulsed rf drive power of 7W, it could give an average
power, diffraction efficiency of 50%. Two fused silica plates
set at Brewster’s angle selectead the correct linear

polarisation state for the mode-locker.

Due to the good stability of our cavity design we
were able to obtain lasing with the mirror placed on either
side of the mode-locker. Thus by placing a (non-wedged)
mirror before the mode-locker, we were able to optimise the
diffraction efficiency with it outside the laser cavity. This

mirror was then removed and the {(wedged) output mirror was
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positioned on the other side of the mode-locksr such that the

resonator length was matched to the modulation frequency.

Two resonator length positions were found where
driven relaxation oscillations occured for the entire
duration of the laser output, as described by Kuizenga, [9].
Optimum mode-locked performance was Tound at a resonator
length mid-way between these two points. Fig 4.3(a) shows a
typical output pulse train envelope, with an overall duration
of ~3ms and initial relaxation oscillations decaying away 1in
~2ms. Fig.4.3(b) shows the driven oscillations observed when

the cavity length is detuned.

Using the autocorrelation procedure described in
section 2.4.2 we obtained smooth autocorrelation traces of
~70ps FWHM duration, assuming a Guassian pulse shape. Fig4.4
shows a typical result, where the detection system is
triggered such that the pulsewidth 1s measured over the
latter part of the output pulse envelope, where the
relaxation oscillations have died away. Using a scanning
Fabry—-Perot interferometer we found a corresponding bandwidth
of ~8GHz. Thus we had a pulsewidth-bandwidth product of ~0.6,
comparable to that expected for bandwidth limited Gaussian
pulses (0.44). With a 10% output coupler, average output

powers of ~3.2mW were obtained, corresponding to peak powers

of ~20W.

The input mirror was neither wedged or AR coated
(unlike the output mirror,mode-locker,and Yb:Er rod), and,
despite its high reflectivity at 1.54 un, produced readily
detectable etalon effects. Observation of the output spectrum
with the Fabry-Perot interferometer showed that, when the
cavity length was very slightly detuned, the output consisted
of two ~8GHz FWHM frequency bands separated by ~30GHz. The
output seems to oscillate between the two Tfrequencies as
shown in fig.4.5. Fig.4.6 shows a corresponding
autocorrelation trace. The modulation on the mode-locked
pulse seems to correspond to beating between these two
frequencies. The separation of the frequencies also sesems to

correspond to the transmission peaks of a ~3mm thick etalon,
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Fig 4.5 Time Behaviour Of The Two Oscilating Frequencies

FREQUENCY 1

FREQUENCY 2
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which is the thickness of the input mirror. However, at the
optimum mode-locking cavity length one of the frequency bands
is suppressed and we obtain the smooth autocorrelation trace
shown in Tig.4.4. Thus, despite the presence of this
etalon, we have seen a reasonable mode-locked performance,

obtaining bandwidth limited ~70ps FWHM duration pulses of
~20W peak power.

Using the cavity shown in fig.4.7 we were able to
increase the available output peak power to -~S0W by feeding
back the left-over pump power fTor further absorption. The
output pulse envelope now lasts for ~4ms with 1initial
relaxations decaying away in ~1lms. Autocorrelation

measurements show the pulsewidth to be unaffected by this

change in cavity design.

If a wedged and/or AR coated pump input mirror were
used it might be possible to significantly extend the
mode-locked bandwidth and so obtain shorter pulses. For
instance, 1if mode-locked oscillations could be obtained
throughout the region separating the two currently observed
frequency bands (~30GHz), we could expect pulses of ~20ps

duration.

4.2.2.1 Mode-locked And @-Switched Operation

Mode-locked and Q-switched operation at 5Hz was

obtained with the same cavity as shown in fig.4.2 except for
the addition of an AR coated LiNbO3 crystal between the
polarising plates and the intracavity lens. In contrast to
the simple Q-switched operation described in section 3.3.3,
the voltage applied to the crystal is carefully adjusted to
allow a small level of "pre-lasing” to occur, [8], before the
voltage is turned off and the large @Q-switched pulse
develops. The "pre-lasing” period of ~2ms provided sufficient
time TfTor the mode-locker to establish a stesady-state pulse
duration. In this way we wers able to obtain a -~300ns FWHM
duration Q-switched envelope of mode-locked pulses. Fig.4.8
shows a typical autocorrelation trace, giving an ~85ps FWHHM
pulsewidth, assuming a Gaussian pulse shape. Measurements

with a pyroelectric energy meter, taking care to subtract the
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pre-lase contribution, showed Q-switched pulse energies of
~70pJ, 1indicating that peak powers of ~20kW were now

available.

It should be noted that if a similar cavity to that
shown in fig.4.7 were used, it would be reasonable to expect
a similar improvement 1in peak power, i.e. peak powers of

~50kW could be available.

4.2.3 A Mode-locked Yb:Er Fibre Laser (see appendix 7)
Using a ~60cm length of the Yb:Er doped fibre

described in section 3.5, we set up the apparatus shown in
fig.4.9. Following the approach of earlier workers, [10,11],
we now decided to use the technique of F.M. mode-locking,
[4], as described earlier. It should be noted however that it
should also be possible to apply A.M. mode-locking to such a

laser (for example see ref.[12]).

The phase modulator used was a 3cm long LiNbO3
crystal with Brewster angled, 3mm by 3mm faces. It was
mounted in a resonant LC circuit housing and the 98.5MHz rf
signal was applied by inductive coupling. The signal
polarisation and the applied voltage were chosen to be
parallel to the crystal z axis in order to utilise the
largest available electro-optic coefficient, Fya-

Unlike the fibre used in ref.[10], our Tibre was
not polarisation preserving. Thus, in order to allow the
required polarisation of the signal, it was necessary to
induce some birefringence in the fibre. This was achieved by
wrapping a single loop of the fibre very tightly around a 3cm
diameter disc, [11,13]. wWhen the polarisation selecting
element (the Brewster faced modulator) was in the cavity we
found that we could minimise the laser threshold by twisting
the disc, as shown in fig.4.10. Thus, through stress induced
birefringence, we seem to be able to obtain some control over

the polarisation of the light exiting the fibre, [14,15].

The pump light (limited to ~300mW to avoid damage

to the input mirror) was focussed into the fibre with a X110

91



JA0DS ONITTdHVYS
GNY Jd0LD2313d LSvd

¢ — \//

NOTYLJI

11an
ONINHDLVH

X3ANI

J _ — JIdCrd 93 9K

- < g
FOLVTINGOH TSVid \\ \¥ _
OANT 0Tx 0Tx
T0YLNOGD NOILYSIAVTOM
_ w”///// @g .
DYX PN AD NOILVANILLY NO1LYTOSI
107eUOSBY Jase] 94qlid4 JI19A PMOOT-8poW 67 BTd

92



Fig 4.10 polarisation Control
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microscope objective through the wedged input mirror. The
fibre was butted against the input mirror, and an overall
launch efficiency of ~50% was achieved. ~35% of the launched
light was absorbed by the fibre. Signal radiation from the
other end of the fibre was collected by the intra-cavity X10
microscope objective, and focussed to an ~85um waist spot

size on the plane, wedged, 95.5% reflectivity output mirror.

In order to supress the possibility of an etalon
caused by the two 4% reflections off the ends of the Tibre,
[10], the unbutted end was held in a cell containing index
matching liquid. However, both the cell window and the
intra-cavity microscope objective were not coated and may
have been the source of unwanted etalon effects. In order to
stabilise the lasing bandwidth we introduced a 0.25mm thick

uncoated etalon as the final cavity element.

An InGaAs fast photodiode (G.E.C. Hurst prototype)
was used in conjunction with a sampling scope to monitor the
output pulsewidth. The combined rise-time of the detection
system was ~60ps. For r.f. powers of ~O.5W we were able to
obtain a stable cw mode-locked output train. Fig.4.11 shows a
picture of a typical sampling scope train, where the baseline
structure is a result of the detection system used. Measured
FWHM durations were typically ~90ps, indicating actual
pulsewidths of ~70ps. Using a scanning Fabry-parot
interferometer we found a corresponding bandwidth of ~11.5GHz
giving a time-bandwidth product of ~0.8. Kuizenga and
Siegman, [5], show that the time-bandwidth product for F._M.
mode-locked pulses is 0.626 (assuming a Gaussian pulse shape)
for perfect tuning of the cavity 1length. The product 1is
larger than in the loss modulation case due to a frequency

chirp on the pulse.

as stated earlier (section 4.2.1) there are two
possible operating points for the production of a mode-locked
output train (at the maximum and the minimum of the swept
cavity length). This was confirmed experimentally but we also
found that it was possible to obtain stable single pulse

operation.
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Fig 4.11 Mode-locked Output Pulse
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The average output power was fTound to be “O.1mW,
indicating peak powers of ~15mW. In section 3.5 we found
average output powers of nearly 1lmW for an Yb:Er fibre laser
with butted mirrors. The drop 1in power in going to the
mode-locked system is due in part to the use of uncoated
intra-cavity elements (the index matching cell window and the
microscope objective), and the fact that we had to use a
shorter length of fibre so that we could match the cavity
length to the modulator frequency. There would also have been
losses off the Brewster faces of the modulator, as the cavity
was not completely linearly polarised. Thus, through the use
of better quality optics and polarisation preserving fibre,
we might expect an order of magnitude improvement 1in
available output power. Indeed later work by P.Suni (appendix
7), using an AR coated index matching cell window and a
polarisation controller specifically designed for operation
at 1.5um, led to increased peak output powers of -~90mW and a
polarisation extinction ratio 1in excess of 100:1. The
corresponding intracavity peak power is now ~2.0W which, with
the possibility of further enhancement through @-switching,
may lead to interesting non-linear effects in the fibre
lasing medium. This possibility will be dealt with in mores

detail in section 4.3.

another way of reducing the cavity losses (by
allowing the use of mirrors butted to the ends of the fibre
as in section 3.5) would be to use a modulator applied
directly onto the fibre itself, [16], as has already been
demonstrated with Nd doped fibres, [17].

4.2.4 A CW Mode-locked Yb:Er Glass Laser

Following the successful F.M. mode-locking of the

Yb:Er fibre laser described in the previous section, we
decided to also use this technique with the bulk cw Yb:Er

laser. Fig.4.12 shows the cavity used in this experiment.
Once again we used the Spectra Physics 3000 cw
Nd:YAG laser as the pump source. The cavity is the same as

that described in section 3.4 (using the 2cm long AR coated
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rod), except for a 20cm focal length lens which is used to
focus down the signal mode, through the LiNbO3 phase
modulator, to a ~150um waist at the output mirror. Both the
rod and the input and ocutput mirrors were wedged in order to
avoid unwanted etalon effects. The detection system used is
the same as that described in section 4.2.2, and has a

combined rise time of ~&0ps.

Using a 1% output coupler we obtained the results
shown in fig.4.13 for rf powers of ~0.9W. Fig.4.13(a) shows a
typical output pulse with a measured FWHM duration of 90ps
indicating actual pulsewidths of ~70ps. Fig 4.13(b) shows a
train of pulses (detector limited) with pulse separation of
~10.6ns corresponding to the rf modulation frequency of
94 _.2MHz. Output powers of ~13mW were obtained, which was only
slightly less than that obtained without the mode-locker in
the cavity (~16mW). Thus peak output powers of ~1.9W were
available. Fig.4.13(c) gives an indication of the pulse train
stability, with amplitude fluctuations of ~20% being
typically observed. This instability may have been due to
vibration in the mountings of the numerous cavity elements,
with similar fTluctuation being observed for pure cw
operation. Unfortunately bandwidth measurements were not
taken but it was observed that the addition of a 0.25mm thick
uncoated etalon, as used in the mode-locked fibre laser,

caused no observable effect on the output pulsewidth.

These results indicate that for mode-locked
operation we can obtain similar output powers to those found
for cw operation. Thus from the results of section 3.4.1 we
might expect to be able to obtain slope efficiencies of 7%
for a ~10% output coupler. This would allow the production of
much higher peak output power pulses 1if a slightly more

powerful pump laser were available (see fig.4.14).

Thus we have achieved one of our main objectives ;
the demonstration of cw mode-locked operation in the bulk
Yb:Er glass laser. With pulsewidths of ~70ps and peak powers
of ~2W currently available, this source is thought to be a

potentially useful research tool for ‘the study of soliton
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Fig 4.13 CW Mode-locked Output
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Fig 4.14 Theoretical Plot Of Peak Output Power Against
Pump Power For A 10% Output Coupler
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effects. This potential is enhanced by the prediction that
peak powers of ~10W could be achieved with the slightly more
powerful pump lasers (~10W) that most communications
research laboratories possess. This laser also has the
capability of being efficiently @Q-switched which, combined
with mode-locking, could lead to peak powers of the order of

1o4w at repetition rates of up to ~100Hz.

4.3 Non-linear Pulse Propagation In Optical Fibres

We have successfully shown how mode-locking of the
Yb:Er glass laser, in bulk or fibre form, can lead to the
production of short bandwidth limited pulses in the 1.5um
spectral region. We will now consider the use of these
sources Tfor studies of non-linear effects in silica based
fibres with emphasis on the possibility of obtaining soliton

propagation and pulse compression.

4.3.1 Non-linearity And Pulse Compression
The possibility of pulse nparrowing and soliton

propagation arises from the fact that the refractive index n

is intensity dependent, as below,

n=n+nI (4.9)

- .. - 2 -
where n, 1s the Kerr coefficient (= 3.2x10 20m W ! for

silica). For an electric field of phase € we have,

e = wot - kz

w,t - © n,z / c - w,n,z I/ ¢ (4.10)
Thus the instantaneous frequency is given by,

©, = de/dt = @, = (monzz / ¢) di/dt (4.11)
This effect is known as self-phase modulation, [18], and for
a pulsed intensity it can lead to a frequency chirp and the

broadening of the spectrum as shown in fig.4.15. Thus the
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pulse tends to have low frequencies in its leading edge and
high frequencies in its trailing edge. ITf this chirped pulse
is in the negative group velocity dispersion region (A >
1.3um for standard silica fibres), then the high frequency
components will tend to catch up with the low frequency

components, leading to pulse compression.

4.3.2 The Non-linear Schrodinger Equation

In order to advance beyond this simple explanation
and achieve a description of soliton propagation we need to
write down the appropriate differential equations. Following
Haus, [19], we assume that an optical field e(z,® is

propagating along a single mode fibre such that,

de(z,w) / 8z = -iB(w)e(z,w) (4.12)

where B(w) 1is the propagation constant. If the spectrum 1is
sufficiently narrow and centred around a carrier frequency

@, we can expand 8(w) as below,

dB d’s ,
B{w)= B(mo)+ -———|(w - wo)+ (1/2) -==3- (o - wo) + 883 (4.13)
dw -

where 83 1is the change in propagation constant due to an

index perturbation dn. Thus,

de di 2
=== ==i{B(e0 )+ |-~ (0 = 0 )+(1/2) |---3- (o - wo) +08 |e
8z de

...(4.14)

As the narrow spectrum is centred around a carrier frequency

©, it is convenient to express the field as a function of

(0 - 0,),

e(z,w) = E(z,w—wo) exp [—iB(wo)z] (4.15)
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where E(z,w—wo) is the slowly varying, complex, wave

envelope. If we compare eqns.(4.14) and (4.15) we obtain,

FE(z,0-0,) dB d’s
- = —if|=—m= |0 =0, )+(1/2) |---5- [ (0 -0 ) +88 |E(z,0~0)
8z dw

...(4.16)

Using the relation,

an
[i(w - coo)]n E(z,w—wo) = F.T.{———;E(z,t)]
at

we can obtain the inverse Fourier transform of eqn.(4.16),

3 8 a’s 8%E(z,t)
e 4 (/v )mmm [ECz,t) = (1/2) |5 | |-opm e
8z at

- i8BE(z,t) (4.17)

where E(z,t) is the space-time-dependant envelope defined by
e(z,t)zE(z,t)exp{—i[B(wo)z—wot]}, and ‘(i/vg):(dB/dw) is the
inverse group velocity. If we now identify the index
perturbation as being due to the non-linear refractive index,

such that SBm!Elz, we then have,

P 3 a’g 3’E(z,t)
e+ (/v ) Bz, E) = (3/2)|-m5- | |om
8z 8t

~ ixlECz,t) 1PE(z,t) (4.18)

where ¥ is a constant dependant upon the single mode fibre

used.

In egn.(4.18) we can identify the two terms on the
right hand side as due to group velocity dispersion and

self-phase modulation respectively. For the case of negative
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group velocity dispersion (dZB/d02<0), and a pulse that is
convex upwards (azE/at2<o over ths centre portion of the
pulse), it 1is possible to balance the dispersive and
non-linear terms. It 1is then found that the pulse can
approach a limiting pulseshape which does not change further
with distance. This corresponds to the lowest order soliton
solution of eqn.(4.18), which has the form of the non-linear

Schrédinger equation (NLSE).

4.3.3 Solitons

Hasegawa and Tappert, [20], first considered the
non-linear propagation of optical pulses in monomode fibres,
and derived the NLSE for the slowly varying pulse envelope
(egn.(4.18)). This equation is known to support soliton
solutions, [21,22], i.e. the solutions, which are
characterised by a certain amplitude and pulseshape, can
either propagate with a constant pulseshape or display a

periodic oscillation through a set of recurring pulse shapes.

The NLS can be reduced to a dimensionless TfTorm

through the following simple transformations, [23],

t’= (1/7)(t - Z/vg) . (4.19a)
dZB z
P P e (4.19b)
de? T2
2 1/2
d B
u = T e |- (4.19¢)
2
do

where T is a scaling factor related to the pulsewidth. Thus

we arrive at,
du azu 5
il-—---1] = (a/2) =g + lul’u (4.20)

where a=-1 for positive dispersion and a=+1 for negative
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dispersion. This equation was studied analvtically by Satsuma

and Yajima, [22], with the initial condition,
u(z’=0,t’) = Nsech{(t’) (4_.21)

and it was found that solitary solutions are obtained for
integer wvalues of N. The fundamental, N=z1, solution
corresponds to an unchanging (sech) pulseshape as discussed
earlier. For N<1 the dispersion term dominates, with
consequent pulse broadening with propagation. For N>1 the
pulse shape is periodic in z’=#/2 and will always initially
undergo pulse compression. Direct 1large scale numerical
solutions of the NLSE have proved to be practical up to N4
before they become Jjust too large and time consuming (even on
very powerful computer systems). However solutions up to N~20
have been obtained, [24], for the exact N=integer case using
the method of ref.[21]. As an example of how the development
of the pulseshape with propagation becomes much more
complicated for higher order solitons the reader should
consult fig.2 of ref.[25], which shows the development of the

N=4 soliton over the range z’=0 to z’=2w.

If we now transform these results back into "real
world"” dimensions it is found that the peak power required to

propagate the fundamental N=1 soliton is, [21],

P = 0.776 -—z-——-z- A (4.22)

where 7 (=1.76T) is the FWHM duration of the input pulse,
Aeff is the effective core area of the fibre, and D is the
fibre dispersion parameter given by dzﬁ/dw2=0k2/2nc- We can

also see that the soliton period is,
22 2
z, = 0.322x"ct”/ A7 IDI (4.23)

and that the peak powers required for higher order solitons

are related to P1 via,
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P. = NP (4.24)

4.4 Experimental Demonstration Of Soliton Pulse Compression

The first experimental observations of soliton
pulse compression in optical fibres were made by Mollenauer
et al in 1980, [23], while experimental confirmation of pulse
restoration at the soliton period came a few years later in
1983, [26]1. For our initial demonstration of soliton pulse
compression we decided to use the quasi-cw mode-locked Yb:Er
laser described in section 4.2.2. This version of the Yb:Er
laser has given us the most stable and powerful train of
mode-locked pulses to date and was thus ideally suited to

soliton experiments.

Fig 4.16 shows the experimental set up. The Yb:Er
laser output consisted of a 4ms train of 70ps FWHM duration
pulses, with initial relaxation oscillations decaying away in
~ims. Peak output powers of ~50W were available and after
some beam steering optics and launching into the fibre we
were left with peak powers of 9W. Using eqns.(4.19),(4.20)
and (4.21) we find the following,

P1 = 9.7mW
z, = 124Kkm
N = 30

Where we have used typical single mode silica fibre values
for D (-16x10"°sm™?), A___ (1x10”'°m®) and n, (3.2x10*°).
Dianov et al, [27], have estimated that an N=30 soliton
should give an optimum compression of ~120 times, at a
distance of "0-0lzo. The order of magnetude of these
estimates can be confirmed by assuming a linear continuation
of the curves of fig 1 in ref [24]. This estimate also leads
us to expect that ~0.1 of the original energy will be
contained within the compressed pulse. Thus, after ~1km of
fibre, we might expect to obtain pulses of ~600fs duration

with peak powers of ~100W.
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In practice we use a 1.025km length of HiBi fibre
as shown in fig 4.16. This fibre had a cut off wavelength of
1.45um and an attenuation of 1.2dB/km at 1.54um. It should be
noted that our predictions are based on a lossless fibre and
that loss will tend to broaden the soliton pulse (see ref
[25], section 5.2, and references therein). We decided to use
polarisation preserving fibre in order to avoid the effect of
intensity-dependant birefringence. This effect can lead to
the high intensity compressed pulse becoming differently
polarised to any low intensity pedestal present. As the
autocorrelator is polarisation sensitive this would lead to a

false picture of the pulse shape, [24].

Fig 4.17 shows a typical output autocorrelation
trace ( using a 1mm LiIO3 second harmonic crystal) and the
corresponding frequency spectrum. It would appear that a very
short pulse has developed together with a low-level
background pedestal which has a similar width to the original
input pulse. Assuming a sech2 shape we Tind the compressed
pulse has a FWHM duration of Jjust 430:x10fs representing a
very large single stage compression factor of ~160 times.
From fig 4.17(b) we can see that the spectrum has developed a
long wavelength Stokes wing. These results agree very well
with those of Dianov et al, [27]. They also launched pulses
with enough peak power to propagate solitons of around N 30

and used fibre length corresponding to the point of optimum

compression.

The development of the Stokes wing can be explained
by considering the interaction of the pulse bandwidth with
the Raman gain of the silica fibre. Stolen et al, [28], have
shown that silica fibres have a continuous Raman gain curve
which stretches from frequency shifts of O to more than
1000cm“1, with the main peak at 44Ocm—1. Thus as the launched
pulse begins to compress, and its spectrum is correspondingly
broadened through self phase-modulation, part of the spectrum
falls into the region of stimulated Raman amplification. Thus
there is a "gain gradient” favouring the lower frequency part
of the spectrum. In this way a continual channeling of energy

from shorter to longer wavelengths is established. This
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effect has been called the soliton self-frequency shift
{SSFSs), [29,30]. A more complete explanation, both
theoretical and experimental, is given by Beaud et al, [31],
who show that an ultra-short pulse is formed from the Stokes
wing which then separates both spectrally (due to the SSFS)
and temporally (due to group velocity dispersion) from the
remains of the input pulse. The ultra-short pulses are
fundamental solitons and are free from a background pedestal.
In fact this process limits the formation of very high order
solitons, causing them to decay into one or more (depending
on the input power and propagation distance) fundamental
solitons at different wavelengths. Our results correspond to
the onset of this behaviour and the autocorrelation we have
obtained will contain information about both the initial and
any Stokes pulse formed, (the spectral width of the second
harmonic generation will be ~100nm due to the tight focussing

of the light into the crystal).

Under similar conditions Dianov et al, [27], found
the Stokes wing to contain such a fundamental soliton pulse.
In order to make such a measurement one would need to send
the autocorrelation second harmonic signal through a
monochromator to select the specific part of the spectrum
which is of interest. Unfortunately our detection system was
not sensitive enough to allow this improvement. However it is
not unreasonable to assume that we have generated a Stokes
pulse of around ~400fs duration. This pulse would be a
fundamental soliton and would thus have a peak power of

~300W.

This is as far as our initial experiments have
progressed, however one simple way of obtaining further
compression and studying the propagation of 1lower order
solitons in the Tfemtosecond region would be to launch the
fundamental soliton we have already obtained into a
dispersion shifted fibre, [32]. For instance if we chose a
fibre such that D=-1x10 °sm”? then from egns (4.22) and
(4.23) we find,

P, = 19W
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z, = 65m
where we have assumed T=400fs. Thus with a launch efficiency
of ~50% (i.e. initial peak powers of ~50W), we could
propagate solitons of up to N-3 with optimum pulse
compression factors of 8.4 , [24], giving pulsewidths down to
~50fs. The relatively small value for z_ would also allow a

0
more careful study of pulse shape versus propagation length.

It should be noted that there is an eaven simpler
route to these single pass soliton pulse compression studies
avoiding the need for an Yb:Er laser {(or colour-centre laser)
altogether. Grudinin et al, [32], have shown that by
launching a 1.06um mode-locked and Q-switched Nd:YAG laser
into a silica fibre the consequent Raman scattering spectrum
extends well into the negative dispersion region.
Autocorrelation measurements around the 1.6um region show
that pulses of <100fs can be generated which, again,

propagate as fundamental solitons.

Having demonstrated the viability of using the
Yb:-Er laser as a research tool for investigating single pass
soliton propagation, we will now go on to the more
complicated situation where the compressed pulse is fed back
into the main cavity eventually leading to a "soliton laser”

as first described by Mollenauer and Stolen in 1984, [33].

4.5 Design Considerations For An Yb:Er Glass Soliton Laser

As we have already seen the pulse compression that
can be obtained via propagation of N>1 soliton pulses leads
to uncompressed "wings" (because 62[{/61:2 is only negative
over the central portion of the pulse). This energy loss can
be avoided by setting up a soliton laser where tha sourcs
laser itself can be forced to produce much shorter pulses at
its normal average output power. The soliton 1laser as
described by Mollenausr and Stolen, [33], consists of a
mode-locked laser at ~1.5um (a colour centre laser (CCL))
coupled to an external cavity consisting of a length of

single mode fibre, as shown in fig 4.18.
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The initial explanation of this effect was that the
fraction of the CCL output fed into the fibre had enough peak
power to be compressed via high order soliton effects. The
slightly compressed pulse (as the fibre length is very much
shorter than the initial soliton period) is then re-injected
into the CCL cavity in synchronism with the existing
mode-locked pulses, stimulating the production of narrower
pulses from the laser itself, (this method of injection
mode-locking is described in ref [34]). This process
continues until the pulses entering and 1leaving the fibre
have essentially the same shape, i.e. when the pulsewidth
compresses to the point where the soliton period is esqual to

twice the fibre length.

Experimentally it was found that the laser wanted
to work on the N=2 rather than N=1 soliton which, from this
simple explanation, should have been a stable operating
point. It was also found that it was necessary to use a servo
stabilisation scheme on the return mirror to ensure that ths
returned pulse had the correct relative phase for stable
soliton laser operation, [35]. Nevertheless the soliton laser
represents a method of producing high energy ultra-short
pulses whose pulse shape is well determined (sechz) and whose
pulsewidth can be altered by simply changing the length of
fibre used in the external cavity. In this way pulses near to
the limit set by the gain bandwidth of the CCL have been
produced, [36]. It is also interesting to note that once
soliton laser action has been initiated the system becomes
passively mode-locked, allowing the removal of the relatively

weak, main cavity, active mode-locking process, [35].

However it was soon realised that the operating
conditions for the soliton laser were more complicated than
has been suggested above. Further experimental work by
Mitschke and Mollenauer, [35], showed that it was possible to
obtain pulses for which the fibre length was considerably
less than 20/2, i.e. the pulses returned from the fibre were
shorter than those launched into it. For a fixed fibre length

they found the pulsewidth varied with the reflectivity of the
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CCL output mirror, and that the shortest pulse tHat could be
obtained corresponded to a soliton period z, of Jjust greater
than twice the fibre 1length. Thus there 1is always some
narrowing in the fibre, which might explain why the N=1

operating point is never achieved.

Later theoretical and experimental work by Blow et
al, [37,38], suggested that soliton formation in the external
cavity was, in fact, not crucial to the successful operation
of a "soliton" laser. Instead they show that shortened
mode-locked pulses (if permitted by the gain bandwidth) can
be produced by coupling a 1laser to an external cavity
containing any element that has a non-linear response to the
optical field. They also predict that this improvement is not
limited to pulse shortening nonlinear effects, i.e. the
improved mode-locking is not due to the injection of energy
into modes far from the peak of the gain, but rather is due
to induced coupling between the modes allowing phase
information to be more efficiently communicated to the edges
of the gain bandwidth. These predictions were experimentally
confirmed by Kean et al, [39], who successfully demonstrated
enhanced mode-locking with an external cavity containing an
optical fibre with positive group velocity dispersion. They
also achieved similar performance with the external cavity

containing an InGaAsP semiconductor diode amplifier acting as

a saturable amplifier.

Thus the soliton laser appears to be a specific
case of the general effect of enhanced mode-locking via
nonlinear external cavities. However, in considering whether
the Yb:Er laser is suitable for a soliton laser, we will use
the very simple model described earlier. It is wvalid to do
this because, in the case of a fibre with negative group
velocity dispersion, the external cavity pulse does, 1in
practice, approximate to an N=2 soliton, [35]. Also, as
stated earlier, the condition that 20/2 is equal to the Tibre
length is approached under certain experimental conditions.
Thus we will be able calculate whether we are within the
correct power regime for soliton laser operation and roughly

what fibre length is required.
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Fig 4.19 shows a graph of how the peak powar,
Pz,required to launched an N=2 soliton, and how the soliton
period varies with respect to the pulsewidth, 7 (assuming
A=1.54um). We can now apply the line corresonding to the pesak

power in the fibre, [33],

P= 0.88nPT / T (4.25)

where P is the Yb:Er laser average output power, 7 is the
fraction of the power launched into the fibre, and T is the

time between pulses.

In fig 4.19 we use the values corresponding to the
quasi-cw version of the Yb:Er laser and take a typical value
for 1 of 0.2. This value, and hence the slope of the line é:
can be finally adjusted through the launching microscope
objective. Thus we find that the values of E\and P, cross at
a point corresponding to a pulsewidth, 71, of 290fs and a
fibre length, 1, of ~1.06ém. Similarly in fig.4.20 we find a
cross—-over at 7Tt=7.8ps and 1=768m for the cw Yb:Er laser.
However using the improved output power values that would be
available with a slightly higher power pump laser (see

section 4.2.4), we would predict a cross-over of 71=1.5ps,

1=28.4m.

Thus it would appear that the bulk Yb:Er laser is
an ideal candidate for the setting up of a soliton laser.
Unfortunately this has not, as yet, been properly tested
experimentally. Some initial investigations with the quasi-cw
pumped Yb:Er laser resulted in the observation of driven
oscillations (~2us duration, 50us period) rather than
enhanced mode-locking. However, as we have already seen in
section 4.2.2, this version of the laser suffers from etalon
effects which could possibly restrict any attempted pulse
shortening. There may also be problems due to the fact that
the cavity length will be changing during the pump pulse dus
to the heating of the laser rod.

One laser in which a kind of soliton laser has
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Fig 4.19 Soliton Laser Operating Conditions For The

Quasi-cw Yb:Er Laser
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Fig 4.20 Soliton Laser Operating Conditions For The CW Yb:Er
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automatically been attempted is the mode-locked Yb:Er fibre
laser. If we take the same simplistic reasoning as we have
used above, we might expect that the pulses inside the fibre
laser cavity would be continually shortened by passage
through the fibre until the pulses have essentially the same
shape on entering and leaving the fibre. Thus the pulses
would be solitons with a period equal to twice the doped
fibre length. If we again assume they are N=2 solitons, and
remember that the operating wavelength is 1.56um, we can
obtain the results shown in fig.4.21. These show that at the
power levels currently available within the fibre laser
cavity, we would need over 40m of fibre to achieve soliton
laser action (pulsewidth ~1.8ps). Due to the limitations of

matching the cavity length to the modulation frequency, we
have so far only used fibre lengths of ~60cm. To achieve
soliton laser action with this length (pulsewidth ~220fs)
would require an over eigth times increase in average power.
Thus it is not suprising that we have not seen any dramatic
improvement in mode-locking by going to a fibre laser
configuration. However it should be noted that it may be
possible to significantly increase the power available by
moving away from the butted wmirror configuration (see
fig.4.9) which limits the safe pumping power to ~300mW. With
greater pump power we would alsc need a longer length of
fibre to avoid saturation of the pump absorption (see section
3.5). Both these considerations could combine to create

conditions under which soliton laser action may be possible.

It is, of course, important to realise that we have
jgnored the fact that the pulse-shaping fibre is now also the
gain medium. In a recent paper, [40], Haus and Silberberg
have theoretically predicted a possible mode-locking
enhancement of Jjust a factor of two by the addition of a
non-linear refractive index medium to a laser cavity. However
it should be noted that, strictly speaking, this analysis is
only for homogeneously broadened lasers. Even with this
rather pessimistic prediction it 1is obvious that the
mode-locked Yb:Er fibre laser is a very interesting system
with which to experimentally investigate such intracavity

mode~locking enhancement. With the use of combined
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Fig 4.2: Soliton Laser Operating Conditions For The Yb:Er

AN

Fipre= Laser

power / kW Zo(~21) /om

i 3
5 A L 100
“o
4 [ »r 80

/

P (REQUIRED) //

/

— — — — o— (- — o o —

b
]
1
|
|
|
3 : 60
{
| /
i
. /
|
| /
|
1
2 1 i / P40
| !
| / P, |
i |
! |
| /
: |
] i
| ! .
1 | 1 “
| ]
| // |
;/ P (CURRENTLY !
AVAILABLE)D |
I — I
/ _ ;
1
O/ T T [¢]
(o} 1 2 3 4 3

(1/7) / ps

118



mode-locking and Q-switching it should also be possible to
generate other non-linear effects, such as Raman scattering

and Raman amplification.

4.6 Summary
We have successfully desmonstrated the active

mode-locking of the Yb:Er glass laser in both bulk and fibre
forms, obtaining near bandwidth limited pulses of ~70ps FWHM
duration in both cases. The suitability of these sources for
soliton propagation experiments has been demonstrated
obtaining compressed pulses of ~400fs duration, whose
spectrum showed significant Raman amplification effects.
However, the Yb:Er glass laser itself, with a gain bandwidth
of the order of 1013Hz (see appendix 8) is theoretically
capable of supporting pulses down to ~100fs. Thus we have
also considered the possibility of a soliton/non-linear
external cavity laser, finding that the bulk Yb:Er glass
lasers are ideal candidates for such a mode-locking
enhancement scheme. At the present time the fibre laser
version appears to have too little power for significant
non-linear pulse-shaping to occur. However saveral ways of
increasing the available power have been suggested, which
could make the Yb:Er fibre laser a very interesting system
for studying the behaviour of mode-locked 1lasers with

internal non-linear index elements.
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5. Concluding Remarks

5.1 Summary Of Results Achisved

In chapter two we described the successful
achievement of 1low threshold operation of a capillary
waveguide CH4 Raman laser at 1.544um. Table 1 summarises the

results obtained,

Table 5.1
Unguided single Pass, Synchronously

Guided pumped, Guided
Predicted Peak
pPower Threshold 2 . SMWtosiM 200kW 24 beln/ 60kW 2 iz i/
Experimantal
Peak Power - 190kW 50kW
Threshold
Output Pulse
puration - 100ps 100ps
Output Peak
Power - 66 kW 12kW

These results clearly show the advantage of going to a guided
configuration. The experimental thresholds agree very well
with theoretical predictions and are now easily within reach
of a cw pumped Nd:YAG laser (typical peak mode-locked and
O-switched powers ~0.5MW) which should have allowed high
repetition rate operation. However an unforseen problem
involving breakdown of the CH4 gas limited operation to a 5SHz
repetition rate. Although this source has enough power to
launch extremely high order solitons it has some practical
drawbacks which led us to find a more versatile alternative.
The main disadvantage being that the output train consists of
pulses of varying peak powers which would thus all undergo

different ammounts of pulse compression, leading to a
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confused autocorrelation picture (as this would be some
average of all these pulses). Nevertheless the fact that such
low thresholds were achieved could make this system generally

attractive as a method of Tfrequency conversion of short

pulses.

In chapters three and four we have described the

operation of a Nd:YAG pumped Yb:Er phosphate glass laser at

1.54um.

and/or

mode-locked,

in bulk or

This laser can be operated pulsed or cw,

fibre

obtained to date are summarised in table 5.2.

form.

The

Table 5.2
7.5cm Long Rod , |2cm Long Rod ,| Fibre Laser
Quasi-cw Pumped cw Pumped

Threshold 4.5W 500mW 12mW

Absorbed Power

Mode-locked
Pulsewidth

Mode-locked
Output Peak

Power

Q-Switced

pPerformance

(HR mirrors)

70ps

50W
(20kW when mode-
locked and Q-

switched)

10klW Peak Power
&60ns duration

SHz Rep. Rate

(HR mirrors)

70ps

2W

25W Peak Power
750ns duration
125Hz Rep Rate
(Using a
mechanical

chopper)

(10% output)

70ps

F0m¥

Thus some of the most interesting points we have

been able to demonstrate are,

i) The first pumping of an Yb:Er glass laser by the

widely available 1.064um Nd:YAG laser.
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ii) The first active mode-locking of an Yb:Er glass
laser.

iii) The efficient cw and cw,mode-locked operation of a
bulk 3-level glass laser.

iv) The efficient operation of a co-doped fibre laser.

This versatile source 1is thought to match the necessary
requirements for a research tool with which to investigate
the non-linear propagation of pulses in the negative group
velocity dispersion regime of silica optical fibres. As a
demonstration of this capability we have launched the pulses
from the quasi-cw mode-locked bulk Yb:Er glass laser into a
1km length of single mode fibre. A very large single stage
pulse compression factor of 160 was obtained leading to pulse
durations of ~400fs. The corresponding frequency spectrum
indicated the onset of soliton self frequency shift effects

due to the fibre Raman gain.

5.2 Proposed Further Developments
It is clear that many of the figures given 1in table

5.2 are preliminary results taken to show the Yb:Er laser’s
capability, and could certainly be improved upon. Some of the

most interesting possibilities are given- below,

i) We have shown (section 4.2_.4) that the power
available from the bulk cw Yb:Er laser would be greatly
improved if a slightly more powerful cw pump laser was

available.

ii) With the very large gain bandwidth available 1t
should be possible to improve the mode-locked
performance obtained so far. Eliminating the observed
unwanted etalon effects should allow the production of
pulses of similar duration to those found with Nd doped
glass lasers (~10ps), using standard active mode-locking
techniques. We have also considered the possibility of
using a non-linear external cavity to enhance the
mode-locked performance and have shown the Yb:Er laser

to be a good candidate for such operation.
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iii) The power available in the mode-locked Yb:Er fibre
laser could also be greatly enhanced by using an
alternative pumping scheme whers the fibre is no longer
butted to the pump input mirror, allowing the use of
higher pump powers. Alternatively the use of a modulator
applied directly to the fibre would allow the butting of
mirrors to both ends of the fibre giving a very low loss
(and very compact) cavity. Thus this would also lead to
an increase 1in available output power. With such
improvements would also come an increase in the power
circulating in the 1laser cavity which could lead to
significant non-linear pulse shaping by the fibre

itself, as discussed in section 4.5.

The use of the sources we have already obtained in order to
study non-linear propagation 1in optical fibres has been
demonstrated. We have also suggested that launching the
pulses obtained into another length of dispersion shifted
fibre would allow the careful study of lower order soliton
propagation in the sub-picosecond regime, leading to pulses

as short as ~50fs.
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ABSTRACT
Measurements on Er¥ doped silica fibres relating to absorption of laser photons by upper

laser level ions will be presented. The results indicate that this effect does not seriously

degrade amplifier performance.
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SUMMARY

Er3* doped silica fibre lasers and amplifiers operating at around 1.54pm are of particular
interest in telecommunications as this wavelength coincides with the low-loss transmission
window of conventional silica optical fibres. In order to design efficient devices, a detailed
understanding of the spectroscopy of Er®* ions in silica is needed. Recent measurements
performed on Er3 doped fibres!!! have indicated that absorption of pump photons by Er®*
tons residing in the 1.5um upper laser level is significant, particularly at wavelengths zround
800nm. It has also been suggested that absorption of laser photons by ions in this upper laser
level may be occurring and degrading device performance. In this paper, gain measurements

on Er®* doped fibres will be presented, which indicate that the cross-section for absorption of

150



Studies of excited-state ... » -2- Armitage et al.

laser photons by upper laser level ions is small in comparison with the stimulated emission

Cross-section.

To quantify the effects of excited state absorption of laser photons, the following
experiment was undertaken. An Ar? ion laser operating at 3528.7nm was used to pump a
length of Er®* doped fibre, and two external cavity semiconductor diode lasers, with a
combined tuning range of 1.49 to 1.64pm, were used to probe the transmission of the doped
fibre (se2 Figure ). Approximately 100mW of 528.7nm radiation was launched into the fibre,
this power being sufficient to invert totally the I.5um laser transition. The change in
transmission of the fibre between its pumped state (when all the ions are in the upper laser
level) and the unpumped state {with all the ions in the ground :szate) was then measured at a
large number of wavelengths across the 1.5pm band. In a separate experiment, the absorpticn
and fluorescence lineshapes were measured, from which the variation of the absorption and
stimulated emission cross-sections with wavelength could be determined. If oy, o2 and oy are
the cross-sections for absorption by ground siate ions, for stimulated emission oa the laser
transition and for absorption by upper laser level ions respectively (see Figure 2), then the
spectral variation of the change in transmission through the doped fibr2 will be proportional to
o, + o, — o3, whereas the fluorescence and absorption spectra vield the sum 6, + g,. From
the close correspondence between the shapes of these two sets of dara (see Figure 3 ), it can
be concluded that the cross-section for excited state absorption of laser photons is

insignificant in comparison t0 o, and o, and that excited state absorption of lasing photons

does not seriously affect amplifier performance.
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Further gain measurements will be presented for fibres of different glass composition,
together with studies of the fluorescence at 800nm from the ‘Ign level for fibres pumped at

wavelengths around 1.5um - 2 more direct indication of upper laser level absorption lineshape.
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