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Abstract

Fibre-coupled 405 nm diode laser systems are rarely used with fibre output powers higher than
50 mW. A rapid degradation of these systems has been known for several years. Meanwhile,
the typical power of single-mode diode lasers around 400 nm is in the order of 100 to 300 mW,
leading to single-mode fibre core power densities in the 1 MW/cm? range. This is three orders of
magnitude below the established threshold for optical damage. Nevertheless, in the major in-
vestigations undertaken in this work, periodic surface structures have been observed on the
end surfaces of synthetic silica fibres when they are exposed to long-term irradiation with light
from 405 nm continuous-wave diode lasers. The growth of these laser-induced periodic surface
structures (LIPSS) on the proximal fibre end surfaces is responsible for the power degradation.
They exhibit multiple bends, break-ups and bifurcations, unlike interference patterns but rather
like the effect caused by short-pulsed laser irradiation on wide band-gap dielectrics. Detailed
investigations have allowed the conclusion to be drawn that the key parameters contributing to
the generation of the LIPSS are power density, surface roughness, polarisation direction and
the presence of ultraviolet defect centres.

The spectral damage behaviour of differently treated and doped fibre types was investig-
ated by 405 nm laser irradiation. All fibres showed a strong generation and transformation of
various defect centres due to the irradiation. It was concluded that a multi-photon process is
responsible for the induced defect centres. A two-step absorption at the singlet-triplet trans-
ition of the ODC(Il) is proposed and consistent with models from literature. This absorption
could generate excitons which in turn transform precursors into defect centres. An efficient
transformation or bleaching of ODC(ll) into E', centres supports this proposal.

After the discovery of the LIPSS on the launching end surfaces of single-mode fibres, differ-
ent measures were investigated to mitigate the effect, the most effective being a spliced and
cleaved short piece of launch-fibre. As a preparation for future higher power laser diodes, the
launch-fibre was made from a very low solarisation multi-mode fibre. When the launch-fibre is
used on the launching end, the transmission of the fibre is highly stabilised. However, the
growth of a LIPSS on the distal end is stimulated, due to a constantly high power density. The
beam quality of the emitted beam was reduced and this degradation was characterised. Sub-
sequently, simulations showed the negative impact of the LIPSS on the beam quality. In addi-
tion, this provided an opportunity for creating a small accessible laboratory at the distal fibre
end. Samples were taken after different periods of irradiation to investigate the evolution of the
LIPSS at the same damaging power density. In order to prevent this damage, silica end-caps
were used on the distal fibre ends. Assemblies with launch-fibre and end-cap performed with
high stability over a period of two month of constant irradiation with the 405 nm single-mode
laser.
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1 Introduction

1.1 Abstract

This introduction to the thesis gives the background and context of this work, as well as
an overview of the issues of fibre-coupled diode laser systems in the near ultraviolet. The
aims and objectives of this work are presented and the structure and design of the thesis
are introduced at the end of this chapter, providing an outline of the undertaken work.

1.2 Background and context of this work

Due to the development of continuous-wave (CW) and pulsed semiconductor lasers with
high power, there is an increasing demand for single-mode fibres (SMF) with long-term
stability. For wavelengths in the visible range (VIS) above 450 nm, the damage threshold
at the end surfaces is the main issue restricting the lifetime. On the other hand, addi-
tional damaging mechanisms can be expected for shorter wavelengths. The coupling effi-
ciency is another parameter that is important in the whole wavelength range. It is ex-
tremely low due to the small core diameter, if broadband light sources or LEDs with near-
field diameters in the order of approximately 500 um are used. Therefore, violet and near
ultraviolet (NUV) lasers are the best candidates for light sources in fibre-optic systems
with these SMFs. Although the output power is in the order of several milliwatts, the in-
tensity in the small fibre core is significantly high, in the order of MW/cm2. Thus, UV dam-
age has to be taken into account, even in the wavelength region above 300 nm.

It was reported that SMF deployed with NUV CW diode lasers degraded rapidly. With
the lifetime improvement in the area of NUV diode lasers the output power of the lasers
increased simultaneously by orders of magnitude in the last decade. In meantime, single-
mode laser diodes with power levels of 300 mW are available in commercial products.
This increase cannot be handled by regular SMF deployed with the diode lasers at the
moment. Severe fibre damage was reported to the laser manufacturers, which rendered
the fibre useless. However, this damage was not precisely reproducible and the damage
period varied from one day to several weeks [Baumann2008].

There are several effects that can be expected to affect the transmission of the fibre.
High intensity levels at both fibre end surfaces could generate depositions by reaction of
light with the surrounding atmosphere. Due to higher power density in the small diameter
cores deep ultraviolet (DUV) damage by two-photon absorption could be an issue. The lat-
ter would not degrade the linear transmission at the laser wavelength significantly at a
low intensity, because the induced loss should appear below 300 nm. Two-photon absorp-
tion is reversible, which means if the intensity is reduced two-photon absorption de-
creases. However, UV damage induced by two-photon absorption is not reversible. If
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other non-linear effects appeared, the power at the laser wavelength would be de-
creased. If extremely high power densities occur, mechanical damage could be generated
at the fibre end surface and also inside the fibre, for example due to focussing effects. In
addition to lens-shaped surfaces, self-focusing at higher intensities because of the Kerr
effect can occur.

New applications in the UV require lower spot sizes or better beam qualities than avail-
able until a few years ago. Therefore, a SMF for delivery of UV light is a candidate for
these requirements. However, single-mode lasers are necessary for an excellent power
coupling. Currently, only NUV or violet laser diodes are commercially available. If those
are combined with SMF, this is of great interest for new applications in the medical, litho-
graphy and sensor field. These combinations are generally used to either improve the
beam quality of the laser by filtering the fundamental mode with the fibre or to maintain
the good beam quality of the laser and obtain more flexibility in a system design. Further-
more, the separation of light source and application is possible, which is interesting for
applications in harsh environments or where temperature steps over several hundred de-
grees occur.

NUV laser light is being used for soft tissue treatment for several years now
[Guffey2006, Kirshenbaum?2011]. In the first applications the light was delivered directly
from the laser, but for in vivo treatment more flexibility and low bending radii were
needed. Multi-mode fibre (MMF) could be used to achieve a high output power coupled
from multi-mode lasers. If fibre bundles were used, the power could be increased addi-
tionally. But the power density on the treated tissue would not rise proportionally, be-
cause of the larger spot. A better and faster tissue ablation could be achieved with a
Gaussian beam profile coming from a SMF. Higher beam quality and higher intensity from
a small single-mode core produce power densities in the order of kW/cm? in a focus spot
smaller than 100 um [Kato2008, Lee2010].

NUV single-mode systems are also being used in confocal microscopy for exciting
fluorescent dies and autofluorescence of materials. In lithography they are used for wafer
inspection and high-definition DVD mastering [Baumann2008]. The use in photo litho-
graphy ranges from lab-on-a-chip production and creating masks for edging to digital
holography [Scharnweber2011].

1.3 Aims and objectives of this work

The work is aimed at improving the stability of fibre-coupled diode laser systems in the
NUV. In particular, a focus is set on a laser wavelength of 405 nm. A base for future re-
search in the area of UV-VIS single-mode fibre-coupled laser systems should also be es-
tablished. To achieve these goals the major objectives of the work were set as follows:
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* The implementation of spectral measurements of small core fibres (< 5 um) in the UV
region down to 200 nm, including characterisation of specific fibre parameters.

 The implementation of a fibre damage system using high-power 405 nm CW diode
lasers.

e The study of fibre bulk damage in differently doped and treated core materials.

* The study of the degradation of 405 nm single-mode fibre-coupled laser systems, addi-
tionally using polarisation-maintaining fibre.

* The study of surface modifications on proximal and distal fibre end surfaces using ex-
ternal measurement techniques.

» Determining the main factors of degradation of different fibre systems to derive and
test a system with higher stability.

» Giving a recommendation for a system with higher stability and for transferring the res-
ults to other laser wavelengths (CW: 488 nm; pulsed: 266 nm, 355 nm, 515 nm).

» Achieving a conclusion of the work and the discussion of the possibilities of extending
the work towards future directions.

* Reporting the results obtained at various stages of the research, in various interna-
tional conferences and journals.

1.4 Structure and design of the thesis

This thesis is divided into self-containing chapters. Each chapter represents a specific
area of research and reports on the achievement of the aforementioned aims and object-
ives.

The first chapter introduces the issues of fibre-coupled NUV diode laser systems, to
show the importance of improving these systems. The aims and objectives of this work
are brought forward and the structure and design of the thesis is outlined.

In Chapter 2 background information on UV fibre-optic systems from literature is given.
The light-guiding mechanisms in silica-based fibres are explained. Different fibre types
currently used in science and technology are presented, from multi-mode and single-
mode fibres, with and without polarisation-maintenance, as well as photonic crystal
fibres. The case of transmitting laser light, especially at higher power densities, is dis-
cussed and issues of coupling efficiency and beam quality are addressed. At the end of
this chapter the production of optical fibre is explained.

Chapter 3 deals with the basics of laser and fibre material interaction in the NUV. The
design of the used laser diodes is presented in more detail and the effects of high power
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densities on the silica material are explained. The effects are split into bulk and surface
effects.

The setup of a damage measurement system using 405 nm laser diode modules is
presented in Chapter 4. This setup was used together with a DUV spectral measurement
setup for small core fibres to look at spectral loss effects of the NUV laser irradiation in
the DUV in silica fibres. The main experiments were long-term irradiation tests of differ-
ent fibre types. The major effect in these long-term tests was a surface effect, which was
studied with multi-mode and single-mode 405 nm diode lasers. The influence of the fibre
surface preparation on the damage behaviour was studied subsequently. An extensive
discussion of this effect concludes the chapter.

The setup with the multi-mode laser was further used for short-term irradiation of ex-
perimental low-mode fibres (LMF) with differently treated and doped cores. These experi-
ments are presented in Chapter 5. The generation and modification of defect centres
were investigated time-dependently with the DUV spectral measurement setup. The res-
ults of this research are compared to experimental results and defect models from literat-
ure.

The mitigation of the surface effect based on the results from Chapter 4 and 5 is dis-
cussed in Chapter 6. Several parameters can be adjusted to improve the long-term stabil-
ity of the fibre-coupled laser systems. The implemented system at 405 nm is presented,
which offers high stability for long-term use. The characteristic performance values are
given and set in comparison to the systems available before this work started.

Finally, Chapter 7 concludes the realised work and gives an outlook on how to continue
and improve on this work from an applications point of view.

1.5 Summary

The background and context of this work was presented in this chapter. An overview of
the issues of fibre-coupled diode laser systems in the NUV was given and the aims and
objectives of this work brought forward. The structure and design of the thesis are intro-
duced to provide an outline of the work undertaken.
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2 Background of fibre-optic systems
2.1 Abstract

This chapter provides a short introduction into the light-guiding and coupling mechanisms
of optical fibres. Afterwards linear and non-linear losses in a fibre are discussed. As it is
important for some of the later chapters the production process of silica fibre is presented
in the last section.

2.2 Light-guiding and coupling mechanisms in optical
fibres

A step index fibre, depicted in Figure 2-1, with a refractive index n. in the core larger
than the refractive index nq in the cladding, can be fully characterised using the normal-
ised frequency or V number [Glogel971, Seniorl992, Mitschke2005]:

V = k,a-NA (2-1),

with the vacuum wavenumber Kk, = % (2-2),
0

and the numerical aperture NA = h2, - n?, (2-3),

where a is the fibre core radius and A, the vacuum wavelength.

Figure 2-1: Schematic of a step-index fibre.

The V number determines the number of modes that can be excited in the step index
fibre for a specific wavelength. In the range from 0 to 2.405 only the fundamental mode
can propagate in the step index fibre. Thus fibres with V < 2.405 are called single-mode
fibres (SMF) and V = 2.405 determines the cut-off wavelength A as follows:

2-m
Ay = .
c© 2.405

a-NA (2-4).

For V > 2.405 multiple modes can propagate in the fibres, which are then called mul-
ti-mode fibres (MMF). They can be further distinguished as few-mode fibres (FMF) and
low-mode fibres (LMF). Just below the cut-off wavelength only a few modes (< 10) can
propagate or due to the small fibre core the number of modes is low (< 100).
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In a SMF the fundamental mode can propagate in two orthogonal polarisation direc-
tions. If linearly polarised light is launched into a SMF, then the polarisation can get par-
tially coupled to the other polarisation mode due to stochastic imperfections along the
fibre. Bending the SMF can also change the polarisation direction at the output end. To
guide linearly polarised light more strongly polarisation-maintaining (PM) fibres have to
be used. These fibres introduce a strong birefringence to reduce the influence of the
small stochastic effects [Emslie2007]. This can happen by using an elliptical core or clad-
ding design (form birefringence) or by introducing stress elements symmetrically around
the core (stress birefringence).

A SMF does not necessarily have to be a step-index fibre. In so-called microstructured
or photonic crystal fibre (PCF) the light is confined in the core by modified total internal
reflection or by the photonic band gap effect [Knight1996, Kirchhof2004]. A lattice of
holes is arranged in a mostly hexagonal shape around a core of solid material or of air (air
core fibre). The holes either reduce the average refractive index for wavelengths in the
order of the hole sizes, which leads to modified total internal reflection, or a periodic ar-
rangement of holes confines the light according to the photonic band gap effect.

Ray theory is used to describe the excitation and propagation of light in MMF. The light
is confined by total internal reflection below a critical angle 6.. Using Snell's law the crit-
ical angle inside the MMF is defined by the following equation [Senior1992]:

n
cos(0,) = nd (2-5).

This equation also shows that the refractive index of the core n. needs to be higher than
the refractive index of the cladding n. for total internal reflection to take place. Extending
this equation to the end surface of a MMF in air, the maximum acceptance angle a, can
be used to determine the numerical aperture of the fibre as follows:

NA = sin(a,) = vnZ, —nZ (2-6).

The ray theory is not applicable for SMF, instead the Gaussian beam theory needs to be
used and is employed for all further calculations. The electric field of a laser beam or the
fundamental mode of a SMF can be simplified described as a Gaussian distribution along
its radius r. The intensity of the beam or mode is the square of the electrical field.

£ = Eo,e*(ﬁ)z (2-7)
I = Io_eiz'(W(r'Z))z (2-8),
with I ~ E2.
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Here w(z) is the mode-field radius along the propagation axis z at which the field amp-
litude drops to 1/e or the intensity drops to 1/e? in radial direction. In the waist of a fo-
cussed laser beam (z = 0) or along a homogeneous SMF the mode-field radius is called
the spot size wo. However, instead of the spot size the mode-field diameter (MFD) is often
mentioned. The spot size wy is constant in the SMF and approximated by [Marcusel977]:

% = 0.65+ 1.619-V"15+2.879./¢ (2-9).

For a SMF wy is 10 to 20 % larger than the fibre core radius a. The mode-field radius of an
unguided Gaussian beam in air from a laser or at the end of a SMF changes according to:

z 2
w(z)=w, (—) +1 (2-10),
ZR
with 7 = %o (2-11).

The Rayleigh length z is the distance from the focus at which the beam radius increases
by factor v2. Examples for the focus of a laser beam and a laser beam focused into a SMF

are shown in Figure 2-2.

N

Figure 2-2: On the left, there is an example for focussing a laser beam. The part beyond
the beam waist can be replaced by a SMF, as is shown on the right, to illustrate the
excitation of a SMF by a laser beam.

The power coupling efficiency of two mode fields, for example from a focused laser beam
into a SMF, can be calculated using an overlap integral [Brinkmeyer2002]:

|ffEr'Efzar3<P|2
~ 2-12
" [ E-forow [ Eforoe ( )

Here Er is the electrical field of the transmitting fibre or laser spot and Er the electrical

field of the fundamental mode in the receiving fibre. This equation was solved by Nemoto
and co-workers [Nemoto1979] for loss in SMF splices and can be applied for a single-
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mode laser coupling into SMF. From the simplified equations the following efficiency can
be evolved:

2:5,°S, ex (_A"Z"'(ko'sl'sz'Sine)2 )]Z (2-13)
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Here s is the spot size of each mode field, for example s; for transmitting fibre and s, for
receiving fibre, Ar is the lateral misalignment, k, is the wavenumber and 0 is the angular
misalignment. It is important to mention that the parameter s used by Nemoto is defined
as the mode field radius in the beam waist (or in the near field of the fibre) at which the
intensity falls to 1/e. This is an old definition, but it can be adjusted easily using the fol-

lowing relation:

s W (2-14)
= i

The resulting equation for the efficiency using modern spot size definition is:
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The prefactor did not change compared to Formula 2-13. It determines the loss for a spot
size mismatch and only depends on the spot size ratio (SSR) which did not change. This
loss is also not dependent on the propagation direction.

In the exponential term the lateral and angular misalignment determine the loss. Only
the loss by angular misalignment depends on the wavelength, where as the loss by spot
size mismatch or lateral offset is wavelength independent. This influence is caused by the
fixed relation of wavelength and spot size to the numerical aperture or far-field angle of
the SMF. As given by the diffraction limit for a Gaussian-shaped beam:

— _A
O = g (2-16)

To simulate the losses it is best to analyse the misalignments by themselves while neg-
lecting the others. The resulting equations for the losses are:

a) SSR mismatch (Ar = 0 and 6 = 0)

2-W, W Wi +wd
Leen = —10-10 9l 2211 = 20-log|=—2t—22 2-17
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b) lateral misalignment (wo: = wo> = wo and 6 = 0)

217 arY
L = 10-log exp(—z—rz ~ 4.343-(#) (2-18)
Wo1tWo, 0

c) angular misalignment (wo: = wo> = wo and Ar = 0)

=10-log

L angle

2
~ 4.343-(%-W0-sin9) (2-19)
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The lateral offset is not a problem when aligning a focused beam to a fibre end surface,
because the maximum is easily found by adjustment. But the spot size ratio is more or
less fixed. In addition an angular misalignment is also possible if beam and fibre are not
on the same optical axis. In Figures 2-3 and 2-4 the results of loss simulations are shown.
A SSR of 1.6 gives a coupling loss of 1 dB. A coupling loss of 3 dB is reached if a laser
beam with a beam waist diameter of 5 um should be coupled into a SMF with 2.2 um
mode field diameter (MFD).

For easier coupling with a larger laser spot and reduced intensity inside the fibre,
fibres known as large mode area (LMA) fibres can be used. A drawback of this concept is
the increased sensitivity to angular misalignment, because the numerical aperture of the
fibre is extremely reduced to keep the V number below 2.405. In Figure 2-4 it is shown
that an increase from a spot size of 1.1 pm to 3.5 um increases the loss in dB by a factor

H
T
I

Loss [dB]

1,0 1,5 2,0 2,5 3,0 3,5
Spot Size Ratio

Figure 2-3: Coupling loss over SSR according to equation 2-17.
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of 10 for a fixed input angle 8. This behaviour was already experimentally shown for the
visible spectral range [Gambling1978].
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Figure 2-4: Coupling loss at 405 nm over angular misalignment for two different spot
sizes according to equation 2-19.

Since there is no diffraction limited beam, the beam of a SMF or of a laser shows some
difference to a Gaussian beam. This difference is described by the M2 factor, which in-
creases the diffraction limit [Sun2012]. The actual beam spot size wys in the focus can
then be calculated by far-field approximation:

A, f

ﬂ:.WO,/

w

-M? (2-20).

0.5:

Here fis the focal length of the imaging system and w,, the beam radius of the collimated
laser beam at the input of the focusing lens. For calculations with Formula 2-10 the
Rayleigh length zz has to be divided by M2, If the M? factor is larger than unity, the focus-
ing possibilities are impaired. The M? factor of a SMF is 1.07 and therefore well suited for
maintaining a high beam quality. In some cases, the fundamental mode of a laser has a
higher M2, compared to a SMF. Then, the SMF acts as a M2 filter and improves the beam
quality.

2.3 Linear and non-linear losses in light-guiding fibres
The spectral attenuation between 500 nm and 1600 nm of a light-guiding fibre is charac-
terised predominantly by Rayleigh scattering:

10
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1

I (2-21).

o Rayleigh ~

Below this range the attenuation increases significantly because of ultraviolet (UV) ab-
sorption due to electron transitions between valence and conduction band as well as en-
ergy levels in the band gap by contamination and generated defects. Above 1600 nm

a [dB/km]
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by impurities =
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Figure 2-5: Typical spectral attenuation of a SMF with Ge doped core. According to
[Mitschke2005].

near infra-red (NIR) absorption due to molecule vibrations is dominant, with a maximum
at 10 um wavelength [Heitmann2004]. Figure 2-5 gives an overview for Germanium
doped SMF. Due to the Ge doping the UV absorption is already prominent at 500 nm. Ad-
ditionally, hydroxyl (OH) absorption bands are shown. The harmonics of the OH reson-
ance at 2730 nm are responsible for attenuation peaks at 1390 nm, 1240 nm and 950 nm
[Agrawal2007].

For the wavelength range below 400 nm the total loss L: in dB of a fibre is a sum of
several effects given by the following equation:

Lt()“) = 2'LFresnel+Lffbre( )+Ldefects( ) (2-22),

where Leresnes is the Fresnel loss, Leayre is the intrinsic loss along the fibre and Lgerects are UV
induced losses due to defect generation. The Fresnel loss for both end surfaces is fixed to
about 0.36 dB when using silica glass:

11
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Ncin —N g
LFresneI = _10|09 1_(M) ~0.177 dB (2-23)

Nsio, +Nyir

with nsip2; = 1.5 and ng-= 1.
The UV induced losses only need to be taken into account if they are close to the laser
wavelength, as it is known from ArF excimer lasers at 193 nm [Klein1996a]. Given by the
spectral attenuation, the maximum value of these losses varies. However, they can an-
neal quickly without UV irradiation.

The intrinsic fibre loss is defined as:

I(I)
Here I is the length of the fibre and I(0*) and I(I') are the intensities in the fibre, behind
the input (z = 0*) and before the output (z = I') surfaces, respectively. For a defect-free

Lipe = 1O~Iog(I(O )) (2-24)

fibre the change of the intensity along the propagation axis z inside the fibre can be de-
scribed by a differential equation, taking the non-linearities in attenuation into account
[Taylor1988, Brimacombel989, Karlitschek1995, Klein1996al:

—% = (0} I +B(0) I (2-25)
The linear attenuation coefficient a(A) in cm™ is the basic attenuation in pure silica and is
determined by Rayleigh scattering and the intrinsic UV absorption bands of silica. It can
be transferred into ags(A) in dB/m. The wavelength dependent behaviour is presented in
[Fabian1993, Klein1996b]. The non-linear coefficient B(A) describes the intensity depend-
ent two-photon absorption for high intensities, for example for pulsed lasers. Typical val-
ues for both coefficients are given in [Taylorl1988, Brimacombel989, Karlitschek1995,
Klein1997al. By integrating Formula 2-25 the intrinsic loss Lay in a fibre with length I can
be calculated, if the initial intensity I(0*) is known:

1(0%)
I(I)

Lﬁbre = 1O|09(

) = 10-log (1+I(O+)og)~e”‘"—I(OW%] (2-26)
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Figure 2-6 shows loss L Over intensity I(0*) qualitatively. Two MMF with different length
of 1 m and 10 m are simulated at a wavelength of 405 nm. Values of a = 8.3-:10° cm*
(0.04 dB/m) and B =5.7-10cm/MW were extrapolated from values at shorter
wavelength and used for the simulations. At low intensities the loss increases mainly with
the fibre length, because two-photon absorption can be neglected. At higher intensities
non-linear losses increase significantly. The threshold for this process depends on the in-
teraction length for non-linear losses as well. It is important to note that at a certain point
within the increasing loss slope the surface damage threshold of silica is exceeded. Addi-
tionally, a and B themselves depend on the intensity in the fibre [Koehler2003,
Muehlig2005]. Therefore, different values need to be applied for lower and higher intens-
ities. However, at 405 nm no two-photon absorption should be expected below power
densities of 1 GW/cm? for moderate fibre lengths.

t|l——1m
5L |——10m

I_fibre [d B]

0 T 1 T L Lol
1x10™ 1x10" 1x10°

1x10° 1x10’
| [MW/cm?]

Figure 2-6: Example for non-linear fibre loss of a MMF at 405 nm with different fibre
length (a = 8.3-10° cm™ and B = 5.7-101° cm/MW).

2.4 Manufacturing of preforms and light-guiding fibres

For the manufacturing of light-guiding fibre the production of high-quality preforms is
most important. Generally the fibre drawing can either maintain or degrade the material
properties provided by a preform and not improve them. The fibres used in this work are
synthetic silica fibres, basically consisting of SiO, in an amorphous structure. Compounds

13
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with Silicone are very abundant in the Earth's crust and mostly found as sand or granite.
When heated liquid silica is being cooled below its softening point of ~1600 °C it can
either crystallise, if crystallisation seeds are present, or form a supercooled liquid with a
high viscosity. Further cooling quenches the supercooled liquid and it converts into a
glass at a glass transition temperature of ~1100°C. The actual temperature at which the
transition or quenching happens is called the fictive temperature, which also depends on
the cooling rate [Kemeter2002].

Synthetic silica preform production uses chemical vapour deposition (CVD) processes,
which are also called flame hydrolysis. For this purpose a liquid silicone halide, for ex-
ample SiCl, is needed. If the liquid SiCl, is vaporised, mixed with oxygen (0;) and heated
to a reaction temperature higher than 1300°C, then SiO, particles will be formed with Cl,
as chemical by-product. These spherical silica particles, also called soot particles, are
amorphous and have a diameter of about 100 nm. An example of a cluster of soot
particles is shown in Figure 2-7. They form a porous and opaque solid, which builds up
layer by layer to yield in a soot preform [Li1985, Kemeter2002]. The CVD process uses a
gas stream together with a H,O; burner, leading to a soot reaction and a SiO, deposition.
This process easily allows the doping of the deposited silica. In addition to SiCl,, vaporised
forms of GeCl,;, POCI; or C;F;Cl; can be added to the gas stream, for Germanium, Phos-
phorous or Fluorine doping, respectively. For the difference in refractive index between
core and cladding of a light-guiding fibre, either the index of the core can be raised by Ge
or P doping or the index of the cladding can be depressed by F doping.

Figure 2-7: Scanning electron microscope (SEM) image of silica soot. The silica
microspheres of about 100 nm diameter stick together easily and consist of smaller
spheres themselves [Kemeter2002].

The CVD methods for the actual manufacturing of the preform are distinguished as the
outside vapour deposition (OVD) and the inside vapour deposition (IVD). The OVD process
is performed radially on a target rod, which allows for easy layer doping, or it is per-
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formed axially, called the vapour-phase axial deposition (VAD) process [Li1985]. The lat-
ter allows for a continuously grown preform, but needs very precise control of the burner
flame for an exact doping procedure. When the soot preform is received it can be dried in
a Cl; and He atmosphere at 1000°C. Afterwards it needs to be consolidated in a He atmo-
sphere at ~1400°C in a furnace, which results in a perfectly transparent glass blank. The
main IVD process is called modified chemical vapour deposition (MCVD). The gases for
the hydrolysis are being streamed through a silica tube rotating on a lathe. The glass
tube is then heated along its axis by a moving H,O, burner and soot is deposited as well
as consolidated on the inner wall. By controlling the composition of the reaction gases a
different doping of up to ten layers is possible [Kemeter2002]. Due to the direct consolid-
ation a drying of deposited soot is not possible and a complex drying of the preform
needs to be performed [Li1985]. An alternative form is the plasma-activated CVD (PCVD).
Instead of a burner a microwave resonator generates a plasma inside the rotating tube
and particles are directly consolidated on the inner wall. Several thousand thin layers are
possible. However, for both IVD processes a final hole in the centre of the tube remains,
which is closed by collapsing the rotating preform at ~2000°C. For doped cores this res-
ults in a characteristic dip of the dopant concentration in the centre due to sublimation of
the doping species.

The manufacture of a polarisation-maintaining single-mode fibre using stress-birefrin-
gence depends on the desired structure. A bow-tie design is achieved by modifying the
MCVD process towards an inside vapour phase oxidation (IVPO) process, which etches
away opposite sides of boron doped layers [Emslie2007]. The final collapsed preform ex-
hibits bow-tie shaped stress members. For a PANDA design (Polarisation-maintaining AND
Absorption-loss-reducing) holes need to be drilled symmetrically around the core by use
of ultra-sonic boring. The stress inducing elements, mostly boron doped silica rods, are
then inserted into the holes [Li1985]. For all fibre types it is possible to reduce the
amount of deposited material and achieve a desired core-cladding ratio by jacketing the
preform. This means that the preform is put into a silica tube of appropriate diameter and
then drawn into fibre. The production of preforms for and the fibre drawing of photonic
crystal fibre is different from that for all-silica fibre and not discussed in detail here. Nev-
ertheless, plenty of information can be found in literature [Knight1996, Birks1997,
Knight1998, Cregan1999, Kirchhof2004].

Finally, the preform is stretched or drawn into a fibre on a drawing tower as depicted in
Figure 2-8. The preform is inserted and further on fed into a furnace with a temperature
of about 2000°C. A drop of molten glass falls from the preform and draws the fibre be-
hind. The drop is used to feed the fibre through the setup and then cut off. The fibre is
pulled with a capstan and spooled on a drum. The temperature of the furnace is con-
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trolled in a range where neither defects are induced by too high temperature nor the vis-
cose material is strained. The drawing and the feeding velocity are appropriately con-
trolled to maintain the quantity of fed and drawn material. The diameter of the fibre is
measured at several steps inside the setup to control the drawing velocity and thereby
the desired diameter. The fibre is coated with a polymer for mechanical protection. This
applied coating can be for example an acrylate or a polyimide, while the former is cured
by UV light, the latter is thermally cured [Polymicro2011]. A proof test at the end of the
line assures the mechanical strength of the drawn fibre. A slow cooling of the fibre is ob-
tained by using towers as high as 10 m and enclosing the fibre in certain sections with
metal tubing, which is flushed with inert gases [Kemeter2002].
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Figure 2-8: Schematic of a drawing tower [Polymicro2011].

2.5 Summary

After the introduction of the light-guiding and coupling characteristics of optical fibres,
their linear and non-linear losses were addressed. The importance and the extent of
these effects at 405 nm were discussed. The presentation of different preform production
methods showed the possibilities for fibre manufacturers to influence and improve their
products.
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3 Interaction of laser light and silica fibres
3.1 Abstract

Generally the impact of long-wavelength visible (VIS) or near infrared (NIR) light on the
properties of silica materials is only seen for short-pulsed high-peak-power laser systems.
The InGaN diode at 405 nm (3 eV), introduced as the main light source for the damage
measurements on silica fibres in this chapter, offers a comparably low power and continu-
ous wave (CW) operation. The interaction of deep ultraviolet (DUV) broadband and laser
light sources on silica bulk material leading to material modifications is presented. Most
of these effects are also seen in silica fibres. The last section discusses surface effects
seen from laser irradiation and the damage generated on the optical surfaces.

3.2 InGaN diode laser

A physical system of particles like atoms, ions or molecules described by quantum mech-
anics can only have distinct eigenstates and a certain energy level is ascribed to every ei-
genstate. The occupancy of these levels follows a Boltzmann distribution for positive tem-
perature T [Kneubuehl1999], which is very important:

Ez_E1)

N, exp(
i B _
N, kgT

with Boltzmann's constant ks = 1.38:1023 J/K.

In a two-level system with E; and E. (E; > E;) in thermal equilibrium the density of
particles in excited states N, at E; is lower than the density of states N; at E; (N; > Ny).
According to Einstein there are three possible interaction processes of a two-level system
with electromagnetic radiation: spontaneous emission, induced absorption and stimulated
emission [Kneubuehl1999, Eichler2002]. In spontaneous emission the decay of an excited
particle from E, to ground level E; can be correlated to the emission of a photon at
wavelength Aq:

(3-2),

with frequency v, Planck's constant h = 6.626:103* J-s and speed of light ¢, in vacuum.
For the spontaneous emission the phase, direction and polarisation of the photon is
stochastic, therefore it is incoherent radiation. Induced absorption describes the process
when a photon with energy h-v = E; - E; excites a particle from ground level E; into the
higher level E,. A reversal of this is the stimulated emission. When the decay of a particle
is influenced by electromagnetic radiation the emitted photon with energy h-v has the
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same phase, direction and polarisation as the stimulating radiation. Thus the stimulated
emission as well as the induced absorption are coherent processes. Solving the rate
equations of the three processes for a system in thermal equilibrium permeated by a
electromagnetic field shows that absorption dominates and weakens the incident radi-
ation [Kneubuehl1999, Eichler2002].

The conditions for an amplification of the electromagnetic radiation are found outside
of the thermal equilibrium. Therefore, a population inversion is needed, which means that
more particles are in the excited state E, than in ground state E; (N; < N;). This can also
be described by the Boltzmann distribution in Formula 3-1, but with negative temperature
T. The population inversion is achieved by introducing a so-called pump energy from an
external source. A second condition is the domination of stimulated emission over spon-
taneous emission. Additionally to a feedback, the selection of a narrow frequency band is
needed. Both is achieved by introducing an optical resonator into the system
[Kneubuehl1999, Eichler2002]. The result is light amplification by stimulated emission of
radiation (laser).
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Figure 3-1: p-n junction a) without voltage and b) with voltage applied. c) p-n-junction in a
double heterostructure, showing energy bands, refractive index and light intensity. d) p-n
junction of a quantum well (QW) laser diode with distinct energy levels in a thin active
region. All according to [Kneubuehl1999].

Semiconductor lasers have already a long history of over 50 years. Their main advant-
ages are the direct conversion of electric current into light at a high efficiency of typically
50 % and the small size in the order of 0.1 mm?3. A p-n diode is the basic element, com-
prising heavily n-doped and p-doped semiconductors. Without an applied voltage the
Fermi level F is constant within the p-n junction as depicted in Figure 3-1 a). Because of
the heavy doping it extends into the valence band of the p-doped region and into the con-
ducting band of the n-doped region. If a voltage in the range of the band gap E, is applied
(Eq/e = 3.4V for GaN), carriers are injected into the p-n junction. Electrons from the n-
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doped region and holes from the p-doped region move into it, which is shown in Figure 3-
1 b). The Fermi energy E, in the n-doped region is being shifted in respect to the Fermi
energy E, in the p-doped region. Thereby a region of population inversion with thickness
d is generated. Electromagnetic radiation in this region will be amplified if the following
relation is fulfilled [Kneubuehl1999]:

E, < hwv < E-E, (3-3).

This equation also shows that there are no definite energy levels for simple semicon-
ductor lasers, but energy bands. The wavelength of the emitted and amplified light can
be adjusted by choosing the correct compound (see Table 3-1). For example GaN is the
material best suited for short-wavelength emission. Standard laser diodes use a planar
Fabry-Perot resonator which encloses the active region on opposing parallel sides, mostly
prepared by cleaving. These surfaces can be coated for additional or reduced reflection.
The two other sides remain rough to suppress oscillations in that direction.

Table 3-1: Semiconductor compounds of llI-V type [Kneubuehl1999, Nagahama2005].

Active compound Wavelength range [nm]
GaN 365 - 483
InGaAIP 630 - 680
GaAlAs 670 - 890
InGaAs 880 - 1080
InGaAsP 1300 - 1650
GalnAsSb ~ 1900

The very first laser diodes had homojunction structures, which means that n- and p-doped
regions were of the same compound. These types needed to be cooled to about 10 K be-
cause of a very high threshold current at room temperature. Better usability and lasing
properties could be obtained by the development of heterostructures, especially double
heterostructures which use a double sandwich of two different compounds, for example
n-GaAs/n-GaAlAs/p-GaAs/p-GaAlAs as shown in Figure 3-1c). The larger band-gap of
GaAlAs forms a potential barrier around the active region, which suppresses the diffusion
of carriers out of the active region. An additional improvement is provided by different re-
fractive indices of the compounds, which confines the light in the active region perpendic-
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ular to the p-n junction. A confinement of the laser modes parallel to the p-n junction was
achieved either by narrowing the electrical contact to the p-doped region (gain-guided) or
by burying the heterostructure inside a diode with reverse direction. The latter process
results in an active region similar to a waveguide, which is why this structure is also
called index-guided, and can therefore suppress higher oscillating modes. All these meas-
ures reduce the threshold current and facilitate single-mode operation of the laser diodes
[Kneubuehl1999]. Using modern epitaxial methods periodic layers of differently com-
posed compounds can be grown on substrates. These periods are so-called quantum
wells and reduce the thickness d of the active region to below 30 nm. The electrons ex-
perience quantum effects in this thin layer and the energy bands are resolved to distinct
states like in Figure 3-1 d). This reduces the threshold current as well as its dependence
on temperature further. An additional result is a longer laser diode lifetime
[Kneubuehl1999].

The laser light emitted from the junctions of the above described diodes is elliptical in
the near field at the facet. Due to diffraction the divergence angle of the minor axis, per-
pendicular to the p-n junction, is larger than that of the major axis. In the far field the el-
lipticity is turned by 90° as a result of the difference in divergence angle. Gain-guided di-
odes have a higher ratio of major to minor axis than index-guided diodes, which can also
be designed to have no astigmatism. But the astigmatism of gain-guided diodes can be
corrected with use of appropriate cylindrical lenses, simultaneously collimating the laser
beam [Mansuripur2002]. One effect determining the polarisation direction of emitted light
is that the guided mode perpendicular to the junction has less overlap with the active re-
gion and does not start to lase. On the other hand, if the electromagnetic field is confined
to thin layers of quantum wells the mode parallel to these layers can stimulate light more
efficiently. Both effects combined result in the observation of linear polarised light parallel
to the p-n junction [Mansuripur2002].

The first laser diode deployed for the violet region of the light spectrum was an InGaN
multiple quantum well diode [Nakamura2000]. It allowed pulsed and continuous wave
(CW) operation in the wavelength range of 390 to 440 nm. The periodic layers consisted
of 2.5 nm Ing2GagsN and 5 nm IngesGaoesN sandwiched between p- and n-doped GaN lay-
ers (see Figure 3-2). The lateral mode formation is constraint by gain-guidance through a
2 um wide metallic p-electrode and the 600 um long resonator is coated on one side for
improved reflectance. A stable transverse fundamental mode was observed in the active
layer. The earliest InGaN laser diodes had single-mode output powers of 40 mW at
405 nm, but 300 mW single-mode are commercially available now and over 1 W in multi-
mode operation are achieved at this wavelength [Nagahama2003, Skierbiszewski2005].
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Figure 3-2: Cross sectional structure of GaN laser diode with gain-guidance through
striped p-electrode and multiple quantum wells [Nakamura2000].

MQW: multiple quantum wells, ELOG: epitaxially laterally overgrown GaN ,

MD-SLS: modulation-doped strained-layer superlattices .

3.3 Bulk effects of irradiation

3.3.1 Defect-centre formation and transformation

Most fibre-optic systems available for the UV region use multi-mode fibres (MMF) compris-
ing a core of pure synthetic silica and a fluorine-doped cladding. These systems typically
use broadband light sources, for example deuterium lamps, or high-power lasers, for ex-
ample excimer lasers (193 nm, 248 nm, 308 nm) or third and fourth harmonic of Nd:YAG
lasers (355 nm, 266 nm). For DUV (170 - 280 nm) applications with these light sources,
the existence and transformation of different UV defect centres have been studied in de-
tail [Friebelel1976, Friebele1979, Griscom1985, Khalilov1994]. The most prominent defect
centres in silica fibres are related to an oxygen vacancy and are shown in Figure 3-3
[Skujal998]. They can be distinguished as the oxygen deficiency centre ODC(l) at 7.6 eV
(163 nm), the E', centre at 5.8 eV (215 nm, see Figure 3-4 b)), the E's centre at 5.7 eV
(229 nm), and the oxygen deficiency centre ODC(Il) at 4.9-5.2 eV (243 - 254 nm, see Fig-
ure 3-4 ¢)). The E'g centre is an E' centre with a hole/proton trapped in the vacancy. Other
defects are oxygen excess related, such as the non-bridging oxygen hole centre (NBOHC)
or peroxy radical (POR), both at 4.8 eV (260 nm) and the peroxy linkage (POL) at 3.8 eV
(330 nm). Additionally bound hydroxyl groups (-OH), interstitial oxygen (O,) or ozone (0Os),
and interstitial or bound chlorine (Cl;, -Cl) can exist in the material or occur during irradi-
ation. Especially interstitial chlorine (Cl;) has a large absorption band at 3.8 eV (330 nm).
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Figure 3-3: Spectral overview of known defect centres and their photo-luminescent
emission bands [Skujal998]. Centres marked with (?) are controversially discussed in
literature.

The exact nature of some defect centres is still controversially discussed in literature.
Those centres are marked with a question mark in Figure 3-3. The 250 nm band was as-
signed to the ODC(Il) and the POR, but the POR is not confirmed, yet. Similarly the
330 nm band in pure silica is assigned to the Cl, band and the POL. Due to the improved
modern fibre preform production process the peroxy defects are seen rarely and can be
excluded for this work. The nature of the ODC(ll) is also not definite. On one hand it is ex-
plained as an unrelaxed silicone dangling bond, on the other hand as a two-fold coordin-
ated silicone atom [Skujal998]. The oxygen deficient centres also have several absorp-
tion bands, mainly for the electronic singlet or triplet excitation of the defect. Both are im-
portant and included in the overview in Table 3-2.

22



3 Interaction of laser light and silica fibres

relaxed

a)
Figure 3-4: a) Extract from a perfect SiO, network. b) Current model for E', centre with an
unpaired electron on a single silicone atom. ¢) Unrelaxed oxygen deficiency suggested as
one model for ODC(Il). The dark spheres represent oxygen atoms and the light spheres
silicone atoms. The arrows represent electrons with a corresponding spin. According to
[Skujal998].

Table 3-2: Characteristics of the defect centres used for explanations in this work.
According to [Skujal998]. The “=" represents the bond to three oxygen atoms.

Defect name Structural model Peak position [nm] FWHM [nm]
ODC(I) =Si-Si= 163 10.7
E', =Sie (...Si=) 215 29.5
E's =Sie (...Si=) 229 29.5
ODC(Il) (So = Si1) =Si...Si=, 243 - 254 14.9
ODC(Il) (So - T1) -0-Si-O- 394 42.5
NBOHC =Si-Oe 260 56.6
POR =Si-0-0. 260 43.3
Interstitial Cls, CI-Cl
Peroxy linkage =Si-0-0-Si= 330 60
GeODC (So = S1) =Ge...Ge=s, 230 - 243 20
GeODC (So = Ti) -0-Ge-O- 336 36.3
Ge(l) =Gee (...Si=) 280 114

The production of the preform and the fibre drawing process have the largest influence
on the presence and generation of defect centres in silica fibres. The atmosphere during
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the production and collapsing of a preform determine whether oxygen deficiency or oxy-
gen excess defects are formed. A high tension during fibre drawing and uncontrolled
rapid cooling of the fibre can induce strained Si-O or Si-Si bonds or lead to the rupture of
those, which directly generates NBOHC and E', centres, respectively [Friebele1l976]. If the
strained bonds, also called precursors, did not rupture during the drawing process, they
can be broken by excitation through UV irradiation and in turn induce NBOHC and E',
centres. A production in a wet environment or a high-temperature treatment of the pre-
form with H, can generate further precursors in the form of hydroxyl groups (Si-O-H) or
hydrogen atoms bound to silicone (Si-H). If chlorine was not carefully removed after pre-
form production, something similar can happen. Chlorine atoms are bound to silicone
(Si-Cl) [Kirchhof1998]. When the precursors are then exposed to UV light the bonds to hy-
drogen and chlorine are broken and molecular hydrogen and chlorine can form. In the lat-
ter case this leads to the generation of the Cl; band at 330 nm. If high concentrations of
chlorine or hydroxyl are bound in the silica network, then the spectral attenuation below
200 nm is increased as well [Klein1996b]. The reactions by single photon absorption are

as follows:

Si-O-H + h-v » NBOHC + H (3-4)
Si-H+ hv->E' +H (3-5)
Si-Cl + h-v » E' + CI (3-6)

The influence of broadband UV light on the transmission properties of silica fibres was
mainly investigated with deuterium lamps. The generation of the defect centres is com-
monly called solarisation and is driven by single photon absorption of photons with a high
energy of more than 5.5 eV (225 nm). Mainly NBOHC and E', centres are generated in
high-OH fibres, while in low-OH fibres the ODC(II) can be generated additionally. The gen-
eration of NBOHC and E', centres can be prevented by high-pressure low-temperature H,
loading of the fibre. The generated defects will be passivated directly by the hydrogen
and not seen as an additional spectral loss. However, this is only useful for large diameter
fibres with outer silica diameter greater than 400 um, because of the quick diffusion of H;
out of the silica material. The reduction of the additional loss due to the NBOHC was
achieved by a modification of the fibre production process. The generation of the E',
centre was dramatically reduced by treating the raw material and the fibre preform [Vy-
dral999]. But the generation of the absorption bands cannot yet be fully prevented
[KIein1997b, Klein2001, Khalilov2006].

For high-power excimer laser light delivery the generation and transformation of de-
fect centres during operation is a limitation. The absorption bands of E', centres and
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ODC(ll) are strongly influenced by the ArF and KrF wavelengths at 193 nm and 248 nm,
respectively, and subsequently attenuate the laser light [Klein1996a]. When the exist-
ence of the two different kinds of oxygen deficiency centres (ODC(l) and ODCII)) was dis-
covered, it was also found that an ODC(II) can be photobleached to an E', centre by exci-
mer laser irradiation [Imail988, Imail991].

The experimental observations can be expressed in the following set of equations,
where (5i0;)* stands for an exciton, P for a strained precursor site and Ev for an ionising
event of x-hv with x photons participating [Muehlig2005]:

(Si0) + Ev — (Si0)* (3-7)
P + (Si0;)* > E' (3-8)
P + (Si02)* - NBOHC (3-9)
Si-H + (Si0x)* » E' + H (3-10)
Si-O-H + (Si0;)* - NBOHC + H (3-11)
Si-Cl + (Si02)* - E' + Cl (3-12)
ODC(Il) + Ev - E' (3-13)

Photolysed states of Si-H can readily recombine thermally if the hydrogen atom stays in
close proximity to the E', centre:

Si-H+ Ev->E' +H (3-14)
E'+ H - Si-H (3-15)

3.3.2 Change of silica density

A change of the density of silica upon irradiation was found as early as 1968 [Pri-
mak1968]. Those early experiments were performed with neutron, ion, electron, x-ray or
gamma-ray radiation and only the increase of the material density (compaction) was ob-
served. The photon energy of these radiation sources is in the range of keV and MeV. In
the 1990s several studies using pulsed excimer lasers of type KrF (248 nm, 5 eV) and ArF
(193 nm, 6.4 eV) also found the compaction of silica when irradiated with high-fluence
nano-second pulses in the mJ/cm? range [Allan1999, Piao2000, Ikuta2004]. In all studies,
disregarding the radiation source, a power-law behaviour of compaction over dose D = /%t

was found:
9o _ gty (3-16)
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Here dp/p is the change in density and parameter a and exponent b are adjustable val-
ues. For fused silica values in the range of b = 0.5 to 0.6 and a in the order of unity
showed best results for fits to experimental data. These parameters do not have any
physical correspondence and should be treated with care, especially when comparing
them [Allan1999]. The power law is just a way to represent the behaviour of experiment-
ally measured compaction curves.

The amount of density increase that is actually produced by excimer lasers is in the or-
der of 10°. This change is mostly measured by investigating the change in refractive in-
dex with an interferometer (wavefront distortion) or by stress measurements (birefrin-
gence). Both techniques can be performed using the pristine sample as a reference to
see the actual change and not the absolute values [Moll2002, Kuehn2003, Moll2004].
These measurements are normally not done with the damaging excimer laser in the DUV,
but with a HeNe laser at 632.8 nm.

It was postulated that the introduction of ODCs by laser radiation leads directly to a
density increase [Sulimov2002]. But this was shown to not be the case for laser-induced
ODC, only for thermally induced ODC(l) [Ikuta2004]. The origin of the compaction is
widely accepted to be a long-range restructuring of the Si-O-Si network upon relaxation
due to defect generation [Piao2000], which means a rearrangement of SiO, tetrahedra.
Since the tetrahedra sustain their shape, only the Si-O-Si bridging bond angle can change
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Figure 3-5: Approximation of non-symmetric probability distribution of Si-O-Si bridging

bond angle in [Piao2000] using bi-Gaussian curves. For a narrower FWHM the average
angle is reduced.

to a larger extent [Susman1991]. The distribution of this Si-O-Si bridging bond angle is
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not symmetric (see Figure 3-5), with angles smaller than the most probable angle of
B = 144° being less likely than larger angles [Mo0zzi1969]. The FWHM of the distribution
depends on the fictive temperature Tr at which the silica glass was quenched during the
production. A broader distribution corresponds to a higher fictive temperature, indicating
excess energy stored in the network as well. A relaxation of the silica network happens
when atomic bonds are broken. This is explained by Piao and co-workers very graphically
as a three-dimensional strained-spring network: “If one spring connection is broken, the
system acquires additional freedom with the result that the whole network relaxes to a
lower energy state” [Piao2000]. This in turn leads to a narrowing of the Si-O-Si bridging
bond angle distribution. Since the distribution is non-symmetric a lower average angle is
achieved. This is shown qualitatively and quantitatively in Figure 3-5 and the average
angle is given for different angle distributions. A smaller distance between silicone atoms
and an increased density is the result of the reduced average angle.

In long-term experiments with low-fluence excimer lasers in the range of pJ/cm? a rar-
efaction effect was observed [Peski2000]. The rarefaction, also called expansion, is a de-
crease in density. It occurs together with compaction and the type of silica and the irradi-
ation conditions determine which of the two effectively changes the density [Smith2001,
Moll2002, Algots2003, Kuehn2003, Allan2004]. It was also proposed in all the studies that
the rarefaction depends linearly on the dose and that the pulse length has no influence:
% = 2t (3-17)
The parameters a and b are again fitting parameters. In the case of rarefaction the para-
meter a has to be negative in contrast to positive a for the case of compaction. The main
influence for a decrease of the silica density was found to be the presence of H,
[Smith2001] or a high OH content above 700 ppm [Kuehn2003]. It was proposed, in ac-
cordance with a gamma ray experiment [Shelby1979], that the incorporation of hydrogen
into the silica network as Si-H and Si-O-H bonds leads to the rarefaction. Additionally to
the decrease in density the generation of these bonds changes the chemical structure
and increases the refractive index of the silica. This is known as the photorefractive effect
and is the base for the production of fibre Bragg gratings (FBG). A kinetic model de-
veloped by Allan and co-workers predicts the change in optical path length based on a
well-known set of equations for the generation of defect centres and bonded hydrogen,
and photolytic processes (see end of Section 3.3.1) [Allan2004]. In this model the optical
path length first increases with the number of pulses, but after a certain amount of pulses
the path length decreases towards a saturated level, which is according to other experi-
ments as well [Kuehn2003]. A similar behaviour was seen for the laser fluence. While the
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rarefaction takes effect at lower laser fluences, it is masked by the compaction at higher
fluences.

3.4 Surface effects of laser irradiation

3.4.1 Surface damage

Surface effects in silica optics due to high intensity laser light are well known using short-
pulsed and high-power laser systems. Surfaces are quickly destroyed mechanically if not
properly prepared and thoroughly cleaned. Linear and non-linear absorption of high in-
tensity laser light in the bulk of the optics causes material modifications, like voids,
cracks and UV defects. When MMF are used for high-power excimer laser light delivery
[Dressell991, Koehler2003], the surface damage threshold of synthetic silica is the
primary limit. In the NUV severe optical damages were observed at power densities
above 1 GW/cm? for pulsed 308 nm excimer lasers with 20 ns pulse width [Pini1987,
Klein1996a]. A mechanically damaged fibre end is shown in Figure 3-6 after irradiation
with a pulsed 355 nm third-harmonic generation (THG) Nd:YAG laser. A pulse energy of
6 1 and a pulse width of 1.8 ns resulted in about 5 GW/cm? peak power density [Hill-
richs2011].

200 pm
N |

Figure 3-6: Fibre launching end damaged by a pulsed 355 nm THG Nd:YAG with 6 uf pulse
energy and 5 GW/cm? peak power density [Hillrichs2011].

3.4.2 Surface alteration

The first observation of a periodic surface structure was made in 1965 using a Ruby laser
[Birnbaum1965]. In the following decades this phenomenon was observed more often
with different kinds of lasers ranging from pulsed CO; lasers to femto-second lasers in the
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visible region. Due to its structure of crests and valleys it was called ripples and later
laser induced periodic surface structure (LIPSS). In the beginning different models were
applied, including various interference models and models based on mechanical precurs-
ors like scratches [Soileaul984]. If the melting temperatures of a sufficiently conductive
material, like metal or a semiconductor, was reached, a LIPSS might be formed by surface
plasmon polariton interference [Keilmann1982]. A model of interference of the incident
light wave with a surface-scattered wave was extended to a theory of radiation remnants.
Until the 1990s, this so-called Sipe or efficacy factor theory was successfully used to de-
scribe an inhomogeneous energy deposition below a rough surface selvedge region
[Driel1982, Sipel983]. An electromagnetic wave is scattered in this region at statistical
fluctuations smaller than the incident wavelength (Rayleigh scattering). The nature of the
fluctuations can be miscellaneous, but surface roughness, electron density and refractive
index are possible candidates. LIPSS were also created and seen at intensities well below
the supposed damage threshold or melting point [Fauchet1983, Singh2003]. Some parts
of the structures, like break-ups and bifurcations, are very unlikely only the result of an
inhomogeneous energy input due to interference effects [Preston1989]. Nowadays it is
still controversial, if the formation of these ripples is the result of an interference effect
[Bonse2005] or of non-linear self-organisation from a strong material instability
[Reif2010].

When irregular LIPSS were found in the ablation craters of femto-second laser irradi-
ated semi-conductors and wide band-gap dielectrics in high vacuum, it was proposed that
these LIPSS are formed by self-organisation [Henyk1999]. A visual comparison of an holo-
graphic interference pattern and an irregular LIPSS is given in Figure 3-7. The periodicity
of the LIPSS, the spacing of valleys or crests, was always found to be in the order of the
laser wavelength or smaller, but suggested to not be correlated to the wavelength and in-
sensitive to the incident angle of the laser light [Keilmann1982, Varlamova2006, Varlam-
ova2007]. Instead it was observed that the periodicity depends solely on the depth of the
perturbed volume [Reif2004]. This means that it mainly depends on the local light intens-
ity, which varies with the Gaussian beam profile. Different periodicities can be observed
in the centre and at the edge of ablation spots, less intensity forming less developed and
closer spaced ripples [Varlamova2006, Reif2010].
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a) b)
Figure 3-7: a) Holographic interference written into fused silica [Watanabe2006]. b)
Scanning electron microscope (SEM) image of ripples on CaF, surface [Varlamova2007].

In all pulsed laser experiments on semiconductors and transparent insulators the orienta-
tion of the ripples strongly correlated with polarisation direction [Keilmann1982, Varlam-
ova2006]. For example on a CaF, surface a sub-wavelength periodicity of the ripples was
found perpendicular and an about-wavelength periodicity parallel to the incident laser po-
larisation. Both periodicities can coexist and are then superimposed [Henyk1999,
Reif2004, Varlamova2007]. The length of the ripples depends on the polarisation as well.
A linear polarisation forms long ripples in contrast to a circular polarisation which forms
very short ripples in the form of cones [Reif2006, Varlamova2007].

In one study focused ion beam (FIB) prepared lamellae of a silicone wafer damaged by
a femto-second laser were examined in a transmission electron microscope (TEM). While
the crests in the centre of the ablation spot were formed of crystalline silicone, amorph-
ous silicone was found in the corresponding valleys. But outside the main damaged area,
where the irradiation dose was smaller, a mixture of crystalline and amorphous silicone
was found. This is shown in Figure 3-8 from [Reif2010].
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N
Pt layers

a-Si

Figure 3-8: Transmission electron microscope (TEM) image of ripples on crystalline
silicone surface outside of an ablation spot [Reif2010]. (a-Si: amorphous silicone, Pt:
sputter specimen platinum)

The main effect driving the destabilisation of the molecular lattice on the surface of wide
band-gap insulators is ionisation by multi-photon absorption. A strong surface ionisation
in femto-second laser ablation leads to coulomb explosion and further to phase explosion
[Henyk1999, Varlamova2006]. A thin unstable surface layer depleted of electrons is
formed. The authors describe the thickness as in the range of the electron escape depth.
Its thickness depends on local intensity, surface roughness and electronic defects
[Reif1989, Varlamova2006]. For insulators and semiconductors the destabilisation of the
lattice can happen within less than a pico-second [Varlamova2006]. This rapid, non-equi-
librium destabilisation promotes the self-organisation of the thin surface layer [Reif2004].

Self-organisation is known in sputtering and thin-film growing processes for some time
[Reif2006, Peled2000]. Simulations of such a sputtering process, like in Figure 3-9, show
a large resemblance to the LIPSS generated by femto-second lasers. In an unstable sur-
face layer the self-organisation is a competition between surface roughening, due to de-
sorption, and surface smoothening, by atomic self diffusion [Henyk1999, Varlamova2006,
Varlamova2007]. First, long ordered chains of nanoparticles are formed with an additional
coarser overstructure, then ripples develop from coalescing smaller nanoparticles. A self-
organised LIPSS is created and curvatures, breaks and bifurcations are formed in this pro-
cess [Reif2004, Varlamova2006]. In addition a positive feedback was observed for mul-
tiple pulses below the materials damage threshold. So, incident pulses do not act indi-
vidually and independently, but add to the effect of the previous pulses [Keilmann1982,
Fauchet1983, Reif2004, Varlamova2006, Reif2010].
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Figure 3-9: Simulation of self-organised pattern formation at an unstable surface
[Reif2004].

The Sipe theory was successfully combined with the Drude model by Bonse and co-work-
ers to explain most of the LIPSS effects seen after femto-second laser irradiation of differ-
ent materials outside of a phenomenological framework [Hoehm2012]. The Drude model
describes the transient changes of the optical properties of materials in dependence on
the free-electron density in the conduction band. Since the surface-scattering in the Sipe
theory largely depends on the optical properties of the surface, this combination im-
proved the correlation of theoretical simulation and experimental results. Bonse et. al.
distinguish between classic low spatial frequency LIPSS (LSFL) with a periodicity in the or-
der of the laser wavelength (A = A¢) and high spatial frequency LIPSS (HSFL) with a peri-
odicity significantly smaller than the laser wavelength (A < A¢/2). The periodicity and ori-
entation of LSFL further depend on the irradiated material. On metals and semiconduct-
ors the ripples are oriented perpendicular to the polarisation of the incident beam and
have A = Ao. Both is attributed to the additional influence of surface plasmon polariton ex-
citation [Dufft2009, Hoehm2012]. For wide band-gap dielectrics on the other hand the ori-
entation of the ripples was mostly found to be parallel to the laser polarisation and the
periodicity reduced by the refractive index of the irradiated material to A = Ao/n
[Rohloff2011]. HSFL are mainly observed after femto-second laser irradiation in the re-
gion of intensity close to the ablation threshold.

Only few studies focused on the generation of LIPSS on amorphous silica in air environ-
ment or vacuum. Those studies were performed with Ti:sapphire femto-second lasers in
the NIR (700 - 800 nm) on bulk material at normal laser incidence [Wagner2006,
Rohloff2011, Hoehm?2012]. Similar to Figure 3-10, the LSFL was found parallel to the ori-
entation of the linearly polarised laser beam with periodicities in the range of 500 to
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800 nm and HSFL were found perpendicular to the laser polarisation with periodicities in
the range of 170 to 400 nm. Hoehm and co-workers were especially trying to explain the
parallel orientation of the LSFL, and suggested that the formation of defect centres is one
reason of the transition from perpendicular HSFL to parallel LSFL for an increased number
of pulses [Hoehm2012]. A higher absorption due to the defect centres should result in a
higher number of excited electrons in the conduction band. The combination of Sipe and
Drude models predicts the formation and orientation of LSFL correctly and the inhomo-
geneous energy deposition is dictated by the optical properties in non- or weakly excited
silica. The model also showed that for a low degree of excitation the periodicities are in
order of A = Ao/n (dielectric behaviour) and for higher degrees of excitation increase to-
wards A = Ao (metal-like behaviour).

01118A42 —— 3um A

Figure 3-10: Scanning electron microscope (SEM) image of femto-second ablation spot,
irradiated with Ti:sapphire laser (700 - 800 nm wavelength). The laser beam had a spot
radius of ~18 um and a peak energy density of 6.7 J/cm? in air environment under normal
incidence [Hoehm2012].

3.5 Summary

A brief introduction to laser light generation was given and the technology of the laser di-
odes used in this work was presented. Furthermore, the interaction of laser light with ma-
terial, especially silica, was discussed. Different defects due to irradiation in the bulk or
on the surface of silica can be observed. The key-roles for the work presented in the com-
ing chapters play the generation of defect centres in the bulk, the decrease of the density
of silica and the formation of laser-induced periodic surface structures.
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4 Surface effects by 405 nm laser irradiation of
silica fibres

4.1 Abstract

In this chapter damage brought about on different silica-based fibre types with different
violet laser light sources and the corresponding results are presented and discussed.
After the consequences of the damage were recorded spectrally and at the laser
wavelength, the surface damage was investigated by different microscopic methods. The
damage of the launching fibre end surface was reconstructed with simulations using the
finite-difference time-domain method. These show the influences of the structure on the
light-guiding properties of the fibre. Finally, the effects found in the investigations are
compared to results of short-pulsed laser ablation experiments on wide band-gap insulat-
ors.

4.2 Experimental setups

4.2.1 Previous work and experimental approach

Most fibre-optic systems available for the UV region use multi-mode fibres (MMF). The
fibre comprises a core of high-OH (> 800 ppm) pure synthetic silica and a Fluorine doped
cladding. These systems typically use broadband light sources, e.g. deuterium lamps, or
high-power lasers, for example excimer lasers (193 nm, 248 nm, 308 nm) or third and
fourth harmonic of Nd:YAG lasers (355 nm, 266 nm). For deep ultraviolet (DUV) applica-
tions (170 - 280 nm) with these light sources, the existence and transformation of differ-
ent UV defect centres have been studied in detail [Griscom1985, Friebelel979,
Friebelel976, Khalilov1994]. The most prominent defect centres in silica fibres are re-
lated to an oxygen vacancy [Skujal998]. They can be distinguished as the oxygen defi-
ciency centre ODC(I) at 7.6 eV (163 nm), the E', centre at 5.8 eV (214 nm), and the oxy-
gen deficiency centre ODC(Il) at 4.9-5.2 eV (240 - 255 nm). Other defects are oxygen ex-
cess related, such as the non-bridging oxygen hole centre (NBOHC) at 4.67 eV (266 nm),
or due to interstitial occurences of elements like Chlorine (Cl;) at 3.76 eV (330 nm). Im-
provements in the manufacturing process have lead to UV fibres with significantly lower
solarisation, that is less generated defect centres during operation, in the DUV region
[Klein2001, Khalilov2006].

When MMF are used for high-power excimer laser light delivery [Dressell991,
Koehler2003], the surface damage threshold of synthetic silica is the primary limit.
Severe optical damage is observed at power densities above 1 GW/cm? for pulsed lasers
[Pinil987]. The generation and transformation of defect centres during operation is a
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second limit. The absorption bands of E', centres and ODC(ll) strongly influence the ArF
and KrF wavelengths at 193 nm and 248 nm, respectively [Klein1996a]. When the exist-
ence of two different kinds of oxygen deficiency centres was discovered, it was also found
that an ODC(Il) can be photobleached to an E', centre by excimer laser irradiation
[Imail988, Imail991].

Recent applications of fibre-optic systems in the near ultraviolet (NUV) require smaller
spot sizes or better beam qualities that are not achievable with MMF [Kirshenbaum?2011].
High-OH synthetic silica single-mode fibres (SMF) with mode-field diameters from 2 to
3 um for delivery of UV light fulfil these requirements. They are commercially available
for the NUV region (300 - 400 nm) and can be combined with light from continuous-wave
(CW) single-mode diode lasers (375 nm, 395 nm, 405 nm). These single-mode lasers
(SML) are under constant development and achieve high output powers in the range of
100 to 300 mW. If this high-power laser light is focused to beam waist diameters of about
2.5 um for coupling to a SMF, power densities in the range of 2 to 6 MW/cm? are reached.

An effect, unexplained until now, causes the NUV SMF to degrade over time during op-
eration with 405 nm lasers. In light of information obtained from users and manufacturers
of fibre-coupled 405 nm diode laser systems, the time for an output power loss of 3 dB or
more to be reached varies from a few days to a few weeks. It is important to notice that
the photon energy at this wavelength is much lower than the energy of the DUV absorp-
tion bands and the power density that is achieved is three orders of magnitude lower
than the optical damage threshold. A setup was built-up and improved to damage fibre
samples and record the output power from the fibre. The loss at the laser wavelength was
readily calculated and a damage rate could be assigned to the sample. Taking into con-
sideration the results from previous work, not only the loss at the laser wavelength was
measured, but also the spectral behaviour of the fibre samples down to 200 nm was in-
vestigated.

The approach in this work has combined the use of light microscopy, which was under-
taken immediately after irradiation, with further examination of the fibre end surfaces us-
ing both, atomic force microscopy (AFM) and scanning electron microscopy (SEM)
[Oura2003]. In addition, under circumstances where samples were particularly interest-
ing, energy dispersive x-ray spectroscopy (EDX) was performed. Further, for two particu-
lar samples, high resolution transmission electron microscopy (HR-TEM) was used for ana-
lysing a focused ion beam (FIB) prepared lamella.
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4.2.2 Damage measurement setup

For the irradiation of the fibre samples, laser diode modules (LDM) provided by Omic-
ron-Laserage, incorporating Nichia GaN laser diodes which offer high-power at 405 nm,
were used. The parameters listed in Table 4-1 for the multi-mode (MML) and single-mode
lasers (SML) used in this work are achieved with the beam shaping optics in the modules.
The SML uses only a single diode, while the MML comprises two diodes. The beams of the
two diodes are cross-combined inside the module, to achieve a higher power output. The
radiating area of the broad area laser diodes is 1 um by 7 um.

The output power of the employed SML has a maximum of 120 mW for the old version
and 150 mW in the new version. The laser beam is optically corrected for astigmatism
and is collimated. The beam quality of M? < 1.2 is suitable for high coupling efficiencies
into SMF. The MML with the cross-combined laser diodes has a maximum output power of
390 mW and a beam quality of M? < 6. The polarisation of a single laser diode is parallel
to the p-n junction. This corresponds to the broader slow axis of the laser diode
[Mansuripur2002]. According to the orientation of the laser diode in the SML the polarisa-
tion is vertical at the exit of the LDM.

Table 4-1: Summary of characteristics of the used laser diode modules MML (Omicron
LDM405D.450.CWA.M) and SML (Omicron LDM405.120.CWA.L).

Parameter MML SML
Wavelength Aq [nm] 405 405
Number of laser diodes 2 (cross-polarised) 1

Output power Py, [MW] 390+£5 1503

Power stability AP [%/h] <0.25 <0.4

Beam quality M? 3 1.1

Calculated spot diameter 2-w, [um] 5.9 2.78
Calculated power density in spot Ispor [MW/cm?] 1.4 2.45

Calculated peak power density Ipeax [MW/cm?] N/A 4.9

The LDMs are appropriately current and temperature stabilised to achieve a consistent
output power over a long time period. The collimated laser beam is focused on the fibre
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end surfaces with an imaging and alignment system (IAS) for connectorised fibres. The fo-
cal length of the aspheric lenses of 4 mm and 6 mm used in the MML and SML, respect-
ively, give the spot diameters shown in Table 4-1. The fibre end can be adjusted along
the optical axis and tumbled around it. This allows for optimal coupling efficiency, also
with small angular mismatches on the surface up to 4°. Because of the small spot dia-
meter power densities in the range of MW/cm? are achieved for output powers of a few
hundred milliwatts.

During the period of irradiation of SMF the IAS was readjusted from time to time to
make sure that the system was not misaligned by mechanical or temperature changes.
Even small changes of less then a micrometer can change the coupling conditions notice-
ably, which in turn would alter the power reading at the fibre output. For low-mode fibre
(LMF) the IAS was not changed for readjustment purposes, because a new spot for
launching more light into the fibre might be found. But it was recognized, when readjust-
ing the SMF, that the IAS is very stable, also over longer periods of time.

The progress of the fibre damage during the irradiation period was monitored using
the fibre output power Puu.sre from the fibre samples. The long-term experiments were
undertaken over a period ranging from four days to two weeks, depending on the loss L in
the fibre output power that was experienced. The goal for long-term damage was a power
reduction in the range of 1 to 5 dB, depending on the particular study being undertaken.
The loss over time was calculated using:

L(t) = _10.|0910(M) (4-1).

out, fibre ( 0 )

For the power readings thermopile power meters were used. The measurements with the
MML were performed with a Melles-Griot 13 PEM001/] (10 mm aperture) and the SML
measurements with a Coherent PowerMax PS19Q (19 mm aperture). In Figure 4-1 the
whole setup is shown on a straight axis, but the actual damaging was done with the fibre
under test (FUT) bent in some way. The length of the FUT depended on the fibre material
and the desired dynamic of the spectral measurements in the DUV. If not mentioned oth-
erwise a length of 1 m can be assumed. To connect the FUT to the IAS all proximal ends

LDM IAS FUT PM

Figure 4-1: The damage setup consisting of stabilised laser diode module (LDM) with a
wavelength of 405 nm, an imaging and alignment system (IAS) and a thermopile power
meter (PM). The fibre under test (FUT) is aligned for maximal output power.
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were connectorised with FC/PC connectors. The distal fibre end is aligned in front of the
PM for free space irradiation and was appropriately connectorised for spectral measure-
ments.

In all cases the proximal end was adjusted to maximum fibre output power using the
IAS. During irradiation, the proximal fibre end is used inside the IAS, but not sealed or
flushed with gas. The distal end is in free space and not protected from dust particles. All
experiments are conducted in a standard laboratory environment at room temperature.
To determine the error in the power reading, the standard deviation of a daily or semi-
daily average is added to the uncertainties seen from the power meter and the laser di-
ode module. For the error AL of the loss the non-linear propagation of error is used
[Muehl20011]:

AL = \/(%) PO 8P )

0 Pout,ﬁbre 0 Pout,fibre

4.2.3 Spectral measurement setup

In order to determine spectrally induced loss in small core fibres in the DUV, a newly de-
veloped spectrometer system was employed. As depicted in Figure 4-2, the whole setup
consists of deuterium lamp (D) with an imaging system and the fibre-optic spectrometer
(OceanOptics Maya2000Pro). Short pieces of MMF with low solarisation were used for
coupling in and out of the FUTs through butt-coupling [Klein2001, Khalilov2006]. This pro-
cedure showed best reliability when changing between the laser and the broadband sys-
tem. In spite of that, some of the measurement samples show white light interference
due to misalignment at the coupling sites. The deuterium lamp provides broadband light
starting at 180 nm. The spectrometer system uses a back-thinned CCD chip (charge-
coupled device) for a higher sensitivity, than it is possible with older CCD chips or pho-
to-diode arrays (PDA). The grating of the spectrometer covers the spectral range from
167 to 620 nm and for a good resolution AA a narrow slit of 5 um width is utilised. The in-
tegration time starts at 13 ms and can be increased to several seconds. Despite the nar-

C C UV/vis-

input FUT output FOS

D, IIS

Figure 4-2: Spectral measurement setup; D,: deuterium lamp, IS: imaging system,
input/output: 100 um input/output fibre, C: connector, FUT: fibre under test, FOS: fibre-
optic spectrometer for UV and visible range.

39



4 Surface effects by 405 nm laser irradiation of silica fibres

row slit, the sensitivity is so high, that standard 100 um core diameter step-index fibres
cannot be measured, but drive the CCD chip into saturation.

The grating used in the spectrometer reflects the first higher order onto the CCD chip
as well. This higher order needs to be taken into account for the spectral measurements.
Unexpected signals with twice the wavelength of an expected signal, should be handled
with care and could be an artefact. As an example Figure 4-3 shows the spectrum of a
mercury lamp with a small peak at 508 nm, which is the first higher order reflection of the
254 nm mercury line attenuated by about 13 dB. Another artefact has to be expected at
486 nm, where the Balmer line Dg of deuterium can cause an oscillation in the calculated
loss spectrum. The peak might shift in the spectrometer signal over time, due to warming
up of the grating and chip. Therefore, this peak is also used in the analysis to adjust a
drift in wavelength.

254 nm: 59856 counts; 508 nm: 2833 counts

4.7 %; -13.25 dB
70k T T T T T T T v T d T T T

60k | | |
50k |- .
40k |- -
30k |- :

20k - 4

FOS signal [counts]

10k |- .
0 | A A MJ ﬂ ! i J L Al T L
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A [nm]

Figure 4-3: The spectrum of a mercury lamp measured with the spectrometer shows an
unknown peak at 508 nm. Its origin is a higher order reflection of the well known mercury
line at 254 nm at the spectrometers grating.

To demonstrate the capabilities of the new setup, several spectra of a 1 m long sample of
2.2 um core diameter SMF were taken. Three different integration times were chosen. As
can be seen in Figure 4-4 a) a short integration time of 100 ms gives the same shape as
800 ms and 2 s, but the signal is not as strong and has some noise. The difference
between 800 ms and 2 s is only in the peak value of the signal, the noise is comparably
low. Thus a reasonable integration time of 500 ms should allow for simple handling and
enough dynamic range. It is worth mentioning that there is a signal below 200 nm and for
the longer integration times it is in the range of a few kilocounts. This tail can be used for
DUV loss measurement in SMF.
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Figure 4-4: a) 1 m 2.2 um SMF in described spectral measurement setup. Spectra for
three different integration times are shown. Left y-axis for 100 ms (black curve), centre y-
axis for 800 ms (red curve) and right y-axis for 2 s integration time (blue curve). The unit
of the y-axes is counts. b) The logarithmic ratio between the spectra is shown for better
comparison.

The logarithmic ratio of the spectra is shown in Figure 4-4 b) to see the actual difference
between the different integration times. All three curves are relatively flat. The compar-
ison between highest and lowest integration time has the most noise, while it is reduced
for the other comparisons. At both ends of the spectral range the low signal levels result
in high oscillations, but this is a problem of the systems dynamic. These comparisons
prove again that medium integration times can give good results, if some noise is accep-
ted.

Spectral measurements of the FUTs were taken before and after exposures. The dark
current reading was subtracted from the recorded spectra. To obtain the spectral loss in-
duced by 405 nm irradiation the spectra were processed using the relationship:

Ibefore ( }\‘)

The spectral measurement system was also used to determine the attenuation profile

Lind(}\‘) = _1O'|0910(M) (4-3).

o(A) of the fibres by using the cut-back method. The fibres were cut back if possible from
the length on the spool to 1 m and then to 0.5 m. The attenuation profile was calculated
by using the relationship:

_1 Ion (}\') .
a(}"):A—IO'IOglo(Ilh 1(7\) with Al = llong_lshort (4-4).

In the spectral measurements, a lamp signal error Al of 3 % at 200 nm, =2 % at 300 nm
and =1 % at 400 nm is taken into consideration. The noise in the spectrometer is much
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lower than this error and not taken into account. For the error of the spectral loss AL, the
non-linear propagation of error is used [Muehl20011:

_ aLind
ALind - \/(a Ibefore

2

Ly |
.A‘[tz)efore*-(a]'—md) 'AIifter (4'5)
after

4.3 Basic characterisation of fibre specimens

4.3.1 Fibre types

In this work mainly two fibre types with small core diameters were investigated:
« Single-mode fibre (SMF) for a wavelength range from 350 to 450 nm and

+ Low-mode-fibre (LMF) with a core diameter of 15 um.

The SMF can be further divided into three categories:
- Standard fibre with normal mode-field diameter,

« Polarisation-maintaining fibre (PM) with normal mode-field diameter and
+ Large mode area fibres (LMA) with larger mode-field diameter.

While the standard fibre provides ease of use, the PM fibre is requested by most users
due to the importance of the polarisation state in many applications. Fibres with larger
mode field have a reduced power density in the fibre core and thereby an improved long-
term stability. These three fibre types can be manufactured as common all-silica step-in-
dex fibres (AS) or as microstructured photonic crystal fibres (PCF). SMF samples were
provided by Fiberware, Germany, and Fibercore, UK, PM-SMF samples by Nufern, USA,
and LMA-PCF samples by NKT Photonics, Denmark. The LMF was provided by IPHT and j-
fiber, both from Germany, and were produced using the same protocol. A pure synthetic
silica preform with a low OH content of less than 1 ppm, is tempered with a Hydrogen
flame and then drawn into fibre. This fibre type was engineered by IPHT as type 6u and is
commercially available from j-fiber as type IG-15. It was specially developed for blue
pulsed high-power lasers at 446 nm.

All fibres have pure synthetic silica cores and F doped claddings. Only the Ge doped
fibore SM 450 from Fibercore has a doped core and a pure silica cladding. The Ge concen-
tration profile and thus the refractive index profile of such a fibre is not a perfect step in-
dex profile, but rather a slight gradient index profile with a narrow dip in the centre
[Mitschke2005]. All the fibres used were stored for several months before irradiation.
Table 4-2 gives an overview of the properties of the different fibres investigated.
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Table 4-2: Properties of the fibre types investigated in this work.

Core / MFD
Fibre Supplier Type [am] Material NA
6u IPHT AS LM 15 Te”;i‘zeﬂraer?]:’ith 0.1
IG-15/125/250 j-fiber AS LM 15 Terpered Wit 0.1
LMA-10-UV NKT Photonics PCF LMA SM 7.5 low-OH 0.08
SM 350/125 Fiberware AS SM 2.2@355 nm low-OH 0.1
SM 400/125 Fiberware AS SM 2.7@405 nm low-OH 0.1
PM-S350-HP Nufern AS PM SM 2.3@350 nm low-OH 0.12
PM-S405-HP Nufern AS PM SM 3.2@405 nm low-OH 0.12
SM 400-SC Fibercore AS SM 2.5@405 nm low-OH 0.12
SM 450 Fibercore AS SM 3 low-OH 0.1

A theoretic coupling efficiency of n = 90 % from the SML to the SMF can be calculated us-
ing [Nemoto1979]:

2
_ 2'Wo,l'Wo,z
n = 2 2
Wo1tWo,

(4-6).

The actual coupling efficiency at 405 nm is in the order of 50 to 70 %. Although the ef-
fective mode areas are quite equal there are differences in modal shape and errors in an-
gular and lateral alignment. The latter have a much higher influence for the small mode-
field diameters used here, than for fibre-coupled laser systems in the near-IR. For the
MML a coupling efficiency of about 20 % to the SMF and 55 to 70 % to the LMF was ob-
tained.

For the influence of the 405 nm laser radiation on the fibre material the power density
I.ore in the fibre core needs to be taken into account.

P P

— out, fibre _ out, fibre
Icore - A - 2 (4' 7 )
eff I WO

The power density is averaged over the effective mode area A+ of the fibre core. The
peak power density I, of a gaussian beam in a SMF is twice as high as I.. [Pas-
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chotta2008]. Typical values are given in Table 4-3. The actual power density experienced
by the proximal fibre surface is in the range defined by I, as given in Table 4-1.

Table 4-3: Data for the power density I.... in the fibre core for various combinations of
laser diode modules and fibre types.

MML SML
LMF Icore = 100 - 130 kW/cm? Icore = 40 - 50 kW/cm?2
SMF Icore = 0.9 - 1.3 MW/CmZ Icore = 1.6 - 2 MW/CmZ
Ipeak = 1.8 - 2.6 MW/cm? Ipeak = 3.2 - 4 MW/cm?

4.3.2 Results of attenuation measurement

The SMF samples were cut back from the length on the fibre spool to 1 or 0.5 m, to re-
ceive an exact value for the attenuation at 405 nm. Every SMF in Figure 4-5 and Table 4-4
shows a good attenuation = 0.15 dB/m at 405 nm. Only the Ge doped SM 450 reaches a
value of 0.2 dB/m, because the UV absorption band starts at longer wavelengths for Ge
doped fibres. The increase in attenuation above 400 nm of the fibres provided by Fiber-
ware suggests that these are more sensitive to bending as a consequence of the fibre
design. Therefore, the transmission window for these fibres is narrower than for the
SM 400-SC or PM-5350-HP. For the PM-5405-HP a similar attenuation profile as for the PM-
S5350-HP can be assumed.

The visible peaks in the attenuation profile are not absorption bands. At these
wavelengths lower than the design wavelength a second mode guided in the SMF core is
cut off. This mode is highly bend sensitive and a differently bend or illuminated fibre be-
fore and after cut-back shows this artefact in the attenuation profile. But it is also used to
determine the cut-off wavelength of the SMF.
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Figure 4-5: Measured attenuation profiles of SMF.

Table 4-4: Measured attenuation values of SMF.

Fibre type Attenuation at 405 nm [dB/m]
SM 350/125 0.14
SM 400/125 0.08
PM-S350-HP 0.07
SM 400-SC 0.04
SM 450 0.2

For the LMF the attenuation profile was measured for the UV only. Therefore the cut-back
length of the fibres could be chosen shorter than for the SMF. The results are shown in
Figure 4-6. In these two cases there is an actual absorption band at 245 nm, which coin-
cides with the ODC(Il). Only the short final length of 0.1 m for the /IG-15 sample can re-
solve the absorption peak with more than 60 dB/m. Both fibres exhibit the same profile
up to the absorption band, but show differences in the window of lower attenuation below

it. Since both fibres are manufactured using the same protocol, this difference can only

be explained by slight variations in the base material and the manufacturing process.
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Figure 4-6: Measured attenuation profile of the LMF in the UV.

4.3.3 Results of cut-off wavelength measurement

A measurement of the cut-off wavelength Aco is important to determine that the SMF is
actually operated in its single-mode regime at 405 nm. Therefore the measurement is
performed according to [Cancellieril993]. A piece of SMF is excited by broadband light
and a spectral measurement is taken. Subsequently a loop with a diameter of 30 to
60 mm is formed in the piece of fibre and a second spectral measurement is taken. Fi-
nally the bending loss induced by the loop is calculated from the two spectra and ob-
served from longer to shorter wavelength. The wavelength at which the loss increases by
0.1 dB is the cut-off wavelength Aco. As an example the bending loss of a 45 mm loop in
the SM 400-5C sample is shown in Figure 4-7.

A summary of all cut-off wavelengths in Table 4-5 shows that all fibre types are within
their specifications. Every SMF with a pure silica core is suitable for single-mode transmis-
sion at 405 nm. Except for the fibre type SM 450 with a Ge doped core, which is not
single-mode at 405 nm, because it is designed for the visible wavelength range starting
at 450 nm. The excitation of a few modes has to be expected when operating this fibre

type.
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Figure 4-7: Bending loss of SM 400-SC with a 45 mm loop.

Table 4-5: Summary of measured cut-off wavelengths for the SMF.

Fibre type Cut-off wavelength Aco [nm]
SM 350/125 340
SM 400/125 350
PM-S350-HP 332
PM-S405-HP 372
LMA-10-UV 375
SM 400-SC 385
SM 450 430

4.3.4 Fibre end surface preparation

The FUTs were prepared and assembled with connectors shortly before being used in
each experiment. Additionally to the standard way of gluing-and-polishing (GP), samples
were also prepared in improved ways with lower end surface contamination and lower
surface roughness. Those are clamping-and-polishing (CP), cleaving-and-clamping (CC)
and cleaving-flame-polishing-and-clamping (CFC). The actual influence of these prepara-
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tion methods on the surface quality was investigated with an atomic force microscope
(AFM). The roughness and waviness were determined and eventually correlated with the
results from the damaging experiments.

For the standard preparation GP, the samples were glued into the metal or ceramic fer-
rules of the connectors using two-component adhesive, which was then left to harden for
24 h. The ferrules with the fibres were polished using consecutively smaller polishing lap
and finished with 0.5 um grain size. These GP samples showed a very good polishing end
surface.

In the next step, to a less contaminating way of preparation, the glue was left out. The
fibre end was stripped, put into the connector and held in place with a clamping mechan-
ism attached to the connector. Then the fibre and ferrule were polished in the same way
as described for GP, until the end surface quality of the CP samples was very good.

To clear the end surface further from contaminations before irradiation, the cleaving
method was used to prepare high quality fibre end surfaces. The fibres were stripped off
their acrylate coating and cleaved using a standard telecommunications fibre cleaver
(York cleaver or Fujikura CT 20). The fibre was then placed in the connector and held in
place with the clamping mechanism attached to the connector. Using a microscope, the
fibre end surface was then aligned to protrude just a little bit out of the ferrule, to allow
for cleaning purposes of the CC samples.

To improve the surface roughness a fusion arc treatment was applied. In this case it
means flame-polishing with the fusion arc. After cleaving as described above, the fibre
was put into a telecommunications splicer (Fujikura FSM-30S or FSM-100MP) and treated
with the fusion arc for one to two seconds. The fusion arc power and period was chosen in
a way that the fibre end surface was not malformed or spherical. It is sufficient when the
edges of the end surface are a little bit rounded and the fibre still fits into the connector.
After that the CFC samples were aligned and clamped in the connector like the CC
samples.

To evaluate the surface quality of the differently treated end surfaces, the surface
roughness was measured using AFM. The AFM was used in force modulation mode with a
probe tip diameter of 5 to 10 nm to measure topographies in the fibre core region. The
actual roughness measurements were ten lines of 10 um length (primary profiles) in the
centre of the topography images [DIN4287, DIN4288, DIN3274]. The cut-off factor for the
measurement was chosen to 0.02 [DIN11562] to make a good distinction between rough-
ness and waviness.

In Figure 4-8 each topography image is scaled to a certain z-range for a most detailed
view of the surface. The polished surfaces of SM 400/125 show a typical grinding profile
without a trend into one direction. These samples show the highest variation in surface
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roughness, indicated by the z-range of 18 nm. PM-5405-HP on the other hand exhibits the
grinding profile as well, but not with such a high roughness. A certain waviness due to the
polishing remains however. This difference is probably subject to changes in the polishing
process and differences in materials.

s -

Figure 4-8: AFM topographies (LTR): SM 400/125 GP (z-range 18 nm); PM-5405-HP GP (z-
range 2.9 nm); SM 400/125 CC (z-range 5.4 nm); SM 400/125 CFC (z-range 1.1 nm)

The CC samples of SM 400/125 also show a structure of grooves, but very fine and into
one direction, probably the direction of the cleave. The roughness is low, but the wavi-
ness of the surface is noticeable. The best visual end surface quality was achieved with
the CFC samples, indicated by the lowest z-range of 1.1 nm. The height variation is al-
most in atomic scale and roughness and waviness are reduced to a minimum.

For a direct qualitative comparison Figure 4-9 shows GP, CC and CFC samples at the
same z-range scaling. The reduction of rough structures to finer structures and from high

roughness to lower roughness and little waviness is obvious.

. ; - — & .
Figure 4-9: AFM topographies of SM 400/125 (LTR): GP, CC and CFC (z-range 15 nm for
all).

From the primary profiles, taken from the measurements, values of average roughness
and waviness can be deduced. The values shown in Table 4-6 are from ten primary pro-
files for each fibre end surface. For the GP samples of standard fibre (SM 350/125 and
SM 400/125) four samples were averaged, for the GP samples of PM fibre (PM-5350-HP
and PM-5405-HP), CC and CFC samples of standard fibre (SM 400/125) each three
samples were averaged.
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In terms of average and RMS roughness, R, and Ry, standard GP samples have the
highest values. PM GP samples are comparable and standard CC and CFC samples have
much lower values by a factor of five to ten. This stays true for peak-to-valley values Ry,
which are the absolute maxima from highest peak to lowest valley, and for the average
maximum values Rziso, Which are the average of the third highest peak to third lowest
valley for all primary profiles. The PM GP samples have a high standard deviation due to
one very well polished sample. This sample was an outlier and had values as good as CC
samples, but could not be reproduced.

Almost all surfaces show an average waviness of 1 to 2 nm, except for the CFC
samples. Those have a waviness which is lower by a factor of ten, almost not detectable
by the system and therefore with a standard deviation of zero. This substantiates the per-
ception that the treatment with the fusion arc enhances the mechanical surface quality
beyond what is possible with cleaved fibre end surfaces.

Table 4-6: Surface roughness and waviness, average values from ten primary profiles.

Analysis according to [DIN4287, DIN4288, DIN3274]; length of primary profile I,=10 um;
cut-off factor 0.02.

Parameter Standard PM Standard Standard
GP GP CC CFC
Average roughness R, [nm] 1.8 £0.37 1.37 £1.26 0.37 £0.06 0.13 £0.01
RMS roughness R, [nm] 2.45 +0.64 1.81 +£1.69 0.5 x0.1 0.17 £0.01
Peak to valley Rt [nm] 18.53 £6.45 13.3 £11.9 3.13 £0.67 0.93 x0.12
Average maximum of
roughness profile Ryso [nM] 6.15 +1.38 4.53 *4.06 1.27 £0.32 0.7 £0.35
Average waviness W, [nm] 1.58 +£0.29 1.53 £0.76 1.07 £0.47 0.1 £0
RMS waviness W, [nm] 2.0 £0.37 1.87 1.0 1.23 +0.49 0.13 +0.06

4.4 Damage of fibres with larger core diameter with

405 nm diode lasers

4.4.1 Samples damaged with 405 nm single-mode laser

In the first tests a 6u GP samples was irradiated. The old SML with 120 mW at 405 nm
was used. A coupling efficiency of about 69 % resulted in 76.1 mW at the fibre output in
the damage setup. This value corresponds to 0 dB in Figure 4-10. The resulting power
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density in the fibre core is about 43 kW/cm?2. The coupling was readjusted after 14 days.
Before the readjustment the output power dropped by about 10 mW, which is a loss of
0.6 dB. After readjusting the output power was as high as 74 mW. The recording of the
output power was interrupted for about a week. After it was resumed the degradation
was still increasing. The experiment was discontinued after 38 days when the output
power was at 65.1 mW. Which is a loss of less than 1 dB.

1 m IPHT 6u; 904 h 120 mW@405 nm; 76.1 mW out

Launch end glued and polished
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Figure 4-10: Loss over time of a 1 m long GP sample of 6u (15 um core LMF) with 120 mW

at 405 nm. The given power is the fibre output power at the beginning of the
measurement and the power density in the core was 43 kW/cm?=.

4.4.2 Samples damaged with 405 nm multi-mode laser
The experiments with the 390 mW MML at 405 nm were performed on LMF and LMA
samples, the first of them being GP samples. The larger spot diameter of the MML corres-
ponds better to the 15 um core of the LMF and the 7.5 um MFD of the LMA-10-UV. The
LMF IG-15 and 6u were damaged repeatedly.

The first damage test with a /IG-15 GP sample had only 62 mW fibre output power, giv-
ing a coupling efficiency of 17 %. This is the starting value for 0 dB in Figure 4-11. For the
second irradiation of an IG-15 GP sample the coupling was improved by a different ima-
ging system with coated lenses and a shorter focal length of f =4 mm. Now a fibre out-
put power of 178 mW was measured, an efficiency of about 50 %, gaining the starting
value for this curve for 0 dB in Figure 4-11. The output power degrades quickly and very
linear on a logarithmic scale. Despite the different output powers almost the same slope
was measured for both damaging cases. In the first case the damage rate was

51



4 Surface effects by 405 nm laser irradiation of silica fibres

0.98 dB/day and in the second case with the better coupling it was 1.02 dB/day. The loss
reached over 13 dB for the first test, which continued for two weeks.

The GP sample of LMA-10-UV transmitted 75.8 mW of single-mode light from the MML.
This coupling efficiency of 21 % resulted in a linear degradation with a rate of
1.02 dB/day over three days, in this case as well. Thus the damage rate for all irradiated
GP samples with a larger core is in the range of 1 dB/day, despite different coupling effi-
ciencies and fibre output powers.

T T T < T x T ¥ T ¥ T ¥ T.

1470 1G15-GP-62mW g
L] © 1G-15-GP-178.4 mW
12+ LMA-10-UV - GP - 75.8 mW o A

L [dB]
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Figure 4-11: Loss over time in 1 m long GP samples of IG-15 and LMA-10-UV with 390 mW
at 405 nm. Additionally a straight with a slope of 1 dB/day is plotted. The given power is
the fibre output power at the beginning of the measurement.

As the loss curves in Figure 4-12 indicate there is no induced loss above 280 nm, espe-
cially not around 400 nm. Only some white light interference and the higher order of the
change in the DUV is seen in this range. The most interesting part is below 280 nm. The

T T T T T T TT T 15 -

before ——1G-15- 340 h - 35 kW/cm?
—— after || 10 | ——1G-15 - 55.5 h - 100 kKW/cm?
M ———1G-15- 75 h - 50 KWicm?

45k -

w

(=]

=
T

FOS [counts]
L, [dB/m]

-
(4]
=

I

2 2(|)0 250 360 350 4(‘)0 450 560 5.’;0 600 2&';0 3(:)0 350 4(I)0 450 5(|)0
A [nm] A [nm]

Figure 4-12: Spectra and induced loss for samples of IG-15 irradiated for 2.3 days up to

14 days. The respective power densities in the core are 35 kW/cm?, 100 kW/cm? and

50 kW/cm?. The two spectra on the left were taken before and after irradiation and

belong to the black curve on the right.
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ODC(ll) absorption band at 245 nm was reduced and a gain is obvious in the loss curve. A
large absorption band was formed below 230 nm, introducing a loss. The spectral beha-
viour did not differ for different periods and power densities of irradiation, almost the
same curve is seen for 2 days or 4 weeks.

The damaging setup with the MML proved to be very efficient and delivered reprodu-
cible results with the GP samples. Those results are the references for improvements and
the setup was used to damage several CC samples of the 6u LMF. In addition, a CP
sample was made for comparison with the CC samples. In its first irradiation this CP
sample (black symbols in Figure 4-13) shows a similar behaviour to the GP samples. A
better coupling efficiency of 61 % enabled a fibre output power of almost 220 mW. The
coupling was readjusted after four days of irradiation. The new launching spot had a
worse coupling efficiency than the first and a power of 215 mW was measured (red sym-
bols in Figure 4-13). The damage followed the preceding spot and another adjustment
after one day resulted in 211 mW fibre output power. This launching spot was finally irra-
diated for seven days. The trend of this curve (green symbols in Figure 4-13) resembles
the other two curves and has a damage rate of 0.32 dB/day.

1 m IPHT 6u; 163 h 390 mW@405 nm

Launch end clamped and polished
T T T T T T T T T T T T

25 o IPHT6uU-CP-219.6 mW b
o IPHT 6u-CP - 215 mW

IPHT 6u - CP - 211.6 mW

L [dB]

t[d]
Figure 4-13: Loss over time of three launching spots on a CP sample of 6u with 390 mW
at 405 nm. Additionally a linear fit of the data points at the third spot with a slope of
0.32 dB/day and r? = 0.9884 is plotted. The given power is the fibre output power at the
beginning of the measurement.

In the experiments with the CC samples the behaviour of the power loss is very similar to
the CP sample. The first irradiation of the first sample, with a fibre output power of
224 mW, showed a damage rate of 0.27 dB/day. This was so far the best coupling effi-
ciency from MML to LMF with over 62 % and over two weeks of constant exposure the
loss was 4 dB at 405 nm (black symbols and linear fit in Figure 4-14). The proximal end
was cleaved off after the first experiment and again a fibre output power of 224 mW was
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achieved (red symbols in Figure 4-14). After a short exposure of two days, one of the two
laser diodes in the MML was switched off and the fibre adjusted. Now, with a coupling effi-
ciency of 63.5 %, a power of 114 mW was measured at the fibre end. In this case of re-
duced power density on the fibre surface a damage rate of 0.25 dB/day was received.

A last experiment with CC samples of LMF was performed on a short 0.2 m long piece
of 6u. This should show, if the length of the fibre has an influence on the damage. Again a
coupling efficiency of 62 % was achieved and the damage rate was 0.26 dB/day. The data
points are shown as yellow triangles in Figure 4-15 together with a summary of all experi-
ments with LMF CP and CC samples. On average a damage rate of 0.27 dB/day was found
for irradiation periods from 2 up to 14 days. Only the CP sample shows a slightly higher
damage rate of 0.32 dB/day over four days. If only one laser diode is turned on, then the
damage rate is also in the range of 0.25 dB/day.

1 m IPHT 6u; 340 h 390 mW@405 nm
Launch end cleaved

T T T T T T
40| o IPHT 6u-CC -224.2 mW §-
o IPHT 6u-CC - 224 mW 1
3,5+ IPHT 6u - CC - 114 mW 4
3,0+ |
2,5+ .
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Figure 4-14: Loss over time of two cleaved launching ends of a CC sample of 6u with
390 mW at 405 nm. Additionally a linear fit of the data points of the first cleave with a
slope of 0.27 dB/day and r? = 0.9965 is plotted. The second cleave was irradiated twice,
first with 224 mW and then with 114 mW. The given power is the fibre output power at
the beginning of the measurement.
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Figure 4-15: Loss over time of CP and CC samples of 6u irradiated with the MML.
Additionally a straight with a slope of 0.25 dB/day is plotted. The given power is the fibre
output power at the beginning of the measurement.

4.5 Damage of single-mode fibres with 405 nm diode
lasers

4.5.1 Samples damaged with 405 nm multi-mode laser

The first experiments with SMF were performed with the MML to investigate the impact of
surface roughness. GP, CC and CFC samples of SM 400/125 and PM-S405-HP were pre-
pared and irradiated. The summary of the resulting graphs is shown in Figure 4-16. Within
the first days of irradiation no conclusive trend can be seen. Changes less than 1 dB can
probably be more attributed to mechanical settling or variations of the IAS then to dam-
age. Thus only the CC sample of PM-5405-HP showed a constant damage of 0.3 dB/day
over six days (green triangle). This sample also had the highest coupling efficiency of
22 % and a fibre output power of 80.5 mW at the beginning. The CC sample of
SM 400/125 (black rectangle) started with a low damage rate of 0.1 dB/day and after
seven days increased to 0.4 dB/day. The CFC samples performed differently from the CC
samples. The CFC sample of PM-5405-HP had the worst coupling efficiency with only
68 mW fibre output power (blue triangle) and started with a sudden increase of 0.5 dB,
which might be accounted to an environmental or alignment change in the measurement
setup. But after that the fibre output power stays almost stable for nine days. For
SM 400/125 the CFC sample (red circle) shows no damage for four days and then gets
damaged with a rate of 0.45 dB/day. Its loss increases parallel to the loss of the CC
sample. For the other GP and CC samples, which were irradiated for spectral and surface
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investigations, the periods of irradiation were too short to separate alignment and dam-
age effects.
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Figure 4-16: Loss over time of SMF GP, CC and CFC samples irradiated with the MML. The
samples show no conclusive degradation behaviour with in the first days. The given
power is the fibre output power at the beginning of the measurement.

A spectral behaviour similar to that of the LMF samples was found for the SMF samples.
Two CC samples of SM 400/125 were irradiated for four days (cyan rectangle and
magenta triangle in Figure 4-16), one GP sample for three days (yellow triangle) and one
GP sample for little more than one day (brown hexagon). The collection of induced loss
spectra in Figure 4-17 shows the higher order of the DUV changes above 400 nm. Addi-
tionally, some samples exhibit white light interference due to different coupling condi-
tions before and after irradiation. From the spectra taken before and after irradiation and
also shown in Figure 4-17, the good transmission of this fibre type in the DUV has to be
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Figure 4-17: Spectra and induced loss for 1 m long samples of SM 400/125 for different
periods of irradiation for similar power densities of 1.2 MW/cm? in the fibre core. The two
spectra on the left were taken before and after irradiation and belong to the black curve
on the right.
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recognised. Because of that the change in the absorption bands at 215 and 250 nm is
clearly visible. Whilst the first sample only shows changes of these two bands, the other
samples show an additional loss in the range of 250 to 300 nm.

For Ge doped SMF experiments were performed on CC samples with the MML as well.
In one case the fibre was irradiated for 16 days and in a second case for 7 days. In both
cases high fibre output powers of 94.6 mW and 89.7 mW were achieved. Figure 4-18
shows the time-dependent loss on the left. After a quick increase right at the start, which
is not shown here, the loss increased linearly with a rate of about 0.1 dB/day for the rest
of the irradiation period. Finally losses of 1.65 dB and 0.92 dB were reached after 16 and
7 days of exposure, respectively. The spectral loss measurements that were performed
on both samples show the formation of an absorption band. Only the tail of this absorp-
tion band was observed in the measurement. From Figure 4-18 it can be seen, that this
tail increases the loss well into the visible range by about 2 dB/m. A drop in the induced
loss can be recognised close to the cut-off wavelength when going from longer to shorter
wavelengths. Below the cut-off wavelength the induced loss increases parallel to an ima-
gined extrapolation of the induced loss above the drop. Nevertheless, the induced loss of
6.7 dB and 5.7 dB measured spectrally at 405 nm is considerably higher than the final
loss after the irradiation periods.
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Figure 4-18: Loss over time of SM 450 CC samples irradiated with the MML on the left.
The given power is the fibre output power at the beginning of the measurement. Induced
loss for the 1 m long samples of SM 450 for different periods of irradiation for similar
power densities of 1.3 MW/cm? in the fibre core.

4.5.2 Samples damaged with 405 nm single-mode laser
Finally SMF samples were also tested with the new SML with 150 mW output power. Two
CC samples of SM 400-SC were constantly irradiated for ten days. The first sample had a
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fibre output power of 73.6 mW and a coupling efficiency of 53 %. The coupling into the
second sample was more efficient and values of 92.5 mW and 67 % were achieved. Both
damage curves in Figure 4-19 show an exponential behaviour with similar slopes. The
first sample (black rectangle) can be exponentially fitted to: L=exp(0.14-t)—1 with L in
dB and t in days. The correlation coefficient of this fit is r? = 0.9954. The sample with the
higher coupling efficiency showed a steeper slope following an adjustment after two days:
L=exp(0.22:t)-1; rz2 = 0.9996. If the damage is seen in a linear fashion a damage rate of
about 0.26 dB/day for the first and a higher rate of 0.45 dB/day for the second sample
can be calculated. The CFC sample of the SM 400-SC starts with a fibre output power of
94.5 mW, a 68.5 % coupling efficiency. This samples loss also increases exponentially,
but much stronger than for the CC samples: L=exp(0.27-t)-1; r2 = 0.9961. Thus, a loss
of 10 dB is reached after ten days of irradiation.
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Figure 4-19: Loss over time of CC and CFC samples of SM 400-SC irradiated with the SML.
The second sample was realigned after two days and an adjustment with higher coupling
efficiency was found. The given power is the fibre output power at the beginning of the
measurement.
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4.5.3 Measurements of fibre surface temperature

To investigate the heating of the launching fibre surface one measurement with a ther-
mographic camera and one measurement with a fibre Bragg grating (FBG) were per-
formed. In case of the temperature measurement with the camera a SMF was irradiated
in an open damage setup, which was not stable enough for the long-term irradiation ex-
periments. But this setup allowed for reasonable room to place the camera near to the
fibre end surface. Unfortunately, the resolution of the camera system was not high
enough to have a detailed image of the surface. The temperature was averaged over a

Figure 4-20: Thermographic images of open damage setup with laser turned off on the
left and laser turned on on the right hand side.

larger area and shows an increase in temperature of about 1 K of the fibre tip when the
laser is turned on (see Figure 4-20).

For the measurement with the FBG a 2 km long sample of standard Ge doped SMF from
telecommunications was used in the long-term damage setup. At the launching end the
FBG was positioned within the first 10 mm of the fibre by precision cleaving. At the other
end of the 2 km fibre an amplified spontaneous emission (ASE) light source and an optical
spectrum analyser (OSA) were attached using a 3 dB coupler according to Figure 4-21. In
this manner the reflection of the FBG could be monitored. From the change of this reflec-
tion, shown in Figure 4-22, a temperature change of 1 K integrated over the length of the
FBG was calculated, when the laser was turned on. The ridges seen in the graph are very
interesting. There seems to be a Fabry-Pérot interference between the FBG and the fibre
end surface. It also changes over the irradiation period. The FBG seems to be altered by
the 405 nm irradiation.
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ASE

OSA SML

Figure 4-21: Setup for temperature measurement in a SMF fibre tip with fibre Bragg
grating (FBG), amplified spontaneous emission light source (ASE), optical spectrum
analyser (OSA), and 3dB coupler.
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Figure 4-22: Birds view of the waterfall diagram of spectrally reflected light over time.
After the laser is switched on the reflection wavelength increases slightly, then decreases
slowly over 44 h. After the laser is switched off the wavelength decreases slightly, but
abruptly.

4.6 Investigation of fibre surface damage

4.6.1 Overview of examination methods

In all long-term experiments with MML or SML, a modification of the launching end sur-
face of the fibre samples could be observed and a series of different analyses was star-
ted. With an optical microscope with 200x magnification the broad outline of the damage
is visible. For images with a higher magnification and for characterising the structure the
damage was investigated with a confocal microscope. By use of this method the thick-
ness of the projections could be determined. A much more detailed picture could be
taken with atomic force (AFM) and scanning electron microscopy (SEM). The investigation
with the SEM allowed for energy dispersive x-ray spectroscopy (EDX) as well, which is a
chemical element detection method. To determine the distribution of elements on the
fibre surface, two samples were examined with a time-of-flight secondary ion mass spec-
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trometer (ToF-SIMS). The preparation of two samples for an high resolution transmission
electron microscope (HR-TEM) allowed the examination of the cross section of the dam-
age.

4.6.2 Microscopic surface examination
A cross could be seen on the surfaces of the launching ends of MML damaged samples.
The shape of the cross is formed by the two cross-combined multi-mode laser diodes, if
only one laser diode in the MML was turned on, then a line was formed. For SML damaged
samples only a spot was observed. The marks were produced within the irradiation peri-
ods of a few days up to two weeks. The focusing is very important to obtain distinctive
and clear shapes.

The launching surface of the first LMF GP sample damaged with the SML is shown in
Figure 4-23 a). A modification was visible on the core of the fibre. The modification was

- ‘ﬁ

a) b) c)

Figure 4-23: Light microscope images of LMF GP samples: a) damaged with SML at two
launching spots. b) damaged with MML. The modification covers about half the core. The
white spots are no damage but dirt on the surface. c) damaged with MML. In this case the
spot is much more distinct and the cross-combined laser diode beams can be seen.

not circular, but elliptical and about 10 um long and 6 um wide. This elliptical shape was
formed by the adjustment, a superposition of the modifications by the first and second
launching spot was seen. Unfortunately, no conclusive SEM analysis could be performed
on this interesting sample.

The examination of the LMF GP samples damaged with MML in Figure 4-23 b) and c)
showed a modification similar to the damage with the SML. In the first experiment, when
the focusing was not adjusted, the modification was circular and blurry. The modification
on the second irradiated fibre had a very distinctive shape. In both cases the modification
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covers the core only partly, in a way that the spectral measurements of the fibre material

were possible.

a) b) c)

Figure 4-24: a) CC sample after 160 h of irradiation with MML. No loss was seen during
the irradiation, but the surface modification is clearly visible. The damage procedure was
discontinued too early. b) Same surface with lit-up core. ¢) Lit-up core of CC sample with
cross and line shaped damage.

The damaged CC samples exhibited the cross shape on the launching surface of the
fibres, too, as it is shown in Figure 4-24 a) and b). If only one laser diode of the MML was
operating, then only a line was formed. Figure 4-24 c) shows the CC sample which was
first irradiated with two diodes and subsequently with only one and adjusted. On one side
of the core the cross shape is visible and on the other side the line shape.

An interesting result was achieved with the CP sample. This particular sample was irra-
diated at three launching spots, which was visible with the light microscope as well, see

a) b) c) d)

Figure 4-25: CP sample a) before and b) after 241 h of irradiation with MML at three
launching spots. c¢) Confocal microscope image of the same sample. d) AFM topography
gradient of the modification on the fibre core.

Figure 4-25 b). It was further examined using the confocal microscope and AFM. In Figure
4-25 c) the structures are clearly recognisable. The cross shape had a diameter of about
6 um and the modification was a projection of 800 nm height. With the AFM another finer
ripple structure was found on the cross shapes (see Figure 4-25 d)). This ripple had a peri-
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odicity of about 350 to 400 nm and the ripples were oriented along the slow axis of the
single laser diodes. Along this axis the laser diodes are also polarised. In the centre,
where the laser beams cross, a quasi-circular polarisation can be assumed and the ripples
change shape into cones. The cross shape was not randomly oriented, but had the same
orientation in every launching spot. This also indicates that the origin of the cross shape
is the cross-combination of the multi-mode laser diodes.

For all irradiated LMF samples alike, the distal end surfaces did not show damages
comparable to the launching surfaces. In Figure 4-26 the distal end of the CP sample can
be examined. An aggregation of particles on the core was visible. The slight modification
along the core-cladding interface could also be attributed to the refractive index differ-
ence highlighted by the confocal measurement.

Figure 4-26: Distal end surface of CP sample from Figure 4-25 with confocal microscope.

In an experiment with a CC sample of 6u fibre it was shown, that the structure cannot
only grow on the core, but also on the cladding of the fibre. The launching end was adjus-
ted to maximum fibre output power and then translated within the focusing plane in a
way that the cladding and not the core was irradiated. After the irradiation over several
days the cross shape was found in the F doped cladding region as well. Figure 4-27 shows
light microscopy and AFM images. The AFM topography again highlights the fine ripple
structure. In addition, a smoothing and cleaning of the surface in the surrounding area

was found.
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a) - b)
Figure 4-27: a) Light microscope image of LMF CC sample irradiated in the cladding
region with the MML. The structure of the not optimal cleave is recognisable. b) AFM
topography of the damage in the cladding. The fine ripple and a smoothing effect are
obvious.

In order to be able to determine the different influences of irradiation time, coupling effi-
ciency or power density, and surface treatment of the fibre on the height and form of the
structures, examinations of SMF CC and CFC samples were performed (first four samples
in Figure 4-16). The samples were irradiated with the MML and the results of the AFM to-
pography measurements are shown in Figure 4-28. The CC and CFC samples of
SM 400/125 were irradiated at comparable coupling efficiencies and for similar time peri-
ods. Despite that, the CC sample showed a stronger formation of the ripples, while the
structure of the CFC sample was more than twice as high. Growth rates of about
48 nm/day and 110 nm/day, respectively, were calculated. The CC sample of PM-5405-HP
had a much better coupling efficiency than the CFC sample, but a shorter irradiation time.
Still, this was enough for the structure to grow higher and form more distinct ripples. For

b)
Figure 4-28: AFM topography gradients of launching SMF ends after irradiation with MML:
SM 400/125 CC (250 h, 500 nm high), SM 400/125 CFC (260 h, 1200 nm high), PM-5405-
HP CC (137 h, 350 nm high) and PM-5405-HP CFC (212 h, 250 nm high). The polarisation
of the laser diodes is denoted by the arrows. The grooves in the images are erosion from
SEM EDX line scans.
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these samples the calculated growth rates are about 61 nm/day and 28 nm/day, respect-
ively (see also Table 4-7). Similar values are found for the CC samples, but due to differ-
ent coupling efficiencies the growth rates of the CFC samples are quite different. Unfortu-
nately, the samples were altered before the AFM by EDX line scans in the SEM. The
erosion from that is clearly visible as straight grooves.

The structure did not only appear on pure silica core fibres, but also on the end sur-
faces of the Ge doped SM 450 fibre samples. Figure 4-29 a) shows the proximal end of
the sample irradiated for 7 days and the cross shape is clearly visible on the cleaved end
surface. The distal end, which is shown in Figure 4-29 b), exhibits a large accumulation of
particles. These could cover a possible modification of the core on the distal end.

a) b)
Figure 4-29: a) Light microscope image of proximal end of SM 450 CC sample irradiated
with the MML for 7 days. b) Distal end surface of same fibre sample.

A ripple structure was also observed on the cores of the launching ends of SML damaged
SM 400-SC CC samples. From Figure 4-30 a) the diameter of the altered area can be es-
timated to 2.5 um. Thus, the core was fully covered by the surface structure. The ripple
periodicity was also in the order of 300 to 400 nm and the ripples were oriented parallel
to the laser polarisation, just as for the MML. For the second sample with a higher coup-
ling efficiency the structure grew much higher over a similar irradiation period. The
growth rates in these cases of 37 nm/day and 57 nm/day are close to the values of the CC
samples irradiated with the MML (comparison in Table 4-7). The area around the exposed
material shows some smoothing in Figure 4-30 b).
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a) | b)
Figure 4-30: AFM topography gradients of launching SMF ends after irradiation with SML:
SM 400-SC CC (260 h, 400 nm high, some dirt can be seen) and SM 400-SC CC (295 h,
700 nm high). The polarisation of the laser diode is denoted by the arrow.

Table 4-7: Summary of measurement values for CC and CFC samples of SMF types
SM 400/125, SM 400-SC and PM-5405-HP.

CC CC CC CC CFC CFC
MML MML SML SML MML MML
Height [nm] 500 350 400 700 1200 250
Irradiation 250 137 260 295 260 212
time [h]
Growth rate 48 61,3 36,9 56,9 110,9 28,3
[nm/day]
Pout,fibre [MW] 74.2 80.5 73.6 92.5 73.4 61.3

4.6.3 Spectroscopic surface examination

Some interesting samples were taken to a SEM for a detailed element analysis using EDX.
In the SEM the structures could be seen clearly and the ripple on top of it as well. Several
element analyses showed no extra elements for CC samples of LMF or SMF besides sil-
icon, oxygen, carbon and metals, like platinum, gold or aluminium from preparation or
the sputtering process. A study of the cross shape in the cladding (see Figure 4-31) was
performed without sputtering the surface. For an acceleration voltage of 5 kV secondary
electrons from as deep as 400 nm in SiO, were received. But the spectra of the structure
and a reference area were almost identical. With a higher acceleration voltage of 10 kV
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material as deep as 1200 nm was interrogated. The observation remained the same for
this case, only that the amount of detected metals and carbon is reduced in comparison
to silicon and oxygen. This signifies that these elements are scarcely distributed over the
fibre surface, the fixture and also inside the chamber. EDX line scans on several samples
showed no significant differences in elemental composition concerning carbon, oxygen or
silicon in exposed and non-exposed areas. As an example the line scans on the CC
sample from Figure 4-28 a) are shown in Figure 4-32 a) for 5 kV and b) for 10 kV.
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Figure 4-31: EDX energy spectra of the structure in the cladding formed with MML at an
acceleration voltage of 5 kV: a) damaged area or structure and b) undamaged reference
area. The insets show a Monte-Carlo simulation of the escape depth of electrons (red:
backscattered, blue: secondary) for SiO-.

To verify the EDX analyses or maybe find small traces of contamination on the core, time-
of-flight secondary ion mass spectroscopy (ToF-SIMS) was performed on damaged
SM 400/125 CC and GP samples. Examples for the distribution of carbon, silicon and alu-
minium in the core area of a CC sample are shown in Figure 4-33. The carbon was evenly
distributed over the surface and all other possible contaminants, mainly metals, that were
found, were not concentrated in the core, but in the outer regions of the fibre surface.
This, in turn, is a sign for impure overcladding tubes during fibre production and not for

contamination during sample irradiation.
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Figure 4-32: EDX line scans on a SMF CC sample across the structure: a) for 5 kV and b)
for 10 kV acceleration voltage.
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Figure 4-33: ToF-SIMS maps of core area of CC sample irradiated with MML for four days.
The maps of carbon, silicon and aluminium are presented.
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4.6.4 Microscopic cross section examination

In order to investigate the cross section of the damage, two 150 nm thick focused ion
beam (FIB) prepared lamellae of MML damage spots were examined in a high resolution
transmission electron microscopy (HR-TEM). The procedure was performed for GP and CC
samples of SM 400/125. To be able to examine the cross sections, lamellae of the dam-
aged area had to be prepared. Figure 4-34 shows the steps of the procedure for the CC
sample. The lamellae had a thickness of 150 nm and were cut out in a way that, addition-
ally to the damaged area, an undamaged reference area was preserved.

The lamellae were then transferred to the HR-TEM and examined up to a magnification
of 50 000. The results for the GP and CC sample are shown in Figure 4-35 and 4-37, re-
spectively. Within the images the black line on top was the remainder of the platinum bar
and sputtering specimen. Below that a light stripe of material can be seen and then a
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darker area which was the actual fibre core material. The light stripe was the altered core
material and the projection we found with the AFM. The lighter colour indicates less elec-
tron scattering and thus a lower material density. No diffraction patterns indicating crys-
talline structures were observed in the TEM, hence the layer is an amorphous compound.
The GP sample had a stronger barrier between higher and lower density material in com-
parison to the CC sample, no other apparent difference was observed. An even closer
look in Figure 4-36 shows a porous structure with craters on the interface to the platinum.
The craters are the cross sections of the ripple structure. Neither the light stripe nor the
porous craters were observed in the reference areas of the lamellae. Some finer porosity
can be observed in the reference area as well. But this reference area is very close to the
damage and was probably also exposed to some laser light. The thickness of the layer of
lower density was estimated to be 130 nm for the CC sample irradiated for four days and
100 nm for the GP sample with three days of irradiation. These values give growth rates
of about 33 nm/day which is close to the growth rates calculated from the AFM measure-
ments.

EDX analyses were also performed in the TEM. Again, no significant differences in
chemical composition could be found between the layer of lower and higher density silica
material. No other chemicals besides silicon, oxygen, carbon, and metals from the prepar-
ation were found.

ETD 1

Figure 4-34: Focused ion beam (FIB) IaeIIa preparat/o of a ML damaged CC sample. A
150 nm thick lamella, with the damaged area on the right hand side, was screened from
the ion beam using a platinum bar. Then the lamella was cut out and placed in the TEM.
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Figure 4-35: HR-TEM image of a 150 nm thick lamella of a GP sample irradiated with MML
for three days. The compilation shows an overview on top, reference area on the lower
left hand side and damaged area on the lower right hand side. The damaged area can be
described with the sputter specimen platinum on top (black), below a porous, lower
density silica material (lighter grey), and further below unchanged fibre material (darker
grey) with a darker barrier material in between.
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Figure 4-36: HR-TEM image with higher magnification of a 150 nm thick lamella of a GP
sample irradiated with MML for three days. The compilation shows a reference area on
the left hand side and damaged area on the right hand side.
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Figure 4-37: HR-TEM image of a 150 nm thick lamella of a CC sample irradiated with MML
for four days. The compilation shows an overview on top, reference area on the lower left
hand side and damaged area on the lower right hand side. The damaged area can be
described with the sputter specimen platinum on top (black), below a porous, lower
density silica material (lighter grey), and further below unchanged fibre material (darker

grey).

4.7 Influence of the surface effects on the fibre-optic
transmission system

4.7.1 Spectral influences of surface structure

The structural modifications, that were observed on the launching end surfaces of the
fibres, mainly influence the coupling of light into the fibre core. Especially, for SMF, where
the structure covers the whole core, the coupling losses are inevitable. Taking a look at a
height line scan of a SML damage spot, for example Figure 4-38 shows a height scan
across 4-30 b), the ripple structure is obvious. It had a periodicity of 250 to 400 nm in all
cases, which did not vary with irradiation time. This ripple structure did not only form a
scattering centre, but the projection also formed a convex lens. In the example, a lens of
diameter c = 2.5 to 3.5 um and a thickness of h = 450 to 600 nm would have a very short
focal length of f = 3 to 6 um, using the lensmaker's equation for thin lenses.
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Z = (n—1)~(i—i) ~ o2 (4-8)
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Figure 4-38: Diagonal line scan across AFM image from Figure 4-30 b) (SM 400-5C CC
sample). Peaks of the crests are marked and labelled with the spacing to the next peak.
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The losses due to the scattering centre and the convex lens are broadband, but only
show their influence during the operation of the transmission system at the laser
wavelength. They can be measured spectrally with a SMF when the structure covers the
core completely. Figure 4-39 shows the difference for a fibre with a damaged end and
with the end cleaved off. An increase of induced loss with decreasing wavelength was ob-
served and the loss of about 3 dB at 400 nm corresponded well with the final loss of this
sample (black curve in Figure 4-19). If the end with the surface structure was cleaved off,
then the fibre output power returned to its initial value, too.
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Figure 4-39: Spectral loss over wavelength by a SML damage spot on a CC sample of
SM 400-SC. The artefact at 486 nm is an oscillation due to the hydrogen Balmer line Deg.
The peak at 375 nm is the second mode cut-off of this fibre.
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4.7.2 Simulation of launching end surface damage

The influence of a growing surface structure on the fibre transmission was reconstructed
using simulations. The software that was employed uses the finite-difference time-domain
method and is called FDTD Solutions by Lumerical Solutions, Inc.. A SMF with a core dia-
meter of @ = 1.2 um, a refractive index of n., = 1.45441 (SiO; glass, [Palik1997]) in the
core and of ng = 1.44956 (F doped SiO,) in the cladding was designed, giving a numerical
aperture NA = 0.12 and a V number of V = 2.2 at Ay = 405 nm wavelength. The cut-off
wavelength Aco for this SMF is 376 nm.

2-
V=kyaNA ; k,= T;‘ ; NA=+n% - n? (4-9)

The surface structure was also modelled out of SiO. glass with a diameter of 3 um and an
approximated structural equation of w = sin’(u-11+3.v>—3.v) . This equation results in
eleven ripples across 3 um, a periodicity of about 273 nm. Additional parameters for the
growth of the structure, like height in the centre, the radius of curvature, and the amp-
litude of the ripple, are given in Table 4-8. The periodic structure in Figure 4-40 was de-
signed to fit the surface structure measured with AFM in Figure 4-30 b). The smaller peri-
odic structures are down scaled designs of the 700 nm high structure. Additional simula-
tions for a periodic structure without the properties of a lens and heights of 0 and 700 nm
were performed.

Figure 4-40: Model of 700 nm high periodic surface structure, adapted to Figure 4-30 b).
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Table 4-8: Parameters of simulated surface structures.

Height [nm] Radius of curvature [pm] Ripple amplitude [nm]
100 11 15
300 3.6 40
500 2.2 70
700 1.5 100

The laser source with a wavelength of 405 nm was focused on the fibre end surface using
a thin lens with a numerical aperture NA = 0.12 and a focal length of f = 7 um. The polar-
isation of the laser source can be set parallel or perpendicular to the ripples. Both cases
were studied here. The output power of the source was set in proportion to the output
power at the end of a 120 um long piece of SMF. These powers are measured by monitors
that are inserted in the simulation at the particular positions. An example for the setup is
shown in Figure 4-41 a) with the laser source, monitors, structure and SMF. A coupling ef-
ficiency of 87 % was achieved for the case without periodic surface structure in Figure 4-
41 b). The growth of the structure was assumed to 60 nm/day, which is at the upper end
of the perceived growth from AFM measurements on MML and SML damage spots. From
heights of 100, 300, 500 and 700 nm time periods of 1.7, 5, 8.3 and 11.7 days were cal-
culated. The loss was calculated from the ratio of the coupling efficiencies with and
without structure.

a)
Figure 4-41: a) Example of a simulation setup with a damaged fibre surface. The
vertically polarised 405 nm laser source (violet and blue arrows), monitors (yellow
frames), the surface structure (blue) and the fibre core (light brown) can be recognised.
b) Power distribution of coupling from laser source into SMF with an efficiency of 87 %.
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In the simulation perfectly matched layers (PML) are used as boundary conditions (BC).
They are designed to absorb incident light with minimal reflections, but in the results,

some reflections are seen and these result in interference patterns.

4.7.3 Results for damage on launching fibre end

The results of the simulations are presented as a distribution of the power in longitudinal
and lateral direction. The laser source is located at y = -7 um and the fibre starts at
y = 0 um The coupling efficiencies were directly calculated from the values provided by
the monitor elements in front and at the end of the fibre. In Figures 4-42 and 4-43 the
results of the simulations with the laser polarisation parallel to the ripples are shown. The
results with polarisation perpendicular to the ripples look very similar to these and are not
disclosed here.

The graphs show that the periodic surface structures focus the laser light right behind
the fibre launching end. The numerical aperture in the fibre and focal length of the struc-
tures were calculated from the refractive index, diameter and radius of curvature accord-
ing to Formula 4-8 and are given in Table 4-9. Higher surface structures focus the light
stronger due to shorter focal lengths. These additional focusing elements interfere with
the coupling by increasing the divergence angle of the light. This in turn does not allow
the guiding of the light in the SMF since the numerical apertures are increased to values
up to 0.66.

Table 4-9: Calculated properties of simulated surface structures and losses.

Height [nm] Calculated focal length [um] Numerical aperture Loss [dB]

100 24 0.09 | 0.08 (L 0.07)
300 7.9 0.28 | 0.69 (L 0.62)
500 4.8 0.45 | 1.8 (L 1.6)
700 3.3 0.66 3.2 (L2.9)

The calculated losses for different heights of the structure were arranged in the same
way as the loss curves from the damage measurements. If the polarisation was perpen-
dicular to the ripples, then the loss was slightly lower than for parallel polarisation as can
be seen in Figure 4-44. The curves were also exponentially fitted and resulted in

L=exp(0.116-t)-1 for perpendicular and L=exp(0.122-t)—1 for parallel polarisation;
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with L in dB and t in days. The correlation coefficient of both fits is r2 > 0.991. The rates
of these two exponential fits are close to the rates of 0.14 and 0.22 for SML damaged CC

samples of SMF.

Figure 4-42: Power distributions of coupling from laser source into SMF through a)
100 nm and b) 300 nm periodic surface structures. The graphs exhibit some
interferences from reflections at the boundary conditions.

Figure 4-43: Power distributions of coupling from laser source into SMF through a)
500 nm and b) 700 nm periodic surface structures. The graphs exhibit some
interferences from reflections at the boundary conditions.

The simulations of periodic structures without the lens properties showed that the peri-
odic structure itself results in a high loss of over 2 dB for parallel polarisation. This was a
little less for perpendicular polarisation, but only if the amplitude of the ripples is as high
as the structure, which was not seen in the AFM measurements.
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Figure 4-44: Simulated increase of loss over time in a SMF by increasing height of a
periodic surface structure. The black curve shows polarisation perpendicular and the red
curve parallel to the ripples. The initial coupling efficiency was 87 % and a growth rate of
60 nm/day was assumed. Green and blue symbols are results for structures without the
lens properties.

4.7.4 Impact on spectral fibre transmission

A first simulation of the spectral influence of the 700 nm periodic structure with lens prop-
erties is shown in Figure 4-45. A white light source from 200 to 800 nm with a Gaussian
distribution was used and the transmissions without and with periodic structure are com-
pared. For wavelengths below 550 nm, which is not shown here, the loss is actually neg-
ative. This is due to enhanced coupling of longer wavelengths into the fibre by the struc-
ture. But these wavelengths are weakly guided and should be stripped out in a simulation
with a bend fibre. The trend of the curve is similar to the one measured in Figure 4-39.
Generally the loss is lower in the simulation than in the experiment. Nevertheless the
simulation also shows the discontinuity below the cut-off wavelength of the SMF.
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Induced loss by 700 nm periodic surface structure
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Figure 4-45: Simulated induced loss of a 700 nm high periodic surface structure on a
120 um long SMF.

4.8 Discussion

In the experiments carried out at a wavelength of 405 nm, the CW power density in the
laser beam waist was at least in the range of 0.5 to 1 MW/cm2. Maximum values of
2.5 MW/cm? were obtained when the laser and fibre were operating in the single-mode re-
gime. A loss was induced in transmission systems of LMF or SMF and MML or SML at the
laser wavelength. A correlation of the loss measurements with the fibre surface quality in-
dicates that cleaved surfaces have a damage rate lower than glued-and-polished surfaces
by a factor of four.

With the new spectral measurement setup it was possible to measure the fibres with
core diameters of less than 2.5 um below 200 nm. An absorption change could be seen
only in the LMF samples and short-term irradiated SMF samples. The damaged area of
6 um in diameter on the 15 pm core LMF is over-illuminated by the deuterium lamp. Thus,
the damage spot at the launching surface cannot interfere with the loss measurement.
No change of the fibre absorption occurred at the laser wavelength, but in the DUV at the
oxygen deficient centre ODC(Il) at 245 nm and the E', centre at 214 nm. The ODC(ll) is an
unrelaxed oxygen vacancy or a divalent silicon bond, which in our case might be precurs-
ors for defect centres [Skujal998]. A transformation of the ODC(Il) centres (5 eV) into E',
centres (5.8 eV), with an unpaired sp? electron, can be explained in several ways. A trans-
formation through coherent two-photon absorption of 405 nm (3 eV) photons seems un-
likely in a low power experiment of this type, but the probability of this increases with the
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extremely long exposure. A two-step process is also possible [Messina2008] - if an ex-
citon is generated when two consecutive photons are absorbed incoherently, then a non-
radiative decay of the exciton can induce an E', centre close to the absorption site. On
the other hand, E', centres can be generated directly at the absorption site by a two-step
ionization of ODC(II) centres.

Nevertheless, this transformation reduces the number of ODC(ll) centres and in-
creases the number of E', centres. As reported in the introduction, this bleaching of
ODC(ll) is also known from excimer laser experiments [Imail991]. Since the fibres were
stored for a long time before irradiation, all molecular H, remaining from their production
should be reduced to atmospheric concentrations within the 125 um fibres. In this case a
passivation of defects from molecular H; is neglectable.

The increased loss of the Ge doped fibre samples in the visible range is due to the gen-
eration of defect centres at Ge sites, similar to those at Si sites. This effect is strong espe-
cially in oxygen deficient Ge doped material [Poyntz-Wright1989]. The broad half width of
the Ge defects absorption extends into the visible range and affects the wavelength of
405 nm considerably. The disagreement of the spectral loss measurement and the loss
calculated from the fibre output power monitoring is due to the few-mode nature of this
fibre type at 405 nm. The transmitted power is split into the fundamental mode (FM) and
a few higher-order modes (HOM). The total attenuation . for this case follows the equa-
tion:

() = O'FM(;‘) ) PFMO‘) + O(HOMO\‘) ) PHOMO\‘)
tot Ptot

(4-10).

The FM is guided in the centre, while the HOM are guided in the periphery. The Ge con-
centration is higher in the centre than in the periphery and therefore the FM is more af-
fected by the induced loss than the HOM. For wavelengths much shorter than the cut-off
wavelength the HOM propagate closer to the centre and experience a higher attenuation.
Since the Ge fibre samples were not forced into single-mode operation, for example by a
small loop, the power could be mostly transmitted in HOM during irradiation. The spectral
measurement on the other hand might probe the centre of the core more than the peri-
phery resulting in a higher measured loss. Owing to the splitting of the transmitted power
into FM and HOM below the cut-off wavelength, a drop in the induced loss was received.
Periodic surface structures have been observed on the end surfaces of all synthetic
silica fibres when they were exposed to long-term irradiation with light from a 405 nm CW
diode laser. The surface structures are generated when the laser power is at a level which
is three magnitudes of order lower than that of the optical damage threshold. The latter is
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higher than 1 GW/cm? for pulsed lasers in the NUV. Nevertheless, a deformation of the
synthetic silica surface over a duration of several days was observed.

Similar periodic surface structures with ripples, called laser-induced periodic surface
structures (LIPSS), were seen in short-pulsed laser experiments on mostly crystalline wide
band-gap materials [Birnbaum1965, Keilmann1982, Driel1982]. Those structures also ex-
hibit bifurcations, bends and break-ups, as it was seen in the case here. One of the cur-
rently accepted models explains these structures by self-organisation of an unstable sur-
face layer by duelling processes of desorption and self-diffusion [Reif2006]. In the past,
an interference model was used to describe these effects, but in the last decades new
results and simulations have been presented to contradict this model [Preston1989,
Reif2004, Reif2010].

It is suggested in this work that the fibre surface is destabilised by a multi-step surface
ionisation leading to Coulomb explosion, that is desorption. The surface ionisation starts
with the generation of unpaired electrons on or close to the surface through multi-step
absorption of photons. This process is enhanced by the presence of electronic defects in
the form of colour centres, mainly the E', centre. The existence and generation of E',
centres in the fibre bulk material was shown and should happen on the surface as well.
The E', centres are generated either from ODC(ll) as in the bulk of the fibre or from silan-

Figure 4-46: Model used to describe the self-organisation of an unstable surface layer.
The layer has a modulation or roughness of h and a thickness of a. Charged particles in
the valleys V.aiey are especially subject to Coulomb repulsion (blue arrow), while particles
on the crests Vwy are primarily subject to self-diffusion (red arrows). According to
[Reif2006].

one and dioxasilirane surface centres [Skujal998]. The unpaired electrons can be excited
further and above a certain threshold escape from the surface leaving a positively
charged surface behind, as shown in Figure 4-46. On this ionised surface coulomb repul-
sions can build up and lead to coulomb explosion, meaning desorption of material. Fur-
ther on, duelling processes of material desorption and surface smoothing by atomic self-
diffusion lead to self-organizing ripple structures.

The laser and material parameters contributing to the generation of periodic surface
structures with short-pulsed laser experiments correspond to the important parameters
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that were found [Reif2006, Henyk1999, Reif1989]. The detailed investigation undertaken
in this work has concluded that the key parameters that contribute to the generation of
the surface structures are polarisation direction, power density, surface roughness, and
the presence or generation of ultraviolet defect centres. The thickness a of the unstable
layer was seen to increase with the last three of these parameters. The dependence of
the ripple periodicity on the thickness of the unstable layer could not be demonstrated in
this work, yet. Only a slight difference in the mean periodicity between CC and CFC
samples is seen and in comparison the ripples are clearer on CC samples for similar irra-
diation time and induced loss. No obvious periodicity difference between centre and edge
of the damage is seen, probably due to the small influenced area and size of the ripples.

A reduction of the surface roughness by flame-polishing did not improve the perform-
ance of the fibre samples. To the contrary, the growth of the structure on flame-polished
surfaces was higher than for cleaved surfaces. Additionally, the flame-polished samples
performed worse than cleaved samples in SML damage experiments on SMF. While the
fusion arc treatment reduces the roughness of the surface it might induce precursors for
defect centres. During the irradiation the precursors are transformed into surface centres
and enhance the destabilisation of the surface layer.

The form and orientation of the ripples depend strongly on the laser polarisation. In the
work reported here on silica fibres, the structural orientation of the ripples correlates with
the polarisation direction of the laser light. In case of the cross-polarised laser light short
ripples and cones are observed, just as for elliptical and circular polarised light in the
work of Varlamova and co-workers [Varlamova2007]. Over time the LIPSS grows higher
and clearer, which indicates a process with positive feedback.

The formation of the periodic surface structure is a modification of the silica on the sur-
face. It was found that there was no difference in the chemical composition between the
core region and the area around or underneath it in the EDX analyses. The examination
with the Tof-SIMS showed no contamination of the core area, too. The HR-TEM images
showed that there is a surface layer in the area of irradiation with a lower density than
the silica material around it. This layer of lower density has a porous structure in its outer-
most part. Since no diffraction patterns were observed in the TEM, it can be concluded
that it is not crystalline but is rather an amorphous layer of lower density silica.

In this research, the fibre end surfaces were not explicitly protected from the environ-
ment. Thus, dust particles attracted by an ionized surface and water absorbed by the
silica should not be ruled out as triggers of the modification effects seen. However, no
other elements beside silicon, oxygen and the sputter specimen were found in significant
qguantities in the fibre core area by EDX analyses, carried out so far. Additionally, the
heating of absorbed water in the fibre core is not likely at the short wavelength of 405 nm

81



4 Surface effects by 405 nm laser irradiation of silica fibres

used. Measurements concerning the heating of the launching fibre end detected a tem-
perature increase of only 1 K.

The discovered surface structure consists of a projection and ripples on top of it. The
periodicity of the ripples is just below the laser wavelength and ranges from 250 to
400 nm. If the surface structure is very distinct and covers the whole core, e.g. of the
SMF, then the structure interferes with the light coupling into the fibre and only a broad-
band loss can be observed. This broadband power loss is the result of focusing and scat-
tering by the periodic surface structure on the launching fibre end, impairing the coupling
efficiency. The growing structure introduces another focusing element into the laser
beam, which was also reconstructed using FDTD simulations. The simulations for SMF
demonstrated a good accordance with the loss measurement results. This additional fo-
cusing element can also explain the different behaviour of LMF and SMF. Since the LMF
has a larger core and higher numerical aperture the loss was induced in a more linear
fashion and was for example rather low in a case of SMF damaged with SML.

To mitigate the growth of a laser-induced periodic surface structure three parameters
need to be adjusted. The first is the power density on the fibre surface, which needs to be
reduced. The surface roughness should also be reduced, but not at the cost of increased
precursors for defect centres. The best preparation method is probably cleaving. This
technique can be combined with the use of an end-cap on the fibre to reduce the power
density. Further, an investigation on different fibre materials can perhaps determine a
material with a low number of generated defect centres. But it should also be possible to
draw this material into a small core fibre with single-mode behaviour at 405 nm.

4.9 Summary

Periodic surface structures have been observed on the launching end surfaces arising
from prolonged irradiation with light from 405 nm CW diode lasers. In these cases, the
laser power is at a level which is three orders of magnitude lower than that of the dam-
age threshold. The structures exhibit multiple bends, break-ups and bifurcations, unlike
interference patterns. They can be explained by a model used for femto-second irradi-
ation of materials. It was concluded that the key parameters that contribute to the gener-
ation of the surface structures are power density, surface roughness, polarisation direc-
tion and the presence of ultraviolet defect centres. It was shown that the reduction of sur-
face roughness by cleaving instead of glueing-and-polishing improves the lifetime of the
system by a factor of four. This is a simple and low-cost fibre preparation method to en-
hance the lifetime of high power NUV fibre-coupled laser systems.
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5 DUV bulk effects by 405 nm irradiation in low-
mode fibres

5.1 Abstract

After the spectral and surface damages on standard single-mode fibres with low OH con-
tent were found, the influence of different preform manufacturing processes on the spec-
tral damage will be discussed in this chapter. For the characterisation of the low-mode
fibre samples the same 405 nm laser system and extremely sensitive spectrometer sys-
tem were used. The induced losses were measured down to 210 nm wavelength, depend-
ing on the attenuation and length of the samples, and recorded time-dependently. Modi-
fications of the fibre preform resulted in fibres with a surplus of hydrogen or with an oxy-
gen deficiency. Additionally, fibres with Germanium, Phosphorous or Fluorine doped core
were examined. All fibres exhibited a generation of UV defect centres after irradiation
with 405 nm CW laser light. In the discussion the effects are explained and compared to

earlier work on these fibre samples.

5.2 Introduction and earlier work

For fibre-optic applications in the UV region from 170 to 280 nm with different light
sources, the existence and transformation of different UV defect centres have been stud-
ied in detail and an extract is shown in Figure 5-1 [Friebelel976, Friebelel979,
Griscom1985, Khalilov1994]. The most prominent defect centres in silica fibres are re-
lated to an oxygen vacancy [Skujal998]. They can be distinguished as the oxygen defi-
ciency centre ODC(l) at 7.6 eV (163 nm), the E', centre at 5.8 eV (215 nm), the E's centre
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Figure 5-1: Spectral overview of known defect centres and their photo-luminescent
emission bands [Skujal998]. Centres marked with (?) are controversially discussed in
literature.
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at 5.7 eV (229 nm), and the oxygen deficiency centre ODC(Il) at 4.9-5.2 eV (243 -
254 nm). Other defects are oxygen excess related, such as the non-bridging oxygen hole
centre (NBOHC) or peroxy radical, both at 4.8 eV (260 nm) and the peroxy linkage at
3.8 eV (330 nm). Additionally bound hydroxyl groups (-OH), interstitial oxygen (0O) or
ozone (0s), and interstitial or bound chlorine (Cl,, -Cl) can exist in the material or occur
during irradiation. Especially interstitial chlorine (Cl;) has a large absorption band at
3.76 eV (330 nm).

The exact nature of some defect centres is still controversially discussed in literature.
Those centres are marked with a question mark in Figure 5-1. The 250 nm band was as-
signed to the ODC(ll) and the POR, but the POR is not confirmed, yet. Similarly the
330 nm band in pure silica is assigned to the Cl; band and the peroxy linkage. Due to the
improved modern fibre preform production process the peroxy defects are seen rarely
and can be excluded for this work. The nature of the ODC(ll) is also not definite. On one
hand it is explained as an unrelaxed silicone dangling bond, on the other hand as a two-
fold coordinated silicone atom [Skujal998]. The oxygen deficient centres also have sev-
eral absorption bands, mainly for the electronic singlet or triplet excitation of the defect.
Both are important and included in the overview in Table 5-1.

Table 5-1: Characteristics of the defect centres used for explanations in this work.
According to [Skujal998].

Defect name Structural model Peak position [nm] FWHM [nm]

ODC(l) =Si-Si= 163 10.7

E', =Sie (...Si=) 215 29.5

E's =Sje (...Si=) 229 29.5
ODC(Il) (So = Si1) =Si...Si=, 243 - 254 14.9
ODC(Il) (So = T1) -0-Si-O- 394 42.5

NBOHC =Si-Oe 260 56.6
POR =Si-0-0+ 260 43.3
égtrif;iTiiﬁngl;é ~51.0.0.5i= 330 60
GeODC (So = S1) =Ge...Ge=s, 230 - 243 20
GeODC (So = Th) -O-Ge-O- 336 36.3
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Defect name Structural model Peak position [nm] FWHM [nm]

Ge(l) =Gee (...Si=) 280 114

The production of the preform and the fibre drawing process have the largest influence
on the presence and generation of defect centres in silica fibres. The atmosphere during
the deposition and collapsing of a preform determine whether oxygen deficiency or oxy-
gen excess defects are formed. A high tension during fibre drawing and uncontrolled
rapid cooling of the fibre can induce strained Si-O or Si-Si bonds or lead to the rupture of
those, which directly generates NBOHC and E', centres, respectively [Friebele1976]. If the
strained bonds, also called precursors, did not rupture during the drawing process, then
they can be broken by excitation through UV irradiation and in turn induce NBOHC and E',
centres. A production in a wet environment or a high-temperature treatment of the pre-
form with H, can generate further precursors in the form of hydroxyl groups (Si-O-H) or
hydrogen atoms bound to silicone (Si-H). This can also happen if the chlorine was not
carefully removed after preform production, chlorine atoms are then bound to silicone
(Si-Cl) [Kirchhof1998]. When the precursors are then exposed to UV light the bonds to hy-
drogen and chlorine are broken and molecular hydrogen and chlorine can form. In the lat-
ter case this leads to the generation of the Cl, band at 330 nm. If high concentrations of
chlorine or hydroxyl are bound in the silica network, then the spectral attenuation below
200 nm is increased as well.

The influence of broadband UV light on the transmission properties of silica fibres was
mainly investigated with deuterium lamps. The generation of the defect centres is com-
monly called solarisation and is driven by single photon absorption of photons with a high
energy of more than 5.5 eV (225 nm). Mainly NBOHC and E', centres are generated in
high-OH fibres, while in low-OH fibres the ODC(ll) can be generated additionally. The gen-
eration of NBOHC and E', centres can be prevented by high-pressure low-temperature H,
loading of the fibre. The generated defects will be passivated directly by the hydrogen
and not seen as an additional spectral loss. However, this is only useful for large diameter
fibres with outer silica diameter greater than 400 um, because of the quick diffusion of H,
out of the silica material. The reduction of the additional loss due to the NBOHC was
achieved by a modification of the fibre production process. The generation of the E',
centre was dramatically reduced by treating the raw material and the fibre preform. But
the generation of the absorption bands cannot yet be fully prevented [Klein1997b,
Khalilov2006].

In the early 2000s a fibre development project was started at the Institute of Photonic
Technologies (IPHT) in Jena, Germany. Its goal was the improvement of fibre material for
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the visible range of the light spectrum (VIS) after it was observed that pulsed blue lasers
brought a time-dependent damage to fibres with high and low OH content. The laser sys-
tem worked at 446 nm with 9 ps pulses and 80 MHz repetition rate [Frost2001]. Pulse en-
ergies of about 12 nJ resulted in 1 W average power and power densities of about
600 kW/cm? in a 15 um core fibre.

Using the production of a low-OH preform by modified chemical vapour deposition
(MCVD) as a starting point, different production processes and preform modifications
were performed [Kirchhof2001]. The main goal was the reduction of the absorption peaks
in the VIS and of the tail of the interstitial Cl, band at 330 nm extending into the VIS. The
influence of collapsing in different atmospheres, hydrogen diffusion by preform tempering
as well as weakly doping the fibre core were investigated [Unger2002]. Almost all treat-
ments improved the transmission behaviour in the VIS towards the theoretical Rayleigh
limit. On the other hand, the ODC(Il) absorption band at 240 to 250 nm was extremely
enhanced simultaneously to values of 20 to 70 dB/m. The interchange between the
ODC(Il) and the Cl, band were explained by an incorporation of nuclear chlorine into the
oxygen deficient site during production [Kirchhof2001]. If the number of ODC(Il) is small,
then the chlorine molecules are stable in the silica network. A narrower absorption band
at 330 nm was seen in Ge doped fibres, which in this case was attributed to a sing-
let-triplet transition of the oxygen deficiency GeODC in Germanium doped silica [Galla-
gher1992].

In long-term experiments with the 446 nm laser lasting up to 160 h it was shown, that
collapsing in a He atmosphere improved the lifetime of the fibre only marginally. The H,
diffusion fibre as well as the Ge and P doped fibres exhibited a significantly increased life-
time. Spectral loss measurements showed that the Ge doped fibre had an increased ab-
sorption in the UV with the tail now extending stronger into the VIS. The H, diffusion fibre
had an overall increased loss in the VIS. The doping with Fluorine resulted in no distinct
differences to the standard fibre. It is very interesting to note, that this research also
found “geometrical alterations of the input and output end faces ... of the fibres with long
lifetimes”. After thorough discussion with the group at the IPHT, old atomic force micro-
scope (AFM) images revealed that laser-induced periodic surface structures (LIPSS) had
been found on the end surfaces, but were not further investigated [Schwuchow2012].

For the investigations in this work some reference fibres and the most promising modi-
fied fibres were provided by the IPHT. Besides the standard fibre, H, diffusion and He col-
lapsed fibres were examined as well as fibres weakly doped with Ge, P and F.
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5.3 Experimental setups

5.3.1 Damage measurement setup

For the irradiation of the low-mode fibre (LMF) samples, a laser diode module (LDM)
provided by Omicron-Laserage, was used. The module Omicron LDM405D.450.CWA.M in-
corporates Nichia GaN laser diodes which offer high power at 405 nm. This multi-mode
laser (MML) comprises two diodes with their beams cross-combined inside the module.
The MML has a maximum output power of P, = (390£5) mW and a beam quality of
M? = 3. The laser beam, optically corrected for astigmatism, is collimated and additionally
focused on the fibre end surfaces with an imaging and alignment system (lAS) for fibres
assembled with FSMA connectors. The focal length of the aspheric lens f = 16 mm gives a
focus diameter 2:w, = 20.6 um (according to Formula 6-8) and a mean power density
Ipor = 117 kW/cm? in the focus (according to Formula 6-3). The fibre end can be adjusted
along the optical axis and tumbled around it.

The fibre output power Py e from the fibre samples was noted once for every irradi-
ation period. For the power readings a thermopile power meter Coherent PowerMax
PS19Q was used. In Figure 5-2 the whole setup is shown on a straight axis, but the actual
damaging was done with the fibre under test (FUT) bent in some way, which was main-
tained for every irradiation period. The length of the FUT depended on the fibre material
and the desired dynamic of the spectral measurements in the deep ultraviolet (DUV). To
attach the FUT to the IAS and the spectral measurement setup all fibre ends were con-
nectorised with FSMA connectors. The distal fibre end is aligned in front of the power
meter for free space irradiation and the proximal end was adjusted to maximum Poutsibre
using the IAS. All experiments are conducted in a standard laboratory environment at
room temperature. The samples were irradiated for short periods between 30 seconds
and one hour. UV spectra were taken before, in between and after irradiation with the
spectral measurement setup described in the section below.

LDM IAS FUT PM

Figure 5-2: The damage setup consisting of stabilised laser diode module (LDM) with a
wavelength of 405 nm, an imaging and alignment system (IAS) and a thermopile power
meter (PM). The fibre under test (FUT) is aligned for maximal output power.
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5.3.2 Spectral measurement setup

In order to determine spectrally induced losses, a spectrometer system as depicted in
Figure 5-3 was employed. The whole setup consisted of a deuterium lamp (D;) with an op-
timised imaging system and the fibre-optic spectrometer (OceanOptics Maya2000Pro).
The deuterium lamp provides broadband spectrum starting below 180 nm. However, an
optical signal can only be detected above 180 nm due to increasing silica and gas (e. g.
oxygen) absorption with decreasing wavelength. The spectrometer uses a back-thinned
CCD chip (charge-coupled device) for a significantly higher quantum efficiency below
200 nm. Therefore, the sensitivity is higher in comparison to older standard CCD chips

UV/vis-
D, s — FOS

Figure 5-3: Spectral measurement setup; D,: deuterium lamp, IS: imaging system, FUT:
fibre under test, FOS: fibre-optic spectrometer for UV and visible range.

with light-converting layers or photo-diode arrays (PDA). The selected grating of the used
spectrometer covers the spectral range from 167 to 620 nm. For a good spectral resolu-
tion AA a narrow slit of 5 um width is utilised. The integration time starts at 13 ms and
can be increased to several seconds.

The grating reflects the higher, second order onto the CCD chip as well. This higher or-
der needs to be suppressed for the spectral measurements. Because of stray-light and
spectral transmission, unexpected signals with twice the wavelength of an expected high-
intensity signal should be handled with care and could be an artefact (see section 4.2 for
details). Another artefact has to be expected at 486 nm, where the Balmer line Dg of deu-
terium can cause an oscillation in the calculated loss spectrum. The peak might shift in
the spectrometer signal over time, due to warming up of the grating and chip. Therefore,
this peak is also very helpful in the analysis to adjust a drift in wavelength.

Spectral measurements of the FUTs were taken before, in between, and after laser ex-
posures. Measurements during exposure were taken for example after 5, 15 and
30 minutes, while the total irradiation time was 60 or 120 minutes in this chapter. The
dark current signal was subtracted from the recorded spectra for every new measure-
ment, leading to Iperre(A) OF Iarer(A). TO Obtain the spectral loss Ling(A) induced by 405 nm
irradiation the spectra were processed using the following relationship:
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I A
Lind(}\‘) = _1O'|0910(I aﬂer((}\))) (5-1).
before

In addition, the spectral measurement system was also used to determine the spectral at-
tenuation a(A) of the fibres by using the cut-back method. The fibres were cut back from
1 mto 0.5 m, then to 0.25 m and 0.11 m. The spectral attenuation a(A) was calculated by
using the relationship:

_1 Ion (7\‘) .
a(}"):A—IO'IOglo(m with Al = llang_lshort (5-2).

If a specimen is exposed to a deuterium lamp for too long, an unintentional, additional
loss can be induced. Therefore, the damage by deuterium lamp irradiation and annealing
at room temperature of one sample of LMF was investigated. Spectral measurements
were taken with a different spectrometer (OceanOptics USB4000) during the irradiations
and annealing.

In the spectral measurements, a lamp signal error AI of £3 % at 200 nm, =2 % at
300 nm and =1 % at 400 nm is taken into consideration. The noise in the spectrometer is
much lower than this error and not taken into account. For the error of the spectral loss
AL;ng the non-linear propagation of error is used [Muehl2001]:

g | ALing |
ALind = \/(GI ind )'AIiefore+(al——lm) AIifter (5'3).

before after

5.3.3 Fibre specimens

The investigated LMF was all-silica step-index fibre. The experimental samples of LMF for
laser treatment were supplied by the IPHT in Jena, Germany. The seven fibre types had a
core diameter 2-a of 10 or 15 um, a cladding diameter of 50 um and a standard outer dia-
meter of 125 um. The cladding was 3 mol% Fluorine doped to achieve the difference in
refractive index and a numerical aperture NA = 0.11 in all cases. An overview of the dif-
ferences in the fabrication process is given in Table 5-2. The standard fibre 1u had a pure
synthetic silica preform, with a low OH content of less than 1 ppm. For types 6u and 23u
this preform was heat-treated with a H,O, flame with hydrogen excess, for H, diffusion
into the preform, and then drawn into fibres with 15 and 10 um core diameter, respect-
ively. The preform of fibre type 18u was collapsed in a helium (He) atmosphere to
achieve an oxygen deficit. The difference for the three other types is a weak doping of
the fibre core material. Type 22u was doped with Germanium (Ge, GeCl, admixed to
MCVD process), type 26u with phosphorus (P, POCl; admixed to MCVD process) and type
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42u with Fluorine (F, C,F;Cl; admixed to MCVD process). A chlorine concentration of
0.14 mol% was measured in the core and cladding region of the collapsed preforms
[Kirchhof2001]. Additionally, a commercial LMF sample was provided by j-fiber from Jena,
Germany. This fibre type IG-15 was manufactured using the protocol engineered by IPHT
for type 6u. Despite this fact, differences in the machinery and drawing conditions can
lead to slightly different outcomes in spectral attenuation and induced loss.

Table 5-2: Properties and fabrication process of the LMF types investigated in this work.

Fibre type Core diameter 2:a [um] Core material

1u 15 Standard low-OH (< 1 ppm)

Like 1u, but treated with H,O, flame

bu 15 (H2 excess)
18u 15 Like 1u, but collapsed in He atmosphere
22u 15 0.3 mol% GeO, doped
234 10 Like 1u, but treated with H,0, flame
(H2 excess)
26u 15 0.6 mol% P,0s doped
42u 15 0.25 mol% SiF, doped
IG-15 15 Low-OH preform treated with H,O, flame

(H, excess)

For the influence of the 405 nm laser radiation on the fibre material, the power density
I.ore in the fibre core needs to be taken into account.

p

) P )
_ out, fibre __ out, fibre
Icore - A - 2 ( 5 _4)
T-a

The power density is averaged over the core area A of the fibre core. Typical values for
the LMF with 15 um core diameter are 100 to 160 kW/cm?, depending on the particular
coupling efficiency and attenuation at 405 nm. For a rough estimation of the coupling effi-
ciency the formula for the transmission of a Gaussian beam through an aperture can be
used [Paschotta2008]:

28’
P:Pout'(l_e K ) (5-5).
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For a LMF with 15 um core diameter the coupled power P is 256 mW and for 2-a = 10 um
P =147 mW. This in turn would result in power densities of I.. = 144 kW/cm? and
187 kW/cm?, respectively. The internal attenuation of the fibre samples at 405 nm was
not explicitly measured, but values below 1 dB/m can be considered. Kirchhof and co-
workers found values of 0.7 dB/m for 1u, 0.04 dB/m for 6u and 18u, 0.05 dB/m for 26u
and 42u, and 0.075 dB/m for 22u at 400 nm wavelength [Kirchhof2001, Unger2002]. Tak-
ing Fresnel losses into account, the total loss for a 1 m long sample will be less than
1.1 dB.

The spectral attenuation of all samples was measured before irradiation. Since the pre-
existing absorption bands in the DUV were most interesting, the LMF samples were cut
back to short length of 0.25 m or even 0.11 m. A full resolution of strong absorption
bands is thereby possible, too, as it is shown in Figure 5-4. The sample of type 6u was
only cut back from 1 m to 0.5 m and the dynamic of the absorption measurement was re-
stricted to 20 dB/m. The same fibre type /G-15 was cut back to 0.11 m, thus a complete
measurement of the absorption band at 245 nm was possible with a maximal value of
62 dB/m. All other samples were cut back to 0.25 m, yielding in a complete resolution of
the absorption bands. The singlet-singlet transition of the GeODC of 22u could not be re-
solved and was estimated to be in the order of 10* dB/m [Kirchhof2001].

The overlay shows that almost every sample had a pre-existing absorption band
around 245 nm, which can be correlated to the ODC(llI) band. A reinterpretation of the
work by Kirchhof, especially using the VIS and NIR part of their spectral loss measure-
ments, allows the conclusion that the 1u exhibited a NBOHC band at 260 nm and an addi-
tional band at 330 nm which coincides with the Cl, band. In the original work the 630 nm
band had not been correlated to the NBOHC and the peak at 250 m was interpreted as
ODC(Il). A shift of the ODC(ll) to 265 nm resulted in the absorption peak of the P doped
sample 26u. In the wavelength region below 225 nm the absorption of all fibre samples
increases strongly and the profile could not be resolved any further. This edge is located
at a longer wavelength of 300 nm for the Ge doped sample 22u, which in addition also
exhibited an absorption band at 330 nm. In that case it is not the interstitial Cl, band but
an oxygen deficiency at a Ge site (singlet-triplet transition of GeODC, 3.8 eV) [Galla-
gher1992, Skujal998]. Table 5-3 provides an overview of the found absorption peaks and
their association in this work.
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Figure 5-4: Measured spectral attenuation of the LMF samples in the DUV.

Table 5-3: Overview of absorption peaks found in this work with their associated defect
centre, centre wavelength and attenuation.

Fibre type Lower peak Upper peak
lu NBOHC, 260 nm, 3.3 dB/m Cl; band, 334 nm, 3.9 dB/m
18u ODC(Il), 243 nm, 29.6 dB/m N/A
22u GeODC, 240 nm, 10* dB/m GeODC, 333 nm, 10.7 dB/m
23u ODC(Il), 245 nm, 33.2 dB/m N/A
26u ODC(ll), 265 nm, 25.8 dB/m N/A
42u ODC(ll), 243 nm, 15.75 dB/m N/A
IG-15 ODC(ll), 248 nm, 62.3 dB/m N/A
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5.4 Modification of UV defect centres by 405 nm laser
irradiation

5.4.1 Damage by deuterium lamp radiation

A characterisation of the damage by the deuterium lamp was performed on the LMF type
IG-15. After a 4 h irradiation period the 0.2 m long sample was left to anneal for 20 h and
was then irradiated additionally for 1 h. This is a standard procedure to characterise the
generation of UV defect centres in MMF samples [Klein2009]. Figure 5-5 a) shows the
measurement spectra before and after the complete procedure and in Figure 5-5 b) the
resulting induced loss. The latter shows a reduction of the ODC(ll) absorption band at
245 nm of 2.3 dB and an increase of the E', centre at 214 nm of about 2 dB, both in the
0.2 m long sample. Besides these two changes nothing else could be observed in the

overall spectral measurements.
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Figure 5-5: Example of a 0.2 m long IG-15 sample: a) Spectra taken before and after
deuterium lamp irradiation. b) Induced loss after 25 h of deuterium lamp irradiation and
annealing procedure.

The loss at known defect centres (see Figure 5-1) was calculated from the recorded spec-
tra and traced over time. Those defect centres are the E', centre (214 nm), the E's centre
(229 nm), the ODC(ll) (244-254 nm), the NBOHC (266 nm) and the interstitial Cl, band
(330 nm). However, three of these were actually not observed (E's, NBOHC, Cl,), but they
can guide the eye concerning overall spectral changes. The strong noise and fluctuations
of the 245 nm loss trace in Figure 5-6 a) is due to the low reference value at the begin-
ning of the measurement. The same changes are seen on the other traces, but with a
much smaller value. Directly after the start of the exposure the E', centre starts to in-
crease, which is also seen in the 229 nm trace on the tail of the absorption band. During
the annealing phase the E', centre was stable and recommenced to increase when the
permanent irradiation started again.
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The reduction of the ODC(IlI) band traced at 244 nm and 254 nm started only after
about half an hour, but then had a steeper progression than the E', centre. The gain at
244 nm after four hours was higher than the loss at 214 nm. In the beginning of the an-
nealing the reduction of ODC(Il) proceeded and then stabilised. When the permanent irra-
diation started again the ODC(ll) abruptly increased by about 0.5 dB, afterwards the band
was again reduced for the remaining hour of irradiation. The traces at 266 nm and
330 nm behave similar to the ODC(Il) at a smaller scale, since these traces are on the tail
of the absorption band. The evaluation of the induced loss at specific times is shown in
Figure 5-6 b). At the start of the damage an absorption band at 245 nm appeared simul-
taneously to the E', centre. After thirty minutes it started to be reduced and during the
annealing phase it stabilised. When damaging commenced the 245 nm band increased
abruptly, as seen in Figure 5-6 a).
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Figure 5-6: a) Trace of induced loss over time at specific wavelengths during irradiation
with a deuterium lamp and annealing of a 0.2 m long IG-15 sample. The dashed-dotted
line marks the time stamps when the permanent irradiation with the deuterium lamp was
terminated and commenced. b) Induced loss at specific time stamps during deuterium
lamp irradiation and annealing of a 0.2 m long 1G-15 sample.

5.4.2 Length distribution of damage by 405 nm
radiation

The length distribution of the damage, that was found in 405 nm laser irradiated samples,
was examined by irradiating a 1.5 m long sample of IG-15. After exposure to the 405 nm
MML for one hour with a fibre output power of 240 mW, the sample was cut into three
equally long pieces. Part 1 was the piece at the launching end, Part 2 the centre piece
and Part 3 the piece at the distal end. Figure 5-7 a) shows the spectra before and after ir-
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radiation. The transmission window between 200 and 230 nm was completely removed
and the edge of the larger transmission window moved to shorter wavelength by 25 nm.
From the induced loss shown in Figure 5-7 b) the actual improvement and loss cannot be
determined for this long sample. The inset in Figure 5-7 b) shows the region around
450 nm with the second order reflection of the DUV change at the spectrometer grating,
which was seen in other measurements as well, but will not be further discussed here.
The extent of this effect mainly depends on the strength of the signals in the DUV and is
no issue for a small signal absorption.
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Figure 5-7: A 1.5 m long IG-15 sample (H. treated preform) after 1 h of 405 nm MML
irradiation: a) Spectra taken before and after irradiation. b) Induced loss after irradiation.
The intensity in the fibre core was I... = 135 kW/cm?. The inset shows magnified the
region around 450 nm with the second order reflection of the DUV change at the
spectrometer grating.

The spectra for the individual pieces are shown in Figure 5-8 a). Only slight differences
between the 0.46 m long pieces were observed, this is why a relative comparison is
shown in Figure 5-8 b). The differences between the individual pieces at 215 nm and
250 nm are not so large compared to the drastic spectral changes in the whole sample.
The comparisons show that the ODC(ll) was more reduced in the front of the sample and
that the E', centre was generated stronger in the rear of the sample. Since there is an at-
tenuation of about 0.04 dB/m at 405 nm a power difference of 3 mW between proximal
and distal end can be estimated. Nevertheless, an almost evenly distributed damage
could be observed.
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Figure 5-8: a) Spectra taken for three equally long parts of the 1.5 m IG-15 sample (H;
treated preform). b) Comparison expressed in loss between front (1) and centre (2) part,
front (1) and rear (3) part, and centre (2) and rear part (3).

5.4.3 Damage of low-mode fibre samples with different
dopants

The three H, flame treated LMF types IG-15, 6u and 23u are discussed first, one after the
other. A very short sample of IG-15 with 0.114 m length was irradiated for an optimal res-
olution of the modification of the absorption bands. Figure 5-9 shows that the absorption
band at 250 nm was removed within the 5 minutes of the first irradiation period with
Poutfibre = 230 mW. The E', centre on the other hand increased with irradiation time. The
traces weighted by the length of the sample in Figure 5-10 show that the ODC(Il) is com-
pletely healed with -62 dB/m and the E', increases up to 40 dB/m. This can be stated be-
cause it was shown that the loss distribution is not length dependent. Besides the second
order reflection of the mentioned DUV changes in the wavelength range from 380 to

550 nm no further modifications of defect centres were found.
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Figure 5-9: Example of a 0.114 m long IG-15 sample (H, treated preform): a) Spectra
taken before, during and after 405 nm MML irradiation. b) Induced loss during and after
405 nm MML irradiation. The intensity in the fibre core was I.ore = 130 kW/cm?.

The only sample of 6u had a length of 1 m and Poutrirre = 218 mW. Due to the long length
only a small transmission window at 218 nm and the beginning of a large transmission
window above the ODC(Il) absorption band were observed (see Figure 5-11 a)). The peak
of the small window was attenuated to about 18 dB/m within 45 minutes in Figure 5-
11 b). Comparable to the IG-15 sample this E', centre increased with irradiation time, but
could not be observed significantly beyond 30 minutes due to the dynamic restriction of
the system. A reduction of the ODC(ll) could be seen by a 2 nm shift of the edge of the
large window to shorter wavelength. The gain in the tail of the ODC(ll) at 260 nm was
3.4 dB/m and constant after the first irradiation period (see Figure 5-13). In contrast to
the IG-15 sample an additional reduced absorption band was observed between 260 and
300 nm with -1.2 dB/m. For comparison both wavelengths of 260 nm and 273 nm were
traced in Figures 5-10 and 5-13 for IG-15 and 23u, respectively. The absorption band at
273 nm behaved simultaneously to the ODC(Il) and could be attributed to the NBOHC, but
it was not seen for the IG-15.
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Figure 5-10: Trace of induced loss over time at specific wavelengths during irradiation

with 405 nm MML and annealing of a 0.114 m long IG-15 sample (H. treated preform).

The dashed-dotted line marks the time stamp when the permanent irradiation with the
405 nm MML was terminated. The intensity in the fibre core was I = 130 kW/cm?.
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Figure 5-11: Example of a 1 m long 6u sample (H: treated preform): a) Spectra taken
before, during and after 405 nm MML irradiation. b) Induced loss during and after 405 nm
MML irradiation. The intensity in the fibre core was I = 123 kW/cm?Z.

A 0.254 m long 23u sample with Pyutare = 256 mMW exhibited the same changes as the 6u
sample, because it is the same material. However, the fibre core diameter was different.
In Figure 5-12 a) the small transmission window is reduced over time and the edge of the
large window also shifted to shorter wavelength. For the induced loss in Figure 5-12 b)
this resulted in an increasing E'y, centre and an abruptly reduced ODC(Il). The 23u also
shows the improvement between 250 and 300 nm, just like the 6u. Surprisingly another
small absorption band around 230 nm was created during the first irradiation period, but
did not seem to increase afterwards. The band could be attributed to the E's centre. This
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was not seen for the 6u due to the worse dynamic below 250 nm. The traces for three
23u samples are shown, together with the only 6u sample, in Figure 5-13 for length of
0.25 and 0.5 m and power densities between 222 and 324 kW/cm?2. For the third sample
no significant trace was measured at 215 nm. All samples showed a quick improvement
in the ODC(II) within the first 5 minutes to about -10 dB/m. The trace at 273 nm, which
could be attributed to the NBOHC, behaved accordingly and improved to about -1.4 dB/m.
After the irradiation these two defect centres increased slowly. The E', centre again was
generated more slowly over time to reach 17 dB/m or 24 dB/m before the annealing
phase. During the annealing this absorption band was slightly reduced. Despite the differ-
ent core diameters the modifications of defect centres during irradiation of 6u and 23u
were the same after being weighted by the length of the samples.
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Figure 5-12: Example of a 0.254 m long 23u sample (H: treated preform, 10 um core): a)
Spectra taken before, during and after 405 nm MML irradiation. b) Induced loss during
and after 405 nm MML irradiation. The intensity in the fibre core was I.... = 324 kW/cm?.
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Figure 5-13: Traces of induced loss over time at specific wavelengths during irradiation
with 405 nm MML of three 23u samples and one 6u sample (both H, treated preform, but
10 um and 15 um core). The dashed-dotted line marks the time stamp when the
permanent irradiation with the 405 nm MML was terminated.

One sample of standard LMF 1u was irradiated for a total of one hour and then left to an-
neal for two hours. The fibre output power was 230 mW to 240 mW and a mean power
density in the core of 135 kW/cm? was assigned to this sample. The spectra and the cal-
culated induced loss Lins in Figure 5-14 show several changes below 400 nm wavelength.
The defect centres E', at 215 nm, ODC(ll) at 245 nm and NBOHC at 260 nm were gener-
ated or increased simultaneously, but the NBOHC had the strongest progression. The de-
fect centres stayed almost stable during the annealing phase and were only slightly re-
duced. An abrupt and broad improvement can be seen in the wavelength range around

355 nm after 5 minutes. This improvement was reversed over the course of irradiation.
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Figure 5-14: Example of a 0.56 m long 1u sample (standard low-OH): a) Spectra taken
before, during and after 405 nm MML irradiation. b) Induced loss during and after 405 nm
MML irradiation. The intensity in the fibre core was I = 135 kW/cm?2.

During the annealing this band seems to have increased further. In Figure 5-15 the
changes at the mentioned wavelengths are traced over time and weighted by the length
of the LMF sample. The trace of ODC(ll) and NBOHC is combined at 250 nm, because a
separation of the two is not possible. The loss at 250 nm and 215 nm increased almost
linearly to over 14 and 10 dB/m, respectively. The band at 355 nm improved to about
-0.7 dB/m and then the loss increased to about 1.2 dB/m.
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Figure 5-15: Trace of induced loss over time at specific wavelengths during irradiation
with 405 nm MML and annealing of a 0.56 m long 1u sample (standard low-OH). The
dashed-dotted line marks the time stamp when the permanent irradiation with the
405 nm MML was terminated. The intensity in the fibre core was I = 135 kW/cm?=.
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The Fluorine doped samples 42u behaved similar to the untreated standard LMF 1u. The
results presented in Figure 5-16 are for a 0.131 m long sample which transmitted
Poutfiore = 210 mW. The attenuation below 230 nm is much higher than for the 1u, there-
fore the E', centre could not be measured directly. Instead the tail up to 230 nm was used
as an indicator. It increases over irradiation time together with the NBOHC at 260 nm. A
very slight depression of the overlaid curves at 250 nm could indicate a reduced ODC(ll),
but this is not very significant. For the annealing phase slight changes were seen below
280 nm, but a broad absorption band built up around 315 nm. The traces in Figure 5-17
show a maximum of about 18 dB/m for the NBOHC and of about 36 dB/m for the tail of
the E', centre after one hour. While the E', centre was reduced during annealing, the
NBOHC increased. The slow increase at a wavelength of 330 nm during irradiation can be
accounted to the position on the NBOHC tail. After the permanent irradiation was termin-
ated, the loss around 330 nm increased to over 4 dB/m and became stable.
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Figure 5-16: Example of a 0.131 m long 42u sample (F doped core): a) Spectra taken
before, during and after 405 nm MML irradiation. b) Induced loss during and after 405 nm
MML irradiation. The intensity in the fibre core was I = 119 kW/cm?2.
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Figure 5-17: Traces of induced loss over time at specific wavelengths during irradiation
with 405 nm MML of two 42u samples (F doped core). The dashed-dotted line marks the
time stamp when the permanent irradiation with the 405 nm MML was terminated.

The sample of 18u presented in Figure 5-18 had a length of 0.255m and
Poutsivre = 250 mW. A slight improvement in the ODC(Il) was almost covered by a strong
generation of the E', centre and the NBOHC. Additional absorption bands at 235 nm and
285 nm were observed, but did not have a particularly strong absorption or increase. The
first could be again attributed to the E's centre, but the latter is unknown and might be a
metal ion contamination, perhaps chromium or copper. The annealing curve in Figure 5-
18 b) shows no significant change for the E', centre after 18 hours, but the ODC(ll) and
the NBOHC increased by about 0.2 dB in this sample. In Figure 5-19 the traces of the one
sample irradiated for one hour with annealing for 18 hours and one sample irradiated for
two hours are presented. They had fibre output powers of 250 mW and 260 mW, respect-
ively. Both samples exhibited the delayed increased loss at 250 nm, pointing to an im-
provement of the ODC(ll) at the beginning. Afterwards a steady increase of the E', centre
towards values above 15 dB/m and of the NBOHC to above 5 dB/m were observed after
one hour. The final values of the two hour sample were 27.2 dB/m and 11.9 dB/m, re-
spectively.
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Figure 5-18: Example of a 0.255 m long 18u sample (He atmosphere): a) Spectra taken
before, during and after 405 nm MML irradiation. b) Induced loss during and after 405 nm
MML irradiation. The intensity in the fibre core was I = 141 kW/cm?2.
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Figure 5-19: Traces of induced loss over time at specific wavelengths during irradiation
with 405 nm MML of two 18u samples (He atmosphere). The dashed and the dotted lines
mark the time stamp when the permanent irradiation with the 405 nm MML of the first
and second sample was terminated, respectively.

The results of the 0.25 m long P doped sample 26u in Figure 5-20 looks very similar to the
results of the 18u, but slightly shifted to longer wavelength. Again the E', centre, traced
in the tail at 226 nm in Figure 5-21, increases over time, just like the ODC(Il) at 265 nm,
for a fibre output power of 272 mW. A small reduction at 255 nm could be observed,
which is attributed to the spectral gap between ODC(ll) and E', centre. After one hour of
irradiation values above 20 dB/m and 12 dB/m were reached at the E', centre and the
ODC(ll), respectively. During the annealing phase the E', centre reduced very slightly and
the ODC(ll) increased.
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Figure 5-20: Example of a 0.25 m long 26u sample (P doped core): a) Spectra taken
before, during and after 405 nm MML irradiation. b) Induced loss during and after 405 nm
MML irradiation. The intensity in the fibre core was Icre = 154 kW/cm?2.
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Figure 5-21: Traces of induced loss over time at specific wavelengths during irradiation
with 405 nm MML of three 26u samples (P doped core). The dashed-dotted line marks the
time stamp when the permanent irradiation with the 405 nm MML was terminated.

The Ge doped samples 22u showed a completely different behaviour. The discussed
sample in Figure 5-22 had a length of 0.151 m and Pouhre = 280 mW. As a conseguence
of the longer UV absorption wavelength of this material no signal could be measured be-
low 280 nm (see Figure 5-22 a)). Nevertheless, an improved loss was calculated between
280 and 300 nm in Figure 5-22 b) due to a shift of the absorption edge, which happened
quickly within the first five minutes long irradiation period. On the other hand, the tail of
an absorption band was measured between 300 and 350 nm. Figure 5-23 shows the quick
improvement at 285 nm to -100 dB/m and -150 dB/m, followed by a slow increase. This
was probably caused by the increase of a tail, which was traced at 305 nm and 330 nm
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and showed a slow increase over time. Both trends continued after the permanent irradi-
ation was terminated, stressing the major influence of the tail in this region for longer ir-
radiation. This interesting behaviour between 280 and 300 nm was approximated using
Gaussian distributions at the GeODC singlet excitation, at the 330 nm band and at the
NBOHC. The result for a NBOHC at 265 nm with 4.9 dB, a GeODC singlet excitation at
240 nm with -8.3:10° dB and a 330 nm band with 0.3 dB of induced loss is included in Fig-
ure 5-22 b) as a green dashed line. This line approximates the 30 minutes irradiation
curve well and should fit better if a GeODC wider than the value from literature is as-
sumed. The loss for the GeODC at 240 nm is extremely high, but a value in the range of
10* dB was estimated in the first place and only by these means the crossing of Ly =0 at
A =295 nm was achieved.
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Figure 5-22: Example of a 0.151 m long 22u sample (Ge doped core): a) Spectra taken
before, during and after 405 nm MML irradiation. b) Induced loss during and after 405 nm
MML irradiation. The intensity in the fibre core was Icre = 158 kW/cm?.
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Figure 5-23: Traces of induced loss over time at specific wavelengths during irradiation
with 405 nm MML of two 22u samples (Ge doped core). The dashed-dotted line marks the
time stamp when the permanent irradiation with the 405 nm MML was terminated.

5.5 Discussion

The damage with the deuterium lamp demonstrated that defect centres at the
wavelengths of 215 nm and 250 nm can be altered in the IG-15 LMF. The E', centre and
the ODC(Il) at these wavelengths were generated and reduced slowly within the irradi-
ation time with no obvious saturation. After an annealing phase the changes recom-
menced. Interestingly, the ODC(ll) increased at the beginning of the irradiation and star-
ted to reduce only after about 30 minutes. It seems that there are two processes of
ODC(Il) modification, one quickly induces defect centres while the other anneals this de-
fect centre over time. In the first minutes these two processes duelled each other, but
when one of them reached saturation the other increased its effect.

Surprisingly, all the differently prepared LMF samples showed modifications to their de-
fect centres in the DUV. With the comparably low photon energy of 3.07 eV at 405 nm
wavelength almost all varieties of DUV bulk defect centres were altered in some way. This
happened even if the ODC(IlI) was not strongly pronounced in the pristine samples, like
for the 1u (standard preform), or the ODC(lI) was not bleached or transformed completely
as for the IG-15 (H, treated preform). In general, it was observed that a reduction of
ODC(ll) happened abruptly within the first five minutes of irradiation with the 405 nm
MML. On the contrary, if an increase of the ODC(Il) was observed it happened over a
longer period. The E', centre also increased slowly over the course of irradiation, just like
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the NBOHC when it was observed. In case of the 6u (H; treated preform, 15 um core fibre)
and the 23u samples (H. treated preform, 10 um core fibre) the abrupt reduction of an
absorption band was seen, simultaneously to the ODC(Il), which could be attributed to the
NBOHC. In addition to these normally seen defect centres the E's centre seemed to occur
in some samples, like 1u and 23u. However, this defect showed only a quick small in-
crease, maybe followed by a masking through the ODC(Il) and E'y centres with higher
damage values in respect to 229 nm.

During the annealing phases the E', centre was never seen to increase. Either it was
stable or it reduced slightly without the 405 nm irradiation. The ODC(Il) and the NBOHC
on the other hand increased during annealing. In the case of 1u and 42u (F doped core)
an absorption band between 300 and 350 nm was observed to build up, with peaks at
350 nm and 313 nm, respectively. This band might be the interstitial Cl, absorption. A
similar behaviour of 1u and 42u was already seen in the work of Unger [Unger2002]. The
interesting behaviour of the Ge doped samples 22u was approximated using Gaussian
distributions. A model of a quickly and strongly reduced GeODC and a slowly increasing
NBOHC is consistent with the observations on the other LMF samples. In general, the
ODCs are reduced, the NBOHC is increased and during the annealing phase the ODCs and
the NBOHC increase slowly.

The changes in the IG-15 material by deuterium lamp and 405 nm laser are essentially
the same, but much more expressed for the laser irradiation. From earlier work on multi-
mode fibres [Klein1998, Huebner2000] it was deduced that about 2 nW/nm of deuterium
light are coupled into the LMF, which results in 30 nW in the absorption band of the
ODC(Il) at 5 eV (250 nm). This has to be set in contrast to 240 mW at 3 eV (400 nm).
However, the process by which the longer-wavelength light manipulates the DUV defect
centres is still not clear and not described in literature, so far.

From my side, a real coherent two-photon absorption of 3 eV photons seems unlikely
in a low power experiment of this type, but the probability of this might increase with the
extremely long exposure. More likely is a two-step process as proposed by Messina and
co-workers [Messina2008]. In this process an exciton is generated when two consecutive
photons are absorbed incoherently. A non-radiative decay of the exciton can induce a de-
fect centre at a precursor close to the absorption site. On the other hand, E', centres can
be generated directly at the absorption site by a two-step ionization of ODC(ll) centres.
While the work of Messina used the transition of the GeODC as an intermediate step for
the two-step absorption of 5.1 eV laser light, the long-lived (~ 10 ms) singlet-triplet excit-
ation (So = Ti) of the ODC(ll) at 3.15 eV (394 nm) with a width of 42.5 nm is the only pos-
sible absorption in this case [Skujal994]. As it can be seen from Figure 5-24 an absorp-
tion of a second photon at this transition can be treated like a So = S; excitation. The os-
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cillator strength of the triplet excitation is rather low, but since we are very close to this
wavelength with our laser a consequence should be seen from this excitation.
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Figure 5-24: Energy term schematic of the ODC(Il) with singlet ground state S, and
singlet as well as triplet excited states [Skujal998].

The quick reduction of ODC(Il) within the first minutes of 405 nm irradiation is interpreted
as a direct influence on the ODC(ll) by an excitation through the triplet transition. In the
IG-15 the ODC(IlI) were completely transformed, probably into E', centres by two-step ion-
isation. The 6u and 23u, which were also H; treated like the /G-15, did not show a com-
plete transformation of the 250 nm absorption band. Either the band was not fully re-
solved by the spectral measurement or two different species of defect centres were ob-
served at 250 nm. Candidates are the description of the ODC(ll) as a silicone dangling
bond and as two-fold coordinated silicone as well as the peroxy radical, which is contro-
versially discussed in literature. All the other defects that were generated, were very
likely due to decays of excitons (SiO,)* at strained precursor sites P or where hydrogen
and chlorine were bound into the silica network [Friebele1979, Skujal998, Muehlig2005].

(Si0z) + 2-hv - (5i0x)* (5-6)
P + (5i02)* - E' (5-7)
Si-H + (Si0x))* - E' + H (5-8)
Si-O-H + (5i02)* - NBOHC + H (5-9)
Si-Cl + (5i02)* - E' + Cl (5-10)

Formula 5-10 would also explain the generation of the 330 nm band in 1Iu and 42u
samples. The strong increase of the ODC(Il) in the Iu when irradiated with 405 nm laser
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light would render the Cl. molecules unstable and incorporate some of them into defect
centres [Kirchhof2001], leading to the reduced 330 nm band for 1u. The bond of a chlor-
ine to a silicone atom, also from production (0.14 mol% CI content in core and cladding),
would later be broken by a decaying exciton, then the chlorine could dimerise and form
the interstitial Cl; band again.

The explanation of the laser-induced periodic surface structures on the fibre end sur-
faces for long-term irradiation bases on the surface ionisation of the silica material (see
Section 4.8). The main contribution to the surface ionisation would come from positively
charged E' centres close to or on the surface. If a modified silica fibre with a small core
diameter did not show the generation of the E' centre band during 405 nm irradiation, it
would be perfectly suited for this application. Unfortunately, all the LMF samples ex-
amined here showed a strong generation of E' centres and other defect centres. On one
hand, the improved materials for 446 nm laser applications did not exhibit a large loss in
the visible range due to an extended UV absorption tail, except for the Ge doped sample.
On the other hand, the increased resistance against the so-called photo-darkening in the
visible revealed the strong influence of the surface effects on fibre transmission in the
long term [Kirchhof2001, Unger2002]. Further tests with low-temperature high-pressure
hydrogen loaded fibre samples could show the reduced generation of E' centres. A posit-
ive influence along the fibre could probably be observed, but the molecular H, would not
be stable at the fibre surfaces and diffuse out of the material.

5.6 Summary

The spectral damage behaviour of different low-mode fibre types was investigated by
405 nm laser irradiation. Fibres drawn from modified preforms were examined at known
UV defect centres for induced losses and those recorded time-dependently. The preforms
were either standard low-OH material, prepared with H, diffusion or collapsed in a He at-
mosphere for an oxygen deficit. Fibres with cores weakly doped with Ge, P or F were ex-
amined as well. All fibres showed a strong defect centre generation and transformation
after 405 nm irradiation. Thus, non of the investigated samples is well suited for long-
term stability concerning the previously found surface damage. No significant length de-
pendence of the loss distribution was found and a comparison to standard deuterium
lamp damage revealed a very efficient process of defect generation for the 405 nm laser
irradiation. This leads to the conclusion that a multi-photon process is responsible for the
induced defect centres. A two step absorption at the singlet-triplet transition of the
ODC(Il) is proposed and consistent with models from literature [Skujal994, Messina2008].
This absorption could generate excitons which in turn transform precursors into defect
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centres. An efficient transformation or bleaching of ODC(ll) into E', centres supports this
proposal.
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6 Evolution and mitigation of periodic structures
on fibre end surfaces

6.1 Abstract

After the discovery of laser-induced periodic surface structures (LIPSS) on the launching
end surfaces of single-mode fibre irradiated with 405 nm CW laser light, different meas-
ures were investigated to mitigate the effect and stabilise the fibre output power. To-
gether with the transformation of defect centres, the power density and the surface
roughness are the most influential parameters to the growth of the LIPSS. It will be shown
that a spliced and cleaved short piece of launch-fibre stabilises the fibre output power.
However, the growth of a LIPSS on the distal end was stimulated, due to a constantly high
power density. This effect can also be mitigated by using launch-fibres or end-caps. In ad-
dition to the investigation of the distal end damage, step-wise simulations of the growth
of the LIPSS on the distal fibre end were undertaken to see the impact on transmission
properties and beam quality. Finally, these results will be compared to experimental data
of output beam quality degradation.

6.2 Introduction

When the output power degradation of 405 nm fibre-coupled diode laser systems was in-
vestigated in detail, it became apparent that no photo-degradation or contamination ab-
sorbed or attenuated the laser light at this wavelength. The coupling and transmission
loss of the laser light was associated to the growth of a laser-induced periodic surface
structure (LIPSS, see Chapter 4). This LIPSS grows due to the irradiation of the fibre end
surface with 405 nm CW laser light and forms a lens and a scattering centre on the
launching surface. The additional optical element changes the coupling conditions into
the low-mode (LMF) or single-mode fibre (SMF). As the structure grows in height, less
power is coupled into the fibre core and the fibre output power decreases over time. The
main factors contributing to the formation of the LIPSS are the power density, surface
roughness, generation of UV defect-centres, and the polarisation direction of the laser
light. The polarisation determines the orientation of the ripples, which in this work on
silica were found to form parallel to it. This can be confirmed by results from femto-
second laser experiments on silica in literature [Hoehm2012]. On the other hand, it was
concluded that the other three factors determine the thickness of an unstable ionised sur-
face layer. As shown before, this layer self-organises into the LIPSS over the period of ir-
radiation [Reif2006].
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Different solutions which reduce the intensity on the fibre launching end were ex-
amined in this work. Different end surface preparation methods were compared in
Chapter 4 and fibre cleaving turned out to be the most reliable one, concerning the sur-
face damage. The application of glass windows is widespread in fibre-coupled high-power
laser systems for the near-IR region, especially for fibre laser systems. These so-called
end-caps are glass ferrules that are fused to the fibre end, preferably by using CO, lasers
[Boehme2009]. The result of using an end-cap is the reduction of power density on the
fibre end surface, to mainly prevent mechanical damage of the glass surface. Such a
product with silica tubing is also offered by Polymicro Technologies [Acuna2010,
US2011/0235973] and was provided for this work fused to different SMF and LMF samples
with a CO; laser. Through this silica window the laser beam incides with a large spot, the
light is then focused into the fibre within the silica material. Unfortunately, it was not pos-
sible to use these samples with silica end-caps in an existing, mechanically stable, dam-
age setup for long-term irradiation. No connector or holder for these ferrules was avail-
able for the use on the launching fibre end.

During the search for an own solution a possibility was found to splice pieces of multi-
mode fibre (MMF) to SMF and cleave the MMF at a precise distance from the splice.
Thereby producing a short launch-fibre, like an end-cap, with a good surface quality that
can be employed with the SMF inside a standard connector for 125 um fibre. A patent ap-
plication has been filed for a similar procedure by Coherent Inc. and been published at
the beginning of 2010 [US20100027569]. In that application the splicing of a MMF and
SMF and a subsequent polishing process are described, but not a preparation by cleaving.
The likelihood of the application being granted is low, because a patent on the use of
MMF as launch-fibre for small core fibres was already granted in 1987 to AT&T
[US4701011]. It should be noted, that the duration of this particular patent was over in
2005.

In the future the output power of CW diode lasers at 405 nm will increase further and
single-mode laser diode modules (LDM) with 300 mW output power are already commer-
cially available. Therefore, more than just the reduction of power density should be con-
sidered for the production of a high performance launch-fibre. The other important para-
meters, which enhance the formation of a laser-induced periodic surface structure, that
were found are the surface roughness and the generation of defect centres. If these are
considered as well, then it should be avoided to polish the launch-fibre. Alternatively, a
precise cleaving of the end surface is possible with common telecommunications fibre
cleavers, thereby improving the surface roughness as shown in section 4.3.4. The MMF
that is employed as a launch-fibre should exhibit a low solarisation to reduce the genera-
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tion of UV defect centres. Therefore, a FDP type MMF, produced by Polymicro Technolo-
gies, was used that shows only a very low solarisation in the DUV [Khalilov2006].

In this chapter experiments and results obtained for improved fibre assemblies are
presented. The calculation and production of an assembly with a high performance
launch-fibre are described. All proximal fibre ends have a launch-fibre. For the investiga-
tion of the distal fibre end damage assemblies with and without silica end-cap were pre-
pared. The assemblies were long-term irradiated with 405 nm CW laser diodes. Addition-
ally, measurements of spectral loss and beam quality were performed at the fibre output.
The results on the distal fibore end damage are compared with step-wise simulations of
the growth of a LIPSS on the distal fibre end.

6.3 Experimental setup

6.3.1 Measurement setups
For the irradiation of the fibre assemblies, laser diode modules (LDM) for 405 nm were
used. The single-mode laser (SML, Omicron LDM405.120.CWA.L) uses only a single diode,
while the multi-mode laser (MML, Omicron LDM405D.450.CWA.M) comprises two cross-
combined diodes. The output power of the employed SML has a maximum of
P..t = 150 mW and the laser beam is collimated and optically corrected for astigmatism.
The beam quality of M2 = 1.1 is suitable for high coupling efficiencies into SMF. The MML
has a maximum output power of P, = 390 mW and a beam quality of M? = 3. The LDMs
are current and temperature stabilised for long-term irradiation. The collimated laser
beam is focused on the fibre end surfaces with an imaging and alignment system (IAS) for
connectorised fibres. The focal length of the aspheric lens used in the SML is f=6 mm
and f=4 mm in the MML. The fibre end can be adjusted along the optical axis and
tumbled around it. Because of the small spot diameter power densities in the range of
MW/cm? are achieved for output powers of a few hundred milliwatts.

The progress of the experiments was monitored using the fibre output power Pyt ibre
from the fibre assemblies. The assemblies were irradiated over a period ranging from
eight days to over two months. The loss over time was calculated using the formula:

Pou ire<t)
L(t) = _10'|0910(ﬁ) (6-1)
out, fibre
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LDM IAS FUT PM/CAM

< >

Figure 6-1: The damage setup consisting of stabilised laser diode module (LDM) with a
wavelength of 405 nm, an imaging and alignment system (IAS) and a movable thermopile
power meter (PM) or camera (CAM). The fibre under test (FUT) is aligned for maximal
output power.

For the power readings a thermopile power meter (PM) of type Coherent PowerMax
PS19Q (19 mm aperture) was used. In Figure 6-1 the whole setup is shown, where the
fibre under test (FUT) is a fibre assembly with launch-fibre or end-cap and a length of 1 m
in all cases. To connect the FUT to the IAS all proximal ends were connectorised. The
FUTs were not glued in the connector, but rather held in place by a clamping mechanism
attached to the connector. For the MML FSMA connectors were used and for the SML
FC/PC connectors. The distal fibre end is aligned 10 mm in front of the PM for free space
irradiation and was appropriately connectorised for spectral measurements. The distance
between fibre end and PM can be accurately varied for divergence angle measurements.

In all cases the proximal end was adjusted to maximum fibre output power using the
IAS. The polarisation of the SML was aligned to the slow axis of the polarisation-maintain-
ing (PM) fibres. During irradiation, the proximal fibre end is used inside the IAS, but not
sealed or flushed with gas, and readjusted from time to time to make sure that the sys-
tem was not misaligned by mechanical or temperature changes. The distal end is in free
space and not protected from dust particles. All experiments are conducted in a standard
laboratory environment at room temperature. To determine the error in the power read-
ing, the standard deviation of a daily or semi-daily average is added to the uncertainties
seen from the power meter and the laser diode module. For the error AL of the loss the
non-linear propagation of error is used [Muehl2001]:

AL = \/ oL
aPoul’,fibre(o)

For the influence of the 405 nm laser radiation on the fibre material the power density

2

2
L(t)) .APout,ﬁbre(t)z (6-2).

0 Pout,ﬁbre

'APout,ﬁbre(O)Z-'-(

I.ore in the fibre core needs to be taken into account.
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— out,fibre (6-3)

core 2
Acrr Wy

I — Pout, fibre

The power density is averaged over the effective mode area A.« of the fibre core. The
peak power density Ip,..« Of a Gaussian beam in a SMF is twice as high as I.. [Pas-
chotta2008].

M? measurements of the beam quality at the distal fibre end were performed on the
light emitted from the fibre, which was collimated with a microscope objective. Behind
the objective a lens with a focal length f=40 mm and a sliding CCD camera (DataRay
WinCamD-UV) were installed to take the measurements (CAM in Figure 6-1). For each
measurement 20 data points were taken with a distance of 3 mm in between.

In order to determine the spectrally induced loss in one MMF and one SMF sample, a
spectrometer system as depicted in Figure 6-2 was employed. The system consists of a
deuterium lamp (D) with an imaging system and the fibre-optic spectrometer (OceanOp-
tics Maya2000Pro). The FUT was connected with FSMA connectors to the spectrometer
and the deuterium lamp. This lamp provides a broadband light spectrum starting at
180 nm while the spectrometer covers the spectral range from 167 to 620 nm.

UV/vis-
FUT FOS

D, IIS

Figure 6-2: Spectral measurement setup; D,: deuterium lamp, IS: imaging system, FUT:
fibre under test, FOS: fibre-optic spectrometer for UV and visible range.

Spectral measurements were taken before and after exposure for the MMF. The damaged
SMF on the other hand was compared to a pristine piece of this fibre of the same length,
after the launch-fibre was removed to equalise the coupling conditions. The dark current
reading was subtracted from the recorded spectra. To obtain the spectral loss induced by
405 nm irradiation the spectra were processed using the relationship:

Ibefore ( 7\‘)

In the spectral measurements, a lamp signal error Al of £3 % at 200 nm, £2 % at 300 nm

L, (N = —10-I0910(M) (6-4).

and =1 % at 400 nm is taken into consideration. The noise in the spectrometer is much
lower than this error and not taken into account. For the error of the spectral loss AL, the
non-linear propagation of error is used [Muehl2001]:
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aLind
A L/ﬂd - \/(a Ibefore

The damaged distal fibre end surface of one assembly was repeatedly cleaved off. The

2

aLind
ol

2
'AIlzyefore-*' ) 'AIzafter (6-5)

after

cleaved off distal end was stored for investigation in a scanning electron microscope
(SEM) with energy-dispersive x-ray spectrometer (EDX). Cleaved samples of the distal
fibre end were taken for periods of 14, 8, 1, 2, 6, 4 and 12 days of irradiation at constant
power densities of 1.3 MW/cm? at the fibre end. The order of the samples depended on
the access to the experiment, for example on weekends, and therefore is not from
shorter to longer periods. For other assemblies the damaged distal fibre end was cleaved
off only once for the SEM examination. Photographs of the far-field on a screen were also
taken for pristine and damaged distal fibre ends.

6.3.2 Length calculation of a launch-fibre or end-cap

If the beam spot size wy s of a focused laser beam is assumed to be the same in air with a
refractive index n; = 1 and a medium with n, # 1, then the beam parameter product BPP
is [Paschotta2008]:

A
BPP =0,-w, =+ (6-6),
: Ao
with A, = - and A, the vacuum wavelength (6-7).

The BPP in a medium is divided by n, effectively reducing the wavelength A, for a higher
refractive index. The far-field angle is then reduced due to refraction. This also means
that the diffraction limit of the beam is lower in a medium with n > 1. If the laser beam is
not a Gaussian beam, then the diffraction limit and beam parameter product are in-
creased by the M2 factor [Sun2012], which is 1.07 for a SMF. The actual beam spot size
Wo,s in the focus can then be calculated by far-field approximation:

Ay f

W, = -M? (6-8).

W'Wo,/

Here fis the focal length of the imaging system and w,, the beam radius of the collimated
laser beam at the input of the focusing lens. If the beam spot size wys in the laser focus is
different from the spot size w,r of the SMF, then the coupling efficiency n and loss L are
given by Formula 6-9.

2:Wo W | Wi, +wi
n=|—5=-"] ; L=20log, |—2=—2" (6-9)
Wo,s + Wo,r 2:-Wo oW
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Figure 6-3: Sketch of launching setup with SMF and MMF launch-fibre of length I,. A lens
with focal length fis in a distance of I; from the end surface.

The setup for a launching system with launch-fibre is sketched in Figure 6-3. For launch-
ing light into the fibre end with an attached MMF launch-fibre, it is very important to avoid
cutting off too much of the flanks of the Gaussian power distribution. The power P of a
Gaussian-shaped beam that is transmitted through an aperture with radius r is given by
[Marcusel982, Neumannl1988, Sun2012]:

—2.r2
P, 2)= Pl e (6-10)

2 WO .
+1 ~ 2052 (6-11)

_ z
w, (z)= W, Z
R,n

(approximation only valid for |z| > zg,n)

2
_ Wy

Zan= 2y (6-12)

The beam radius w, depends on the position z along the propagation axis of the beam,
starting at the focus, and the Rayleigh length zz,, as shown by Formulae 6-11 and 6-12.
The Rayleigh length zz, is the distance from the focus at which the beam radius increases
by factor v2. It is shorter for beams with larger M? factor.

For the calculation of the coupling conditions and properties of the imaging system the
propagation needs to be viewed from the focus. First, the actual beam spot size wy; is de-
termined for the imaging system with focal length f using Formula 6-8. This is the focus
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with z = 0 inside the silica launch-fibre. The propagation of the beam inside the launch-
fibre towards the source with negative z is specified by:

w,(2) = w, (—)2+1 (6-13)

with n, = 1.45 for silica.
In contrast to a silica end-cap, a launch-fibre has a small core diameter. The beam radius
wz(z=-1;) at the entrance aperture of a launch-fibre with a core radius r =50 um and
length I, for which 98 % of the power are retained is determined using a transposed form
of Formula 6-10:

—2.r2 [—2:50 \/5000
-1,) = / = N ~ 35.8 6-14).
wal—L) =\ T T = 0.98) = Vin(0.02) ¥ ~\ 3.0 M7 Hm (6-14)
Consequently, the length L; is:
—1,) ¥ -1
ZZZZR,Z. (le/‘E 2)) - 1 ~ ZR,2'W|2/|E 2) (6_15).
0,s 0,s

For a LDM at A¢ = 405 nm with wo, = 0.6 mm, M2 =1.2 and f = 6 mm the following values

are received with »,~279.3 nm :
W, ,~1.55um and 2z,,~22.4 um (6-16).
The maximum length I, is approximately:

35.8 um

I ~22.4 um.
2 HM 155 um

~517 um (6-17).

The beam propagation in the air towards the laser source has to be calculated only after
z = -I;. The two propagation schemes have to be stitched together at that point. There-
fore, the position z; at which the beam in air has the same diameter w,(z=-1;) as the
beam in silica needs to be determined:

Zy= Z(Wz(zz_lz)) = ZR,1'\/

wz(z=—lz))2 L (6-18).

The offset z, of the beam in air on the propagation axis is:

n
z,=1,-z, = 12-(1 - n—z) (6-19)

and the relation of I, I; and z, according to Figure 6-3 is:

n n f l l
L =f+z, -1, =f+ -1 — -1 =f-1,-—% — =14+ 2 -20).
1 +Z,—1, =1 n, 2 ', or n, n1+n2 (6-20)
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The distance between the focusing lens, where the beam radius is wy,, and the focus, with
Wo,s, is approximately the focal length fin the far field (see also Formula 6-8):

2 2
£ z,, (Wo,/) 1~ J;/IZV;S xo,/ _ T |;\‘/402,5}\'W0,/ (6-21),
AT U on

0,s

with wo,; > woys.
Therefore, the major change in the imaging system is not in the lens, but rather in the
distance I; between the lens and the end surface. This depends on the length of the
launch-fibre and its refractive index. The distance I; will be linearly reduced by z;, which
depends on the length /; of the launch-fibre, as shown in Figure 6-4. This adjustment is
possible with most alignment systems, either by z-axis alignment or by putting the lens
closer to the end stop of the connector socket. The intensity I(z=-1,) at the air-silica inter-
face is:

P
I(z=-1,) = ——2— -
(z=-1,) T — (6-22).

It is also shown in Figure 6-4 for the LDM with Formulae 6-16 and 6-17, and output power
Pout = 150 mW. The power density can be reduced from about 2 MW/cm? in the focus to
below 10 kW/cm? with I; > 320 pum.

I(z=-1,) [kW/cm?]

. I 1 " 1 " 1 " 1 I 1 " 1 L 1 1 0
100 150 200 250 300 350 400 450 500
1, [um]

Figure 6-4: The distance z; (black), by which the launch-fibre end surface needs to be put
closer to the lens, in dependence on the length I, of the launch-fibre. Values according to

Formula 6-20 with f = 6 mm and n, = 1.45. Intensity I(z=-1;) (red) at the air-silica
interface for the LDM with Formulae 6-16 and 6-17, and output power P,,: = 150 mW.
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The radius of curvature R(z) of the beam propagating into the launch-fibre increases ab-
ruptly at the air-silica interface due to refraction. Figure 6-5 shows this together with w(z)
along the propagation axis into the launch-fibre. Using the approximation |z| > zz, the ra-
dius of curvature is given by [Marcuse1982, Neumannl1988, Sun2012]:

Z 2
R(z)= z (?) +l|~z ; (6-23).
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Figure 6-5: Beam radius w and radius of curvature R over position z for Ao = 405 nm,
Wo, = 0.6 mm, M? =1.2 and f = 6 mm with I, = 517 um. The dashed line marks the
transition from n; = 1 to n, = 1.45.
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6.3.3 Sample preparation

The high quality of the employed FDP MMF was confirmed by a damage test with a multi-
mode LDM with 390 mW output power. A 1 m long piece of FDP100 was irradiated for 4 h
and then additionally for 12 h. The induced loss L,y in Figure 6-6 shows almost no change
after 4 h and a very small E', centre after 16 h of irradiation. Due to the large core dia-
meter of 100 um the power density I in the core was only 4.4 kW/cm? during the dam-
age. Therefore, a quick degradation of a cleaved surface of a FDP100 launch-fibre is not
likely.

1 m FDP100; 4.4 kW/cm?

0,3} | ——FDP100-4 h-4.4 kW/cm? |
———FDP100 - 16 h - 4.4 kW/cm?
0,2 -/’ -
m
©
el
-]
£
-1 01} i
AY
0’0 " 1 I 1 " 1 "
200 250 300 350 400

A [nm]

Figure 6-6: Induced loss for a 1 m long sample of fibre type FDP100. A power density of
4.4 kW/cm? was achieved for an irradiation period of 16 h.

A spliced and cleaved launch-fibre of FDP100 with an outer diameter (cladding) of 110 um
is shown in Figure 6-7. Standard telecommunications splicers (Fujikura FSM-30S or FSM-
100MP) and a specialty fibre cleaver (Vytran LDC-400) were used. The production can
easily be observed by using a small digital microscope connected to a computer by USB
(universal serial bus), for example a Dino-Lite microscope. These microscopes also allow
geometrical measurements in the stored or live transferred pictures, thereby simplifying
the production process. Lengths of 420 to 530 um of the launch-fibre were cleaved on the
experimental assemblies and a length accuracy of = 10 um was achieved.
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a) b)

Figure 6-7: a) A launch-fibre with a length of I, = 450 um spliced to SM 400-SC. The splice
is easily recognisable by the transition from 110 um to 125 um outer diameter. b) A end-
cap fused to a fibre end by Polymicro.

The preparation of photonic crystal fibre (PCF) is facilitated by the means of splicing to a
launch-fibre. Without a launch-fibre the holes of the PCF needed to be closed at the ends
and the end surfaces had to be flattened by polishing. When splicing the MMF to the PCF
the microstructure at the end is protected by the splice. Therefore, a PCF, especially en-
gineered for this work, was one of the first samples with a launch-fibre. This particular
PCF was designed and drawn by Fiberware and is called PM-LMA-375. It is a large mode
area PCF with an elliptical mode field that maintains the polarisation. It was designed for
the violet region with a high OH content of > 700 ppm in the core material.

The other SMF type that was prepared with launch-fibre was SM 400-SC from Fiber-
core, UK. While those assemblies only have launch-fibres on the proximal end, two other
assemblies were protected on the distal end as well. For this purpose Polymicro Technolo-
gies fused silica end-caps to an experimental LMF type 6u from IPHT, Germany, and to
the commercial PM fibre PM-5405-HP from Nufern, USA. The end-caps have a diameter of
2.7 mm and a length of 15 mm. The distance between the fused region and the air-silica
interface is in the range of 300 to 600 um.

Even if it was not used on the samples presented, it is possible to create a specific
angle on the launch-fibre end surface with a Vytran LDC-400. This is important for a final
product to reduce back-reflection into the laser diode. After the fibre is fixed in the hold-
ing blocks of the cleaver, one of the blocks is rotated in a certain angle and then the fibre
is cleaved [Neumann1988]. The specific angle on the end surface depends on the applied
torsion or rotation angle, the distance between the holding blocks, and the fibre modulus
of rigidity, which is in the order of 28 to 32 GPa for silica fibres. In the experiments the
angle on the end surface was not an issue, but a final commercial product has to incor-
porate an angled fibre end surface. Especially for PM-SMF the orientation of the cleave
angle in respect to the birefringent structure needs to be taken care of [Mende2002,
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Caloz2004, Agrawal2007]. Only then, an assembly like FC/APC is possible. The first exper-
iments for an 8° angle on SMF and PM-SMF resulted in an angle of (7.59+0.75)° on
SM 400-SC and (6.87+0.91)° on PM-5350-HP. A correct alignment of the cleave and the
PM axes was possible, but yet with a lot of effort to achieve this.

6.4 Results

6.4.1 Performance of fibre-coupled diode laser systems
with launch fibre

The coupling efficiency from the laser into the SMF through the launch-fibre also depends
on the quality of the splice, besides the spot sizes of laser focus and SMF
[Neumannl1988]. The light-guiding structure of the SMF could deform in the first few
10 um due to the heat of the fusion arc. As a consequence the laser light is not guided or
coupled with a low loss. Furthermore, the interface between MMF and SMF can get con-
taminated by burn-off from the electrodes of the fusion arc splicer. In Table 6-1 the
achieved coupling efficiencies for the different investigated combinations of LMF, SMF
and PM-SMF with launch-fibre of different lengths are reported. The PM-SMF and LMF as-
sembly had a launch-fibre on the proximal end and a silica end-cap on the distal end. The
second SM 400-SC sample with a single launch-fibre was also checked in reverse. With
the launch-fibre on the distal end and a bare fibre end on the launching end. In this ar-
rangement the assembly had a fibre output power of 90.7 mW. In comparison to the in-
tended arrangement the coupling efficiency was better, with 65.7 % compared to 47.2 %
and 65.1 mW. But with the launch-fibre on the distal end, interference rings were seen in
the far field.

The fibre output power Py Was stabilised to a large degree in the samples with
launch-fibre. Figure 6-8 shows that the damage rate is below 0.03 dB/day for the protec-
ted samples. For comparison, the damage rate for SMF samples without protection irradi-
ated with the SML was 0.2 to 1 dB/day, depending on the surface preparation (see section
4.3). On the surfaces of the launch-fibre no damage could be found after the irradiation.
The first assemblies had a low coupling efficiency, nevertheless power densities I in the
SMF cores of 800 kW/cm? to 1.3 MW/cm? were reached.
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Table 6-1: Coupling efficiencies of transmission systems with different fibre types and
launch-fibres of different lengths. (*: assemblies with silica end-cap on distal end)

Pout,fibre [mW];

Type Mode-field diameter [um] Length [pm] Coupling efficiency
SM 400-SC 2.5 420 53.1 mW; 38.5 %
SM 400-SC 2.5 450 65.1 mW; 47.2 %
PM-LMA-375 2.6 / 4.3 (elliptical) 490 72.2 mW; 52.3 %
PM-S405-HP * 3.2 530 81.2 mW; 58.8 %
6u * 15 (core diameter) 490 268 mW; 74.7 %

When the second assembly with SM 400-SC (red circle in Figure 6-8) showed a higher loss
of 0.38 dB after 14 days, the distal end was cleaved off. The loss was thereby reduced by
0.13 dB. It was noticed that the divergence angle of the beam coming from the fibre was
smaller after the damaged distal end was cleaved off. Therefore it was assumed that the

reduction in power that was measured was not due to a loss, but due to an increase in

T v T ¥ T T T T =
2,0 | —o—SM 400-SC - 420um CC - 53.1 mW -
—o— SM 400-SC - 450 um CC - 65.1 mW

—/— PM-LMA-375 - 490 ym CC - 72.2 mW
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Figure 6-8: Loss over time of SMF samples with launch-fibre irradiated with the SML. The
second sample (red circle) was adjusted several times during irradiation. The given power
is the fibre output power at the beginning of the measurement.

far-field angle. The light spot was larger than the aperture of the power meter and could
not be completely collected. The last of seven samples which were cleaved off after dif-
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ferent periods showed the lowest measured power after 12 days of irradiation, but when
it was cleaved off all the light could be collected again for the power measurement. For
this last sample of damaged end surfaces an M? measurement was performed directly
after cleaving and after the 12 days of irradiation. On one axis a degradation from
M? =1.2+0.2 to M? = 5£0.5 was measured and on the axis perpendicular to that a de-
gradation from M? = 1.6+0.2 to M? = 9+0.5.

The increase in far-field angle of the light emitted from the fibre end was most notable
for the assembly with PM-LMA-375. Before the irradiation the web around the PCF core

a) b) c)
Figure 6-9: Photographs of the far-field of the PM-LMA-375 assembly on a screen for a)
the pristine end surface, b) irradiated for one day and c) irradiated for five days.

0.5 m SM 400-SC; 1176 h 1.3 MW/cm?

30 Launch end with 450 pm cleaved launch-fibre
T T T T T T T T T T T v T T T

_ MW%% MW\J«M‘{]

200 250 300 350 400 450 500 550 600

A [nm]

Figure 6-10: Induced loss for 0.5 m long sample of fibre type SM 400-SC. A power density
of I.ore = 1.3 MW/cm? was achieved for an irradiation period of 49 days (1176 h). The fibre
assembly had a 450 um long cleaved launch-fibre. An approximation of the damage by
three Gaussian distributions at well-known UV defect centres (green colour) is drawn with
red colour and had a r? = 0.977. In the wavelength range of 380 to 500 nm the higher
order of the damage reflected by the spectrometer grating can be observed.
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was also illuminated and projected onto the screen, shown in Figure 6-9 a). This projec-
tion of the web got more blurry over the course of irradiation, until after five days in Fig-
ure 6-9 c¢) mainly the core was projected onto the screen. At the same time the increase
in divergence angle was obvious, but constrained to the vertical axis.

The stable long-term irradiation of the second SM 400-SC sample gave the possibility
to investigate the generation and transformation of UV defect centres on a longer time-
scale. A constant power density /. 0of 1.3 MW/cm? was achieved in the SMF. The result of
an induced loss measurement after 49 days of exposure is shown in Figure 6-10. The
curve shows an increased loss at around 215 nm and at 260 nm, with a window of low
loss in between. In the wavelength range of 380 to 500 nm the higher order of the dam-
age reflected by the spectrometer grating can be observed. This is not a photo-degrada-
tion effect. The loss behaviour in the DUV was approximated by adding up Gaussian dis-
tributions at known centre wavelengths of defect centres (green curves in Figure 6-10).
The E', centre at 215 nm with 29.6 nm spectral width (FWHM), the oxygen deficient
centre ODC(Il) at 250 nm with 14.9 nm spectral width and the non-bridging oxygen hole
centre NBOHC at 266 nm with 54.7 nm spectral width were fitted to the curve
[Skujal998]. The E'y centre and NBOHC had a peak loss of 27.9 dB/m and 3.1 dB/m, re-
spectively. The ODC(Il) on the other hand had a gain of 2.65 dB/m. For this approximation
a correlation coefficient r? = 0.977 was reached in the wavelength range from 195 to
370 nm (red curve Figure 6-10).

6.4.2 Investigation of distal fibre surface damage

When the impact on the distal fibre end was recognised, the damaged end surfaces were
cleaved off and examined using a scanning electron microscope (SEM). It is important to
see and point out, that the fibre ends were not contaminated after irradiation, except for
particles in the region around the core as shown in Figure 6-11. Taking a closer look at
the fibre core region reveals the existence of a periodic surface structure. Figure 6-12 a)
shows the core of a pristine SM 400-SC distal end that had been exposed to a constant
power density I = 1.3 MW/cm? in the core for 14 days. This value is calculated using
the ratio of fibre output power and effective mode area. A periodic structure with a ripple
was formed on the distal surface, which did not cover the whole core and had a diameter
of about 1.5 pm. The ripple was most pronounced in an elliptical area. The structure was
centred on the core at the intensity peak of the Gaussian light distribution, which is twice
the mean value I... The periodicity of the ripples was A = 275 nm. In addition, spherical
particles of sizes ranging from 150 to 900 nm and clusters of those aggregated in a ra-
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dius of about 5 um around the centre of the fibre. These particles were not seen on the
freshly cleaved surface, which was observed to be ‘perfectly’ clean.

The experiment with the PM-LMA-375 shows that the orientation of the ripples depends
on the polarisation of the light. The PM fibre was aligned with its fast axis to the laser po-
larisation and the polarisation was maintained along the fibre. In Figure 6-12 b) it can be
seen that the ripples of the periodic surface structure formed parallel to the polarisation
direction of the light emitted from the fibre. This structure was also centred on the core
and had the form of the elliptical mode field. Its diameters were 1.6 um and 3.6 pm on
the minor and major axis, respectively. The periodicity of this ripple is A = 285 nm. The
aggregation of particles in the core area is not as distinct as for the SM 400-SC, only a

few particles were seen.

EHT =10.00kV Signal A = SE1
'_| WD = 6.5 mm Chamber = 6.79e-004 Pa Date :23 Jul 2012

a) b)

Figure 6-11: SEM micrographs of cleaved SMF distal ends after irradiation with SML: a)
SM 400-5C (Icore = 1.3 MW/cm? for 8 days) and b) PM-LMA-375 (Icore = 822 kW/cm? for
5 days). The polarisation in the PM-LMA-375 was horizontal, along the fast axis.

EHT =20.00kv Signal A=SE1
WD = 5.5 mm Chamber = 5.10e-004 Pa Date :26 Nov 2012

0 m

EHT =20.00kV Signal A = SE1
'—| WD = 4.0 mm Chamber = 9.15e-004 Pa Date :12 Jun 2012

a) b)

Figure 6-12: SEM micrographs of the core regions of cleaved SMF distal ends after
irradiation with SML: a) SM 400-5C (I.ore = 1.3 MW/cm? for 14 days) and b) PM-LMA-375
(Icore = 822 kW/cm? for 5 days). The polarisation in the PM-LMA-375 was horizontal, along
the fast axis.

EHT =20.00kV Signal A=SE1
H WD = 5.5mm Chamber = 4.79e-004 Pa Date :26 Nov 2012
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The SM 400-5C assembly was then further irradiated. To show the growth of the damage,
the distal ends were cleaved after well-defined times. The damage effects were visualised
with the SEM as well. In addition the modification was examined with energy-dispersive x-
ray spectroscopy (EDX). The samples are presented in chronological order. Since the fibre
was not pristine and the core that was exposed had already been irradiated for some
time, an influence of the pre-irradiation on the formation should be taken into account.
The second sample was cleaved off after 8 days of exposure and the structure (in Fig-
ure 6-13 a)) had a completely different morphology. It covered a larger area than the first
sample with a diameter of about 2.2 um. There was no spherical projection with the ripple
on top, but the ripple itself rose high at the peak intensity in the core. The ripples were
also not as orderly as for the first sample. Still, the periodicity was almost the same with
A =278 nm. Large particles with sizes up to 1.3 um and different shapes aggregated in
the core region. In addition to spherical particles and their clusters angular crystal-type

particles were observed.

.00kv  Signal A= SE1 EMT=10.00kv Signal A= SE1
— WD = 65mm __ Chamber = 7.11e-004 Pa Date :23 Jul 2012 — WD= 65mm  Chamber = 5.55e-004 Pa Date :23 Jul 2012

a) b)
Figure 6-13: SEM micrographs of the core regions of cleaved SM 400-SC distal ends after
irradiation with SML and I = 1.3 MW/cm?: a) for 8 days and b) for 1 day.

For only one day of exposure no formation of a structure was seen in Figure 6-13 b). A lot
of small and few medium sized (up to 800 nm) particles aggregated in the core region. If
the irradiation was longer, then a smoothing in the centre of the small aggregated
particles could be observed. Figure 6-14 a) shows the circular aggregation of particles, in
a diameter of 4.7 um, and the circular smoothing in its centre, with a diameter of 1.9 pm,
for two days of exposure.
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um EHT =10.00kv Signal A= SE1 EHT=10.00kv Signal A= SE1
 —| WD = 60mm___Chamber = 5.19-004 Pa Date :23 Jul 2012 — WD= 60mm  Chamber = 7 95¢-004 Pa Date 23 Jul 2012

a) b)
Figure 6-14: SEM micrographs of the core regions of cleaved SM 400-5C distal ends after
irradiation with SML and I = 1.3 MW/cm?: a) for 2 days and b) for 6 days.

Unfortunately, the sample for four days of irradiation was lost during preparation for the
SEM. The sample for six days is shown in Figure 6-14 b) and had only medium sized
particles of about 600 nm in the region around the core. | showed clusters of spheres and
crystalline shapes. The beginning of the formation of a ripple structure could be seen on
the fibre core. With a diameter of 1 um the area is rather small. Three to four ripples with
a periodicity of A = 294 nm were observed.

A very interesting morphology of the surface structure was received for the last
sample surface. It was irradiated for 12 days and had shown the highest increase in diver-
gence angle of the emitted light. As Figure 6-15 shows, the structure had a strong three-
dimensional character. The ripple structure rose out of the surface as if it filled out the

Hm EHT=10.00kV Signal A=SE1
WD = 5.5 mm Chamber = 6.35e-004 Pa Date :23 Jul 2012

Figure 6-15: SEM micrograph of the core region of a cleaved SM 400-SC distal end after
irradiation with SML and I = 1.3 MW/cm? for 12 days.
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Gaussian shape of the beam. The three major ripples had periodicity of A = 296 nm and
the whole structure formed within a circle of 2 um in diameter. For this long-term expos-
ure the aggregated spherical and angular particles are again medium to large sized as
seen above. They are not on the structured area of the end surface, but cover the area
around it. Mostly clusters of the particles were seen.

For several of the samples EDX analyses of the core-particle and a reference region
were performed. An overlay of all spectra is shown in Figure 6-16. A major influence was
seen from the thickness of the sputtering layer. With increased thickness of the gold
layer, the oxygen and silicon signals were lower due to attenuation. Surprisingly, the car-
bon signal was not affected by the thickness of the gold layer. This is a very strong indica-
tion that the carbon signal did not come from the sample but from the surface of the
mountings or contamination within the SEM chamber. Otherwise, the core-particle and
reference region did not show any major differences. Oxygen and silicon signals are al-

most equal and no other specimens were found in those areas.
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Figure 6-16: EDX spectra of different samples from the core and a reference area on the
fibre. The peaks from left to right are carbon, oxygen, silicon, and gold. The samples had
a different thickness of the sputtering specimen gold.

The results and measurements on the damaged fibre end surfaces are summarised in
Table 6-2. Combining Formulae 6-10 and 6-3 gives the power P.pss and the intensity Ipss
in the modified areas with radius riess. A threshold intensity I, at the onset of the LIPSS
can be calculated by using:
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I, = Ipeak-ez’(rw”ff)z (6-24)

The squared value of riess is adapted as the product of the minor and major radii of the el-
liptical LIPSS on PM-LMA-375. The periodicities of all samples are in the vicinity of A,
which is approximately 280 nm for silica at 405 nm. The periodicity increases slightly with
the period of irradiation prior to exposing the core of the fibre when cleaving. Of course
the calculated threshold intensity I, decreases with increasing LIPSS diameter. It starts
with high values of ~ 1 MW/cm? at the beginning and reduces to ~ 300 kW/cm? for longer
irradiation. A comparison of pristine and pre-irradiated samples for similar irradiation peri-
ods shows a quicker formation on the pre-irradiated samples, when considering rupss over
time.

Table 6-2: Summary of periodicities and radii of laser-induced periodic surface structures
(LIPSS) on distal SMF surfaces. Calculated values of threshold intensity I, at the onset
ruess of the LIPSS, power P.pss and power density I,pss within this area. The first entry is for
the elliptical LIPSS on the PM-LMA-375, the other entries are for the SM 400-SC. The days
in parenthesis are the period of irradiation prior to exposing the fibre core by cleaving.

Period [d] A [nm] rupss [AM] Iy [KW/cm2]  Pripss IMW] Ipss [MW/cm?2]

5 285 0.8x1.8 586 46.4 1

14 275 0.75 1266 31.7 1.8
8 (+14) 278 1.1 552 51.3 1.35
6 (+25) 294 0.5 1888 17.8 2.27
12 (+37) 296 1 722 47 1.5

6.4.3 Performance of fibre-coupled diode laser systems
with launch fibre and silica end-cap

The longest irradiation experiments were performed on the fibre assemblies with launch-
fibre on the proximal end and silica end-cap on the distal end. The first assembly is a PM-
SMF PM-5405-HP and the second is a LMF 6u. A very slow linear degradation of
0.01 dB/day is visible for both assemblies in Figure 6-17 for the first 35 days. After an in-
spection of the freely accessible end-caps with an optical microscope and with a white
screen in the far field the issue could be resolved (see Figure 6-18). Over the long irradi-
ation period dust particles had accumulated in the area where the beam passed through
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the silica-air interface. The dust particles scattered the light which then could not be col-
lected by the power meter completely. The end-cap could be easily cleaned by wiping off
the dust. The far-field image showed a clean Gaussian distribution again and the power
meter could collect more power. The output power of the LMF could be completely re-
stored by cleaning (see Figure 6-19), while the loss of the SMF only improved by 0.35 dB.
After the cleaning process the slow degradation commenced.

When the experiments were discontinued after 50 and 60 days, respectively, the sur-
face of the launch-fibre was inspected, too. The launch-fibre on the LMF was completely
clean. The launch-fibre on the SMF on the other hand showed an accumulation of contam-
ination across the whole surface (see Figure 6-20 b)). This contamination was also easily
removable by using optics cleaning wipes. Unfortunately, the improvement by cleaning
the launch-fibre surface could not be demonstrated due to a failure in the LDM at that
time. However, for both assemblies on both fibre ends no surface damage could be found.

i T " T d T T T d T u ]

—o0— PM-S405-HP - 530 ym CC + PT - 81.2 mW

104 —° IPHT 6u - 490 um CC + PT - 268 mW
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Figure 6-17: Loss over time of SMF and LMF samples with launch-fibre and end-cap
irradiated with the SML and MML, respectively. Both samples were adjusted several times
during irradiation. The given power is the fibre output power at the beginning of the
measurement.
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a) b)
Figure 6-18: a) Picture of silica end-cap on PM-5405-HP after 44 days of irradiation. b)
Picture of far field emitted from contaminated silica end-cap on PM-5405-HP.

a) b)
Figure 6-19: Pictures of the silica end-cap surface of 6u: a) after 39 days of irradiation
and b) after simple cleaning.
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a) b) c)
Figure 6-20: Pictures of the launch-fibre surface of PM-5405-HP: a) before irradiation, b)
after 60 days of irradiation and c) after simple cleaning.

6.5 Simulation of distal end surface damage

The influence of a growing surface structure on the beam quality at the distal end was re-
constructed using simulations. The software that was employed uses the finite-difference
time-domain method and is called FDTD Solutions by Lumerical Solutions, Inc.. A SMF
with a core diameter of a = 1.2 um, a refractive index of nc, = 1.45441 (SiO, glass at
405 nm, [Palik1997]) in the core and of n¢ = 1.44956 (F doped SiO,) in the cladding was
designed, giving a numerical aperture NA =0.12 and a V number of V=22 at
Ao = 405 nm wavelength, according to Formula. The cut-off wavelength Aco for this SMF is
376 nm. These values are in good correspondence to the specifications of the SM 400-SC.
As a light source the fundamental mode with Ao = 405 nm was generated in the fibre
core, which is easily possible with the simulation tool.

Table 6-3: Parameters of simulated surface structures.

Height [nm] Radius of curvature [pm] Ripple amplitude [nm]
100 11 15
300 3.6 40
500 2.2 70
700 1.5 100
700 (no lens) 0.7 500
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The surface structure was also modelled out of SiO, glass with a diameter of 3 um and el-
even ripples across, which is a periodicity of about A = 273 nm. Additional parameters for
the growth of the structure, like height in the centre, the radius of curvature, and the
amplitude of the ripple, are given in Table 6-3. The periodic structure in Figure 6-21 a)
was designed to fit the surface structure measured with AFM on a launching surface of a
SMF. The smaller periodic structures are down scaled designs of the 700 nm high struc-

a)
Figure 6-21: Model of 700 nm high periodic surface structures adapted to a) the LIPSS
measured with AFM on a launching surface of a SMF and b) the distal fibre end LIPSS on
pre-irradiated cores.

ture. After the actual form of LIPSS on pre-irradiated cores were found with SEM analyses,
an additional structure was modelled with a diameter of 2 um and almost no lens prop-
erty or more specifically with a high ripple amplitude. Seven ripples across the 2 um res-
ultin A = 285 nm and the structure is shown in Figure 6-21 b).

Examples of the power distribution of light excited inside the SMF and transmitted
through the LIPSS is shown in Figure 6-22. The SMF light source has a length of 3 um after
which the LIPSS is positioned. In the case without LIPSS the light propagation is according
to the Gaussian beam equations. In the case of the 700 nm high LIPSS with lens property
the light is strongly focused behind the end surface. The focal length f and spot size w,
can be determined at the point of highest intensity. The result for the LIPSS without lens
property and smaller diameter also exhibits the focusing effect. This is shown in Figure 6-
23 for the power distribution parallel and perpendicular to the orientation of the ripples.
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2) | b)

Figure 6-22: Power distributions of light transmitted from SMF a) without LIPSS and b)
through 700 nm high LIPSS. The graphs exhibit some interferences from reflections at the
boundary conditions.

smicrore) ) ) svioore)

a) b)

Figure 6-23: Power distributions of light transmitted from SMF through 700 nm high LIPSS
without lens property a) parallel and b) perpendicular to orientation of the ripples. The
graphs exhibit some interferences from reflections at the boundary conditions.

If a LIPSS forms a lens and a scattering centre on the distal end of the fibre its major im-
pact is on the divergence angle of the emitted light. If the light is collected with a de-
tector with an aperture radius of rq, then the detected power P is described by:

2
— 20 e

eW(Z)2 (6-25).

P,.(z)=P

out, fibre
The beam radius w(z) and the Rayleigh length zz are calculated according to Formulae 6-
11 and 6-12, with n =1 and M2 = 1.07. The beam spot size w, depends on the LIPSS that
was simulated and was determined in the focus behind the fibre end. For a distal fibre
end without a structure the spot size of the fibre was determined. The Rayleigh lengths
and the spot sizes received from the experiments are shown in Table 6-4.
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Table 6-4: Calculated properties of simulated surface structures and losses.

Height [nm] Calculated focal length [pm] wo [pm] Zg [pm]
0 N/A 1.3 12.25
100 5.3 1.08 8.46
300 4.2 0.67 3.25
500 3.3 0.465 1.57
700 2.6 0.33 0.79
700 (no lens) [1.3; L 1.3 | 0.31; L 0.29 | 0,697; L 0,61

The increase in divergence angle was measured for the last exposed distal fibre surface
of the second SM 400-SC sample. A simple aperture test, with the power detector as
aperture (rse: = 9.5 mm), was performed before and immediately after cleaving off the
damaged distal end in Figure 6-15. The detector is located 17 mm inside the power meter
housing. The power meter was being moved away from the fibre and measurements of
P4e: were taken at distances z of 17, 22, 27, 32, 37, 77 and 102 mm between fibre surface
and detector plane. The loss Lqt(2) due to less detected power with a movable aperture in
z direction is shown in Figure 6-24. For the case without a surface structure, simulation
and measurement are in very good agreement. The distal end that was damaged for
12 days had an unknown height and a base diameter of 2 um, which is smaller than the
fibre mode-field diameter. The simulation of a LIPSS with 3 um base diameter might not
be very appropriate, but the measured loss curve after 12 days falls well in between the
LIPSSs with heights of 500 and 700 nm. It also exhibits the same behaviour as the simu-
lated curves. A comparison with the loss curves of the LIPSS with the smaller diameter of
2 um shows a similar behaviour. Probably the height of the LIPSS was a little less than
700 nm. The loss at z =27 mm (10 mm distance between power meter and fibre) is the
same as the maximum in Figure 6-8, because this was the standard distance in the long-

term experiments.
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Figure 6-24: Loss due to less detected power along z, the distance from the fibre end
surface, for a detector radius of 9.5 mm. The lines represent the simulation results for
different heights of LIPSS. The symbols are the measurements at specific distances from
the fibre end surface for an undamaged surface and a surface exposed for 12 days (see
Figure 6-15).

6.6 Discussion

The propagation of a beam into a launch-fibre or silica end-cap can be completely de-
scribed using Gaussian beam and far-field equations. The optimal length for a high per-
formance concerning surface damage was found to be in the range of 400 to 500 um for
the laser system used in this work. The exact length is not too critical, as the power dens-
ity on the air-silica interface is reduced to values below 10 kW/cm? for the whole range.
The prepared samples had lengths of the launch-fibre between 420 pm and 530 um. In all
cases a fibre output power of 50 mW was achieved and for the best samples the coupling
efficiency was above 50 %.

The use of a launch-fibre, as long as those used for this work (see Figure 6-7), on the
distal fibre end cannot be recommended for applications which need a high beam quality.
Due to reflections of the Gaussian beam flanks at the core-cladding interface of the MMF,
interference rings were seen in the far field of the emitted light. For shorter lengths of
launch-fibre this effect is reduced and might not be an issue. However, if a silica end-cap
without a restricting aperture is used on the distal end there is no problem with a reflect-
ive aperture and the beam quality of the SMF is preserved.
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The loss in fibre output power that was measured in some cases cannot be attributed
to an actual transmission loss. When a laser-induced periodic surface structure (LIPSS)
forms on the distal end surface, the light is scattered and focused with a very short focal
length. This in turn degrades the beam quality and increases the far-field angle. Since the
power Pq: that was detected was just a section of the emitted power Po.:sre fOr higher far-
field angles, this needs to be corrected and Formula 6-1 modified to:

Pdet(t)
Pdet<0))

L(t) = —10-Ioglo( (6-26).

This was also proven by the simulations of a LIPSS on a distal fibre end. The detected
power decreases at a constant distance from the fibre surface due to an increasing far-
field angle. Thereby, the transmitted power Py svre iS proven to have been constant.

Again the transformation and generation of defect centres in the DUV was found. In
earlier experiments the generation of E', centres was observed, mostly accompanied by
the reduction of the oxygen deficient centres ODC(Il). In the case of the SM 400-SC for an
irradiation period of almost 50 days the generation of E', centres and non-bridging oxy-
gen hole centres (NBOHC) were observed in high quantity at 215 nm and 266 nm, re-
spectively. When an approximation of the loss by Gaussian distributions was performed,
it was also found that the absorption band of ODC(Il) was reduced. A transformation of
ODC(Il) and generation of E', and NBOHC can be explained by a multi-step absorption of
photons at the singlet-triplet transition of ODC(IlI) with a fluorescence lifetime of about
10 ms [Skujal994, Messina2008]. The incoherent absorption of consecutive photons with
3.07 eV (405 nm) at the transition centred at 3.15 eV (394 nm) with a FWHM of 0.34 eV
could on one hand directly ionise an ODC(ll) into an E',. On the other hand, an exciton
(SiO2)* could be generated (Formula 6-27) and decay non-radiatively close to the site.
This non-radiative decay in turn can break a strained precursor P and induce an E', centre
(Formula 6-28) [Muehlig2005, Friebele1979].

(Si02) + x-hv > (Si0z)* (6-27)
(Si0)* + P - E', (6-28)

The long-term irradiation lead to the generation of a LIPSS on unprotected distal fibre
ends as well, which received a constant power density. These LIPSS had a ripple with peri-
odicities in the range of A = A,, which is called a low spatial frequency LIPSS (LSFL) in lit-
erature [Rohloff2011]. As for most LSFL in experiments on wide band-gap dielectrics the
orientation of the ripple was parallel to the polarisation of the laser light [Hoehm2012].
This could be proven in this work by using polarisation-maintaining PCF, where the LIPSS
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formed on the distal end parallel to the polarisation direction that was launched into the
fibre. In contrast to the damage on the launching fibre end, the LIPSS on the distal end
did not cover the whole core. After irradiation periods of one to two weeks, an onset of
the LIPSS was found for a position along the radius where the power density is in the
range of 0.5 to 2 MW/cm?. This is about three quarters of the mode-field radius. Addition-
ally, the accumulation of spherical particles was observed around but not on the core.

The evolution of the LIPSS on the distal end over time showed that the damage started
with a roughening of the surface in and around the core area. This roughening might be
an explanation for an improved coupling efficiency before damage started on the launch-
ing ends of unprotected fibres: the rough surface acts as an anti-reflection coating. After
two days the core area itself was smooth again. The roughening turned into an accumula-
tion of small and medium sized particles with diameters up to 1.3 um, while the LIPSS
started to grow out of the smooth area on the core. After eight days the LIPSS is highly
developed and surrounded by medium and large sized particles. The periodicity of the
LIPSS slightly increases with the time that the fibre core was irradiated prior to exposure.
It is known that the periodicity of the LIPSS increases with the carrier density in the con-
duction band, from A = A, in a dielectric to A = Ay in a metal-like material [Hoehnm?2012]. If
this is applied here, the direct influence of generated defect centres on the properties of
the LIPSS is demonstrated. In addition, it was seen that the LIPSS grows quicker and with
a more interesting morphology on pre-irradiated core material with more generated de-
fect centres. This supports the above mentioned influence, too.

It is also important to mention, that no carbon or other contaminant was found on the
damaged fibre cores of the distal end with EDX. The comparison between the core-
particle and reference area showed no significant differences, which leads to the conclu-
sion that the LIPSS is a modification of the silica material. The spherical particles that
were found look very similar to the clusters of silica micro-spheres known from the chem-
ical vapour deposition (CVD) process for fibre preform production [Kemeter2002, Li1985].
The angular particles have a shape not unlike silica crystals. It has to be assumed that
both types of particles are actually comprised of silica.

A Sipe model [Sipel983] cannot be directly applied in this case here. This model ex-
plains the LIPSS as the result of an uneven energy deposition during ablation due to the
interference of the incident and a scattered surface wave. But the fibre end damage does
not show an ablation, the LIPSS rather builds up in the irradiated area. A rarefaction or
expansion of a surface layer of silica by incorporation of hydrogen atoms on the other
hand seems possible [Allan2004]. Especially, when the reaction of molecular hydrogen
with ODC(Il) surface centres is considered. This reaction can only be photostimulated by
the excitation of the triplet state T, of ODC(ll) [Skujal994]. An uneven energy deposition
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during the rarefaction would then result in unevenly expanded material and the observed
LIPSS. The orientation of the ripples could then be explained with the Sipe-Drude model of
Bonse and co-workers [Hoehm2012]. Due to the finding of amorphous silica particles
around the fibre core another process is proposed. The LIPSS formation might be started
by the ionisation of the surface leading to Coulomb repulsion and material desorption.
The desorbed silica material then condensates on the surface close to the site of desorp-
tion. Outside of the high power density silica micro-spheres and crystals are formed. In
the area of high power density the silica self-organises as it was described by Reif and co-
workers [Henyk1999, Reif2006]. An unstable surface layer can develop from duelling pro-
cesses of material desorption and surface tension or atomic self-diffusion. Such an un-
stable layer then self-organises into the ripple structure known as LIPSS [Costache2004,
Varlamova2006].

The most stable fibre system was found to have a launch-fibre on the proximal end, for
ease of assembling with a connector, and a silica end-cap on the distal end. Thus, both
fibre ends were protected from high power densities. The launch-fibre was prepared from
a MMF with low solarisation and by using fibre cleaving for improved surface roughness.
The low solarisation is usually verified by irradiation with a deuterium lamp, but was
shown here for the case of 405 nm laser irradiation, too. These improvements should
show their effect for extremely long-term irradiation or very high laser power. The two
systems that were examined had a high output power with good coupling efficiencies of
about 60 and 75 %. Due to the use of an end-cap on the distal end a good beam quality
was achieved. The only thing that was found to deteriorate the measured power was an
accumulation of dust particles on the silica-air interface. Those are attracted by the
lightly ionised surface and can be easily wiped off. A high stability of the systems with a
loss rate of only 0.01 dB/day and no damage on either end promises high performance for
long-term use in high-power applications.

6.7 Summary

An improvement in the damage behaviour of SMF and LMF in fibre-coupled 405 nm diode
laser systems was achieved by specifically implementing conditions which take the key
influential parameters into account. The major advance has been the reduction of the
power density on the fibre launching end. For that purpose a short cleaved launch-fibre
was produced. As a preparation for future higher power laser diodes, the launch-fibre was
made from a very low solarisation multi-mode fibre. Since cleaving had proven its posit-
ive influence on the damage behaviour in earlier experiments, it was also used for the

end surface preparation of the launch-fibre. The damage on the distal fibre end due to
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constant high power density was studied using a scanning electron microscope. The evol-
ution of a laser-induced periodic surface structure (LIPSS) over the course of two weeks
could be shown and discussed in detail. A new model for the formation of the surface
damage was proposed. In order to prevent this damage, a silica end-cap was used on the
distal end. This assembly performed with high stability over a period of two month of con-

stant irradiation with the 405 nm single-mode laser.
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7 Conclusions and future scope of this work

7.1 Conclusions of the work carried out

The objectives of the work were put forward in the first chapter, with the general aim to
find the reasons for a strong degradation of near ultraviolet (NUV) single-mode fibres
(SMF) when irradiated with 405 nm diode lasers and to mitigate these issues. The invest-
igations undertaken in this work lead into several directions, where contributing effects
and their influential parameters were found. The conclusions drawn from the results in
the specific directions are addressed below.

- The investigation of the generation and transformation of UV defect centres in
small core fibres was only possible after a new spectral measurement system was
implemented. This system allowed for the first time the resolution of E', ODC(ll)
and NBOHC absorption bands between 200 and 300 m wavelength in fibres with
core diameters as small as 2.2 um. Additionally, the spectral attenuation and cut-
off wavelengths of single-mode (SMF) or low-mode fibre (LMF) samples could be
determined. In a separate setup 405 nm diode laser modules with imaging sys-
tems were combined with a power meter to damage individual SMF and LMF
samples.

- Different fibre types and end surface preparation methods were studied under
long-term irradiation with 405 nm laser light. The loss behaviour at laser
wavelength over days and weeks showed a lower damage rate for cleaved fibres
in comparison to glued and polished fibres. This was attributed to a reduced sur-
face contamination and surface roughness of the cleaved samples. Furthermore, a
change in the UV defect centres allowed the conclusion that 405 nm laser light
can influence those absorption bands by a multi-photon process. Since coherent
two-photon absorption can be excluded, a two step absorption at the singlet-triplet
transition of the ODC(Il) was suggested, as proposed in literature [Skujal994,
Messina2008].

+ The study of surface modifications on proximal and distal fibre end surfaces was
performed using different microscope techniques, like atomic force microscopy
(AFM) and scanning electron microscopy (SEM). It was shown that a surface dam-
age in form of an alteration grows at a power density of about 1 MW/cm?2. This is
three orders of magnitude below the damage threshold of pulsed lasers in this
wavelength range. The alteration is a ripple structure projecting from the surface
and is known from literature as laser-induced periodic surface structure (LIPSS).
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These were first found on the proximal end and after using launch-fibres for mitig-
ating this effect were also found on the distal end. The LIPSS form a lens and scat-
tering centre on the fibre core and are therefore the main cause of power loss
over time. On the proximal end the launching conditions are changed, light is
tightly focused behind the front surface and cannot be guided by the fibre. At the
distal end the LIPSS focuses and scatters the light as well, thereby increasing the
divergence angle and degrading the beam quality. Both effects were reconstruc-
ted and confirmed by simulations of differently high LIPSS on SMF proximal and
distal ends irradiated with 405 nm laser light.

« LIPSS found in this work exhibit the same characteristics as LIPSS generated with
femto-second laser irradiation on silica in air [Hoehm2012]. The orientation of the
ripples, with a periodicity between A/n and A, is parallel to the polarisation direc-
tion of the linearly polarised laser. They are formed of amorphous silica and no
contaminating elements were found by energy dispersive x-ray analysis (EDX).
The cause of LIPSS is still controversially discussed in literature and the two main
theories could be applied here. The results for continuous-wave 405 nm irradiation
show, that self-organisation of an unstable ionised surface layer is possible. The
main parameters for this effect are the surface roughness, power density and gen-
eration of defect centres [Reif2006]. On the other hand, a decreased density was
found for the damaged surface layer, which could be explained by the incorpora-
tion of hydrogen into the irradiated region of the silica material. An inhomogen-
eous energy deposition, due to interference of the incident beam with a scattered
surface wave, could then form the LIPSS in the expanding material.

- To learn if the core composition or fibre preform treatment had an influence on the
modification of UV defect centres by 405 nm irradiation, studies on experimental
LMF were performed. The fibre preforms were either treated by H, diffusion or col-
lapsed in a He atmosphere. Fibre cores were weakly doped with Ge, P or F. All
fibre types showed a variety of generated UV defect centres. Those defects were
found to be almost equally distributed along the fibre length, again indicating a
multi-photon process. It was suggested that the variety of defect centres is gener-
ated by non-radiative decay of excitons. Those excitons themselves are generated
at the singlet-triplet transition of the ODC(Il) defect centre by a two step excitation
process.

«  From the parameters determined, and influential to the growth of the LIPSS, an
improved fibre system was derived. Since the power density is the major factor, its
reduction was a primary goal. This was achieved by using a spliced short piece of
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launch-fibre with a length of ~0.5 mm, which can be used with the fibre inside a
connector. To account for the other parameters, surface roughness and susceptib-
ility for UV defect centres, the launch-fibre was cleaved and made of a low-solar-
isation multi-mode fibre (MMF). The experiments following these measures
showed a high stability in power transmission. However, a LIPSS was generated on
the distal fibre end and degraded the beam quality, as mentioned above. The use
of a second piece of MMF on the distal end cannot be recommended. Rings in the
far field of the emitted light were seen from interference with light reflected at the
core-cladding interface of the MMF. Therefore, a large silica end-cap fused to the
fibre with a CO, laser was used on the distal end for a stable beam quality. A po-
larisation-maintaining (PM) system with a launch-fibre and a silica end-cap showed
a very high stability with a maximum loss of about 0.5 dB over 60 days.

It was learned from private discussions with other researchers that LIPSS can also
be generated by other laser sources in the blue region of the spectrum. In Ap-
pendix Il structures observed after 446 nm pulsed irradiation are presented and
look very similar to the LIPSS found in this work. Therefore the use of launch-fibres
and end-caps is recommended for all NUV and visible range fibre-coupled high

power lasers.

The wavelength of 405 nm has various applications in medicine and biosensing
[Guffey2006, Kirshenbaum2011]. During this work a possible lifetime improve-
ment of the scanning fibre endoscope (SFE) was investigated together with the
University of Washington, Seattle [Lee2010]. This wavelength is used in the ex-
tremely small endoscope with a SMF for fluorescence measurements on cancer tis-
sue. In the future, 405 nm laser light should also be used for tissue ablation, which
requires higher power densities. The possibility of incorporating a short launch-
fibre into the SFE design enables the long-term use of this system.

Recently manufacturers of printing presses have found increased interest in fibre-
coupled laser diodes emitting around 400 nm. In addition to the short wavelength,
smaller spot sizes are needed to achieve higher resolutions in the printed media,
which means the introduction of low-mode fibre (LMF) and SMF for these systems.
For the first generation of machines with 405 nm multi-mode laser diodes and LMF
severe end surface damage was observed and is briefly reported in Appendix I. Fu-
ture generations of printing machines will incorporate SMF for 405 nm operation.
The experience gained in this work as well as the demonstrated highly stable
fibre-coupled NUV laser systems are of great benefit to this industry.
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7.2 Future directions

The main issues of SMF damage by 405 nm irradiation were found and first long-term
stable fibre-coupled systems demonstrated. To improve upon these systems and to per-
haps find further solutions to inhibit the damage effects the following future objectives
are suggested.

« Standard connecting fibre assemblies for laser modules use FC/APC connectors
(fibre connector with angled physical contact). An angled fibre end surface on both
sides prevents the back reflection of laser light into the resonator or cavity and
does not lead to output power variations. In addition, mainly PM-SMF is used in
sensing and lithography applications. To develop the demonstrated highly stable
system further towards a commercial product the use of angled fibre end surfaces
is absolutely necessary. A reliable technique for applying an angled cleave on a
launch-fibre, with the slope of the cleave perpendicular to the desired polarisation
axis of the PM-SMF, is required.

« The influence of the environment on the generation of laser-induced periodic sur-
face structures (LIPSS) by 405 nm laser light was not studied, yet. The expansion
of the surface might be enhanced by the presence of molecular hydrogen or water
vapour. From a different point of view a continuous flow of inert gas might reduce
the ionisation of the surface. Therefore the damage on a distal SMF end surface in
a sealed and flushed box should be investigated. Ideally the box is an integrating
sphere to directly record the fibre output power. Submersing the distal fibre end in
a purified liquid, preferably deionised water, can also be an option. The first results
of angle polished fibre ends in sealed and nitrogen purged collimators are presen-
ted in Appendix Il and show LIPSS with interesting features.

+ A treatment of fibre end surfaces with a fusion arc for reduced surface roughness
resulted in similar or worse damage rates than for cleaved surfaces. It is known
that a fusion arc is not the cleanest way of heat-treating materials. Contamina-
tions from electrode burn-off or the material itself can get impregnated into the
surface. A much cleaner way, but requiring more expensive tools, is laser polishing
with a CO; laser. Experiments on the damage rate of CO, laser polished SMF end
surfaces should show a positive or negative impact. If a positive impact could be
shown, then laser polishing launch-fibres would add a high quality finish for high-
power laser applications.
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A more academic objective of such future work would be to gain a deeper insight
into the defect generation by two-step absorption at the singlet-triplet transition of
the ODC(Il). Therefore, a setup has to be devised, which allows for time-resolved
in situ spectral measurement during 405 nm laser irradiation of a LMF or SMF. For
studies with higher power lasers in the DUV, fibres are radially irradiated with the
laser and broadband light propagating in the fibre core is used for the spectral

measurement.
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Appendix I: Surface effects on fibres for printing

Damaged fibre samples were provided by a printing machine manufacturer. The altera-
tion on the launching surface of the conventionally assembled multi-mode fibres looks
similar to the laser-induced periodic surface structures (LIPSS) found in this work. The
fibres were irradiated with 375 nm or 405 nm multi-mode laser diodes with upto 175 mW
output power. In these modules the laser diode was exactly focused onto the fibre sur-
face. However, the position of the lens along the optical axis was different between par-
ticular modules. Thus, the focus with highest power density was in a different spot for
every module, as it can be seen from Figure I-1. The maximum longitudinal offset was de-
termined to 300 um. The severity of the damage varied from module to module, because
higher and lower power densities were obtained on the fibre surfaces at the end stop.

An example of a damaged fibre surface is shown in Figure I-2. The damage had a size
of 3 um by 21 um and is a magnified image of the laser diode facet, which has a size of
1 um by 7 um. For this damage area a mean power density of 350 kW/cm? was calculated
for 405 nm, which is close to the mean power densities seen from experiments in this
work. However, there are no ripples on this damage spot, it is only a projection. An EDX
analysis of damage and reference areas in Figure |I-3 showed no differences in elemental
concentrations. By varying the position of the end stop inside the module the laser spot
on the fibre surface was enlarged in a controlled manner within the boundaries of the
fibre core. Thereby significantly reducing the loss in long-term operation.

/ 72%\\\

-375 -300 -225 -150 -75 0 75 150 225 300 375 450 525 600 7 [IJITI]

¢

Figure I-1: Measurement of focus position in different laser diode modules of the same
manufacturer.
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Figure I-2: SEM image of the surface damage due to exactly focused diode laser on a
fibre launching surface.
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Figure I-3: Energy dispersive x-ray analysis (EDX) of two damage areas and according
reference areas. The peaks from left to right: C, O, Si, Au.
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Appendix II: Surface effects on single-mode
fibres in sealed collimators

Long-term experiments were performed at Omicron-Laserage GmbH, Rodgau, Germany,
with sealed fibre collimators purged with nitrogen at both ends of a polarisation-maintain-
ing single-mode fibre (PM-SMF). Over an irradiation period of 50 days the assembly was
irradiated with a 250 mW single-mode laser at 405 nm wavelength and a moderate loss
of 1 dB was observed, while the collimator windows were cleaned regularly. After the ex-
periment was terminated, both fibre ends were examined at the Technische Hochschule
Mittelhessen, Giellen, Germany, using scanning electron microscopy (SEM). The images in
Figure 1lI-1 and 1I-2 show clearly that a periodic surface structure with cones and not

ripples was formed.
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a) b)

Figure II-1: SEM images of PM-SMF launching surface after 50 days of 250 mW at 405 nm.
a) The whole fibre surface is shown and the core as well as the stress members are
clearly visible. b) The core area with the damage with a diameter of about 2.5 um.
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Figure 1I-2: SEM images of PM-SMF distal surface after 50 days of 250 mW at 405 nm.
a) The whole fibre surface is shown and the core as well as the stress members are
clearly visible. b) The core area with the damage with a diameter of about 2 um.
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Appendix llI: Surface effects by 446 nm laser
irradiation

In experiments for [Frost2001, Kirchhof2001, Unger2002] low-mode fibre (LMF) was being
damaged with pulsed 446 nm single-mode laser diodes. The pulse width was 9 ps and at
a repetition rate of 80 MHz an average power of 1 W was achieved, which means a pulse
energy of about 12.5 nJ. The LMF samples were irradiated for 150 to 180 hours. Besides
the generation of UV defect centres, this research also found “geometrical alterations of
the input and output end faces ... of the fibres with long lifetimes” [Kirchhof2001]. After
thorough discussion with the group at the IPHT, Jena, old atomic force microscope (AFM)
images revealed that laser-induced periodic surface structures (LIPSS) with periodicities
in the range of 250 to 280 nm had been found on the end surfaces, but were not further
investigated [Schwuchow2012]. The AFM images of the launching and distal fibre ends
are shown in Figures Ill-1 and llI-2.
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Figure Ill-1: Damage probably found on the launching end of a LMF after pulsed 446 nm
irradiation with an average power of 1 W.
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Figure IlI-2: Damage probably found on the distal end of a LMF after pulsed 446 nm
irradiation with an average power of 1 W.
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