Heraeus

P # S# %
# S %
& '
+ , - A
/ *+/0. '12(
+ 34%(4
56 * 6 + % |/ 0 7*+/08
96 '(O* 6 + % [/ 0
D78 ;< -
> 7 8 *+/0 6 6
6 *6 ? >
? 6 ?



PROCEEDINGS REPRINT

(@’SPIE—The International Society for Optical Engineering

Reprinted from

Proceedings of

Optical Fibers in
Medicine VII

21-22 January 1992
Los Angeles, California

Volume 1649

©1992 by the Society of Photo-Optical Instrumentation Engineers
Box 10, Bellingham, Washington 98227 USA. Telephone 206/676-3290.



Reduction of photodegradation in optical fibers for excimer laser applications

U. Grzesik, H. Fabian
Heraeus Quarzglas GmbH, 6450 Hanau (FRG)

W. Neu, G. Hillrichs
Laser-Laboratorium Goéttingen e.V., Gottingen (FRG)

ABSTRACT

Power transmission of excimer laser radiation at 308 nm through waveguides is of
growing importance in medical applications. The maximum energy densities achievable at
distal fused silica optical fiber ends are limited by the surface damage threshold of fused
silica and by photodegradation of the optical fiber material. Limitations due to the
surface damage threshold at the front surface can be avoided by applying tapered fiber
geometries. In order to minimize photodegradation effects colour center formation caused
by high energy UV radiation has to be reduced. This involves optimization of the fused
silica material properties and the necessity of modifying the manufacturing processes.
Measurements on all silica fibers at 308 nm wavelength (XeCl excimer laser) show dif-
ferent influences of core material manufacturing. Not only the overall decrease of trans—
mission but also the dependence of transmission changes on the number of laser pulses
and defect annealing are strongly affected. Consequences for improved performance of all
silica optical fibers in angioplasty are demonstrated by measurements on specially
produced samples.

1. INTRODUCTION

In the last decade the technology of excimer laser systems has been significantly im-
proved. Today they find widespread applications in research and development and their
use for manufacturing processes is quickly developing. In the medical field this laser type
is attractive because the high energy pulsed radiation combined with high photon energy
leads to tissue ablation with small thermal side effects [1—4]. Particular attention is attri—
buted to this laser system in angioplasty to remove calcified or fatty plaques in human
arteries [5-8]. For this application the availability of a fiber optic delivery system is of
vital importance. The catheters employed have to be very flexible. It is essential to reach
energy densities of 5 J/cm? over cross sections of about 1 mm? with bundles of very thin
optical fibers. This leads to required energy densities in the fiber cores close to surface
damage threshold values. In single fiber applications basically all the euergy of the
excimer laser is to be transmitted through the fiber which should still be flexible. This
requires comparable energy densities in the fiber cores.

In fiber applications transmission lengths of meters are common. Under these

circumstances fused silica is well transmitting at 308 nm, reasonably well at 248 nm, and
it reaches it’s limit with poor performance at 193 nm (see below).

80/ SPIE Vol. 1649 Optical Fibers in Medicine VII (1992) 0-8194-0795-X/92/$4.00



Experiments revealed that the initial transmission values are only partly relevant in a
lot of applications. Fused silica shows significant transmission degradation caused by the
intense ultraviolet radiation [9-17]. The effects increase dramatically with decreasing
wavelength and different material qualities have largely different performances.

This situation led to detailed investigations revealing the creation of microscopic defects,
so called colour centers, as the underlying cause for the observed phenomena. The analysis
of microscopic defect formation by ultraviolet light and especially its correlation to fused
silica manufacturing methods is presently a field of active research [18—22]. Selecting spe-
cial materials and optimization of production processes have already led to significant
improvements in the performance of the optical fibers over the years.

Informations on the transmission properties of fused silica optical fibers at low energy
densities as well as surface damage threshold values will be given in order to demonstrate
the limits of the materials transmission capabilities. Degradation of the transmission
performance caused by 308 nm excimer laser radiation applying energy densities near the
surface damage threshold will be discussed for commercially available optical fibers.
Taking this as a basis one further step to improve transmission properties by material
optimization is shown shedding some light on the potential of future developments.

2. LIMITS OF OPTICAL FIBER TRANSMISSION PROPERTIES IN THE
ULTRAVIOLET SPECTRAL RANGE

2.1. Fiber Samples

All samples investigated had a core of undoped high quality synthetic fused silica. The
damage threshold measurements were performed for different fiber types of different
manufacturers. Polymers and doped fused silica were used as a cladding. All results on
transmission behaviour were obtained with optical fibers drawn from FLUOSIL [23]
preforms. These have a fluorine doped fused silica cladding manufactured with a
proprietary plasma outside deposition process. The fiber core/cladding diameter was
generally chosen to be 200/220 gm and the numerical apertures were about 0.22.

2.2. UV Attenuation at Low Energy Densities

For low energy densities the dominant loss mechanism in optical fibers apart from
distinct OH- and impurity absorption bands is scattering [24-26]. In the wavelength range
between 400 and 200 nm the attenuation contribution of light scattering increases
dramatically proportional to 1 /A% The theoretical lower limit of attenuation caused by
this effect is shown in Fig. 1 curve c. It was calculated according to [24] taking into
account the dispersion correction proposed by [26]. The best result obtained
experimentally is shown as curve b. The data were determined applying the standard cut
back technique using a deuterium lamp as a source and a monochromator for spectral
analysis of the light after transmission through the fiber. Attenuation performance close to
the theoretical limit obviously can be obtained. Curve a shows typical spectral attenuation
characteristics of FLUOSIL [}é?,] fibers.
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Fig. 1: Attenuation coefficients of fused silica optical fibers in the ultraviolet spectral
range
a) typical experimental result
b) best experimental result
¢) theoretical limit due to light scattering [24-26]

2.3. Surface Damage Thresholds

The transmission capabilities at high energy densities are limited by the onset of me-
chanical damage of the material. This is observed at the surface of the sample. With
increasing power of excimer laser systems and sophistication of the applications special
set ups have been developed in order to determine surface damage thresholds [10,11,27].
Special attention has to be paid to obtain a sufficiently homogenous excimer laser beam
profile. Table 1 shows results obtained for commercially available optical fibers of different
suppliers. All fibers had 200 wum core diameter and the experimental conditions were
chosen such that only the core region was probed.

A fiber endface was considered to be damaged, when a change of the surface topology
could be detected by an image analysis system. The set up as well as the measurement
procedure are described in [27]. Nearly all fibers showed the first surface damage at about
20 J/ecm? for irradiation with 308 nm and 28 ns. Significant effects on transmission as
well as catastrophic damage occur at higher energy densities as was determined in [10].
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Fiber Type Surface Damage Threshold 308 nm
[J/em?]
Ceram Optec Optram 20
Diaguide STU 19
Ensign Bickford HCG 18
Ensign Bickford HCN 13
EOTec FG 20
Fiberguide SFS 20
Quartz & Silice AS 20
Quartz & Silice PCS 16

Table 1:  Surface damage threshold values for optical fibers of different manufacturers
(experimental parameters see below)

3. TRANSMISSION PROPERTIES OF STANDARD OPTICAL FIBERS
UNDER INTENSE EXCIMER LASER RADIATION AT 308 NM

3.1. Test Conditions

All tests were performed with a Lambda Physik XeCl laser type LPX210. By guiding
the laser beam through a circular aperture of 3 mm diameter the beam is reduced to its
central and most homogenous part. The laser energy can be adjusted by a rotatable
dielectric filter without changing other beam characteristics. A part of the beam was
directed via a beamsplitter to a pyroelectric detector (Laser Precision RjP 735).

The aperture was imaged onto the fiber front surface by a lens (fused silica, focal
length 50 mm), giving a numerical aperture of less than 0.1. Position adjustment of the
fiber endface relative to the laser spot was performed with an XYZ-translation stage. A
second detector of the same type records the laser energy emerging from the fiber. After
calibration this setup allows the determination of the actual fiber transmission. A beam
profiling system is used to analyze the laser spot size and energy distribution at the
position of the fiber front surface.

Following operation parameters were chosen:

wavelength: 308 nm
pulse duration: 28 ns
energy density at incoupling surface: 15 J/cm?
repetition rate: 30 Hz
length of the fiber samples: 2 m
diameter of incident radiation on fiber surface: 180 um
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3.2 Experimental Results

Transmitting excimer laser radiation through optical fibers the observed transmission
depends on the number of laser pulses in the typical way shown in Fig. 2. Over the first
few hundred pulses a sharp decrease is observed followed by only moderate changes for
the next few tenthousand pulses. The steepness of the transmission drop and the satu-
ration level are strongly dependent on the quality of the fiber core material. This is
demonstrated for former fiber quality and an actual standard quality. The energy densities
were chosen to be 15 J/cm? slightly lower than the surface damage thresholds. The
transmission values are normalized to that value obtained for the first few pulses with
high energy density.
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Fig.2.  Transmission as a function of laser pulse number for today’s standard and a
former material quality

Stopping irradiation of the sample the material recovers. This effect is known for some
time [20] and shown in Fig. 3. It is related to defect annealing. Diffusion of atoms in the
material to the defect site plays an important role. Annealing is strongly dependent on
the fiber core material properties. It may be a strictly reversible process or a combination
of reversible and irreversible processes.

Typical times for significant recovery of the transmission are of the order of minutes.
Thus-in an application with several series of at least a few hundred pulses the intensity
of the radiation applied to the tissue varies as a comsequence of the time dependent pro-
cesses in the optical fiber. This is of special importance in applications where well defined
and stable energy density levels are needed.
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Fig. 3. Time behaviour of transmission of standard material; the time intervals of the
interruption of laser operation are given.

4. INFLUENCE OF MATERIAL OPTIMIZATION ON
PHOTODEGRADATION CHARACTERISTICS

Over the last years extensive research was performed to understand the mechanisms of
defect generation and to optimize material properties. Fig. 4 shows results obtained with
optical fibers drawn from a new type of FLUOSIL [23] preform in direct comparison to
the actual quality. The transmission decrease for 20.000 pulses could be limited to less
than 10 % of the initial value for the operation parameters chosen. Increasing the number
of laser pulses to 100.000 no significant additional degradation was observed (see Fig. 5).
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Fig. 4. Transmission variation with number of laser pulses for standard and improved
preform quality
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Fig. 5. Long term photodegradation characteristics of the improved preform quality

In the case of the new material photodegradation seems to be strictly reversible. Fig. 6
shows defect annealing for different times of interruption of laser irradiation. Complete
recovery of the material is obtained after about 5 minutes. Even after more than 100.000
laser pulses and a few minutes recovery time the typical decrease in transmission over a
few hundred pulses is observable. Thus first trials to precondition the optical fiber in
order to obtain still smaller variations of transmission were not successful.
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Fig. 6. Time dependence of photodegradation and defect annealing of the new material
quality
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