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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF SCIENCE
PHYSICS

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

The development of sources of short made-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 wvelocity dispersion and
self-phase modulation can lead to soliton formation and pulse
compression.-

Initial work concentrated on a Nd:YAG pumped
maethane Raman laser at 1.54um. The use of a high pressure
cell and a capillary waveguide reduces the stimulatasd Raman
scattering threshold to Jjust ~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-switchad Nd:YAG
laser. These threshold wvalues 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 versatile 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 1s shown to be in rough agreement with experimental
results, with absorbed power thresholds as low as ~500mW 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 ordsr 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 Schrédinger equation as below,

5 3 a’n 8%E(z,t)
—--= (1 )= |E(z,8) = (i/2) |-—=5- | [-=m5m -
dz 9 5t do 8t
- ixlECz,t)1%E(z,t) ...(1.1)
= (1) - (i)

where E(z,t) is the pulse envelope, B(w) is the propagation
constant, 1/vg=dB/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 for a convex upwards pulse (625/6t2<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 (dzB/d02<0). 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 becomes periodic and will always

initially undergo compression.

The Tfirst 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 1in pulse shape, [&-9]. Thus the
non-linear, all optical system 1is seen to have many
advantages to the conventional linear system with slectronic

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 eqn.(1.1), a linear
system at the zero group velocity dispersion wavelength
should also be possible. However 1in 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 initial pulse compression behaviour. This 1is an
attractive way of obtaining short pulses as it merely
involves launching light into a suitable 1length of fibre

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, 1in 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-locksad
performance (~10ps) enhanced by a factor of 200 leading to
pulsewidths near the limit set by the gain bandwidth (~50fs),
[20].

Thus it 1s clear that there 1is 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 presented here is directed by
this central aim it should also raise some interesting points
in the general field of new laser sources, as indicated in

the next section.

1.2 Thesis Lavout

In chapter two we describe the low threshold
operation of a capillary waveguide CH4 Raman laser. Pumped
with a mode-locked and Q-switched 1.0&64un Nd:YAG laser, the
Raman laser produces a train of (sligthly shortened) puises
at 1.544um. The optimum conditions for 1low 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 1.536um.
Er>t 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’t it is often
co—~doped with various sensitizer ions. Here we use Yb3+ which
is known to allow pumping by Nd:glass lasers at 1.054 m,
[22], and we demonstrate, for the fTirst time, that pumping
via the widely available 1.064um Nd:YAG laser 1is also

possible.

In chapter three we describe this laser’ébasic
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 1investigations 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 in the fibre 1laser 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 Schrddinger equation and the properties of
solitons more fully, and as an example we describe the
soliton pulse compression of the mode-locked Yb:Er laser in a
length of single mode optical fibre. A very 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 forms of Yb:Er laser we have described.

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

convenience of the reader.
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2. LOW THRESHOLD OPERATIGCN OF A CAPILLARY WAVEGUIDE g54 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 1.064um, by stimulated
Raman scattering {(SR3) 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 expscted 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 is given by the displacement current,

the fields obey Maxwell’s equations as below,

VAES=-8/ 3t (2.1)
VAH=8D/ ot (2.2)
V.E = 0 ’ | (2.3)
v.B =0 (2.4)

Where the magnetic field intensity is ﬂ=§/yo. For an applied
electric E the resultant electric polarisation can be

described as,

P = e xE + £ K X E'+ g K X E ... (2.5)
> . .

whare K(n is a numerical factor dependent on the
nonlinear process being considered. Thus the electric

displacement is,

L NL
Q = EOE + E: EOE + E + E (2"6)
= EE + E‘NL



L. <9 s . . - .
where P 1s the familiar linear polarisation of the medium

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

NL 2> ¢2> 2 €3> €3> _3
X +£OK X

10
i
™
-
m
I

R (2.7)

Effects due to the nonlinear term become
significant with the relatively large optical field strengths
available from lasers. By applying the VA operator to
eqn.(2.1) and using the identity VAVAE = V(g_g)-v2§ we

obtain,

-v’e = - (8% / at?) pu [cE + P"M] (2.8)

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

. . -1/2
where the phase velocity 1is cz(&po) 7 .

ViE - (17 &%) (3%E 7 at®) = (17 £c?) (%P7 at?) (2.9)

By confining ourselves to plane waves traveling in the =

direction eqn.(2.9) reduces to,

8%es8z%- (17 c*)(3%E 7 8t®) = (17 ec®)(@*p" r8t?)  (2.9a)

The electric field amplitude at frequency wj can be written

as,

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

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

Where we have assumed a zsro phase mismatch betwween ij and
ij, as 1is 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 for each frequency wj- This 1is simplified by

S



applying the "slow"” wvariation approximation, which 1is that
the envelope changes by only a small fraction in a distance
of the order of one wavelength (thus we can drop the azEJ,/az2

term). We then obtain,

2(8E, / 82z) = ~i(e / n e c )P )" (2.12)

2 .
where we have used kj-njc.)j/c0 and Ej-ndso (c0 being the
velocity of light in a vacuum 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. Spontaneocus Raman scattering was first
discovered by Raman in 1928 [2]. It 1s a weak scattering
process in which an incident pump photon of frequency op is
annihilated and a scattered photon of lower frequency o is
created. The energy difference hwr:h(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)
- Spontaneaus Raman

Scattaring
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—— e e — —
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—_—— 1.—. —_— .‘_ _ — Scattering
Fo ﬁup ﬁu' Ao
R P o
A
A, A
Rw
p
ﬁur (excitation of meaium)
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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 w_, and the scattered photon
produced as a result of annihilation of mp is identical to
the incident photon ®_. Thus the scattered photon is
stimulated by the incident photon and, as in an ordinary
laser, this provides a mechanism for amplification. Fig.2.2
shows schematically how, as a pump beam passes through a
medium, stimulated emission can produce a rapid growth in the
gscattered wave. Spontaneous sqattering can provide the noise

to initiate the whole process.

Fig 2.2
s .
! f/J PNV adateg
C"p e X @ (Js

s A~ s A

j‘\ﬁ P
P Lk P~

[A
s

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

such that pzaEwp, where o is the polarisability.

Schamatic Representation
of The H} Molecule

Surrounding
Elactron Cloud

@Q

11



This will radiate at mp 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 + (3a / 3r) (r—ro) coso_t (2.13)

Thus for Eoncosmpt we have a dipole moment given by,

p = [a, + (8a / 38r) (r—ro) cosort] Eocoswpt (2.14)

and this will have oscillation components at (wp—wr) and
(mp+wr) which are the Stokes (ws) and anti-Stokes (qu)
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 wp—ws:wr, the natural resonance frequency, then the
vibration amplitude is comparatively large. Thus by applying
electric fields at © and ©_ we can drive the molecular
vibration ®_, while this wvibration and the field at wp will
produce a fTield at @_- This 1is schematically represented

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

vibration

() P W, @ ':_CJE

P p’ A

[A) - O,
pr

The amplitude of the molecular vibration 1is
proportional to Ep and E_ and so the dipole moment and hence
the polarisation has a term dependent on Eples. So the

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

PP = g K T x IEITE (2.15)



Where x 1is the Raman susceptibility, Xr=x(3)(-ws;wp—mpms).
For SRS K(3) is (3/2), see ref.[1]. At resonance only the
imaginary part of the Raman susceptibility remains
(xrzx;+ix;’), [3], thus equations (2.15) and (2.12) give,

(8E_(z) / 8z) = (30_/ 4cyn)) x,’ 1E_(2)17E_(2) (2.16)

For the small signal case of negligible pump depletion we can
= =F
put Ep(z) EP(O) o

give,

o and so eqn.(2.16) can be integrated to

P 2
Es(z) = ES(O) exp[(3wS / 4cons) X |EPOI z] (2.17)
The time averaged intensity Tfor a field E&) 1s given by

2
1,=(1/2)e e n IE|

oMo B! > thus the Stokes intensity is,

z] (2.18)

I_(z) = T _(0) explG 1 = I_(0) exp[grlpo

where the Raman exponential gain Gr is given by,

2 ’s oy
G = (Sms / eoconsnp) X Ipoz (2.19)

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

the Raman susceptibility is given by, [4],

ten’n _che AN
0 mme----Bol o (do / d0) (2.20)

C

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

The Raman gain coefficient is therefore,

g D m—mem———— = ————---2-———-— (dO’ /dQ) (2.21)

13



2.2.2 The Population Density

The population density is related to the pressure p

and the temperature T by the simple relation,

AN

8 [/ KT

7.32x1027 p(atm) ¢ / T(K)

"

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 Tound to be a
linear function of pressure in the 1-50atm region by Taira et

al, [&]1. They give the result as,

Ao = nc(é64 + 2.4p) (2.23)
where p 1is 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 xp/ (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 v for CH4 we use the expression given by Schrotter and
Kldckner, [7].

14



4
RN
(do/d@) ., ,, =(do/dQ), (Z,)-=~=----- ~ (2.25)
4 n

n 2

where v is the Raman shift for CH4 expressed 1in c:m-1 and EJ

is the "relative normalised differential Raman scattering

cross section " defined and tabulated in ref.[7]. To find

(da/do)CH at the pump frequency vp used we can apply the
4

following transformation, [8],

where v =v -v» , pv’=v -p , and Q. is the frequency of the
s | o4 r s n r 1lg

transition from the initial Raman level to the dominant
. . . . 4 =
intermediate level 1 in the Raman process (01927%10 cm ! for

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

in ¥,=9 and (do/de), 243.2x10" " °m’/Sr at » =19436.4cm

, P
2 n
{(as given by Schrotter and Kldckner), we obtain,

(do/de) = 4.63x107 %% |emdeeeo p L1 0% (207
CH v 4 ES s
Y 7x10" v 7x10%+p

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, eqn.(2.18).

0
Thus SRS appears to have a threshold behaviour, 1in that

below a certain incident pump intensity there is 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 Stockes 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]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 (Sth=25 and use the easiest
practical measure of threshold as the point at which

depletion of the pump is fTirst detected.

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,

+1/2
G =g [?p / nwz(z)] dz (2.28)
-1/2

where 1 1is the 1length of the medium, P is the peak pump
power, and W(z) is the pump beam spot size. Kogelnik and Li,

[10], give,

Wi(z) = W, [1 + (2z / b)"] (2.29)
where b 1s the confocal parameter (27N§/lp) and wo 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)

where we have used fdx/(x2+az)=(1/a)tan_1(x/a)- However,

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

16



the 3Stokes radiation will experience an average gain that
includes the off-axis 1intensity. Consequently the overall
Raman gain is smaller than that given in egn.(2.30). Cotter
et al, [11], give the corrected gain as,

1/2 172

G, =[(x /2 Dtan™ ' (1/0)1[(4Pg /2 )" ?~21(4Pg /2 ) (2.31)

The Raman exponential gain for a guided medium is given by,

r

I:JP exp(—apZ)
G, =g ———m——esebe - a dz (2.32)
0

where ap and a_ are the waveguide attenuation coefficients at
tha pump and Stokes wavelengths. For a capillary of bore
radius a, Marcatili and Schmeltzer, [12], give cu0.43l2/a3
for propagation of the EH,, mode. Efficient coupling (= 98%)
from a TEMOO mode pump 1into the EH11 mode may be made by
satisfying the launch condition 3W =2a, [13], where, as in
eqn.(2.32), W_ is the pump beam spot size at the capillary

0
entrance.

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

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

2
G = (p/ ™) gl -al (2.33)

where le is the effective length of the capillary related

£
to the actual length by,

1, pe= (1 - exp [—apl 1) / a (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 waveguide,

(2.35)

2
pth‘ (th+ asl) nNO / grleff

2.2.7 Capillary Wavegquide Design

Expressing eqn.(2.35) in terms of the capillary

radius we find,

where we have taken 1=1m (limited by the length of the Raman
cell), and Xs=1-544pm. Thus, for lp:1-064pm, we find 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, iT 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 value, [15]. In fact a
significant degree of transience applies for pump pulse
durations Tp of up to twenty times Tz- Defining the dephasing
time as T2:2/A(oP we can apply a correcting factor F, as given
in ref.[8], to eqn(2.35). Thus the pump power required for
SRS threshold under transient conditions in a capillary

waveguide is given by,

_ 2
P, .~ F(G, +al) mi [/ g1 (2.36)

t h eff

2.3 The Pump Laser

2.3.1 Choice 0Of Pump Laser

Radiation in the 1.5um region can readily be

ocbtained via stimulated Raman scattering of a 1.064um Nd:YAG

18
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pump in CH4,§[17]. Qur aim was to obtain a convenient source
of short pulses at 1.54um 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 1s widely available, and 1is capable of high
Q-switch repetition rates (~1kHz).

In practice we found the pump laser provided an
ocutput of up to ~1.6mJ in a ~200ns Q-switched envelope of
mode-lockaed pulses. The mode-locked pulses had a repetition
rate of ~82MHz and a full width half maximum (FWHM) duration
TPZlZOps- Thus peak powers of up to ~0.7MW were available.
The output was in a clean TEMoo mode, which 1s 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 parformance 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 itszresonances- 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 1t 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 siénal, 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

21



dOLYTINAOMN
OILdO
-OLsSnooY

30403L34
ASYHI

VAN

d31dnoo

dHY-d0

-

d3I141TdHY

TYNOILDIAAIQ

d4340d

17ddNsS
43

22

BWSYOS UOTIBSI{Igels Oeqpsa] B9ATIOU 84l G- Z B1d



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 frequency.
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 L = 70atm.
Pump Wavelength lpz 1.064um
lst Stokes Wavelength A = 1.544um

3

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

results shown below,

Population Density AN = 1.77x10°"m >
. . 11
Raman Linewidth (FWHM) Aw =2.19%10" "Hz
Differential Raman Scattering s6 2 .

Cross Section(do/dQ)=7.20%x10  m Sr

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

Raman gain coefficient of,

23



g = 4.27x10 oWt

If we now consider the unguided case, we can

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

G, A 1/2]2
P, = (FL_/ 4g_) {1 + [1 $ommmmtR B ] } (2.37)

where we have again included a factor F to account for the
transient conditions (section 2.1.8). The dephasing time is
T2=2/Awr:9-13ps, and for Tp=120ps this leads to a value for F
of 1.36. Thus for optimum focussing ( tan—l(l/b):n/z ), we
would predict an unguided SRS threshold of ~2Z.5MW. As stated
in section 2.2.1, the peak power available from cw pumped
Nd:YAG lasers is 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 eqn.(24) ’

(2) the degree of transience 1s 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
wavegulde and a high CH4 pressure 1in 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 1lies
in a high pressure container (up to ~70atm) which has 1Z2mm
thick fused silica windows. The waveguide is 74.écm long and
has a bore radius a=100um, which is near to the optimum value
(~70um) 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 wo
at the capillary entrance satisfying the launch condition
3W,=2a. 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 limited

divergence. The experimental pump attenuation coefficient is,

a = -1n(T) / 1 = 0.75m ' (2.328)

Substituting this wvalue into eqn.(34) we get an effective
length of 57.1lcm. The theoretical signal attenuation

coefficient is given by,

a_= ap(ls / lp)z = 1.58m ' (2.39)
Using eqn.(36) we can now predict a SRS pump power threshold
of ~200kW. This 1is an order of magnitude improvement on what
we would expect fTor 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
aepletion 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 -~1ns. #When
aligning the capillary for 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
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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 is 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 KD*P crystazl 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 fTound 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 pyroelectiric energy meter to measure the
energy 1in the train of output pulses, we were able to
calculate that the largest individual mode-locked pulses had
an energy of ~7pJ. Thus peak output powers of ~66kW 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 1.544pm 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,

28



AAT 34

A

S |

N

TYLSAID DHS

odd

JOLO23d1L3d

LINDATO
dTOH-3V3d

Jojeiasdos0ing 3yl 8- 2 B4

29



OuUTPUT

SHG

ouTrnT

SHG

Fig 2.9 Autocorrelation Traces

puMp

123=21 ps

TIME {(i5ps/DIVIZIQN)

SIGNAL

99=1 ps

— T T T T T - T T T

TIME (i15ps/DIVISION)

30



I_,*= IS(O) exp ([ngplleff / F]1 - asl) (2.40)

where Ip is the intensity of the corresponding pump pulse.

1
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

"

g= RI_, exp ([ngpzlerf / F1 - asl) (2.41)

= RIS(O) exp ([grleff(l + Ipz) / F1 - 2asl)

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

capillary. Thus we obtain,

(n-1)>

n
I_=1I_(0)R exp [[grleff / F]1§1Ipi - na_l (2.42)

In order to ocbtain SRS threshold we require that
G:ln(Isn/Is(O)):ZS, as previously stated. Therefore the

threshold pump power condition is given by,

n
2 —
(n-1)1nR + (g 1__ ./ nw°F)i§1PPi -.na_l = 25 (2.43)

2.5.2 Experimental Arranaement And Results

Fig.2.10 shows the apparatus wused. 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 Pl,Pz,P3 and the beam splitter 8 form the ring
resonator directing the Stokes wave back into thes capillary.
The prisms Pi,P2 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
collimate and focus 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
SNO:Qa. 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 Y Ppi
measured from a photograph of the pump pulse train, we were
able to estimate a threshold of ®60kW. In practice we did
slightly better than this, first observing pump depletion 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 fTound 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 the same pumping conditions.

Fig.2.13 shows the train of 1st Stokes output
pulses for an incident pump peak power of 310kW. as before,
these pulses showed excellent amplitude stability.
Measurements of the energy in the output pulse train implied
that individual mode-locked pulse energies of ~1.3uJ were
available. Once again pump and signal autocaorrelation
measurements were made using the apparatus shown in fig.2.8.
The wvalues Tfound for 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

Fig 2.13 Stokes Qutput
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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 cuw
Nd:YAG laser as the pump, while still being ~10x above
threshold. The train of mode-locked output pulses have FWHM
durations of ~100ps and peak powers of up to “G6kW. 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 was not
observed, despite its probably being generated in significant
amounts, because of the very low transmissioen 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 1in 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 bes noted is that all the results
discussed 1in this section have been taken at a Q-switch
repetition rate of SHz, 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 waveguides.
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 1.5um 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 1long pulsewidth, caused by the poor
performance of the pump laser, leads to very long soliton
periods (see section 4.2) requiring the use of wvery long
lengths of fibre.

2) The output consists of a train of pulses of varying peak
powers which would therefore all propagate different order
snlitons. As our autocorrelation equipment averages 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 usad a colour centre laser (F2+ centres in NaCl, [2]) as
the pump source, but the Yb:Er glass laser 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
liquid 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.

Added to these advantages 1is the Tfact 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:E£r 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 first
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 1loading
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, i.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 Analysis

Figs.3.1 and 3.2 show the energy level diagram and

the absorption spectrum of the Yb:Er system. Pump radiation
. 3 . .

at 1.0é64um 1is weakly absorbed by the Yb * Hons causing

excitation from the upper level of the 2F7/2 multiplet. The

thermal population of this level at room temperature is only
~2% of the total population. By heating to ~00°% it is

possible to double this figure and hance double the pump

absorption. The Yb3+ ions are excited to the %=5/2 level

followed by non-+adiative transfer of energy to the I“/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 ~Bms. Lasing occurs down to the 4115/2 ground
level at an emission wavelength of 1.536um. Thus it is clear

that we have a 3 level laser system.

Alsoc shown 1in Tig.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

1

aexcitations relax rapidly back to the 113/2 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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dnzp
_____ - B up(ni - n2p) - n2p/ Typ -GNy N, T O (3.1)
dt
dn2s
____ =Bu (n - n, ) -n, ./ Tap ¥V N5
dt
esus(nzs— n4-s) + d4n4 - B pup(n2 B n5s) + d5n5s: Y
(3.2)
4N d 0 (3.3)
————— = an,_n, - d,n,_= 3.3
| dt ] 1s 2§ 3 3s
f dn4s\
_;;:-— =B u(ny,-n ) -dn, =0 (3.4)
[ dnss\
————— =8 _u (n, - n; ) - dgng =0 (3.5)
= +
No= nept Mg (3.6)
Ns = nis+ n2s+ n3s+ n4s+ nBs (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 in the Yb:Er system; BP,BS,Bepand Bes are
proportional to the Einstein coefficients for the various
transitions shown; sz and T, are the spontanecus 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; a is the quantity proportional to the rate
of transfer of the excitation energy from the Yb3+ ions to

the Er3+ ions.

If we assume that the rates of relaxation from

levels 3,4 and 5 of Er are high enough that ci3» o

1s

d4» BesuS and ds» Bepup , then n,= n = n= 0. Using eqns.(3.1)

-(3.7) we can now obtain,
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dn

2P| - - - -

[ J BpupNp nzp(ZBpup+ 1/¢p) 0.5a(Ns 5)”2p“ 0 (3.8)
dn28

————— = -B_ud -0.5(N_+ &)/t _+ o.5an2p(Ns—6) =0 (3.9)

where we have introduced the threshold inversion 6:n28—n1 .
S

We can find an expression for & by applying the threshold

condition,

R R,exp(2180_- o__(N_+ 8)1 - 21k, )= 1 (3.10)
where Rl,R2 are the mirror reflectivities, kis is the signal
inpactive absorption coefficient, o_ is the stimulated

emmission cross-section, and o_. is the signal excited state

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

N, = ———-————-P_P_P____________ (3.11)

n, = eemmmfll L (3.12)

By 1inspection of eqn.{(3.11) we find two conditions for

efficient laser action,

. - B .
1) Bpup « O 5a(Ns ) (3.13)

-.the pump must not bleach the 1 = 2 excitation in Yb.

2) T;i « 0.5a(N_- 8) (3.14)
- quenching of the 2F5/2 level in Yb should be dominated by
the non-radiative transfer of energy to the 4I11/? level in
Er.

In the ideal case, where eqns.(3.13) and (3.14) are both

45



satisfied and there is no excited state absorption, we obtain
from eqns.(3.10),(3.11) and {(3.12),

P\ = thV(Ns+ 8) / 27, (3.15a)

21k, + 1n(1 / R R,)
6 = ———oisS_ T S_ T 127 (3.15b)

where V is the volume of the signal mode in the laser medium
and th: hvaPNPuPV 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,

5 = mmeis_ J_ 11727 [ _es s’ (3.16b)

Here, following [&6], we have used up':up(1+ [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 egn.(3.16a) can be

re~expressed as,

. (3.17)
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where n, is the quantum transfer efficiency.

Comparison of eqns.(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, [&é-9], that phosphate glasses give the highest
transfer efficiencies. They have two advantages in that they
have a capability fTor fast energy migration through the donor
sub-system (Yb), [10], and the relaxation rate d3 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 Er3+ ions
would inevitably raise the laser threshold, as can be ssen
from eqn.(3.16). In practice vb®* ion concentrations are
limited to around 2><1021c:m—3 before crystallization begins to
occur, and optimum Er3+ ion concentrations have been found to

be of the order of 10 %cm 2.

Table 3.1 gives the various parameters, for 1.0é64um
pumping of commercially avallable Kigre QE-7 Yb:Er phosphate
glass, that are needed to calculate the expected laser
threshold via eqn.(3.146). Using these parameters and assuming
there are no losses (k;;ﬁo, R1R2:1) we find from eqns.(3.15)

and (3.16),

116 Wem > & = 0 cm >

)

i>» P/ V

I

iiy P /v

o 263 Wem "= 2.6x10" "em ®

1l
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Table 3.1

Parameter Notes=s

N_= 1x10"%cm’ From absorption spectrum.

N_= 2.2x10°em® From absorption spectrum.

sz: 570us . From ref.[6].

sz’= 180us Lifetime of level 2 in Yb with Er present,
(see tig.3.3)

w23= 4><1035_1 w23=1/72;- 1/1’zp is the rate of transfer

a = 3.8><].0_16cm3s—1 wzazanis’:aNs at low levels of excitation.

n,= 70% * The quantum transfer efficiency nt:wstzg

o = 7%10 *'em’® From ref.[11]

kp: O.OSCm-f22 , The pump absorption coefficient (e 100°C)

g, T 3.5%10 cm From ref.[12].

Gep: 7.5><10_22cm2 The pump excited state absorption coef.
from ref.[é6], can be used to find kep.

*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 nth~0.5. This accounts fTor most of the
in absorbed anergy threshold between this
The effect

~2.3 times increase

system <¢ii> and and an ordinary 3-level laser (i>.

signal excited state absorptions are

Figs.(3.4) and (3.5) show how the

of both pump and

comparatively negligible.
rate of transfer of energy w23 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)nthzo-ss.

Despite our Tfinal 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
~100W quasi-cw power) will give

pulse, SHz repetition rate,

us more power in 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 Fluorescance
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3.3.1 The Pump Lasar

A diagram of the pump laser used for our initial
investigations 1is shown 1in fig.3.4. An intra-cavity =3
telescope was used to obtain a high TEMoo output power. This
increased the TEM, 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 1is 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 And 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 1.54un. 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, incident on the input mirror, of 6é4W. 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.

fis stated previously, we can significantly increase
the pump absorption by heating the laser 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 between 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

Pump And Signal Pulcses Against Temperature
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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%, Tfor 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 1incident 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 input 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 1lower 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.32.11. This allows us to experimentally vary the

signal spot size and its location. For a -S50 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 just 4.5W, compared to the
theoretical wvalue of ~0.7W (where we now assume the signal

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

It can easlily be shown that (for a zero 1loss
cavity) the threshold absorbed power should decrease with rod
length 1 because the minimum laser mode volume has an l2
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 is 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 Q-Switched Operation At 5Hz

The cavity shown in fi1ig.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 1.54pm) 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 wvoltage V is
appliad in the X, direction the principal axes rotate by 45°
about Xy s and the crystal becomes optically biaxial. The

voltage needed to cause a quarter wave retardation is given

by,

3
vn/z" ldi/ 4nor2213
where Ny is the ordinary refractive index, Fa, is the

relevant electro-optic coefficient, d1 is the thickness of
the crystal in the electric field direction, and l3 is the
length of the crystal in the propagation direction. Thus when
71/2(*2.6!0!) the horizontally polarised

light will be returned, after a double pass through the

we apply a voltage V

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, bhad an energy of -0.7mJ
indicating a peak power of ~10kW. This corresponds to ~20% of
the energy obtained in long 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 1is a Spectra Physics 3000 cw Nd:¥YAG 1laser
giving an average output power of ~“7W at 1.064 . This 1is
focussed to a ~70um waist spot size at the centre of the
2.5cm Yb:Er rod. The Yb:Er laser cavity 1s an extended
version of that shown in fig.3.11, which gave the lowest
thresholds for quasi-cw pumping. The two écm lanses allow
variation of the signal spot size and location, to obtain the
optimum pump and signal overlap. The 50cm 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 = T, * Phtln(3-5623 / wo) / 4kn (3.18)

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

a=1lmm), Phb is the power absorbed per unit length that goes
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into heating, k is the thermal conductivity, and NO is the
pump spot size. Assuming that 1—(vs/vp):0.31 of the pump
power goes into 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],

Tom Ter ™ pht/ 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—Tc ~600°C. Therefore the need for a good heat

sink is obvious. ;n 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.

Associated 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 thirough adjustment of the

intra-cavity lenses.

In practice we were able to obtain cw operation at
a threshold absorbed pump power of ~L1.6W, compared to the
best quasi-cw threshold of ~2.1W. Observation of the
Er fluorescence shows that after 5ms (the length of the
quasi-cw pump pulse) the fluorescence level is approximately
3/4 of 1ts eventual cw level. Thus the reduction in threshold
between the two pumping schemes 1is just as expected,
indicating that the 1losses, 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 coated 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-cw
pumping of the 7.5cm rod would give an expected threshold of
~240mW. The difference between these two fTigures 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 ~21lmW for an absorbed power of
1.05W and a threshold of ~770mW, implying a ~7.5% slope
efficiency. This may be 1improved through selection of the

optimum output coupling.

These results suggest that a rod of ~5Smm length
would have an absorbed power threshold of <100mW. A diode
puﬁped miniature Nd:YAG laser operating at 946nm would be
very well absorbed by this length 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

Er3+ fluoroaluminate glass at 1.éum, using the 4I - 4I

13727 16/2
transition. In their case they have co-doped with Cr and

Yb3+ ions to allow pumping with a Kkrypton laser at 647.1nm.
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Although output powers of Just ~2mW were obtained, it is
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 Tfor
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
@-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 feedback
mirror. Q-switched operation, at repetition rates up to
~125Hz, gave peak output powers of ~25W in ~750ns FWHM
duration pulses. Fig 3.146 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,
usad in the bulk experiments, could be pulled down into the
form of a fTibre, 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 yet, 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

Dutpdt Pulses

66



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) fibre
has a cut-off wavelength (lc) of 1.5m, ensuring single mode
operation at the signal wavelength and good launch efficiency

at the pump wavelength.

The lasing 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.3.18
and 3.19 show the results obtained with a multi-mode wversion
of the fibre (kc=2.6um, 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
Er®® ionse 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 1.568um at 2.8m to
1.545um at 25cm, results from the fact that there is a small
splitting of the Er3+ ground state. Although the gain is
Qreater for the pure 3-level transition, at 1longer fibre
lengths the required pump power to invert half of the Er3+
ions becomes wvery 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 @raph Of OQutput Wavelength Against Fibre Length
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Table 3.2

91cm length, 27%|84cm length, 10%
output coupler output coupler

Threshold launched power 1&6mi 12ml
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 1its 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 is believed to be due to the observed
saturation of the pump absorption. Thus it 1is clear that
higher output powsrs 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]1, using both miniature
Nd:YAG and Nd:YLF lasers. The results that we have obtained
compare favourably, especially in terms of slope efficiency,
with the only previously reported Yb:Er fibre 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 even better results (3.7mW threshold, 7% slope
efficiency), indicating that direct diode pumping should be

possible.

3.5 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 1in a bulk or fibre

configuration. Combining this with the fact that it can be
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conveniently pumped by HNd:YAG lasers, makes 1t 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 OF 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 light with sufficient peak power to study
non-linear pulse propagation in the low loss 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 in an inhomogeneously broadened laser system
such as a glass laser, before going on to describe our own

results.

4.2_1 Mode-locking O0f Inhomogeneously Broadened 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 2n7. Thus the mode. separation is given

by,
w_ = nc/1 (4.1)

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

will be the summation of the individual oscillating modes,

E(t) = ZEmexp {i[(wo+ mms)t + ¢m]} (4.2)

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

the phase of the mth mode.

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

each other such that ¢m:o we obtain,
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m=+d(N=-1)>/2

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

m=-C(N-1>/2

H
L

sin(Nwst/Z)
exp(iwot) E, ==——=====m=-- (4.3)
sin(wst/2)

where @, is now the central mode frequency. Thus E(t) behaves
like a sinusoidal carrier wave at frequency ®y 5 whose
amplitude is wvaried in time according to egn.(4.3). The

output power will be given by,

P(t) « —===5-——=—o—m- (4.4)

Fig.4.1 shows the time behaviour of the laser output for
N=10. The signal is periodic in the round trip time T=21/c
and the pulse duration, defined by the time from the peak to
the first zero, is =T7/N. The number of oscillating modes is

NzAw/wS, where Aw is the oscillating linewidth. Thus,
v ~ 2n/A0 = 1/Ap (4.5)

Since the oscillating bandwidth cannot exceed the gain
bandwidth, ths shortening of the pulses is Tfundamentally
limited. If 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 periodic 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
technigques of amplitude (aM), [2,3], and phase (FM), [4],
modulation.

i) 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 reasonable 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
oqios. Thus these sidebands fall 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 frequency.
The easiest way of explaining how this produces a pulsed
output is to realise that this 1is equivalent to the end
mirror moving backwards and forwards at ®_. A wave striking
the mirror while it is moving will suffer successive Doppler
frequency shifts on each 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 1s homogeneously or inhomogeneously
broadened. In the latter case each mode within the gain
profile reaches threshold 1independently causing spectral
"hole-burning” as the gain at those particular frequencies
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 gquite different dependance of the pulsewidth
on the strength of modulation and the gain bandwidth.
Kuizenga and Sisgman, [5], bhave derivad an analytical
expression for the pulsewidth in such a system, assuming a
Gaussian pulse shape, finding that a steady-state solution is

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

give,

(21“2)1/2 29 174 1 172
7, (homog) = -------—-oo [—-—9—} [ ------- } (4.6)

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

[

is the modulation frequency, Avg is the gain bandwidth, and 8

represents the modulation strength. For typical operating
1,4 .

values of g, and & (say 0.1 to 1.0) the factor (90/6) is
near to unity. Thus the pulsewidth is given by, [1],
0.5 0.5
T (homog) ~ ———==———r-oo- N mmrse——— (4.7)
p (v_Av )1/2 N;/z ]

where NO"'Avg/vS is the total number of modes in the gain
bandwidth. Unfortunately noc such analytical expression has
been found for an 1inhomogeneously broadened system but

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

0.5 0.5.
v (inhomog) ~ ----- ~ e (4.8)
g Av N v

g 0 s
where, in comparison to egn.(4.5), we have now assumed a
Gaussian pulse shape. Thus we typically expect the pulsewidth
in a homogenecusly broadened system to be significantly
larger than the gain bandwidth limited wvalue of ~0.5/AL-g.
Whereas in an inhomogeneously broadened system we would
expect to be able to approach this 1limit 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 lasers has recently given pulses of
<10ps duration, [6-8], and there would appear to be 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 lLaser

(see appendix 6)
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 1length without significantly affecting the

laser performance.

(2). Matching of the cavity length 1 to the fixed modulation
freguency 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 1.5um, placed
~40cm Trom 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 Tfused
silica slab originally designed for use in a Nd:YAG laser
with wedged ends AR coated at 1.064mm [Intra Action ML-87J].
However it was found to also have low loss at 1.54iumn 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 selected 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-locker such that the

resonator length was matched to the modulation frequency.

Two resonator 1length positions were found where
driven relaxation oscillations occured fTor the entire
duration of the laser output, as described by Kuizenga, [9].
Optimum mode-locked performance was found 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 in
~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 1is
triggered such that the pulsewidth 1is 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.é6,
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:E+ rod), and,
despite its high reflectivity at 1.54um, 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 fTrequencies 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 ssems 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

86



(suorjeraaa0003ne asTnd ueIssney 40y auUop ATSNOTAS4d aaey am se Zf Aq papIaIp UsaIq q0U SBPY Aefap ayj 2alaym)

2% YA 96 T4 ¥ +T 0 rT - or - TL- fo- ozr-  vki-
sd / Aelag - ] L . : . P . x . L I

18

9JEd | UOI1e[ILJ0201INY 9 b BT

Y
Aq1sUajul OHS

87



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 1n fig.4.4. Thus, despite the presence of this
etalon, we have seen a reasonable mode-locked performance,
cbtaining 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 -50W by feeding
back the left-over pump power Tor further absorption. The
output pulse envelope now lasts for ~4ms with initial
relaxations decaying away in ~lms. 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 signhificantly extend the
mode-locked bandwidth and so obtain shorter pulses. For
instance, if 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 Q-Switched Operation

Mode-1locked and Q-switched operation at B5Hz 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, [ﬂji before the
voltage 1s turned off and the large Q-switched pulse
dévelops- The "pre-lasing” period of ~2ms provided sufficient
time for the mode-locker to establish a steady-state pulse
duration. In this way we were 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 FWHM
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
~7013, indicating that peak powers of ~20kW were now

available.

It should be noted that 1i1f a similar cavity to that
shown in fig.4.7 were used, it would be reasonable to expect
a similar improvement in peak power, 1i.e. peak powers of
~50kW could be available.

4.2.3 A Mode-locked Yb:Er Fibre Laser (see appendix 7)

Using a ~60cm 1length 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 technigue 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, Fag-

Unlike the fibre used in ref.[10], our fibre 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]. When 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 X10
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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 fibre,
[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 ~0.5W we were able to
obtain a stable cw mode-locked output train. Fig.4.11 shows a
picture of a typical sampling scope traip, where the baseline
structure is a result of the detection system used. Measured
FWHM durations were typically ~90ps, indicating actual
pulsewidthg\ of ~70ps. Using a scanning Fabry-perot
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 length. The product is
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 OQutput Pulse
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The average output power was found to be ~0O.1mW,
indicating peak powers of ~15mW. In section 3.5 we found
average output powers of nearly 1mW for an Yb:Er fibre laser
with butted mirrors. The drop in 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\pptics 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 ratic in excess of 100:1. The
corresponding intracavity peak power is now ~2.0W which, with
the possibility of further enhancement through Q-switching,
may lead to interesting non-linear effects 1in the fibre
lasing medium. This possibility will be dealt with in more

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 1laser 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 1s 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 doyn thea signal mode, through the LiNbD3 phase
modulator, to a ~150um waist at the output mirror. Both the
rod and the input and output 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) shouws 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 {(~1é6mW). 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 fluctuation being observed Tor 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 1laser,

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 if 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 1is 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 Qutput 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 ~100HZz.

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 for studies of non-linear effects 1in silica based
fibres with emphasis on the possibility of obtaining soliton

propagation and pulse compression.

4.3.1 Non—-linearity aAnd Pulse Compression

Tha possibility of pulse narrowing and soliton
propagation arises from the fact that the refractive index n

is intensity dependent, as below,

n=n+n,I (4.9)

where n, is the Kerr coefficient (= 3.2x10" °n%"™ ' for

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

e = mot - kz

= ot - onz / c - O, N,z I/ ¢ (4.10)

Thus the instantaneous frequency is given by,

@, = de/dt = @, (monzz / c) 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

101



Fig 4.15 Self-Phase Modulation
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pulse tends to have low frequencies in its leading edge and
high frequencies in its trailing edge. If 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 1low 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,

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

where B8(w) is the propagation constant. If the spectrum is
sufficiently narrow and centred around a carrier frequency

®, we can expand B(w) as below,

ds
B(w)= B(mo)+ {——-—](o - oo)+ (1/2)[———5—](0 - wo)2+ 68 (4.13)
dw :

where 68 is the change in propagation constant due to an

index perturbation 6n. Thus,

de dB 2
=== =1 B(@ )+ |==-=|(® =~ 0 )+(1/2) |--—3-|(® - o, ) +58 e
0z 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,0) = E(z,w—wo) exp [-iB(Qo)z] (4.15)
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where E(z,w—wo) iz the slowly wvarying, complex, wave

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

GE(z,w—wo) da d23 2
—-—— = -i|[---- (QJ-00)+(1/2) -==3" (o —wo) +38 E(z,m—oo)

Oz de \

...(4.16)

Using the relation,

al‘l
[i{w - wo)]n E(z,w—wo) = F.T.[-——;E(z,t)]
ot

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

8 a d*s [ 8%e(z,t)
- 4 (/v )= [E(2, ) = (3/2) [ | |~omg e
Jz ot

- 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(Qo)z-mot]}, and (i/vg):(dB/dm) is the
inverse group velocity. If we now identify the index
perturbation as being due to the non-linear refractive index,

such that 6B¢|EI2, we then have,

3 3 d*s T 8%E(z,t)
~mm= + (1/v )m=-- [E(z,t) = (i/2) |-=-3-||-==5--=--
dz 9 3t dw 3t |
- ixlE(z,t) 1*E(z,t) (4.18)

where » is a constant dependant upon the single mode fibre

used.
In eqn.(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 (dzﬂ/d02<0), and a pulse that is
convex upwards (62E/6t2<0 over the 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 prbpagation of optical pulses in monomode fibres,
and derived the NLSE for the slowly varving pulse envelope
(eqn.(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 form
through the following simple transformations, [23],

t’= (1/7T)(t - z/vg) ) (4.19a)
dZB ‘ z
2’z |==—m- ———— (4.19b)
do? T2
2 -1/2
1/2 d s
u = T)t E ————— (4.19C)
2
dw

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

we arrive at,
du azu 2
il---=| = (&/2) |-===5-| + lul’u (4.20)

where a=-1 for positive dispersion and a=+1 for negative
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dispersion. This equation was studied analytically 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=1, 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 large scale numerical
solutions of the NLSE have proved to be practical up to N4
before they become just too large and time consuming (even on
very powerful computer systems). However solutions up to N~20
have been obtained, [24], for the exact Nzinteger 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’=2m.

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, [217,

P = 0.776 -—3===-3- A (4.22)

where T (=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 dZB/dmzzblz/ZHC. We can

also see that the soliton period is,
2 2 2
z, = 0.3227"cv / A7 DI (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 ware 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]. 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
~1lms. 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
z0 = 124km
N = 30

Where we have used typical single mode silica fibre wvalues
6 =2 -10 2 —29),w=

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 ~0.017_0. 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 find the compressed
pulse has a FWHM duration of Jjust 430zx10fs 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 launchad 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 0 to more than
1OOOcm‘1, with the main peak at 440cm—i. 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 1is established. This
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Fig «4.17 Fibre Output
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effect has been called the soliton self-frequency shift
(SsFs), [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 wvelocity dispersion) from the
remains of the input pulse. The ultra-short pulses are
fundamental solitons and are Tree 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 1is as far as our initial experiments have
progressad, however one simple way of obtaining further
compression and studying the propagation of 1lower order
splitons in the femtosecond region would be to launch the
fundamental soliton we have already obtained into a
dispersion shifted fibre, [32]. For 1instance if we chose a
fibre such that D=-1x10 %sm™? then from egns (4.22) and
(4.23) we find,

P, = 194
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z, = &5m
where we have assumed 7=400fs. Thus with a launch efficiency
of ~50% (i.e. 1nitial peak powers of ~M50W), we could
propagate soglitons of wup to N~3 with optimum pulse
compression factors of 8.4 , [24], giving pulsewidths down to
~50fs. The relatively small wvalue for z, would also allow a

more careful study of pulse shape versus propagation length.

It should be noted that there is an even 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 825/6t2 is only negative
over the central portion of the pulse). This energy loss can
bé avoided by setting up a soliton laser where ths sourcs
laser itself can be forced to produce much shorter pulses at
its normal average output power. The soliton laser as
described by Mollenauer 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 1length of

single mode fibre, as shown in fig 4.18.
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The initial explanation of this effect was that the
Traction 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 1in synchronism with tha 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 leaving the fibre
have essentially the same shape, i.e. when the pulsewidth
compresses to the point where the soliton period is equal to

twice the fibre length.

/

to work on the N=2 rather than N=1 soliton which, from this

Experimentally it was found that the laser wanted

simple explanation, should have been a stable operating
point. It was alsoc 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 senergy 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 tha CCL have been
produced, [386]. 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
cbnditions 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 1length was considerably
less than zo/2, i.e. the pulses returned from the fibre were
shorter than those launched into it. For a fixed fibre leangth

s they found the pulsewidth varied with the reflectivity of the
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CCL output mirror, and that the shartest pulse that could be
obtained corresponded to a soliton period z, of just 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 thsy show that shortened
mode-{ocked 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 becausae, in the case of a fibre with negative group
Qeloci}y dispersion, the external cavity pulse déés, in
practice, apptroximate to an N=2 soliton, [35]. Also, as
stated earlier, the condition that 20/2 is equal to thg{fibre
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, T (assuming
Az1.54um). We can now apply the line corresonding to the peak
power in the fibre, [33],

Pz 0.88nPT / 7T (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 5:
can be finally adjusted through the launching microscope
objective. Thus we find that the values of E'and P2 cross at
a point corresponding to a pulsewidth, 17, of 290fs and a
fibre length, 1, of ~1.0é6m. Similarly in fig.4.20 we find a
cross-over at 1=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 7T=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 bas 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 due

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 Conditicons 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 1leaving 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 pouwer available by
moving away from the butted mirror configuration (see
fig.4.9) which limits the safe pumping power to -~300mW. With
greater pump power we would also need a longetr 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
ignored 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-laocking
enhancement of just 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 broadenad lasers. Even with this
rather pessimistic prediction it 1is obvious that the
mode-locked Yb:Er fibre laser 1is a very interesting system
with which to experimentally investigate such intracavity

mode-locking enhancement. With the use of combined
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Fig 4.21 Soliton Laser Operating Conditions For The Yb:Er
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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 daemonstrated 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 demonstrataed
obtaining compressed pulses aof ~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 1ideal <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 several 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 lasers with

intaernal non-linear index elements.
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5. Concluding Remarks

5.1 Summary Of Results Achiaved

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

results obtained,

4

Table 5.1

Unguided Single Pass, Synchronously

Guided Pumped, Guided

Predicted Peak
Power Threshold 2_5MW - 200kW S0KW
Experimantal
Peak Power - 190kW 50kW
Threshold
Output Pulse
bDuration - 100ps 100ps
Output Peak
Power - 66kW 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
Q-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 5Hz
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 wvarying 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 frequency 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. This laser can be operated pulsed or cw, @-switched
and/or mode-locked, in bulk or fibre form. The results

obtained to date are summarised in table 5.2.

Table 5.2
7.5cm Long Rod , |2cm Long Rod , | Fibre Laser
Quasi-cw Pumped cwWw Pumped
Threshold 4 _.5W 500miW 12mW
Absorbed Power (HR mirrors) (HR mirrors) [(10% output)
Mode-1locked
Pulsewidth 70ps 70ps 70ps
Mode-locked 50W 2W FOmW
Output Peak (20kW when mode-
Power locked and Q-
switched)
J
Q-Switced 10kl Peak Power [25W Peak Power -
Performance 60ns duration 750ns duration
5Hz Rep. Rate 125Hz Rep Rate
(Using a
mechanical
chopper)

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 in 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

avallable.

ii) With the very large gain gandwidth available it
should be possible to impraove 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 wusing an
alternative pumping scheme where 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 ocutput power. With such
improvements would also come an increase in the power
circulating in the laser cavity which could 1lead 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 in 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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Low-threshoid operation of a waveguide CH,

Raman laser at 1.584 um

D.P. Shepherd
D.C. Hanna
S.G. Mussett
M.T.T. Pacheco

Imdexing terms: Optical wateguides. Lasers. Nonlinear optics

Abstract: A convenient source of high-power
{~20 kW) stable mode-locked pulses at .34 pm,
suitable for pulse-compression studies in the nega-
tive group-velocity-dispersion region of optical
fibres, is described. The source is based on a
capillary-waveguide Raman laser. using CH, gas.
and pumped by a mode-locked Q-switched CW
Nd : YAG laser. Initial results for a synchronously
pumped Raman laser are also presented,

1 Introduction

The spectral region around L5 pm is of particular inter-
est in optical communications since fused-silica fibres
have very low loss in this region. The negative group-
velocity dispersion in this region is also of interest since it
offers the possibility of soliton pulse propagation. There
are few sources of mode-locked pulses of sufficient power
to induce nonlinear propagation effects in this 1.3 pm
region, and studies of soliton behaviour have so far relied
on colour-centre lasers [1, 2]. In this paper we report the
development of a rather simple source of high-power
mode-locked pulses at 1.34 ym which should prove suit-
able for studies of nonlinear propagation behaviour.
The source is based on stimulated Raman scattering
{SRS) in CH, gas. pumped by the 1.06 um output from a
mode-locked QO-switched  continuously  pumped
Nd: YAG laser {Spectra Phyvsics 3000). To reduce the
threshold to o level that could be reached by the output
from such a CW pumped laser. the CH, gas was con-
tained in a capillury waveguide, thos providing guidianes
for both the pump and Stokes waves [3-7]. Working at a
CH, gas pressure of 7 MPa 170 armospheresl. the thresh-
old pump power wias measurad to oe ~ 200 kW an
order of magnitude reduction in threshold compared
with an unginded geometry. and more than 1 factor of
two lower than the available output power from the
pump laser. Peak power of the generated 1.34 um pulses
wis ~20 kW with amplitude stability equal to that of
the pump laser. The output beam was diffracton limited.
Since this type of Nd:YAG laser is widely used in
vpticai-communications research Iaboratories and since

Puper 3333J (ELJ), tirst reczived 33rd October 1986 and in revised form
18th March 1987
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operation is in principle possible up to ~1 kHz, this
Rarnan laser provides a potentially attractive and simpla
source.

2 Backgraund

Under plane-wave pumping conditions the steady-state
power gain for the scattered Stokes wave, of [requency
w,. is exp G, where G=yg,1,I. Here 1, is the pump
intensity, { is the length of medium and g,. the Raman
gain coefficient, is given by [§]

_ 162 AN (da')

nHhwiAe,

dQ

Here AN is the difference in population density berween
the initial and final levels tin this case simply the number
density of CH, molecules), Aw, is the Raman linewidth
and {do:dD)) is the Raman-scattering cross-section. For
CH, it has been shown that the linewidth Awg is given

by [9]
Awg = nctbd + 24P )

()

gr

where P is the pressure in atmospheres. The Ramun
cross-section {dordQ) is here defined in terms of the ratio
of scattered to incident intensity as in Reference 3. The
threshold for stimulated Raman scattering is reached
when G, = 25. From egn. | and the relation’ G = g, 1,1
the threshold pump intensity can be caleulaced. In pm'c-
tice. two further modifications to the analysis are nezded.
to account for the nonuniform intensity within the pump
beam and the transient character of the Raman scattering
when the pump puise durations are comparable to the
inverse of the Raman linewidth. With these modifications
the threshold pump power. for an unguided beam
focused ut the centre of » Raman medium of lenath ! o
give a confocal parameter b, is given by Referencs 3:

: : ; NERH
P,.=£’l[1 +(t-———, Gatp ) J &)
N otan T {thy
The numerical factor £ accounts for the transient behav-
iour, and the procedurs for caicuiating F is given 1n Rel-
erence 3. Using eqn. 3, it is found that the predicted
threshold pump intensity. for a 1.06 ym pump of
~100 ps duration generating 1.54 um st Stokes radi-
ation in CH, gasut ~7 MPa.is ~2 MW, in good agrze-
ment with experimental results [3]. This is signiﬁcim!y
greater than the 0.5 MW peak power available from a
typical CW pumped Nd:YAG laser. The necessary
reduction in threshold can however be achieved by an
appropriate choice of capillary wavezuide [4. 5]. )
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The capillary used in this work was a thin-walled cap-
illary made of fused silica, with a bore diameter of
20 =130 pm. To support the capillary and hold it
straight, it was fitted inside another glass capillary of
large outside diameter ( ~6 mm) and then placed inside a
high-pressure cell. The end windows of the pressure cell
were of fused silica, ~12 mm thick. allowing operation
up to CH, gas pressures of 7 MPa.

The pump laser provided an outpul energy of
~14 ml in a O-switched envelope of ~200 ns duration.
Within this envelope the mode-locked pulses had a repe-
tition rate of 82 MHz. The duration of these pulses was
measured, see Fig. 1, using a background-free second-
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}_, o U t g, .
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t 2 X

| S 3
T x
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time, 1Spsidivision
Fig. 1  Pump-pulse autocorrelation

FWHM = {50 = 1 ps

harmonic autocorrelation technique. and found to be
~ 150 ps (assuming a Gaussian temporal profile), thus
implying a peak power of 0.5 MW in the most energetic
pulses. This autacorrelation was performed over the full
Q-switched pulse envelope. and so represents an average
pulse duration. Measurements on a single pulse in the
train were not made. The output was in the form of a
clean TEMg,, mode. This is important for efficient
launching into the EH,, mode of the capillary. The beam
was focused to a waist of spot size wy = 60 pum at the
capiilary entrance. thus satisfying the launch condition
[to].

3wy = 2u (4)

The theoretical transmission 7 of the capillary for the
EH,, mode is given by [11]

T =exp(—2,D (3
where x, = 043},a% is the pump attenuation coefficient.
For Raman scattering in the capillary waveguide of
feneth | the power gain exponent G is given by [3]

G=ypl by — 2l (6}
where z, is the Stokes attenuation coefficient and the
‘eflective length’ [, is given by [3]

lir=0—=Tux, (n
The threshold pump power P, for SRS is thercfore
Py=FAd JAG+2Diyrl.s (8)

where. following Reference 5, 4, = mw3.

The capillary waveguide allows a small threshold to be
achieved by virtue of the fact that even if A, is made
small, /,;, can be kept significantly fonger than the effec-
tive length of approximately one conlocal parameter

=2mw}/}) that would apply for unguided conditions.

3 Experimental results

A capillary transmission of 38% was achieved in practice
for the .06 pm pump, to be compared with a calculated

8%
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theoretical transmission of 38%. The discrepancy was
probably due to slight bending of the capillary [4] and
imperfect launching, although care was taken to ensure
the capillary ends were cleaved cleanly. The remaining
transmitted pump beam was in the form of a clean circu-
lar spot of diffraction-limited divergence. The predicted
threshold for SRS, ~160 kW, was in good agreement
with the experimentally observed value of 205 kW. Fig.
2a shows the undepleted pump pulse train observed at

Fig. 2

Puise eratns

u Undepleted pump transmutted by capaitary. The smaller, interleavee pulses are
due to pump light launched into the camilary walls. Muode-locken puise separa-
hwon s 122 ns

b Sirong depletton of trammilicd gemp when operatini at 2.5 tmes Lhranoie
power. The ongealinterleaved pules have the same inensiy a5 in ke, 2»

¢ [rain of st Stokes pulses at 1.53 um

the capillary output when the pump intensity was below
the SRS threshold. The smaller interleaved train of pulses
is due to pump light travelling through the walls of the
capillary rather than down the bore and hence is delaved
by ~1 ns. Fig. 2b shows the heavily depleted pump pulse
train when the maximum available pump power was
used (~2.3 times the threshold) The pulses travelling
through the capillary walls are unchanged in intensity
{they enter the wall at the launch) and provide a useiul
reference to quantify the pump depletion. They are also
useful for achieving optimum alignment by adjusting the
capillary so that there intensity is minimised. Fig. 2¢

{EE PROCEEDINGS. Vol. 134, Pt. 2, No. 3. JUNE 1487



shows the corresponding .54 ym outpur pulses. These
displayed excetlent amplitude stability, with amplitude
variations being no greater than those of the pump pulse
itself. The DC level on the tail of these pulses is an arte-
fact of the recording process. Second-harmonic autocor-
relation measurement of the Stokes pulse duration gave a
value of 130 ps (assuming Gaussian shapes for a 150 ps
input pump pulse. see Fig. 3. A bandwidth measurement

5
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G L Ee Tty
T T

Q .z T

Y T v

p T €.

A :
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time, 15ps Jdivision

Fig. 3  Raman pulse autocorrefation

FWHM =133 = 1 ps

of the generated Stokes radiation gave an upper limit of
5.5 GHz. although this was instrument limited owing to
the low finesse of the spectrum analyser used. The pulses
are therefore close to being bandwidth limited (within a
factor of ~2). Peak output pulse energies of ~3 uJ were
observed implying peak output powers of ~20 kW.

Although the Q-switched repetition rate can go up to
~1 kHz, all the measurements reported here have been
carried out at 5 Hz. Initial measurements at the 1 kHz
rate revealed a gas breakdown behaviour leading to a
deposit of ‘soot' on the inside surfuce of the wu‘xdow
where the pump beam entered and also at the capillary
entrance. The cause of this breakdown is not yet under-
stood. It appears to depend on the average power of the
pump and not the peak power. The maximum sach oper-
ating rate has not been established, although in view of
the aependence on average power it is expected that if a
single pulse switchont were used to take one puise from
each Q-switched envelope, repetition rates of several
hundred hertz would be free from breakdown.

The single-pass Raman-scartering scheme described
above has given threshold pump powers of 200 kW. A
further reduction of threshoid is possible by operating the
Raman laser as a synchronously pumped oscillator. This
involvas feeding back the Stokes radiation to arnive at
the entrance of the capiilary in synchronism with the next
pump pulse in the mode-locked train. We have used 2
ring configuration to achieve this. [n this way the thresh-
old pump power has bezn reduced to 54 kW, 1n good
agreement with the predicted vaiue of 40 kW, and thus
almost an order of magnitude fower than the available

JEE PROCEEDINGS. Vol. 134. P J. No. 3 JUNE V87

pump power from our laser. This arrangement gave a
stable Ist Stokes output, but at a lower peak power
(~3 kW) than the single-pass scheme. Further details of
the operation of this synchronously pumped Raman
oscitlator are to be given in a further publication.

4 Conclusion

We have demonstrated a simple high-power source of
mode-locked pulses at 1.54 pm. The good amplitude
stability, diffraction-limited beam quality and high power
make these pulses particulacly interesting for studies of
pulse-compression phenomena in fibres under conditions
of very high soliton number.
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The threshold for stimulated Raman scattering (SRS} in CH, gas with a 1.06 um pump has been reduced to only ~50 kW using
an arrangement involving synchronous pumping and confincment in a capillary waveguide. This corresponds 1o a threshold
reduction of ~ 50 compared 1o an unguided, single pass device. This Raman lascr has produced stable mode-locked 1.54 ym

pulses of ~ 12 kW power and pulse duration ~ 100 ps.

1. Introduction

The use of a capillary waveguide to reduce the
threshold of stimulatad Raman seattering in gases
has been the subject of a number of publications
[t-5]. In particular it has been shown that stimu-
lated Raman scattering in CH gas can be achieved
with the output power available from a continuously
pumped Nd:YAG laser, when Q-switched and mode-
tocked [6]. In this paper we describe 2 synchron-
ously pumped waveguide Raman Jaser in CH, gas
where the introduction of synchronous pumping has
led 1o a further factor of four reduction of threshold.
The overall reduction of threshoid compared with 2
single pass unguided arrangement is ~50, and the
threshold power requirement for a 1.06 m pump is
now ~ 50 XW. Agreement between predicted and ob-
served threshold is good. Qutput pulses of ~12 kW
and 100 ps are obtained at the [.54 gm lst Stokes
wavelength.

2. Background

Fallowing ref. (6], the stimulated Raman thresh-
old power P,, for a single pass arrangement in a cap-
illary waveguide of léngth / is .
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where a,, @, are the Stokes and pump attenuation
cocflictents respectively, the effective length Ly =
[t—exp(~a )]/, and the effective area

" Acq=nW3 where W, is the spot size of the EH,,

mode. G,, is the gain exponent neecded to reach
threshold, usually taken to be G, =25. F is a factor
which 1akes accpuint of the increase in threshold rel-
ative to the steady state valve, due to the transience
of the medium response. The value of Fas a function
of the ratio of pump pulse duration to the madium
Ty is given in ref. (5], gg 1s the Raman gain coef-
ficient [7,6].

Expression () for the single-pass case can be
readily extended ta the synchronously pumped case
by noting that the net gain of Stokes power after n
round trips is

PulPu=(R)""
xexp((gnfm/mm 3 P,.—m,l), )
1=

where P,, is the pump in the ith pulse of the pump
train and R is the fraction of Stokes power fed back
into the capillary entrance as a result of mirror and
taunching losses. The threshold power is expressed
as the value reached by P, at the peak of the pump
train envelope, where P /Po=2xp(Gy).

[
=~
o



Volume 635, number 4 OPTICS COMMUNICATIONS ! 15 February 1983

3. Experimental arrangement

The pump laser was a continuously pumped
Nd:YAG laser (Spectra Physics 3000), opcrating at
1.06 pm and producing a ~ 1.6 mJ Q-switched mode-
locked train of 200 ns (fwhm), with mode-locked
pulsc duration measured to be 120 ps. The peak pulse
power was thus calculated to be ~ 700 kW. The Ra-
man cell eonsisted of a fused silica capillary of bore
diameter 2a=200 pm and length 75 em, supporied
and held straight inside another capillary, which in
turn was held inside a pressure cell with fused silica
windows. Operating pressurcs up to 70 atm of CH,
were used. High pressures are advantageous in re-
ducing the thresheld since this result in a shorter T
and hence a smaller factor F. At 70 atm, with 120 ps
pump pulses, Fis estimated to be ~ 1.4 {5]. It shouid
be noted that with the short 73, ~ 9 ps at 70 atm, the
vibrational excitation of the medium decays vir-
tually completely between pump pulses (~12 ns
separation).

The TEMg, pump beam was launched into the
capillary with a waist spot size at the guide input
chosen to satisfy 3W,=2a [8]. The theoretical
transmission T of the capillary guide for the EH)y
mode is given by [9]

T=exp(—ayl), (3)

where a,=0.43 1}/2°. In practice we achieve a
measured transmission of 57%, compared 1o the the-
oretical value of 70%. Slight bending of the capillary
and/cr imperfect launch may have accounted for the
slight discrepancy. In calculation of threshold we have
used an empirical o, value which, when substituted
in eq. (3) gives the observed transmission. The
transmitted pump beam was in the form of a clean
eireular spot of diffraction-limited divergence.

Results obtained for the single pass arrangement
gave a threshold of ~190 KW, in excclient agree-
ment with the theoretical value from eq. (1). Fig.
{(a) shows a typical depleted pump pulse observed
at the capillary output and fig. 1(%) shows the cor-
responding 1st Stokes 1.54 ym output pulses. The
Stokes output has good amplitude stability, simifar
to that of the pump, when the Raman medium is
pumped well above threshold. Energy measurements
indicated that single mode-locked pulse energies of
~7 pJ were generated.
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Fig. L. (a) Depleted pump preise for single pass Raman laser. (100
ns/division), (b) Ist Stokes 1.54 um output puises. {50
nefdivision).

The single pass arrangement was then modified to
the synchronously pumped amangement shown in fig.
2. The Ist Stokes pulses were fed back 1o the capii-
lary entrance via the prisms Py, P, P; and the beam-

x'—? Vo
;:L—_. _ - — [l
(Y] ?L‘r, '

(RSP

Fig_ 2. The synchronausly pumped Raman laser resonator wis
beamsplinter (B}, lenses (L, Ly} and prisms (P, Py, Py}, The
pump inpul is denoted by 11 and the Raman cutput by O/P.
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splitter B. The ability to achieve single pass operation
with the feedback loop misaligned proved a consid-
crable help i setting up the synchronous pumping.
Lenses L, and L, were used respectively to collimate
and focus the Stokes beam for relaunch, again taking
3}, =2a as the launch condition. Fine control of the
cavity length, to achieve synchronism, was achjeved
with 2 micrometer adjustment on the common
mounting or prisms P, Ps. When correctly adjusted
the observed threshold was found to be ~50 kW, a
factar of four less than for the single pass arrange-
ment, and in fair agreement with the value of 58 kW
predicted via eq. (2). At threshold the largest Stokes
pulse occurs after the peak of the pump envelope, as
predicted by eq. (2).

The effect that Stokes fcedback has on pump de-
pletion is shown in fig. 3(a} and 3(b). Fig. 3(a)
shows the transmitted pump when just above the
single pass threshold and with the feedback blocked,
while fig. 3(b) shows the heavily depleted transmit-
ted pump when, under the same pump conditions,
the feedback is restored. Fig. 4 shows the train of st
Stokes pulses for an input pump power of 310 kW.
The pulses show gaod amplitude stability, as good as
that of the pump puise, and a measurement of pulse
energy indicated ~ 1.3 uJ in each mode-locked puise,
The mode selection of the waveguide and feedback
resonator ensure diffraction limited output. The pul-
sewidth, averaged over the whole outpul putse train,
was measured by a background fres second har-
menic autocaiTelation measurement using a LilO,
doubling crystal, Puise duration, assuming a gaus-
sian temporal shape, was found 1o be ~100 ps, see
fig. 5, implying peak powers of ~12 kKW,

Anti-Stokes radiation (i=2812 nm) was also ob-
served in the output, but 2nd Stokes radiation at
J=2.8 jum was not detected, despite it probably being
generated in significant amounts. as the 12 mm thick
fused silica windows had a very low transmission at
that wavelength.

Two features af the Stokes behaviour are as yet
unexplained. One is the fact that typically a maxi-
mum of ~ 10 pulses are observed in the Stokes out-
put train, whereas a simultaneous observation of
pump depletion incicates that ~20 or more pump
pulses are strongly depleted. This is sezn by com-
paring figs. 3(3) and (b}, which were taken under
identical pump conditions, and differing only in that

132

OPTICS COMMUNICATIONS

13 February 1988

Fig. 3 (a) Transraitted pump pulse with feedback blocked. (b)
Heavily depleted pump puise with feedback operating.

fig. 3(a) corresponds to the feedback being blocked.
After the first 6 or 7 pump pulses, all remaining pulses
are heavily depleted, many to the base line, and even
the late pulses in eq. 3(b) are depleted to below the
20% level. It appears that the Stokes output corre-
ponds to the initial part of the pump depletion. &
second observation, found in single pass operation,
is that depletion of the pump train is not symme:zric
about the enveclope peak (fig. 1(a)), as one mignt
have expected since pump pulses of the same power
would be expected to produce the same behaviour.

A final comment is on a practical but important
aspect of this source, We have found that when op-
erating at higher repetition rates (the pump laser is
capable of | kHz or more) the CH, gas rapidly
undergoes decomposition, leading to a deposit of soot
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4, Summary

. We have demonstrated that very low threshold op-
eration of a CH, Raman laser at 1.54 um can be
achieved by the combination of capillary waveguid-
ing and synchronous pumping. Similar techniques
should work successfully with a number of gases. The
particular source based of CH, provides gutput at a
wavelength, and in a form, which would be suitable
for nonlinear propagation studies and measurements
in the negative group velacity dispersion region of
fused silica fibre.

Fig. 4. 15t Stokes 1.54 um output pulses for synchronously pumped Acknowledgements
Raman laser.

This work has been supported by the SERC under

on the inside of the celt entrance window and at the the Joint Optoclectronics Research Scheme, D.P.S.
entrance of the capillary guide. We have therefore wishes to acknowledge SERC and BTRL for support
confined our measurements to a repetition rate of 5 in the form of a Case studentship. We are grateful to
Hz, where operation over periods of many weeks is Dr, AL Ferguson for 2 number of useful discussions.

possible without such decomposition occurring. The
underlying cause of this decompasition is not yet

understood. References
{!] P. Rabinowitz, A. Kaldor, R. Brickman and W, Schmidt,
Appi. Optics 15 (1976) 2003,
> { {21 W, Hartig and W. Schmide, Apgl. Phys, |8 (1979) 235.
|~ {31 AJ. Berry, D.C. Hanna and D.B. Heam, Optics Comm, 43
[ (1982) 229,
= {4] AJ. Berry and D.C. Hanna, Optics Comm. 45 (1983} 337.
. 1 ° {5} D.C. Hanna, D.J. Pointer and DJ. Prau. IEEE J. Quant.
“ v’ Elcctron, QE-22 (1986) 332,
/{/ ]\\J\ {6] D.P. Shepherd, D.C. Hanna, 5.G. Mussett and M. T.T. Pa-
checo, {EEE Proc. J. 134 (1987) 187,
{7] M. Maicr, Appl. Phys, (1 (1976} 209.
TIME [15 psec/CIVISION ) (8] R.L Abrams, IEEE J. Quant. Electron, QE-3 (1972) 338,
Fig. S. Second harmanic autocorreiation measurement of pulse (9] E.AJ. Marcatili and R.E Schmclizer, Bell Syst. Tech. J. 43
duration. FWHM = (03 = 1ps. {1964) 1783.
282

133



Yolume 6. number 6 OPTICS COMMUNICATIONS 15 September (937

A 1.54 pm Er GLASS LASER PUMPED BY A 1.064 um Nd:YAG LASER

D.C. HANNA, A. KAZER and D.P. SHEPHERD

Departinent of Physics. University of Saushampton, Highfield, Southarmpian SO9 SNH. UK

Reccived 20 May 1987

Laser oscillation in Er-glass. co-doped with YD sensitiser, has been achieved by pumping with the 1064 yum output of 3 Nd: YAG

laser.

1. Introduction

The current interest in optical communication sys-
tems operating around [.5 pm has generated 2
requirement for coherent sources in this spectral
region. Given the variety of measurements and
investigations to which such sources would be
applied, there is a need for 2 convenient versatile
source, capable of operating cw, pulsed, mode-lacked
and Q-switched. With such a source in mind; we have
looked at the possibilities of an Er glass laser pumped
by a Nd: YAG laser. In this paper we report the pre-
liminary results of lasing at 1.54 pm from a com-
mercially available Er giass rod pumped by a pulsed
Nd:YAG laser. The performance ¢ata indicate that
cw lasing using a ¢w Nd:YAG laser should also be
possible, and that a fbre laser based on this same
glass should have a very low threshoid. compatible
with pumpinz by a diode-pumped miniature
Nd:YAG laser.

The possibility of using a Nd laszr to pump an &
glass laser, via absorption by Yb seasitisers with sub-
sequent energy transfer to Er (s2=2 Nz. 1), was first
demonstrated by Gapontsev et al. {1 ]. [n that work,
and subsequent related work (ses Gapontsev et al.
[2] for numerous references) the emphasis has besn
on efficient conversion and high energy operation,
using Nd glass lasers (usually phospnrate) as the
pump. By contrast our emphasis hzas bezn to assess
the potential for Jow threshold operation with, for
convenience and availability, a Nd:YAG laser as
pump. To our knowledge this is the first report of

0 030-4018/37/303.50 © Elsevier Sciencs Publishers B.V.
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Fig. I. Pump radiation is absorbed by Yb* from the highest yun-
lc'Vcl of *Fys. Nonradistive encrgy transfer oceurs from Yo'~
Fuz) 10 EC*(*142) and then nonmdistive deczy 1o
EF*(*1,y). Lasing at |54 gm is from 7~ (*1, ) 10 the grounc
level {*1, 4, }. Excited statc absorption of the PUtp Can oc=r ftam
the metastable levet EF7(%,,,) o £27(“F,,.).

lasing in Er glass pumped by a Nd: YAG laser. In fac:.
apart from the convenience and availabiiity of
Nd:YAG, the wavelength of 1.064 pm is not ideal

rs
-1
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since it lies in the stecply falling lang-wavclength wing
of the Yb *Fy;—Fy,, absorption and lies in the shont
wavelength wing of the unwanted *11snr—"Fon
absorption in Er [2], see fig. 1. On both of ll:xcsc
accounts a somewhat shorter pump wavcicngfh s to
be preferred, and it is for this reason that with Nd
glass laser pumping, phosphate glass (1~ 1.055 ym)
has been used in preference 0 silicate glass (2]. It
is therefore likely that replacement of Nd:YAG by,
for example, the shorter wavelength Nd:YLF wiil
prove beneficial.

2. Pump energy requirement

The advantages of using a laser to longitudinally
pump another laser are well known: the sn}a]l
pumped volume minimises the pump power require-
ment and this in turn minimises the thermal input
to the medium. For a glass host medium with its rel-
atively low thermal conductivity the rcduccfi ther-
mal load is particularly imporiant and especially so
for high repetition rate or ¢w operation.

To make a rough estimate of the pump energy
requirements to reach threshold we caiculate ll.\e
number of pump photons that must be absorbtq in
order to pump half of the Er ground state populano.n
10 the *1,,,; level. The laser medium we have used is
a 7.5 cm long cylindrical rod of Kigre QE-7 Er phos-
phate glass, with an estimated Er concentration
No~ 1% 0% m=>. This estimate is based on the
measured unpumped absarption coefficient of ~7
m=" at 1.54 um and an assumed value of Tx10-%
m? for the stimulated emission cross section (2]
With the pump beam focussed to a waist spot size
W, S0 as o have a conlocal parameter cqual‘ o l.h:
rod length { (2w, nla, =4 whzere n isilhe refractive
index), the pumped voiume is ~ iy l%in, thus indi-
cating a minimum possicle pumo  €nerzy o‘(
AP NGhy /1N [nseriing Lhe relevant _p:lramctcr vai-
ues yields a predicted pump energy of ~4 mJ. How-
ever, the pump light is only weakly absoroed (~ 18%
of the 1.064 pm pump teing apsoroed in a rod 7.5
cm in length at room temperature) leading to an
increased predicted threshold of ~20 m/l incident
on the rod. )

This estimate assumes 100% transfer efficiency
from Yb to the upper laser level in Er. While meas-
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urements ol fluarescence lifetime shortening for Yb
indicate near 100% transfer from Ybte Er [ 1], it has
been pointed out {3] that this transfer is not nec-
essarily all to the *1,y. upper laser level. In fact
absorption of pump light {rom the 1,5, level is one
process which reduces net transfer efficiency to *1, y..
Estimates by Gapontsey (3] indicate a net transfer
efTiciency 10 *l,y of somewhat less than 50%, but
this figure may be lower in the case where Nd: YAG
is used as the pump since the longer pump wave-
length leads to stronger absorption fram the *ly,,
level [2].

In practice we have measured a threshold of ~ 300
ml incident pulse energy (at room temperature)
suggesting a significantly lower transfer efficiency.
Al elevated temperatures a threshold of ~ 150 mJ
has been achieved, indicating that a cw threshold of
~20 W is 10 be expected,

3. Experimentai arrangement

Given the predicted pumping requirements indi-
cated above we chose to carry out an initiai inves-
tigation usinga long pulse Nd: YAG laser as the pump
source, having'a pulse duration of 5 ms, comparable
to the ~ 8 ms lifetime of the E5 *I, 3 level. This pro-
vided significantly higher power than usually avail-
able.from a cw Nd: YAG laser, but on the other hand
allowed operation at fower intensity and hence with
lower damage risk than for typical non-Q-switched
Nd: YAG lasers of 100-200 ps pulse duration.

To maximise the available TEMy, power from the
Nd: YAG laser, a telescopic resonator was usad [4,3].
With a plane 80% reflectivity output coupler, 3¢ 3 (ei-
escope, and &6 mmx 73 mm Nd:YAG rod, this laser
gave 3 ms pulses of up to 90 W, in 2 lineariy poiz-
rised TEMgo mode, at 2 repetition rate of § Hz. The
linear polarisation produced by means of two Brews-
ter angle plates in the resonator, was neczssary 1o
enabie cfficien isalation of the Nd:YAG laser frem
the Er izser using a polariser and quarter wave piats
{hg. 2). With the generous power available from the
pump laser the pump (ocussing condition in the Er
rod could be relaxed somewhat from the confocal
condition (2xwgnf), =/, implying 1 waist size
w,=90 pm) and 2 waist size of 170 pm was actually
used, achieved with a lens of focal length 20 cm. The
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Fig. 2. Arrangement of telescopic resonator Nd: YAG pump laser
{A) and Er glass laser resanator (C). with isolation (B) pro-
vided by a polariser and quarter wave piate.

erbium laser resonator, fig. 3, consisted of a plane
mirror (pump input mirror) and a concave mirror,
20 cm radius, spaced by 22 em, with the laser rod
adjacent to the plane mirror. This resonator was cho-
sen to give a calculated TEMea SPOL size, at 1.54 pm,
of 130 pm at the plane mirror, and hence compa-
rable to the pump spot size in the rod. The plane
mirror had ~ 99% reflectivity at 1.54 pm and ~90%
transmission at 1.064 pm. The cancave mirror had
= 09% reflectivity at 1.54 pm. To investigate the
optimum output mirror transmission (for maxi-
mum power) an inclined plate was placed in the
resonator, providing a known loss asa function of
uile angle.

With the arrangement dascribed above, threshald
for 1.54 pm oscillation with the glass rod at room
temperature corresponded to ~ 64 W incident on the
input mirror, and hence ~ 10 W of absorbed pump
power. A significant increase in absorption, and cor-
cesponding decrease in threshold was obtained by
heating the rod, thus increasing the thermal popu-
lation in the uppear levels of the YD *Fy» manifold.
Most of the results have therefore been taken at a
temperature of ~$0°C, where the absorption of
pump radiation was ~30% over the rod leagth. The
thresiold power incident on the input mirror was
thershy reducsd to ~32 W, Further increase in tem-
pcralu;‘t, whiiz nroducing stronger absorption, did
ot lead 1o fuciaer significant threshold reduction.

B c a]
Fig. 3. £r glzss laser resonator, with plane pump input mirror

{A). Errod {B). concave murror (D). and inchned plate (C) to
provide a calibrated output coupling,
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Fig. 4. Upper trace shows the 1.064 pm pump pulse, lower trace
the 1.54 pm Fr laser output. The Er rod was at 90°C 1ad tha
input pump power of 30 W was ~3x the threshold value,

Fig. 4 shows a typical output pulse from the Er
laser, with initial ringing behaviour, settfing to steady
state output in ~1 ms. Fig. 5 shows in more detail
the trailing edge of the Er output and the pump pulse.
It is interesting to note that lasing continuss after the
pump pulse has terminated and ringing can be pro-
duced on the trailing edze of the Er laser pulse, The

* output from the inclined plate was monitared by a

Ge phatodetector and the reflected power fram one
surface of the inclined plate, measured with an aver-
age power meter, was used to calculats the total gut-
put power. By varying the piate angle, 2nd hencs the
output coupling, we found a mazimum average out-
put power of ~43 mW far a total output coupling of
~ 8%, corresponding to 2 total peak output power of
~2.2 W, Under these optimum coupling conditions
the photon conversion etficiency, from absorbed
pump phatons to emittzd 1,34 um photons 1s ~ [ (%,
a result which suggasts 3 rather low transier eff-
cleacy from Yb to the *1,y,, level of Er.

4. Conclusion

We have shown that, despite its rather weak
absarption at 1.064 pm, Yb:Er phasphate glass can
be pumped sufficieatly hard by a Nd:YAG laser 10
achieve lasing with reasonable gain and efficiency.
Clearly a number of improvemtents in the perform-
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Fig. 5. Detail of the trailing edge of the Er laser output {lower
trace inverted ): (a) shows lasing continuing aiter the pump pulse
has finished: {b) shaws the ringing which can be produccd by the
(ransizat efTzct of the falling pump pulss.

ance reported here can be made with an optimised
arrangement. The low degrez of observed (and esti-
mated (6]) thermal lensing and bir::‘ringc_ncc and
the low thrsshold indicate that pumping with a cw
Nd:YAG laser should oz sossible. Improved utilis-
ation of the availabie pump power could be achieved
by placing the &r rod in the Nd laser resonator [2].

The long fluersscence lifetime makes the Er laser
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well suited 10 energy storage and Q-switching. Using
2 mechanical chopper we have readily produced a
pulse of ~400 ns duration. The long pumping pulse
used for this laser is also suitable for the develop-
ment of steady state actively mode-docked operation
and experiments are planned ta test such perform-
ance, Combined mode-locking and Q-switching
shauld readily produce multikilowatt peak powers.

Very low threshold operation as se2n in Er doped
fibres [7] should ultimately be possible by fabricat-
ing the Yh:Er glass in the form of a monomode fibre.
This would offer the opportunity of pumping by
means of a diede pumped Nd:YAG or Nd:YLF
laser. These varfous possibilities suggest that laser-
pumped Er glass lasers could provide 2 convenient
and versatile source of radiation in the 1.5 um region.
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CW OPERATION OF Nd:YAG PUMPED Yh:Er PHOSPHATE GLASS LASER AT 1.54 pm
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C\WV lasing at 1,54 pm has been obtained by longitudinal pumping of an Yb: Er daped phosphate ghass with 2 1.064 ym Nd:YAG
laser. The threshold absorbed pump pawer was ~ 1.6 W and a cw outpul power of ~ 17 m\W was obtained. Q-switched speration.
at repetitioh rates of up 1o 125 Hz, gave peak oulput powers of =25 Win =750 ns fwhm pulscs.

1. Introduction

In previous publications [1,2] we have reported
the operation of a 1.54 um Er glass laser, pumped by
a pulsed 1.064 pm Nd:YAG laser, in which 1.064
wm radiation is absorbed by Yb®* sensitisers which
then transfer their excitation to the Er'™ ions. Re-

ently cw operation has bezn reparted a1 .6 pm on
the same Er?* transition (*ly,:—"lis,2) in a short
length (4 mm) of doubly-sensitised Cr:Yb:Er fluo-
roalumnate glass {3]. A 647.1 nm krypton laser was
used to pump into the Cr** absorption band. with
subsequent energy transier to Yb*~ and then to EF”,
ta this paper we now report cw operation of the
Nd:YAG taser pumped Yo: Er phosphate glass laser.
This work and the work of Heurnann etal. (3] clearly
demonstrates the benefits of longitudinal laser
pumping. which allows the pump power require-
ments 10 be minimised, thus redueing thermal dis-
tortions to a level which permits cw operation of the
3-level Er laser. Using 2 2.5 cm tong rod of Kigre QE-
7 glass, we obtained a threshold of ~ 1.6 W of ab-
sorbed pump power from the ow Nd: YAG laser. With
an unoptimised output mirror transmission of 1%,
we have obtained a cw outputof ~ 17 mW and using
1 mecnanical chopper and Q-switch we have ob-
tained pulses of ~750 as and 25 W peak power at
up 10 123 Hz repetition rate.

2. Experimental arrangement

The resonator arrangement is shown in fig. 1. lis
design was dictated by the following major require-
ments: (i) The pump beam and laser beam waists
should be at the centre of the laser rod and should
be of such a size that their confocal parameters are
of the order of the rod length. This minimises the
pumped volume, (it) For the same reason one should
use as short a laser rod as possible, the minimum
length being dictated by the requirement that there
be sufficient gain available. We have used 2 2.5 cm
length of rod, for which the maximum gain with the
Ee’* population complete inverted. wouid be
~ 17.5% per pass. (iii) Since the ultimate intention
is to mode-tock this laser with a 67 MHz acousto-op-
tic modulator, the opticai leagth of the resonator level

T
/

Fig. 1. CW resonator consisting: M,, plane wput mirror HT 2
1.064 pris HR @ 154 pm with a 6 ¢m lens: R, 2.5 cm Yb:Er rodt
L.. 6 cm lens; Ly, S0 cm fens; M., plane mirror HT @ 1.064 pm
HR @ (.54 pm (a1 5° angle of incidence ); M. planc outpus mr-
tor 1% transmission 2 1,54 pm: M., pump feedback mirror HR
@ 1.064 sm.

0 030-4018/88/503.50 © Elsevier Science Publishers B.Y, 153
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had to be fixed at .12 m. (iv) Since the avatlable
TEMw pump power from the Nd:YAG laser was
limited to ~7 W {Spectra Physics Modei 3000}, and
anly ~20% of this was absorbed in the glass rod on
a single pass, an arrangement was chosen whereby
unabsorbed pump power could be fed back to the
glass rod. To achicve this a three micrer resonator
was used {M,, Mz, M;), M, being the output mirvor,
M, having high reflectivity at 1.54 pm but trans-
mitting 1.064 pm and mirror M., of high reflectivity
at 1.064 um was used to feed back the unabsorbed
pump light. The advantage of this arrangement is that
devices such as Q-switch or mode-lacker can be in-
serted between Ms and M, without blocking the
feedback of the pump light. With more pump power
available, say 10 W or more, it would not be nec-
essary to resort {0 this pump feedback arrangement.

The TEMeq pump beam was focussed into the laser
rod, so as to give a waist at the rod centre, with
wo~ 70 pm. Mirror M, consisted of a plane mirror
and adjacent positive lens of focal length 6 em, AR
caated for 1.54 pm, thus simulating a 6 cm concave
mirrar. Since only planc mirrors were available it was
necessary ta use an intracavity lens to provide a sta-
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ble resonator. A lens L,, of 6 cm focal length, placed
at ~12 c¢m from mimror M,, provided the required
tightly focussed spot in the laser rod. In practice it
was found, both by numerical calcufation, and ex-
perimental observation that a resonator containing
a sccond lens L, (50 cm foal leageh ) placed a1 ~40
em from L, was much lcss sensitive 1o position of
mirror M, and lens L, 50 this two lens resonator de-
sign was used. Both lenses L, and L, were AR coated
for 1.54 pm.

The cylindrical faser rod of QE-7 glass is 2.5 cm
long and approximately 2 mm in diameter, with its
end faces at Brewster's angle. The rod is held inan
oven at 2 temperature of ~[10*C. As described in
ref. [1] this elevated tzmperature increases the pump
absorption and hence reduces the pump power re-
quirement. Since the absorbed power is also a sig-
nificant source of heat it is necessary ta avoid too
high 2 temperature within the pumped region of the
rod. This problem is avoided by using a small di-
ameter rod, thus reducing the temperature differ-
ence between the rod walls and its centre, and also
by ensuring good thermal contact between the rod
and the body of the oven.

EAEFEaREL:
.
TN T
LI

Fig. 2. Oscilloscope phatograph of several Q-switched output puises.
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Using mirrors of nominally 100% reflectivity,
threshold was found to accur at 1.6 W of absorbed
pump power, which corresponds to 5.4 W output
from the pump laser. A measurement of reflected
power from the Brewster faces indicated a loss of less
than 0.2%, thus indicating that depolarisation due 10
thermally induced birefringence was not 2 prablem
at this pump power level. Using a 1% transmission
output mirror a cw output power of ~17 mW was
obtained for an absorbed pump pawer of ~2.7 W,
A simple mechanical chopper placed between mir-
rors M, and M, provided a simple means of Q-
switching and output pulses of ~25 W, in pulses of
~ 750 ns duration, were abserved at repetition rates
up to 125 Hz (the inverse of the upper laser level
lifetime), Fig. 2 shows an oscilloscope photograph
containing several pulses and gives an indication of
the good amplitude stability. The observed variation
is thought to be due to fluctuations arising from
feedback of the 1.064 um pump light into the
Nd:YAG laser. With greater available pump powser
this problem could be eliminated, by dispensing with
mirror M., and using a quarter-wave plate/polanser
combination to act as isolator to prevent feedback
from mirror M,.

Clearly a number of further improvements can be
made, with losses reduced by replacing the lenses with

QPTICS COMMUNICATIONS

{3 December 1988

appropriate curved resonator mirrors and by choos-
1ng an optimum output transmission. With these im-
provements and given the higher pump powers now
available from commercial Nd:YAG lasers, a sig-
nificamt increase in output power can be anticipated.
Mode-locked operation, which has previously been
demonstrated with the pulsed Er glass laser [2],
should provide a convenient source of high power
short pulses from this faser, and experiments are now
in progress to demonstrate this.
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has significant implications in the development of metal-
insulator-semiconductor systems in general, and may passibly
be generically applied to a broad class of malcnn!s systems,
especially those that are based on substrate mmcnal_.s wh‘osc
native oxides are unstable and detrimental to a good interface
formation.
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EFFICIENT OPERATION OF AN
Yb-SENSITISED Er FIBRE LASER AT 1:56 sm

Indexing terms: Lasers and laser applicanons, Opnical fibres,
Optical properties of substances, Doping

We report operation of a high—fliciency Yb: Er single-mode
fibre laser. Pumping at wavelengths of 1064nm and at
820nm has shown low pump power thresholds (<7 and
4mW) and high slope ctliciencies {42 and 7-0%).

Introduction: Erbium-doped glass has long been r:gogqiscd as
an important Jaser material, particularly for appliltatx'ons in
optical fibre communications. The 1-§pm transition is well
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matched to the so—alled third transmission window in silica-
based communications fibres and erbinm-based systems are
consequently of great interest both as sources and iniige
amplificrs. Despite its potential usefulness, one drawback of
the Er laser is its lack of absorption bands where ow cost
pump sourcss, c.g. semiconductor laser diedes or diode-
pumped Nd : YAG lasers, emit Furthermore Er is known to
have strong excited-state absorption (ESA) which constraips
the choice of useful pump wavelengths.

QOmne way around these problems is to use glass which is
cadoped, or sensitised, with materials which absorb jn desir-
able spectral bands. Optically pumping a suitable codopant
can lead to efficient transfer of excitation ta the laser active
material, Very early on ytterbivm was shown® to be a suitabie
sensitiser for Er, giving cfficient encrgy transfer. Recently oper-
ation of the first Yb : Er fibre |aser has been reported.?

We describe here the operating characteristics of an Yb (Er
fibre laser which has produced significant outptit powers and
a high slape efficiency and which can be pumped either at the
Nd: YAG wavelength of 1-064 ym (as demonstrated in bulk
glass)® or at wavelengths and with powers available from
commercial laser diodes emitting in the 820-850 nm Tegion.

Details of the energy transfer behaviour i the Yb - Er fibre
used in our experiments will be described elsewhere® and only
a summary will be provided here. Because of the significant
inhomogeneous line broadening in glass and because severaj
levels of the Yb ground state multiplet ‘Fm are thermally
populated at room temperature, both Nd : YAG and semicon.-

“ductor diode lasers can efficiently pump into the Yb Fyn
doublet, whose lower level has a 0-75ms intrinsic radiative
fifetime,

From the *F,; state energy is transferred by muitipole
interactions to nearby Er ions resulting in population of the
*Iy 172 Jevel. A fast nonradiative decay from this level prevents
significant back-transfer of energy 1o the Yb and feads to
population trapping in the long-lived (14ms) I3 level.
Lasing action subsequently takes place betwesn this level and
the ground state manifold “I,,,.

Experimental details: The probability of energy transfer
between fons decays rapidly with jon separation. Efficient
transfer consequently requires high doping levels. Recent
developments of the solution doping technique® have made
possible the prodaction of low saattering loss, cluster-fres
fibres with dopant concentrations of several percent. The host
glass used in our fibre was silica based with doping levels of §
mole perezat Al,Oy (to enhance the solubility of rare-carth
ions) and § mole percent P,O4 and had Yh and Er conesnera-
tions of approximately 1-7% and 0-030%, respectively (21 : 1
ratio). The fibre had an NA of 0-25 and a core radivs of
23 pm. The cutoff wavelength was designed to be F-5pm to
ensure single-mode operation of the Er laser and a good
launch efficiency of the pump light.

A Spectra-Physics CW Nd:YAG laser or a Coher=at
argen-ion pumped Styryl 9M dye laser provided the pump
light. The latter could be wned with significane  pawear
(>100mW) over the wavelength range 800-830nm, thus
stimulating the performancs of a diode laser. A microscope
objective focused the pump light into the fibre and murrors
were butted to both fibre ends 10 form a low-lass cavity. The
input mirvor had a reflectivity of 98% at the lasing wavelength
and was highly transmitting at the pump. Output couplers
with 1-5pm transmissions of 10% and 27% were used. These
had redectivities of 10% at the pump wavelsngth.

Since Er operates essentially as a thres-level laser, end-
pumped fibre laser performance depends strongly on the fibre
fength. The optimum fibre length can be found by cuting
back a long fength of fibre while monitoring the laser per-
formance in terms of threshold pump power, slope efficiency
and lasing wavelength. When pumping at 1-064 pm, a length
of ~Im showed a good compromise between minimum
threshold power and maximum output power. This length
corresponds roughly to onc absorption length at the pump
wavelength. Small fibre tength variations do not significantly
alter the lasing characteristics. Larger variations increase the
pump threshold and lead 10  shift in lasing wavelength. This

¢ FERMANN, M. E.: in preparation



shift, from 1-568 pm at 2-3m to 1-549pm at 25cm, results
from preferential lasing to lower levels in the Er ground state
multiplet.?

Laser performance with 1-064 um pumping was evaluated
using a 91cm length (27% output coupling) and an 84em
length (7% output coupling) of fbre. The absorbed (launched)
power at threshold was found to be 80 (16) mW and §6
(12)mW for the two cases and slope cificiencies, measured
with respect to absorbed (launched) power, were found to be
4-2% (2:0) and 2:8% (1'5), respectively. Fig. 1 shows plots of
the output power against launched power for the two output
coupiers. It is evident that the amount of output coupling is

2:0

oL o i L ! |
[v] S0 100 150 200

lounched power, mwW

Fig. 1 Qutput power against lounched power for outpur mirror rransmis-
sions of 27% {+) and 7% (O)when pumped at 1064 nm

not very critical. The saturation seen at high pump powers is
believed to be due to pump saturation of the Yb ions. Higher
output powers than those shown can be achieved with higher
Yb concentrations or simply by using longer ﬁprc lengths.

Pumping a 70cm length of the same fibre with the dye laser
also showed a low threshold. With a 99% reflector as the
input mirror and a 27% transmitting output coupler the
threshold with 820 nm pumping was found to be 3-7mW and
a slope efliciency (absorbed power) of 7-0% was mcas.ur:d.
More detailed results from the dye laser experiments will be
published separately.

Discussion: The results described are significant in a number
af ways, First, it has been shown that efliciency energy transfer
lasers can be made in fibre form using doping levels of only
1-2%. The only previous mention® of such a laser had a
significantly lower (0-7%) slope efficiency and produced only
small amounts of power (100 W) using a higher ion doping
level (4% Yb). We note that ESA has not strongly impeded
the laser performance. Further investigations are aimed at
studying the influence of pump-induced ESA. This can conve-
niently be done vsing the dye laser since ESA peaks have besn
identified in its wavelength range at 800 and 840 nm.®

Secondly, the Yb: Er systemn is not unique and many other
sensitisation schemes are possible. This opens up new pos-
sibilities [or fabrication of fibre lasers and amplifiers which
can be pumped by convenient and inexpensive sources. As
shown here the pump powers required for operation are smail
enough to be well within the reach of mini-YAGs or diode
lasers.

Finally we note that significantly higher output powers for
a given pump power can be achieved by feeding the unab-
sorbed pump light into the output end of the fibre; this is
simply a matter of appropriate mirrar design. The slope effi-
ciency with respect to launched power can then approach the
value calculated with respect to absarbed power.
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PROPAGATION MODELLING IN THE
TROPOSPHERE: PARABOLIC EQUATION
METHOD

Indexing terms: Radiowase propagation, Atmospheric propa-
gation, M odelling, Microware radiation

The parabolic equation is 2 simplification of the wave equa-
tion that admits an eflicient full wave solution to the problem
of microwave propagation in 2 two-dimensional refractive
index structure. Field strength diagrams for propagation in
the preseace of typical clevated ducting layers are given. Tre
fields are significantly more complicated than can be predict-
ed by one-dimensional mode methods.

Introduction: Predictions of variations in signal level at micro-
wave frequencies caused by complex refractive index struc-
tures are usually based on ray traang or mode theory. Both of
these have severe limitations. Ray tracing, derived from 2c0-
metnical optics, can give reasonable qualitative results, but
quantitative calculations are expensive and  difficult to
automate as all raypaths linking transmitter and reeciver must
be found and the ray amplitudes added coherendy. Whilz
two-dimensional refractive index structures can be handled.'
the peneration of rwo-dimensional field strength diagrams is
very cxpensive. In addition, the assumptions of geometrical
optics may not be satisfied if strong ducting fayers are peesent.
Quantitative results are obtained directly from mode theory—
a {ull wave method based on the solution of Maxwell's cqua-
tions. In practice, only onc-dimensional reftactive index
strucuitees are tractable, and most implementations use simple
analytical profiles’ Again two-dimensional field strengeh dia-
BrAms are very expensive to produce.

The parabolic equation is an alternative full wave approach,
first introdvced inte radiowave propagation in  1946.°
Numerical methods of solving the equation were not avaitable
at that time, and only recently has the application to tropo-
spheric propagation been revived; the sucesss is due to the
application of an efficient numerical technique that has pre-
viously been applied to an analogous problem in underwater
acousties.*
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ACTIVE MODE-LOCKING AND Q-SWITCHING OF A 1.54 um Er:GLASS LASER

PUMPED BY A 1.064 pm Nd:YAG LASER
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A Nd:YAG pumped Yb:Er:Phosphate glass lascr ascilator has been actively mode-locked and Q-switched, producing stable
~ 70 ps fvhm mode-locked pulses at 1.54 pm, Peak powers of ~20 kW are achieved when Q-switched and mode-locked and ~ 20
W when quasi-cw mode-locked. thus providing 1 convenient source suitable for investigation of nonjinear pragagation behaviour

in the negative dispersion region of silica optical fibres. -

1. Introduction

1n a previous paper [ 1] we have reported opera-
tion of a 1.54 ym Er glass laser pumped by a 1.064
pm Nd: YAG laser, via absorption by Yb sensitisers.
Here we report mode-locked and Q-switched oper-
ation of this laser, at power leve!s which are suitable
for studies of nonlinear propagation and pulse
compression in the negative velocity dispersion re-
gion of silica fibre [2,3]. Mode-locked pulse dura-
tions of 70 ps have been measured, having a time-
bandwidth product of 0.6."and a peak power of 20
W. When Q-switched and mode-locked, a peak power
of ~20 kW has bezn achieved.

2, Experimental arrangement

The laser mediurm is the sam= as reparted in ref.
[1]. consisting of a 7.3 cm long rod of Kigre QE-7
glass. with end faces anti-reflectian coated for 1.5 pm
and wedged by 1/1° reiative ta the axis of the rod.
The pur';xp Jaser is a pulsed Nd:YAG, providing
pulses of 3 ms duration, of up 10 90 W, in a linearly
polarised TEMg, mode, at a repetition rate of 5 Hz
{1]. Asinref. [1], the Er laser was isolated from the
pump laser by means of a quarter wave plate and po-
lariser. Through all of the measurements reporicd
here the pump beam was focussed 10 a spot-size (ra-
dius, w) of 170 pm. The various resonators used for

0 030-3018/88/303.50 © Elsevier Science Publishers B.V.
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Fie. 1. Resonator for Q-switched operation. {A) planc pump in-
put mirrar, (B} Er rod, {C) Brewster plates. {D) LiNbO, erys-
tal, (E) coneave output mirvor,

.

the Er laser have been designca 1o provide a com-

“parable spot size in the laser rod for the laser wave-

length of 1.54 pm, so as to achieve good beam
overlap. To enhance absorption of the 1.064 um ra-
diation in the Er glass we have operated with the glass
rod maintained at a temperature of ~50°C.
Q-switching has been achieved using a LiNbQ,
Packels cell, with fteld appiied transverseiy, in the x,
direction, and propagation in the xy dirsction. Tae
crystal, of dimensions $X9X 25 (xy) mm, had anti-
reflection coatings for 1.5 pm on the end faces, Ap-
plying a quarter wave voltage (~2.5 kV) was suf-
ficient, in conjunciion with a polaniser consisting of
two Brewster-angled silica plates, 10 suppress faser
action during the entire pumnping puise, The Pockels
cell voltage was removed ar the end of the pumping
pulse to produce a Q-switched output. Using the res-
anator of fig. 1, with a concave (50 cm) output mir-
ror of ~ 10% transmission, and a resonator length of
~ 50 ¢ (i.e. 2 near hemi-spherical resonatar), gave
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Fig. 2. Resonator for mcd:-lock:d_op:raliun. {A) plane pump
inpul mirsor. () Er red, (C) 40 m lens. (D) Brewster pates,
(E) modelocker, {F) piane output muror.

a TEMg output pulse of ~0.7 mJ in a ~60 ns
(fwhm) pulsc. hence a peak power of ~ 10 kW. This
corresponds to ~ 20% of the energy obtained in long
pulse operation (~+< ms) being available as Q-
swilched output. Amplitude stability was good, with
<5% fluctuation in output.

Active made-lacked operation has been tested both
under long-pulse. i.e. quasi-cw conditions, and under
Q-switched operation. First we consider quasi-cw
operation. The resonator for quasi-cw operation is
shown in (ig. 2. The resonator design was con-
strained by ihree considerations. First there was the
ne=d for a resonator length of 115 cm, 10 match the
modulation freauency (wm~67 NMHz) of the
acousto-ontic modulator available to us. Also there
was the ne=d jor an approprate spot size { ~ 170 pm)
in the glass rod. and 2 sufficiently collimated beam
in the acousto-optic modulator. A 40 cm lens, anti-
reflectior. coated for 1.3 pm achieved the desired
resonator, with a2 ~0.8 mm waist spot-size at the
plane output mirror. This output mirror was wedged,
arfectively supzressing elalon affects. The tnput mir-
ror was no: wecged, or anti-reflection coated, and
noreflectivity (~99%) at 1.3 pm, it
v detactable etaion effects which may
« meade-igcking periormance. In ar-
resonator design. allowance was made

rad. followinz the anaivsis of Gordon et al. [4].
Tie zcousto-gptic moedulater consisicd of 2 7 em
long fused siiicz siab originaily intended for use at
1.06 um and theretore having wedged end faces anti-
reflection ceated for 1.06 pm operation {Intra Ac-
tion ML-674]. it was found that these AR coatings
gave sufflcienty low loss to permit satisfactory op-
eration at 1.3 um. Using a pulsed f drive power of
7 W, it was found by measurement that the depth of
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modulation for £.5 pm radiation corresponded to a
value of 8,,=~ 1.2 (using the notation of Kuizenga 5]
who defines the single-pass amplitude transmission
m(t} as m(t) =cos(,, sin w,¢)). The Brewster plate
polariser was retained in this resonator to constrain
the laser polarisation to that for which the modulator
produced strongest modulation,

To obtain mode-locked operation the resonator
length was adjusted to maich the modulation fre-
quency. Two resonator length positions were found
where driven relaxation oscillations occurred (or the
entire duration of the laser output as described by
Kuizenga [5], the correct resonator length corre-
sponded to a position midway between. Fig. 3 shows
a typical pulse train obtained under these condi-
tions, with an overall duration of ~3 ms, and with
initial relaxation oscillation decaying away in ~2 ms.
Measurements of made-locked pulse duration were
made using background-free second-harmonic au-
tocorrelation, in a LilOy erystal. The entire pulse train
was used in this measurement and fig, 4 shows a typ-
ical result with the curve corresponding 1o a best fic
assuming a gaussian pulse shape, The pulse duration
deduced from fig. 4 is 70 ps. By using 2 Pocke!s cell
shutter external to the faser, the inital part of the
pulse envelope, conaining the relaxation oscilla-
Lions, could be suppressed in the autoorretation mea-
surement, however it was found that the mezsured
pulse duration was stilt 70 ps. The bandwidth of the
outpul, measured using a scanning Fabry-Parot in-
terferometer, was 8§ GHz. correspanding to 2 time
bandwidth product of ~0.6. From measurement of
output energy in the pulse train, and the mezsured
mode-lacked pulse duration. a peak power of ~ 20
W is dedueed.

For combined Q-switching and mode-locking the
resonator is as shown in fig. 2 but with the LINDC,
Pockels cell placed between the Brewster platas and
the ingracavity lens. The Pockels cell voitage was ad-
justed 10 allow "prelasing” to occur {3, The prefase
lasted for ~2 ms. thus providing sufficisnt timz for
the mode-locker to establish a steady state pulse du-
ration, The voltage was then removed from the
Pockels cell near the end of the pumping pulse. re-
sulting in a Q-swiiched envelope of ~3G0 ns dura-
tion (fivhm) and pulse energy of ~30 ul. Aute-
correlation measurement of pulse duration yield ~§3
ps. henee indicating peak power of ~20 &\,
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ffiz. 3. Envelope of mode-locked pulse train, showing initial relaxation oscillations decaying after ~ 1 ms.
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Fiz. 4. Secone azrmenie autocorrsiation measurement of pulse
duration, fwhm=:0= ! ps, The bacrground tevel aoservapic on
this trace (s due 1o ambient reom lighl

3. Conclusion

The rasuits reported here give further confirma-
tion that the Né: YAG-puised Er glass laser is a ver-
satile and convenient sourcs of 1.34 pm radiation.
Significant improvements on our recults should be
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possibleasa number of the components we have used
were not optimally designed for operationat 1.34 vm.
The power ievels and puise durations sugzest that thi

source should be useful for investigations of nontin-
ear propagation in silica fibre, and. in panicuizr the
mode-locked laser couid form the basis of a seiilon
laser, as described by Mollenauer and Sicien (2],
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The established orthonormality and completeness of {Wi(n,
)} validates the reprasantation

Y(n 8) = E by, Win. 6) by =Y, W) (12

ot

Conseguently, eqn. 11 takes the form

=1
2
e=xn"t dg ¥, ,Z (b — ayay)i¥iin, 0)
=2 .l
= Z (b — ay af by, — an 2 KWy, Wopd
kimp

=l): [ by — aa? ! (13)
)

whose formal minimisation leads readily to Sussman’s eigen-
value problem

(/2¥8+ B) .a=ia I=Ylalt=2.a (14
3

where B denotes the matrix [4,], B its transpose cox::jugm:

and a is the eizenvector assoctated with i and normalised to

ensure comsistency with the energy constraint 4 = 4. ain eqn

14. With the expansion coefficients (a,) identified as the com-

ponents of 4, & in eqn. 13 reduces to

z°=zllbu|‘—1220 (15)
k,

Clearly, e, attains its minimal value for the largest eigenvalue

of (B + B)2.

Conclusion: Sussman’s algorithm is indeed applicable to _Lhe
problem of DTWD synthesis provided that an approprate

derinition is adapted. The least squares synthesis is ackiavag
by identiiying the expaasion coefficients in eqn. 1 with the
energy normalised constituents of the esigenvector {a) corre-
sponding to the largest cigenvalue of (8 + §j2 As a by-
product, the presented sequence overcomes the rather
awkward need to deal separately with odd and even ¢xpan-

sion cocfficients. In all, perhaps one more reason for praizrring

"the defining of eqn. 7 over eqn. 5.
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ACTIVE MODE-LOCKING OF AN Yb:Er
FIBRE LASER

Indexing rerms: Optical fibres, Lasers

We teport FM mede-locked operation of a single-mode
Yt : Ex fibre laser at 1-56 pm. To date pulses of 70 ps dura-
tion and peak output powers of 50 mW have been achieved.

Imtroducrion: laser sources producing short puises in the
1-5 pmn wavelength region are of interest for several rezsoss.
This speetral region is important for silica based communica-
tions systems and is also of interest for studying qnnhn_car
pulse propagation in the negative group veloany dispersion
regime of silica.

We have previously daseribed! the AM mode-Jocking of u
bulk Yb: Er glass rod using an acousto-optc madulator. Ia
this letrer we descrice an Yb: Er fibre laser which has becn
FM mode-locked using the technique recendy used® 1o mode-
loek 2 Nd-doped fbre laser. Geister and Ulrich h“"f’— also
recently reported® mode-locking off\ Nd fibre lzls.er using un
integrated optical modulator. In thsllﬁicr we give the first
report of mode-locked operation on the “I,; . to 1,,,,1_Lran-
sition at 1-56 um in an Er-doped fibre laser. This type of faser
is of particular interest becauss the fibre alr_c:u_iy incorporites
those features which are necassary for achieving pulse com-
pression, that is, a Kerr noniinearity to prpduc:A temporaily
chirped pulses and pegative group velocity dispersion to cause
the compression. )

The fibre used in this experiment and jts CW operation has
been described efsewhere.* In summary, the fibre {core dia-
meter 4-6 um, NA = 0-25) is doped with 1-3% Yb and 0-08%
Er. PumpA light at 1-06 um is absorbed by the Yb ions. T‘his
excitation is elficiently transterred to the Er ions and lasing
action oceurs on the familiar 1-5 ym transition in the Er.

Experimental: Fiy. | shows a schematic diagram of the experi-
mental arrangement used. The pump laser was a CW
Nd : YAG laser capable of delivering several watts of power.

The purnp light was focused into a 60cm length of fibre using
a 10x microscope objective (MSO). The input mirrer (M1)
was highly reflecting at 1-56 pm and transmitted ~90% of tha
pump light. This mirror was butted to the fibre end. Because
optical darmage to the mirror coating occurred for pump
powers of the order.of 400-500mW, the pump power was
kept below 300mW! The other fibre end was tarminated in
index-matching liquid (IM) to avoid backredections into the
fibre. Such reflecions arc detrimental to ths mods-lecked
operation® and may even canse unwanted laser oscillations in
the fibre, The output light from this end was collimated with
another 10x microscope objective and was focused through
the mode-Jocker (ML) onto the output coupler {MZ2} which
had a ttansmission of 4-5% at 1-56 ym.

~uma
IC5<am . - A amn
- x ~] ,", LN 3; } i‘, - ST
—_— jr— g ~\~- _—
M50 M1 F MIMES £ i

Fig. 1 Expertmentol arrangement

The mode-locker vsed was 2 Jem lonz LiNaG.
modulator with Brewster et ends i ardzr g aivz s
for a single polarisation state. The crystal was mouz
resonant LC circuit housing with inductive RF siznal coup-
ling. The voltage was applied to the crystal z-axis to izice
advantage of the largest clectro-optic coeiliciant riy. 1he
circuit could be tuned over several MHz near 100 MKz, &5
cient mode-locking was achieved by applying RF gowass of
0-5-1-0W.

The addition of two morz cavity elements was found 6 be
important. The first was 2 0-35 mm thick uncoated é:2lon ()
which was used to control the oscilation bandwidth. This
helped stabilise the output pulses. The second was a wolarisa-
tion controller (P)* Initially, this consistad of 2 3cm dise
around which the fibre was wound once. By rotaring this loep
about the fibre axis some control of the polarisaticn inzicent
on the mode-locker could be achieved. With this polarisation
controller the ratio of horizontal 1o vertical polarisation 2t the -
output was limited to 34:1. Under CW conditivns this
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cavity was found to have an incident poswer tareshold of
150 mW. Since the launch efficiency was approximately 304,
the launched power at threshold was ~73mW. At [064 um
the absorption coefficient is 3+4dB/m. so for the 60cm fibre
length used, the absorbed power at threshold was 23mW.

The mode-locked pulses were observed using 2 fast GalnAs
paotadiode in conjunction with a sampling scape. The com-
bined risctime of this system was approximately 60ps. Fig. 2
shows a picture of a typical sampling scope tracs when the
mode-locker was turned on, The measured FWHM duration
is 90 ps, which implics an acnual pulsewidth of ~70ps. The
corresponding bandwidth was found ta be 11§ GHz using a
scanning Fabry-Perot interferometer. This gves 2 time-
bandwidth product of 0-3, which is comparable to that
expected® for chirped FM mode-locked pulses with a Gauss-
ian shape (0-63). With 300mW of incident pump power the
average output power with this cavity was limited to 100 W,
indicating peak output powers of 17mW.

Fig. 2 Typical sampling scope trsce showing stable mode-lockzd pnises

Baseline structure results from dstection system used. and is not
optieal in origin

Several factors are responsible for the relatively low output
powers. Fresnel reflections off various intracavity elements
contrbute significantly to the cavity loss as doe¢s the poor
polarisation control. Two improvements were subsequently
made which serve to indicate the importance of minimising
the cavity losses. The uncoated index matching ¢sil window
was replaced by 2 window AR-coatad at {36 um. The single
polarisation controller disc was replaced by a set of thre= discs
of the diameter (17 mm) apgropriate for the given ders size
and the operating wavelengeh.* This dise combination permit-
ted a polarisation extinction rauo in excess of 100 1, With
thece simple improvements the CW threshold power was
requcsd to 100mMW incident ' ~30mW launct ¥ mw
agsarzed). With 300 mWV incie ournp power. tha averoge
output power increased 1o 620 W, Thr puise width remained
the sams as belore and conseguantly the peak cutou: power s
approximately Y0 mw.

Discusston: The luser we have descnibed (s to date croducad
external peak powers of S0 mW. With the 4:3% output coup-
ling we have used this corresponds to an tntracavity peak
power of 20 W. Using data fer undoped silica glass inoniinear
rafractive index 3+ ¢ 10710em?AW) we estimae that the
pulses experience single pass frguency chirps of ths order of
300 MHz This chirp is still somewhat smaller thaa thz pulse
bandwidih. Moderate increases in the peak power would
make the chirp significant compared with the andwidth, We
expect this to result in noticeable changes in the pulsz dura-
tion as a result of self-phase modulation.

Further work is aimed at increasing the peak power. Soms
passible approaches which are under investigation are:

() coupling in morc pump power by means of a dichroie
caupler to avoid mirror damags
th) using a shorter pump wavelength to incretse the ¥b

ahsorption

6
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1c) reducing the cavity losses. One possibility here is the use or
1 modulator applied externaily in direct conmact with the
Hore.”
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RELIABILITY COMPARISON OF
SHORT-CHANNEL MOSFETs WITH COBALT
SALICIDE AND TITANIUM SALICIDE
STRUCTURES

Imdexing terms: Semiconductor demces and marteriais, MOS
devices, FET s, Reliabdic

Short-channei LDD MOSFETs are fabricated by a CaSi,
salicide process with and without 1on beam mixing, ang =
TiSi. saitads provess wun ton team miving Taz2 rzsunts of
hot earrier strass measurzments indicate the sunenor srhani-
ity of CuSi, MOSFET;s fadncated wilh 1om bear

Introducnion: The scaitng down of devics feature stz in VLSI
technology has beea mouvared by the promise of faster opzr-
aunyg speeds. However. the RC time delay due to intercon-
nects and contacts does not scale with devies size. As devices
are scaled down. the delay becames significant. To rzducs the
deiay, low resistivity matenals such as the refraciory metal
silicides and the near nobfz and noble metal silicides have
been used lor contacts and intercoanccts. Two very promising
metal silicides ars TiSi, and CaSi, berause of their low
resistivities and their ability to form self-aligned silicide
{salicide} structures.'=? Tn our work. we compare the device
reliability of short-channel MOSFETs with CoSi, and TiSi,
salicide contacts. ) i

Salicide processing: Short-channei {{-0 pm), lightiy doped
drainfsoutree n-channel MOSFETs (LDD NMO§F}:LI'5) were
fabricated on 12-5cm p-type (100)Si wafers with resistivitiss of
14+-220cm through four different procasses: (i} a CoSi, sali-
cide process with ion beam mixing (CaSi, w/); {ii} a CoSiy
salicide process without jon beam mixing (CoSi. w/o); (iii} a
TiSi, salicide process with fon beam mixing (TiSi; w/): and
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STUDIES OF EXCITED-STATE ABSORPTION AT 1.5¢m

IN Er** DOPED SILICA FIBRES
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ABSTRACT

Measurements on Er>t doped silica fibres relating to absorption of laser photons by upper
laser leve! ions will be presented. The results indicate that this effect does not seriously

degrade amplifier performance.
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STUDIES OF EXCITED-STATE ABSORPTION AT 15um

IN E** DOPED SILICA FIBRES
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Ipswich IPS 7RE
ENGLAND
+44 473 645364

D P Shepherd
University of Southampton, Physics Department
Highfield
Southampton SO9 SNH |
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SUMMARY

Armitage et al,

Er3+ doped silica fibre lasers and amplifiers operating at around 1.54um are of particular

interest in telecommunications as this waveiength coincides with the low-loss transmission

window of conventional silica optical fibres. In order to design efficient devices, a datajled

understanding of the spectroscopy of Er®* jons in silica is needed. Recent measurements

performed on Er3T doped fibres'l have indicated that absorption of pump photons by Er3*

ions residing in the 1.5um upper laser level is significant, particularly at wavelengths around

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
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laser photons by upper laser level fons 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 Art ion laser operating at 528.7am was used to pump a
length of Er3* 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 (see Figure 1). Approximately 100mW of 528.7nm radiation was launched into the fitre,
this power being sufficient to invert totally the 1.5pm laser transition. The change in
transmission of the fibre berween its pumped state (when all the ions are in the upper laser
level) and the unpumped state (with all the ions in the ground :state) was then measured at a
large number of wavelengths across the 1.5xm band. In a separate experiment, the absorption
and fluorescence lineshapes were measured, from which the variation of the absorption and
stimulated emission cross-sections with wavelength could be deterrmuned. If o,, 0, and oy are
the cross-sections for absorption by ground state ions, for sumulated emission on 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 fikre will be proportonal o
o, + o, — a5, whereas the fluorescence and absorption spectra vield the sum o) + 5,. From
the close correspondence between the shapes of these two sets of daa (see Figure 3 ), it can
be concluded that the cross-section for excited state absorption of laser photons is
insignificant in comparison to 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 ‘lgp level for fibres pumped at

wavelengths around 1.5pm - a more direct indication of upper laser level absorption lineshape.
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Schematic diagram of experimental apparatus

153

41#% DIODE 1

—— DIODE 2



1y

4111/2

Absarption by upper
laser level ions, gy

‘r ‘Im/z

Absorption by ground

. Stimulated emission, o,
state ions, o,

! 115/2

Figure 2

Partial Enerev level diagram tor Er™¥ ions in stlica

154



log{Change in transmission)

]
. L
» Experimental data
|
—— Caleulated from absorption
and fluarescence spectra
/'/‘
0 -~ SM
T T T 1 T
1.5 1.6
WAVELENGTH (pm)
Figure 3
Comparison between experimentally measured change in transmission of the pumped aad

unpumped hbre as a function of signal wavelength, and caiculation based on measurzd

absorption and tluorescence spectra.
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