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Abstract

Optical fibers are used indental medicine to treat gingival sulcus with light of 450nm wavelength. About 3mm long
diffusers atthe end of the fiberincrease the irradiation angle by scatteringthe light inside the core. In order to maximize
the stability of the fiber, we investigated a novel approach to induce scattering centers inside the fiber. Limits and
possibilities of the front-end induction inside fused silica fibers were studied using laser pulsesinthe range of 10 ps.
Threshold intensities for the generation ofscatteringcenters were determined as well as their growth as a function of
intensity, number of pulses and time interval between pulses. The threshold wascompared with predictions resulting
from a rate-equation. Beside the intended scattering centers other phenomena occurred such as periodical ripplesand
material alterationinside the fiber that seemto interfere with the creation ofthe scatteringcenters.
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1. Introduction

Developing applicationsfor optical fibers,i.e.in medicine, is strongly related to the ability to process
microstructures into these fibers, while maintaining their stability. In particular, focused ultrashortlaser
pulses allowa fastand confined modification in thetarget volume around the focal point. Upon relaxation,
the irradiated material exhibits structural alterationsthatcan be used to manipulatethe propagation of the
lightinsidethe fiber. For example for treating liver tumours, scattering centers areinscribed into one end of
optical fibers.
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2. Objective

Inthis paper we investigated the induction of scattering centers into fiber cores through the end face of the
fiber by modifyingthe core with ultrashortlaser pulses,asillustratedin Fig. 1. This method can help to
prevent the lateral surface (the buffer and jacket of the fiber) from beingirradiated, which can help
maintainingthe stability of fibers.
Systematic studies of the size of the modified areas as a function of the pulseenergy Ep, ., the number of
pulses N, and the time interval T between consecutive pulses were performed insidethe core of the fibers.
Furthermore, the determined intensity threshold for inducinga scattering center was compared to the
prediction of a rate equation.
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Fig. 1: Modifying the core of a fiber throughthe endface by the laser
T. Laser pulses are focused by the objective Ainto thefiber.The
modified area/scattering center M occurs in the focus of the
objective Ain adistance to the end face dzZ'.
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3. Experimental procedure

A Nd:YVO4 laser was used as the source of ultrashortlaser pulses with a center wavelength 1 = 1064nm and
pulseduration t, = 9.3ps. Laser pulses with energies up to Ep,,;;,= 150 and peak powers up to Py, =
15.66MW were applied to induce modifications of the fiber core. A multi mode fiber was used throughout
the investigation. The fiber core consisted of synthetic fused silica (refractiveindex n=1.448, diameter
d=400um) andthe claddingof fluorine-doped fusedsilica (n=1.431, d=440um). The pulses were focused by
anobjective (NA =0.26, working distance WD=30.5mm) into the fiber core with a distance dZ’ to the end
face. The laser beam had a minimum beam width w, = 7.3um, Rayleigh length z,= 38.4um and a divergence
anglef = 0.24radinair.

The buffer and jacketwere stripped of the silica fiber to avoid aninfluenceon the focused lightbeam inside
the core, and by cleavingthe fiber a planeand orthogonal end face was created (see Fig. 1). Fig. 2 shows a
prepared fiber for the processing. The processed fibers were analysed under an optical microscope.

The intensity I of the laser pulsewas defined as:
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with
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zis the axis parallel to the beam axis, ris the distanceto the beam axis, tis the time and w(z) is the beam
width as the function of the position z.

4. Results

4.1. Inducing scattering centers through the end face

Fig. 3 and Fig. 4 show an exemplary fiber after it was processed about 700um behind the end facewith single

laser pulses focused through the end face. Each pulse, with the pulseenergy Ep,;5. = 135, modified the
fiber core. As can be seen inFig. 4 these modifications also scatter light,as was required.
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Fig. 2: Prepared optical fiber.
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Fig. 4: Similar fiber from Fig. 3. llluminated fromthe side
to show the capability of the modified areas to scatter the
light.

Fig. 3: Processedfiber with single pulses (pulse energy Epyise=
135w). lHluminated from below.



4.2. The length of the scattering centers as a function of the pulse energy, number of pulses and time interval
between pulses.

The effect of singleand multi pulses on the glass structure of optical fibers has been studied as a function of
the parameters:

e Pulseenergy Ep,;.€[4.82u]; 135u]]
e Number of pulses Nel1;13000]
e Time interval between consecutive pulses Tel99ns; 100us]

For the attempts with the multi pulses, onthe one hand, the number of pulses N was varied with a constant
pulseenergy Ep, ;. = 9.65iJ and time interval between pulses T=100ps.On the other hand, the number of

pulses N=2, andthe pulseenergy Ep,;5. =9.651 was kept constantand the time T was varied. The length

of the modified areas has been measured and plotted againstthe pulseenergy Ep, 5., number of pulses N

andthe timeinterval T between pulses.Thisis presented in Fig.5.
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Fig. 5: Length of the scattering centers as a function of the pulse energy Ep,1s. , Nnumber of pulses N,
and the time interval T. The points are the measuredvalues and the dashed lines are the fitted curves.

As the results show, the size of the modified area depends mainly on the pulseenergy Ep,;,, andto alesser
extend on the number of the pulses N, and the time interval T between the pulses.To fit the modifications
M to a defined sizeone cantake profit by adjusting N and T.



Fittingequation (2) to the data presented in Fig. 5 yielded the threshold energy Ep,,;5. to modify the fused
silica.

Length = f(EPulse) =a-\Epyse — b 2)
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The threshold intensity therefore is given as:
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By evaluatingthe area the peak intensity of the laser pulse (see equation (1)) succeeds the threshold
Ltnrmeas: itis possibleto make predictions aboutthe sizeand shape of the modified silica. Fig. 6 illustrates
this alongthe beam axis (the origin of the z-axis corresponds to the focus of the laser beam). As a resultthe
maximum length of a scatteringcenter is 2 -z, and the scatteringcenter lies within the limits (z.,,, -Z;p7)-

l‘-- b
.
N
& ! s
-~ “
Qo ’ N
,
= ~
,E"_“‘ L I | |~
e L s
51 - ~
T e
~
Zthr 0 —Zthr

Fig. 6: The blue dashed line is the pulse intensity from equation
(1) and the continuous line corresponds tothe threshold
intensity Iinr meas - TZenr are the points theintensity Iequals
the threshold intensity.

Figure 7 to Figure 9 showthe modified area of fused silica after the interaction with a laser pulseofa certain

pulseenergy Ep,;s.- The bluecurve represents the beam width w(z) and the green curve the position the
peak intensity of the beam [ is equal to the thresholdintensity I, 1eqs-



b5k
Fig. 7: Epyise = 9.651] Fig. 8: Epyise = 38.61) Fig. 9: Epyise = 135.1pJ

Comparingthe real modifications with the predicted contour | eads to the conclusion thatthe predictions are
in good agreement with the observation.

One aspect that becomes apparent for the energy value Ep,,;5, closestto the threshold Eyy;. 1,045 (S€€ Figure
7) is thatthe modificationis moreevenly spread within the area between the green curves. Withincreasing
energy Ep,;s.the formation of modifications becomes more and more dominant in the left part of the green
curve. Since the pulses propagated from the left to the right side, this means the formation becomes
increasingly dominantinthe area where the pulsepasses first.

The reason why this behaviour could occur is that, for increasing pulse energies Ep,,;c, On the incomingside,
anincreasingpartof energy is deposited into the fiber material and larger amounts of lightis reflected by
the induced plasma. As a consequence the laserintensity I declines spatially faster for larger pulse energies
Epsealongthe propagation path of the pulseP insidethe green area.

4.3. Theoretical threshold intensity to modify fused silica

The minimum intensity I, ;meqs to modify fused silicawill bedetermined inthis section with the
calculations proposed by Stuart et al, 1996. The assumptions made by Stuart are:

- Modificationsoccur in fused silicafor electron densities larger than p,,, = 10%! 1/cm3‘

- The multi photon andavalancheionization areconsidered the dominantionization processes.
Thermal effects can be neglected for pulsedurations t, < 20ps.

Inthis approximation the total change of electron density p can be determined by the followingrate
equation:
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The firstaddend denotes the change of the electron density induced by multi photon ionization and the
second, the change due to avalancheionization. @ = (6.5 to 13)cm?/(ps - TW) is theavalancheionization
rate for fused silicaand P[I(t)] is themulti photon ionizationrate,in our casefor the wavelength A =
1053nm and the eight photon process, whichis given by:

PI(®] =9.52- 10 - 1*() —; (3)
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The units of the intensity I(t) in equation (3) is TW/cm?.




Because we evaluate the changein electron density for a fixed position we justhave to consider the
temporal change of the intensity:

1(t) = Ip,qy - exp(—41n(2) t2/t2)

Setting p = p;p,, and solvingequation (4) for the peak intensity I, Yields the threshold intensity
I required to modify SiO2.

p(IPeak) = J‘°° do® dt (4)
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Ithr,calc = IPeak = (045 - 077) %

The measured thresholdintensity I, meqs = (0.36 + 0.12) TW/cm?and the calculated interval
Lnrcaie = (0.45 to 0.77) TW /cm? are consistentwithin their errors.

Figure 10 shows the damage fluence F for a series of measurements as a function of the pulseduration
to = 7 by Stuartet al,1996. The measured damage fluence F of the presentinvestigationis

I * toVm
Fthr,meas = thr,mze# = (35 + 1.19)]/cm2

Finr meas 15 inserted into the Figure 10 as ared dot.
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Fig. 10: Measured values of damage threshold for the wavelength A =1053nm and
fused silica as wellas calcium fluoride. This figure has been taken froman article
written by Stuart et al, 1996. The measured value from the presentinvestigation is
added asared dot.



4.3. Periodical structures

Some of the modified areas inducedin the fiber exhibited rippled structures, as can be seen in Fig.. The
appearanceof these ripples was neither uniformly distributed over a single modification nor similarly shared
by other modifications. Furtheritcan be stated that the likelihood of occurrence of the periodical structures

is higher at the edge of the fiber.
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Fig. 11: Modifications with periodical structures.

4.4. Unintended alterations of the fiber core

Beside the intended modification around the focal pointina depth of dZ’=4mm insidethe fiber, further
material alterations (referred to as Lines and Tails) occurred closer to the end face duringthe laser
processing.Such alterations can beseen in Fig. .

They are about 900um to 1500um longand extend up to a depth of dZ’ = 2864um, which coincides
approximately with the position of the focus inair.The analysis of the processed fibers showed that very
often modifications justwere successfullyinducedinareas free of tails in the beam path of the processing

pulses.
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Fig. 12: Unintended material alterations referredto as Lines and Tails.



5. Conclusion

All'inall we were ableto inducescattering centers into the core of silica fibers through the end face. Further,
we studied their length as a function of the pulseenergy, number of pulses and pulserepetition rate and
were able to determine the intensity threshold to inducea material modification infusedsilica.

TW
Ithr,calc = Ipeak = (0.45 —0.77) W

By evaluatingthe intensity distribution of the pulse we estimated the size of the modifications as a function
of the pulseenergy. A comparison (seeFigure 13) showed that the prediction was ina good agreement with
the experimental results.

Figure 13: Epy e = 9.65u)
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