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Abstract. Measurements of the transmission of XeCl excimer laser pulses (308 nm) through optical
all-silica fibers are reported. The observed photodegradation effects during long time irradiation are
dependent on the laser energy density and the laser repetition rate. Also the influence of the fiber
drawing parameters and fiber geometry have been investigated. Absorption spectra of the fibers in the
wavelength range from 200 nm to 400 nm before and after the irradiation with the excimer laser give
some insight in the physical reasons for the changes in transmission properties. A spectral analysis

of the fiber fluorescence has been performed.

PACS: 78.90, 78.40F, 78.20

Many applications of lasers need the guidance of the laser
energy through optical waveguides. Especially most medical
applications of XeCl excimer lasers, e.g. in laser angioplasty
[1, 2], minimal-invasive surgery [3] and ophthalmology [4]
require the use of optical fibers. Most suitable for these pur-
poses are quartz fibers with a core of fused silica and a
cladding of doped fused silica. Manufacturing of this kind of
fibers became a well established technique. Nevertheless, the
interaction of high power UV laser pulses with the fiber ma-
terial causes specific problems which have been investigated
recently by several groups [5-10]. The maximum amount of
excimer laser energy which can be transmitted is limited by
the damage threshold of the fiber front surface [11, 12]. But
already well below this threshold photodegradation effects
are observed which lead to a drop of the fiber transmission.
It is well known, that UV radiation causes the formation of
color centers in the quartz material. Optical fibers are ideal
to study these effects, because the optical path can be made
long enough to enable the detection of even weak absorption
bands. Especially at 308 nm the effects are usually too small
to be observed in experiments with ordinary bulk samples.
Getting information on the nature of the absorbing states can
help to improve the fiber properties for UV-transmission.
The first scope of this work is to evaluate the influence of
several laser and fiber properties on the fiber transmission.
Most important laser parameters for the photodegradation
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are the energy density and the repetition rate. Additionally,
the influence of the fiber core diameter and fiber drawing
conditions has been evaluated. We have also measured fiber
absorption spectra in the wavelength range between 200 nm
and 400 nm before and after laser irradiation and performed
a spectral analysis of the fiber fluorescence.

Of practical and of theoretical interest is the fact, that
the photodegradation effects are at least partly reversible.
The time scale for the recovery effects is measured and dis-
cussed together with the temporal development of the fiber
absorption spectra after laser irradiation of the fiber has been
stopped.

1 Experimental

Figure 1 shows the experimental setup for the fiber transmis-
sion measurements. The laser (Lambda Physics LPX 2101
CCQ) is operated at 308 nm with a stable resonator. Near the
output window the beam dimensions are 8mm in vertical
and 20 mm in horizontal direction. The beam divergence is
about 1mrad in the vertical dimension and about 3 mrad
in the horizontal. The pulse duration is about 28 ns FWHM.
For variation of the laser energy we use a rotatable dielectric
cut-off filter at 308 nm. The attenuation can be adjusted con-
tinuously by changing the angle between the laser beam and
the filter surface without affecting the temporal and spatial
beam profile. Only the central and most homogeneous part
of the laser beam is passed through the circular aperture. In
order to monitor the energy, which is lannched to the fiber,
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Fig. 1. Experimental setup for the excimer laser measurements. EL:
excimer laser. A: aperture, BS: beamsplitter, VM: video microscope,
L: lens, F2: fiber for observation of the fluorescence of fiber F1, D1,
D2: energy detectors, OMA: optical multichannel analyzer, OS: digital
oscilloscope, PC: computer
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Fig. 2. Profile of the excimer laser beam at the fiber front surface
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Fig. 3. Experimental setup for measurements of fiber absorption spec-
tra. DL: deuterium lamp, MC: monochromator, CH: chopper, AC: UV
achromat, FH: fiber holder, PM: photomultiplier, LI: Lock-In amplifier,
CP: computer

part of the laser beam is coupled out with a quartz plate
and detected by a pyroelectric detector (Laser Precision RjP
735). The laser beam is focused with a biconvex lens with
a focal length of 50mm. Typical numerical apertures of the
fibers under test are about 0.2, while the coupling aperture
of the laser beam is less than 0.1. The minimal laser spot
size, which can be achieved with this setup has a diameter of
about 150 um. The spatial beam profile can be checked by
using a laser beam profiling system (LLG). A typical profil
at the position of the fiber front surface is shown in Fig. 2.

The fiber is fixed in a v-groove fiber holder on a XYZ-
translation stage. This setup allows adjustment of the fiber
relative to the laser spot with an accuracy of about 1pm.
A microscope (40 x) in combination with a video camera
enables a check of the fiber front surface and allows an easy
and reproducable exchange of fibers.

The energy transmitted through the fiber is measured by
a second pyroelectric detector (Laser Precision RjP 735).
After calibration of this setup the simultancous reading of
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the two detector signals by the PC allows the determination
of the actual fiber transmission. All long time transmission
measurements were performed without interruption of the
laser to avoid errors resulting from transmission recovery
during irradiation interrupts (cf. Sect.2.4).

The fluorescence of the fiber near its front surface during
irradiation with the excimer laser can be spectrally analysed
by an optical multichannel analyzer (OMA). The light emit-
ted from a region of about 5 mm near the fiber end is guided
via a second fiber (@ 600 um) to the OMA system.

For the study of fiber absorption spectra we used the
setup shown in Fig.3. Tunable low intensity UV-radiation
(200 nm—400 nm) with a full half width of about 4 nm is ob-
tained from a deuterium lamp in combination with a scan-
ning monochromator. The exit slit of the monochromator is
imaged onto the fiber and the transmitted energy is measured
with a photomultiplier. Sensitivity is enhanced by chopping
the light and applying the Lock-In technique. When the
laser induced changes of the absorption are investigated,
first the spectrum of a fiber sample before irradiation is
recorded. Then, a certain number of excimer laser pulses
is sent through the fiber and the absorption spectrum is
recorded again. Comparing both spectra yields the laser in-
duced losses. To reduce adjustment problems as far as pos-
sible, the fiber end at which the low intensity radiation from
the deuterium lamp is coupled into the fiber is kept in place
during all measurements. The excimer laser pulses are then
sent through the fiber via the exit side for the deuterium
lamp radiation. The readjustment of the fiber in front of the
photomultiplier is much less critical.

All fibers used in this work had a core of pure syn-
thetic fused silica and a fluorine doped synthetic fused sil-
ica cladding. Typical OH-contents were about 800 ppm to
900 ppm. The fibers were prepared for laser transmission by
removing the plastic coating from both ends over a length
of a few centimeters. Then the front surfaces were prepared
by cleaving the fiber by hand (diameters up to 130 um) or
with a fiber cleaver (York FK11). No polishing procedure
is applied to avoid any contamination of the surface. Unless
otherwise noted, all measurements were performed on 2m
long samples.

2 Results
2.1 Single Pulse Transmission Properties

The single pulse attenuation of several quartz fibers has been
measured as a function of the laser energy density at the fiber
front surface ranging from 2 J/cm? to 15 J/cm?. This corre-
sponds to peak intensities from 70 MW/cm? to 550 MW/cm?,
assuming a pulse duration of 28 ns. For these measurements
we used the cut-back method to eliminate the influence of
the launching conditions. First, the laser is guided through a
sample of 10m length and the transmission is recorded for
several single pulses. Then, the fiber is cut back from the
rear end to a length of 1 m without changing the launching
conditions and the transmission is recorded again. A typical
result for three fibers (Schott) is shown in Fig. 4. These fibers
were produced with different drawing conditions. The typi-
cal value for the single pulse attenuation of the excimer laser
radiation at 308 nm is found to be about 0.15 dB/m and is al-
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Fig. 4. Attenuation of single 308nm excimer laser puises for
different launching energy densities. (- Fiber 1; A- Fiber 2; ¢
Fiber 3)

most independent of the laser energy density. Similar values
were obtained with fibers of several different manufactur-
ers. These results agree qualitatively with those obtained in
[8, 12]. 1t is interesting to note, that within the experimen-
tal errors the damping of the low intensity radiation of the
deuterium lamp yielded identical values. Unfortunately, we
can not give absolute numbers for the lamp intensity at the
fiber front surface, but obviously it is orders of magnitude
lower compared to the laser intensities. However, it will be
shown in the following, that these absorption coefficients
given here are only valuable for single pulse conditions or
laser repetition rates below about 2 Hz.

2.2 Long Time Transmission Properties

A typical long time behaviour of the fiber transmission (core
diameter 200pum) over 100000 laser pulses is shown in
Fig.5. In this example the energy density at the fiber front
surface was about 10 J/cm? and the pulse repetition rate was
30Hz. The data have been normalized to the initial single
pulse transmission of the fiber at the same energy density,
which was 85% without correction for reflection losses.

The transmission curve shows a strong drop during about
1500 laser pulses. Then a small intermediate increase of
fiber transmission is observed, which is followed by a slow
and constant decrease of transmission. Qualitatively, this be-
haviour is very similar for all the fibers which have been
investigated. Howewer, some fibers do not show the inter-
mediate increase of transmission.

2.2.1 Dependence on Energy Density and Pulse Repetition
Rate. In Fig.6 the transmission curves are shown for dif-
ferent energy densities at the fiber front surface. From these
curves values for the laser induced absorption coefficients
after 20000 laser pulses are extracted and shown in Fig.7.
The included absorption shows a linear increase with the
laser energy density up to a value near the damage thresh-
old of fused silica.

A typical example of the influence of the laser pulse rep-
etition rate is shown in Fig.8 (fiber core diameter 200 um,
energy density 15J/cm?). Corresponding coefficients for the
induced absorption for the various pulse frequencies are plot-
ted in Fig. 9. The solid curve represents a fit of the data with
a square root function.
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Fig. 5. Long time behaviour of the fiber transmission at a launching
energy density of 10J/cm? and a laser repetition rate of 30 Hz
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Fig. 6. Fiber transmission at different laser pulse energy densities. Laser
pulse repetition rate was 30Hz. (¢ 2J/cm?; 3 4J/cm?; ¥+ 8J/cm?,
A 15Tjcm?)
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Fig. 7. Laser induced absorption at various launching energy densities.
The straight line represents a fit to the data

2.2.2 Dependence on Fiber Parameters. We performed a
series of measurements of the photodegradation behaviour
with fibers of different core diameters in the range between
100pum and 300um. To confirm identical launching con-
ditions, an aperture (2 600um) was illuminated homoge-
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Fig. 8. Fiber transmission at different laser pulse repetition rates.
Launching energy density was 15 J/cm?
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Fig. 9. Laser induced absorption at various laser pulse repetition rates.
The solid line represents a square root fit to the experimental data

neously. The fibers were positioned in the center of this
aperture under control of the video microscope. It should
be noted, that in this setup the laser energy is coupled into
the fiber core as well as into the fiber cladding for all fiber
diameters used here.

In Table 1 the drop of the normalized transmission after
20 000 laser shots is compiled for two sets of fibers from dif-
ferent manufacturers, indicated as A and B in Table 1. The
accuracy of these date is about +=2%. The small differences
in the drop of the transmissions and the different behaviour
(set A: largest core diameter — strongest degradation; set
B: largest core diameter — smallest degradation) gives rise
to the assumption, that the fiber geometry plays a minor
role for the photodegradation. Certainly, it is difficult to ex-
tract the influence of the fiber dimensions alone, because
the drawing conditions during the production of fibers with
different dimensions are necessarily different. On the other
hand, it will be shown in the following, that the influence
of the fiber drawing parameters on the induced absorption is
not very strong.

It seems possible, that during the fiber drawing changes
in the network of the fiber material are induced, which infiu-
ence the photodegradation behaviour [13]. In order to study
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Table 1. Influence of the fiber core diameter on the photodegradation.
Drop of the normalized transmission after 20000 laser pulses with a
pulse repetition rate of 30 Hz and an energy density of 2.6 Jjem?

Fiber @ [um] Transmission
drop [%]

14 116 11

2A 205 14

3A 300 18

1B 200 15

2B 300 12

Table 2. Drawing parameters of the fibers, for which the photodegra-
dation is shown in Fig. 10

Fiber # Drawing Drawing Drawing
velocity force temperature
[m/sec] [eN] [°C}
Fiber 1 80 24 2150
Fiber 2 5 4 2150
Fiber 3 15 5 2120
Fiber 4 15 50 1880
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Fig. 10. Transmission of fibers produced with different drawing pa-
rameters (see Table 2). (¢ Fiber 1; 3 Fiber 2; % Fiber 3; A
Fiber 4)

this and to see if a better fiber performance can be achieved
by choosing appropriate drawing conditions we performed
several measurements on fibers with different production
conditions. The results shown in the following were obtained
with Schott fibers of similar geometries. Fiber core diame-
ters were about 120 um and the core to cladding ration was
1.1. The drawing parameters are listed in Table 2.

The transmission behaviour of these fibers during 20 000
laser pulses is shown in Fig. 10 (laser repetition rate 30 Hz,
energy density 15J/cm?). There is no significant difference
in the photodegradation for fibers 1, 3, and 4. Only the fiber
with the lowest drawing velocity and drawing force shows
a clearly stronger degradation. Qualitatively the same be-
haviour was found for different launching energy conditions.
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2.3 Spectral Analysis of the Laser Induced Losses

The measurements presented up to this point contain infor-
mation on the laser induced absorption at the laser wave-
length itself. Additionally, we performed a spectral analysis
of fiber absorption before and after laser irradiation in the
spectral range between 200 nm and 400 nm. In Fig. 11 typical
absorption specira of “fresh” fibers are plotted, taken with
the experimental setup shown in Fig.3. There is a strong
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Fig. 11. UV absorption spectra for two different fibers before irradiation
with the excimer laser
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Fig. 12. Spectra of the laser induced fiber absorption after 10, 100, and
1000 laser pulses. Launching energy density was 8 J/cm?, laser pulse

repetition rate was 100 Hz. (A- after 10 laser pulses; (G- after 100 laser
pulses; (& after 1000 laser pulses)
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increase of the absorption coefficient with decreasing wave-
length. The curve shape is mainly determined by the wave-
length dependence of Rayleigh scattering [14]. Some fibers
show an additional absorption band around 245 nm.

The additional absorption induced by 10, 100, and 1000
laser pulses of 8 J/cm? at a repetition rate of 100 Hz is shown
in Fig. 12. Between the end of the laser irradiation and the
recording of these spectra there was a time delay of several
minutes. This is important, since recovery effects influence
the induced absorption spectrum as will be shown later. It is
obvious that already very few laser pulses lead to a strong ab-
sorption band around 210 nm, which extends to wavelengths
above 300nm. Figure 13 shows the dependence of the in-
duced absorption in the wing of the 210 nm band at 245 nm
on the number of laser pulses in a double logarithmic scale.

24 Recovery of Fiber Transmission

It is reported by several authors, that the drop of fiber trans-
mission by excimer laser radiation is at least partly reversible
subsequent to irradiation [9, 10, 17]. The measurements at
various repetition rates indicate, that there is a conversion
of absorbing centers to non-absorbing states even at a time
scale of tenths of seconds. In Fig. 14 the restoration of the
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Fig. 13. Laser induced absorption at different wavelengths as a function
of the number of laser pulses. Launching energy density was 8 J/cm?,
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Fig. 14. Transmission of laser puises through a quartz fiber
with interrupts of different lengths, as indicated in the figure.
Launching energy density was 15 J/cm?, laser pulse repetition
rate was 30 Hz
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Fig. 16. Spectrum of the laser induced fiber fluorescence

transmission during irradiation interrupts of different tempo-
ral length are shown. After a few minutes the initial trans-
mission of the fiber is reached again. Switching on the laser
again leads to a new drop of the fiber transmission to the
same level as prior to the irradiation interrupt.

The temporal behaviour of the laser induced absorption in
the wing of the 210nm band at 250 nm is shown in Fig. 15.
Partly vanishing of the induced absorption is found. How-
ever, even 24 h after the end of fiber irradiation there is still
a remaining absorption.

2.5 Spectral Analysis of the Fiber Fluorescence

To get more information about the physiqal reasons for the
decrease of transmission we have performed a spectral anal-
ysis of the fiber fluorescence. Near the fiber front surface
the fiber fluoresces during the irradiation with the excimer
laser. A typical result is shown in Fig.16. The spectrum
shown was accumulated over 20 laser pulses. We have found
an unstructured and broad fluorescence band arond 450 nm,
which, qualitatively, is very similar for many different fibers.

3 Discussion

Transmission of single XeCl excimer laser pulses through
optical fibers is nearly independent of laser energy density
up to the damage threshold of the fiber front surface. This
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result is in agreement with similar investigations of Brima-
combe etal. [8]. The typical attenuation coefficient of about
0.15dB/m approaches the theoretical limit [14]. For single
pulses or repetition rates of less than about 2 Hz the limit-
ing factor for transmission of XeCl excimer laser pulses is
the surface damage threshold of fused silica. Values for this
threshold have not been determined here, but previous inves-
tigations yielded a typical value of about 20 J/cm?, however,
this value depends on the definition of the damage [11, 12].
Trradiation of the fiber cladding reduces this value consider-
ably.

For applications, which need a long time transmission at
higher laser pulse frequencies, the strong drop of transmis-
sion after the first laser pulses has to be taken into account.
We found an increase of the laser induced absorption pro-
portional to the square root of the laser repetition rate f. In
contrast to the single pulse transmission the multiple pulse
transmission is dependent on the laser energy density F'. The
absorption coefficient d increases linearly with the energy:

d~Fx 12 (1)

A similar relation for the laser induced absorption was de-
rived by Konov etal. [9].

The independence of the transmission drop from the fiber
diameter indicates, that the photodegradation is a property
of the fused silica of the fiber core and is independent from
the fluorine doped fused silica of the cladding and especially
from the interface between core and cladding.

The typical transmission curves (see e.g. Fig. 5) indicate,
that absorbing states are produced by the first laser pulses.
The following pulses are attenuated by these absorption cen-
ters. Under room temperature conditions the absorbing states
are not stable as shown by the increase of the transmission
during irradiation interrupts. After a few minutes the initial
transmission is recovered again (see Fig. 14). The amount of
the initial drop of transmission during a few thousand laser
pulses is defined by an equilibrium between production of
absorption centers by laser irradiation and by the rate of
restoration of these defects. For the further slow decrease of
transmission after a larger number of pulses a second pro-
cess is responsible, which is based on two-photon absorption
(see [19] and references therein).

The absorption spectra taken after irradiation of the fiber
with the excimer laser show a strong absorption band around
210nm, which has been identified as a result of the E’-color
centers [19]. It is known, that this band is also induced by
193nm and 248 nm excimer laser radiation [15] and also
by broad band UV light emitted by a deuterium lamp [16].
Very recently it was found by Fabian etal. [16], that the
intensity of the UV-induced absorption band at 210 nm can
be influenced by treating the fiber preform or the fiber it-
self with hydrogen under high pressure or high temperature
conditions.

The observation of an unstructured wing of the 210nm
band in the induced absorption spectra in Fig. 12 up to more
than 300nm leads to the assumption, that decreasing trans-
mission of 308 nm radiation is influenced by generation of
FE'-centers. Several authors suppose, that the transmission
drop at 308 nm is connected with another type of color cen-
ters, the non-bridging oxygen hole centers [9, 10]. However,
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the appearance of this absorption center normally coincides
with the appearance of red fluorescence light around 650 nm
which had been observed during transmission of 248 nm ex-
cimer light through fused silica fibers [10, 17]. Our spec-
tral analysis of the fluorescence of several different fibers
during irradiation with 308 nm laser radiation have shown
only a broad fluorescence band around 450 nm. This fluo-
rescence is connected with a 245 nm absorption band (see
Fig. 11) caused by an oxygen deficit of the material [17].
Contrary to our experiments Miiller etal. [18] observed the
additional fluorescence band around 650 nm during irradia-
tion of fibers with 308 nm radiation. Therefore, we suppose,
that non-bridging oxygen hole centers affect the transmission
of 308 nm laser photons, but this process strongly depends
on individual fiber properties.

As already mentioned, it was observed by Fabian etal.

[16], that broad band UV radiation causes an increase of the

210nm absorption band. They also found a small decrease
of absorption for wavelengths longer than 250 nm. This has
been explained by a reaction of hydrogen molecules present
in the quartz material with defects in the glass structure, con-
verting these defects into non-absorbing states. The activa-
tion energy for this process is supplied by the UV-radiation.
A similar behaviour under 308 nm laser radiation may cause
the local minimum in the transmission curve after a few
thousand laser pulses, which has been observed for several
fibers (see Fig.5). Different dependencies on the laser doses
of the 210nm band and of the hydrogen reaction may lead
to the structure in the transmission curve for 308 nm laser
radiation. However, this assumption should be confirmed in
further experiments.

Leclerc etal. [19] have shown that after irradiation of
blocks of OH-rich synthetic fused silica with 248 nm laser
radiation there is also an almost complete recovery of the
initial transmission during an irradiation interrupt. Switching
on the laser again leads immediately to a rebuilding of the
absorption bands. Based on these observations the relaxation
of the laser induced F'-centers not to the original state but
to a new non-absorbing state has been proposed. This state
can be easily converted into an absorbing state by a second
laser irradiation. Our experiments at 308 nm have shown a
very similar rate of transmission drop of a “fresh” fiber and
a previously irradiated fiber (cf. Fig. 14). So this can be an
indication for a qualitative difference in the fiber behaviour
under 308 nm and 248 nm irradiation. On the other hand,
the dependence of the KrF laser induced attenuation coeffi-
cient at 210 nm on the repetition rate has also been observed
[19]. This dependence is very similar to what we found for
XeCl laser induced absorption at 308 nm (Fig.9). This is a
further indication that the 210nm band strongly influences
the transmission drop of 308 nm as well as of 248 nm laser
radiation.

The temporal behaviour of the decrease of the laser in-
duced 210 nm absorption band (see Fig. 15) shows that after
laser irradiation the fiber absorption spectrum is changed for
several hours. This is also of practical importance if the fiber
is used simultaneously for laser transmission and for guiding
laser induced fluorescence back from the laser treated area
[20]. Our data do not allow the determination of the recov-
ery behaviour within the first minutes after the irradiation.
This requires an experimental setup similar to that devel-
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oped by Leclerc etal. [17] used to study the fiber absorption
after irradiation with 248 nm radiation. They found a strong
decrease of the magnitude of the 210 nm absorption during
the first seconds after irradiation for OH-rich fibers.

The experiments with fibers produced with different
drawing parameters have shown that the fiber performance
for UV transmission is independent of these parameters
over a wide range. Only the fiber with the lowest drawing
velocity and drawing force has shown a higher photodegra-
dation. It seems possible that at low drawing velocities the
time spent in the hot region of the drawing apparatus it too
long, so that there is more time for impurities to diffuse into
the fiber and worsening the fiber properties.

4 Conclusions

The most important parameters for long time transmission
of XeCl excimer laser radiation are the laser energy density
and the laser repetition rate. An increase of the energy and
of the repetition rate of the laser lead to a decrease of the
fiber transmission. After several thousand laser pulses the
transmission is nearly constant. Interruption of laser irradia-
tion leads to a total restoration of the transmission, however,
switching on the laser again causes a new drop of transmis-
sion.

The photodegradation is independent of the fiber core
diameter and of the fiber drawing parameters, as long as the
drawing velocity and force are not to low.

The study of the laser induced absorption spectra and the
fiber fluorescence lead to the assumption that the wing of
the 210nm absorption band is mainly responsible for the
decrease of the laser transmission. However, all processes
which contribute to the drop of transmission have further to
be investigated to allow an improvement of the fiber perfor-
mance for transmission of UV excimer laser radiation.
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