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Abstract:  Supercontinuum light sources spanning into the ultratdole
visible wavelength region are highly useful for applicasosuch as
fluorescence microscopy. A method of shifting the supeinanm spec-
trum into this wavelength region has recently become wedleustood. The
method relies on designing the group-velocity profile of tloalinear fiber
in which the supercontinuum is generated, so that redesh8blitons are
group-velocity matched to dispersive waves in the desilawviolet-visible
wavelength region. The group-velocity profile of a photoaigstal fiber
(PCF) can be engineered through the structure of the PCRhisumostly
modifies the group-velocity in the long-wavelength part lod spectrum.
In this work, we first consider how the group-velocity profitan be
engineered more directly in the short-wavelength part @& $pectrum
through alternative choices of the glass material from Wwhiee PCF is
made. We then make simulations of supercontinuum genarati®CFs
made of alternative glass materials. It is found that it isgilole to increase
the blue-shift of the generated supercontinuum by abouta0through
a careful choice of glass composition, provided that theratdttive glass
composition does not have a significantly higher loss thénasin the
near-infrared.

© 2008 Optical Society of America
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1. Introduction

The first experiments with supercontinuum generation incqutic crystal fibre (PCF) demon-
strated impressive spectra spanning from 400 nm to 1500 immg d90 fs pulses [1]. Often,
one does not require the use of the entire supercontinuuawbdth, or the spectrum needs
to be concentrated in a specific spectral region where ofisers are not readily available. To
achieve spectral energy at wavelengths longer than prawigiea given pump laser, one can
use the soliton self-frequency shift to simply red-shié thser pulse over a desired wavelength
range. This can be done over 900 nm [2] and provides a bagisTfable lasers with applications
including broadband spectroscopy [3] and coherent ankedt Raman scattering (CARS) mi-
crospectroscopy [4]. ZBLAN fluoride (a mixture of zirconiybarium, lanthanum, aluminum,
and sodium fluorides) fibres have been used to extend thecaugigmuum spectrum beyond
4.5 um [5]. Besides these examples of generating light in the-r@amid-infrared, one also
finds examples of generating light in the ultraviolet-blegion of the spectrum. This wave-
length region is highly interesting for several reason@n@rily, many fluorescent molecules
are excited in a wavelength range fren00 nm down to~350 nm [6]. Supercontinuum light
sources covering this wavelength range are thereforeyhigiaful for fluorescence microscopy.
In particular, a high power spectral density over a broadelength range removes the need
for using several lasers, each corresponding to the exxitatavelength of a specific fluores-
cent molecule. Supercontinuum sources with high specgasity between 460 nm and 2400
nm have now become commercially available [7]. Such supgimaum sources are, e.g., the
essential building block in state-of-the-art supercamniim confocal microscopy systems, al-
lowing continuous tuning of the excitation wavelength [8hother application is absorption



spectroscopy in the ultraviolet—visible region.

Due to the complexity of supercontinuum generation in gainérere is more than one way
of achieving significant spectral power in the ultraviolgsible region of the spectrum. Con-
tinuously shifting the zero-dispersion wavelength (ZDWorg a fiber by tapering it, has been
used to generate light in the UV-visible region both usingpsslong pulses [9] and fs pulses
[10]. Concerning enhancement of the supercontinuum in #ae-mfrared, it has been demon-
strated that the supercontinuum can be enhanced near thg EBxsonance wavelength of a fiber
Bragg grating [11]. This principle was also demonstratedafdunable acoustic long-period
grating [12]. Another basic approach for controlling th@ercontinuum spectrum is through
careful dispersion engineering of a PCF. This can be usedrttal the location of the Stokes
and anti-Stokes peaks in a ps-pumped supercontinuum dtedibg four-wave mixing (FWM)
[13, 14]. The FWM peaks can also be locally enhanced by baekling part of the supercontin-
uum [15]. Dispersion engineering can also be done as posepsing through UV-irradiation
of germano-silicate fibers, which has been used to extenbltieeshift of the supercontinuum
[?].

In this paper we focus on a particular route for generatiregspl power in the UV-visible
region. This particular route has become well understoddsabased on group-velocity match-
ing between red-shifting solitons and dispersive waves-shifted by the interaction with the
solitons [17, 20, 21, 22, 24]. We investigate to what extem can increase the blue-shift
of a supercontinuum, by changing the group-velocity prdfiteugh the use of fibre materials
other than pure silica. The group-velocity profile has pragly been manipulated for increased
blue-shift by changing the PCF structure [16]. Howevers thiimarily modifies the group-
velocity for longer wavelengths. Our approach here is toimdate the group-velocity profile
for shorter wavelengths by changing the glass composifitiediber. The spectral broadening
mechanism is explained in detail in Section 2, where we ailscuds how the group-velocity
profile should be modified for increased blue-shift. In Set8 we calculate the group-velocity
profiles of various glass compositions. Section 4 desctipgswe then simulate supercontin-
uum generation in fibres made of these glasses. The restifts simulations are presented and
discussed in Section 5. Finally, in Section 6 we conclude plaper.

2. Theory

The method investigated here for blue-shifting the supgitaum consists of first breaking
the pump pulses up into shorg (LOO fs) red-shifting solitons, while the solitons genewdise
persive waves in the normal dispersion region on the shavielength side of the pump. This
can be achieved by pumping at a wavelength with anomalopsdi®n but close to the ZDW
of the PCF [18, 19]. Assuming that the dispersive wavesaltjthave a lower group-velocity
than the solitons, they will lag behind the solitons. Howewas the solitons gradually red-shift
they will also experience a reduction in group-velocity @avdntually meet with the dispersive
waves. The temporal overlap between a soliton and a dispengive allows them to interact
nonlinearly. Two mechanisms have been suggested for tigisiction. First, the temporal over-
lap with the high power soliton leads to cross-phase mougXPM) [19] of the dispersive
wave. Since the dispersive wave is located on the trailingeef the soliton, the XPM leads
to a blue-shift of the dispersive wave [20, 21]. Second, & tyffour-wave mixing (FWM) can
occur between the soliton and the dispersive wave whictsléathe generation of energy at
wavelengths shorter than the dispersive wave [22]. For didthe two methods, the blue-shifted
radiation experiences a decrease in group-velocity ardheitefore lag behind the soliton. But
as long as the soliton can continue its red-shift, it willadecrease its group-velocity until it
again meets with the blue-shifted radiation. The bluetshé@chanism can therefore take place
continuously, as long as the soliton is able to red-shift@gextease its group-velocity (note that



x 10°

2.05

" [—A=2.42 um, diA=0.46
----- A=3.7 pum, dIA=0.79

2.04r -
== Bulk silica

N
Q
=

N
o
N

N
o
=

Group velocity [m/s]

N
T
I

199

500 1000

1.98 2000 2500

1500
Wavelength A [nm]

Fig. 1. Calculated group-velocity profiles for PCFs with= 2.42 um, d /A = 0.46 (blue,
solid) andA = 3.7 um, d/A = 0.79 (green, dotted). The horizontal and vertical lines show
that there is group-velocity match from 2100 nm to 536 nm @rth-=2.42um,d/A = 0.46
fibre, while theA = 3.7 um, d /A = 0.79 provides group-velocity match from 2100 nm to
491 nm. The group-velocity in bulk silica is also indicateed, dash-dotted).

solitons only exist in the anomalous dispersion region,re@lgered-shift implies a decrease in
group-velocity). Since the blue-shifted radiation canesitape from the soliton as long as this
cycle continues, this process has also been termed a “trggffiect” [23, 24]. A first tenta-
tive explanation of this supercontinuum blue-shift meésisrwas given by Tartarat al.[17].
Recently, the explanation has been firmly experimentalppsuted in the work by Stonet
al. [16]. With this mechanism the maximum blue-shift is limitied the ability of the solitons
to red-shift. The red-shift can be limited by the increasbath material loss and confinement
loss for wavelengths in the near-infrared. Depending orsthectural design of the PCF, the
existence of a second ZDW will also limit the soliton redfstgince the red-shift is halted
gradually by spectral recoil as the solitons red-shift ®\finity of the second ZDW [25].

More directly, the maximum blue-shift is also determinedly group-velocity profile: the
group-velocity of the most red-shifted solitons matches dhoup-velocity of the most blue-
shifted dispersive wave [22, 24, 27]. One could thereforaimdate the group-velocity profile
through careful PCF design to increase the blue-shift. Tagkwy Stoneet al. focused on
modifying the PCF structure so that the group-velocitiesadewered for the red-shifting soli-
tons [16]. The principle of this is demonstrated in Fig. 1tHis figure, it is seen that for a PCF
with the structural parameters= 2.42 um, d /A = 0.46 a soliton red-shifted to 2100 nm is
group-velocity matched to a dispersive wave at 536 nm (wéecethe nonlinear contribution
to the group-velocity of a soliton, since it is small comphte the linear group-velocity). In-
stead choosing a PCF with= 3.7 um, d /A = 0.79 shifts the group-velocity match to 491 nm
for a soliton with the same red-shift. This means that a labfige-shift can be expected in a
supercontinuum generated in the PCF whtk 3.7 um, d/A = 0.79. Note that the PCF group-
velocity profiles below~700 nm are practically equal, since material dispersioroimidant
for short wavelengths, while waveguide dispersion becomese dominant for long wave-
lengths. It is also indicated in the figure how the PCF groalosity profiles approach the
group-velocity of bulk silica at short wavelengths.

If one wishes to carefully design the PCF group-velocityfigdor increased blue-shift of
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Fig. 2. Calculated group velocity profiles for 6 differenags compositions, including pure
silica.

the supercontinuum, it is clear from the above considematibat changing the PCF structural
parameters will primarily modify the group-velocity pre&filor long wavelengths. Furthermore,
modifying the PCF structure in order to lower the group-eéles for long wavelengths can

shift the zero-dispersion wavelength (ZDW) away from thsiidel pump wavelength, thereby
reducing the amount of power transferred to the UV-visiblgan [16].

An alternative approach is to change the group-velocitfilerby choosing a fibre material
different from pure silica. The group-velocity profile isetlhh no longer restricted to always
approach the group-velocity of silica at shorter wavelbeagThis approach therefore expands
the possibilities for dispersion design of PCFs.

We should also mention that experiments of visible supdiconm generation in Ge-doped
fibres were recently presented [28, 29, 30] but the objedtivbe doping was to increase the
second-harmonic generation in the fibre, and not to mod#gttoup-velocity profile.

3. Modifying the group-velocity profile by modifying the glass composition

It was explained in Section 2 that shifting the group-velpprofile downwards for the long-
wavelength part of the spectrum leads to an increased hiifteThis is because the red-shifting
solitons are then able to match the group-velocity of disiperwaves at shorter wavelengths.
Likewise, upshifting the group-velocity profilg(A ) for the short-wavelength part of the spec-
trum should also lead to an increased blue-shift of the sigmginuum. To investigate whether
a suitable manipulation of the short-wavelength part ofghemup-velocity profile is possible
by modifying the glass composition from which the fibre iswinawe calculatedigy(A ) for a
range of characteristic compositions of materials preslipused in waveguides. The Sellmeier
coefficients for the various glass compositions were obthirom Ref. [31, 32]; for pure fused
silica we used the data from Ref. [33], which is used wideBj[1

Figure 2 shows the calculated group-velocity profiles foif@étent bulk glass compositions,
including pure silica. Itis seen that out of the 5 alterratilass compositions investigated here,
only two have a highevg(A) than silica in the visible part of the spectrum: 1.0% F an®%3.
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horizontal, which shows that there is group-velocity matebween the short-wavelength
peak and the most red-shifted solitétight: Dispersion profiles corresponding to the same
PCF structure and glass compositions. The black horizéineindicates zero dispersion.

B,03. We therefore continue investigating these two glass caitipos.

The properties of the fundamental mode of a particular PEE Q.42 um, d/A = 0.46)
made of these two alternative glass compositions were leagriiusing a mode solver based on
the finite element method [34]. To investigate whether trenge in glass composition changes
the modal properties of the PCF (more specifically how theofiutvavelength is affected),
we calculated the effective V-parameter applicable for #GFhas been shown that PCFs
are single-moded foVes < 1T [?]. From this we found that the cut-off wavelength is about
492 nm for the pure silica PCF and shifts only slightly to ab486 nm for the alternative
glass compositions. In Fig. 3 we show the resulting caledlaroup-velocity and dispersion
profiles. It is seen in Fig. 3 (left) that choosing the glasgwi% F upshifts the entire group-
velocity profile with a diminishing shift towards shorter vedengths. The glass composition
with 13.3% BOgz results in a smaller upshift @f(A ), and from a wavelength of approximately
2.3 um and upwards the group velocity is smaller than for a pureasfibre. Also, the glass
with 13.3% BOj3 shifts the ZDW further into the near-infrared. Based on théarstanding of
the physical mechanism behind the short-wavelength panec$pectrum, presented in Section
2, we can now use the group-velocity profiles to make the Mioiig predictions about the
short-wavelength edge of supercontinua generated in tee flbres investigated here.

One could initially think that the upshift af(A ) at short wavelengths for the fibre with 1%
F would lead to a larger blue-shift. However, singgA ) is also shifted upwards for longer
wavelengths, the red-shifting solitons are not expectebet@ble to slow down sufficiently
to match their group-velocity to radiation at shorter wawgjths than in the pure silica fibre.
On the other hand, red-shifting solitons in the 13.3%Bfibre eventually experience a lower
group-velocity than in the pure silica fibre, and are thug é&bmatch their group-velocity to ra-
diation at shorter wavelengths than in the pure silica fibem these considerations we expect
that even though using glass with 1% F upshifts the groupeitgiat the short-wavelength part



of the spectrum, this will not result in an increased bludtsli the spectrum. Instead, using
glass with 13.3% BOs is expected to result in a larger blue-shift.

In the following, we use numerical simulations of supergmnim generation to test these
expectations.

4. Propagation equation

The propagation of optical pulses in a nonlinear wavegsdaften modelled using the gen-
eralized nonlinear Schrodinger equation (GNLSE). The GElwas recently reformulated to
account for a strong frequency dependence of the effea®aas(w) [35, 36]. This modified
GNLSE is written here in a form very similar to the standard(S&:

% =i ézﬁm [w:n?b] é(Z, w) - @C(Z, w)
syt |1+ 222 7 {e@y [ Re-w c@oPa}. @

where the nonlinear coefficieptw) is given by
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n, is the nonlinear-index coefficient of the waveguide matesgd to the value corresponding
to fused silican, = 2.6- 10729 m?/W [19]. ne¢(w) is the frequency dependent effective index
of the guided mode andy = nest (). The variation ofnes(w) is usually much smaller than
the variation ofAeft(w) and therefore neglected he@z, w) is the Fourier transform @(zt),
and is related to the Fourier transform of the pulse enveldpg) by

. [ Ar(w) -1/4
Clzw) = {Aeff(ab)] Az, w). 3)

The symbol.# denotes Fourier transform, am{t) is the Raman response of the nonlinear
waveguide. For this work the standard approximation facaijlass was used [37, 19]:

y(w) 2)

R(t) = (1— fR)8(t) + ng exp(—t/T2)sin(t/11)0t), 4)
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whered(t) is the Dirac delta functionfgr = 0.18 is the fractional Raman responsg—= 12.2
fs, 1, = 32 fs, andd(t) is the Heaviside step function.

Note that Eq. (1) is reduced to the standard GNLSE [18, 19))i€(andC are replaced b
andA, respectively, and if (2)(w) is approximated by

N2 o
W)~ y(up) = ——-—. 5
V@)~ y(w) = s (5)
This means that current implementations of numerical &nistto the standard GNLSE only
need small modifications to instead solve the modified GNLEGE, (1). A simple approach
to include the frequency dependencefgf, has previously been to simply use the standard
GNLSE, with a frequency dependent nonlinear coefficiergigivy

V(@) = 228

= e ©)



10 T T T T T T

 Attenuation of fibre drawn from SWU fiber preform
—Loss profile used in simulations

Attenuation [dB/m]

3

10_ = | | |
1400 1600 1800 2000 2200 2400
Wavelength A [nm]

2600 2800 3000
Fig. 4. Measured loss in fibre drawn from all-silica stepexdreform with F-doped
cladding, used for optical fibers (blue dots), and the fitess Iprofile used in the simu-
lations (green line). Measured loss data kindly providedHbyaeus Quarzglas, Germany.

However, the modified GNLSE was recently found to more adelyrdake into account the
wavelength dependence Af; than the simple approach [36].

o(w) in Egn. (1) is the power attenuation coefficient. Losses enkar-infrared can be
expected to limit the soliton red-shift. We have thereforduded losses in the near-infrared
region. The measured loss profile for an all-silica fibre mvahin Fig. 4. For the fibre lengths
modelled here, the losses belev2000 nm are considered insignificant (the loss is below 0.1
dB/m in the range 420-2130 nm); we have therefore made a fitedaata between 2000—
2184 nm. The loss in this wavelength range is dominated bgdhealled multiphonon edge,
seen as an absorption tail in the near-infrared. The logs®sea2184 nm are calculated from
extrapolation of the fit following the formx(A) = Aexp(—a/A) .We could not find available
data for the near-infrared loss profile of silica with 1% F 8.3 B,Os, but the doping is
expected to lead to an increased loss [38]. We thereforeheskoss profile of pure silica in
all the simulations with loss, and thus our investigatiocufges on the effect of modifying the
group-velocity profile through doping, without considerichanges in loss due to the doping.

5. Simulation results

All the simulations were made with'2 sampling points. The temporal resolution was set to
1.54 fs, resulting in a temporal window of 201.85 ps and adezgry resolution of 4.95 GHz.
The simulations were made both with and without the loss lerofi pure silica, because the
numerical accuracy can better be evaluated when loss isdoidied. The adaptive step size
method was used [39] with a local goal error&f = 10~ resulting in a maximum change
in photon number (a measure of the numerical error whichesllg zero in the absence of
loss) [36, 37] 0f—5.9- 10 %% after 2.5 m of propagation for the simulations without Idssr
validation, loss-free simulations were also performedaug kength of 0.25 m witldg = 108
resulting in a maximum change in photon number-6f0- 10-8%; the resulting spectra showed
insignificant differences compared to the spectra usig: 10-°, which at this length had a
maximum change in photon number #.5- 10-5%. Since the change in photon number is
larger fromz=0 m toz= 0.25 m than fromz = 0.25 m toz= 2.5 m and there was no
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Fig. 5. Calculated spectra after 2.5 m of propagation in a R€F 2.42 um and
d/A\ = 0.46) made of pure silica and alternative glass compositibhe.spectra have been
smoothed using Savitzky-Golay filtering [44]; the simuba including loss were first av-
eraged over 5 simulations with different input noise seeaézh glass composition.

significant difference in the spectra calculated with @ithe= 106 or &g = 10 8 at 0.25 m,
the numerical accuracy is assumed to be sufficient. The ipplse has a sech shape, peak
power of 9 kW, intensity FWHM (full-width at half-maximum)udation of 8 ps, and centre
wavelength of 1064 nm. To realistically model the finite \ingth of the pump laser, we used
the same phase noise model as in Ref. [40], since the undgnphase-diffusion model is
physically well-founded [41, 42]. The linewidth in the sifations was set to 530 GHz-
nm) FWHM. For each of the three glass compositions we madeélations including loss
and one without loss. The 5 simulations including loss weaglenusing different initial seeds
for the pseudo random number generator used for the phase Since the spectral broadening
is initiated by modulation instability, the final spectra &ighly sensitive to the input noise [18].
Itis therefore necessary to perform multiple simulationd average over the resulting spectra.
In our case we found that 5 simulations were sufficient to geaaonable averaging.

The centre wavelength of the simulation frequency window set to 750 nm. The power
spectraS(A ) shown are scaled so th@fmaXS()\)d)\ is equal to the average pulse power, as-
suming a pulse repetition frequency of 80 MHz. To focus onetiect of changing the group-
velocity profile by modifying the fibre material, we use thengaloss profile for pure silica in
all simulations with loss. Also, we have not considered hber monlinearity of the material
could be modified due to the alternative glass compositidopig SiQ with either GeQ or
F is known to increase, [43]; a highern, means that shorter fibers can be used to obtain a
similar spectral broadening). Also, we have uged(w) calculated for a pure silica fiber in
all the simulations, since the changeigi(w) by using the alternative glass compositions was
found to be negligible.

The resulting spectra are shown in Fig. 5. The pure silica fimd the fibre with 1% F both
have a ZDW at-2.6-2.7um. Itis seenin Fig. 5 that in these fibres the solitons havesteited
to ~2.5um and generate dispersive waves-&tum (when loss is notincluded). The fibre with



13.3% B0O3 has a ZDW at-2.9 um, and the solitons have here also red-shiftee- 205 um
and generate dispersive wavesaB.1 um. For the simulations including loss, the dispersive
waves are attenuated so much that they are not visible irpgrsim.

At the short-wavelength edge of the spectra, we see thag @siiibre with 1% F results
in practically the same blue-shift as when using a puressiiicre. As mentioned in Section
3 this is expected becausg(A) is upshifted more in the wavelength region of red-shifting
solitons (between the pump wavelength and the higher ZD&# th the visible wavelength
region of the dispersive waves. The fibre with 13.3%0B has a smaller upshift ofy(A) in
the wavelength region of dispersive waves, but this is noae tompensated by the downshift
of vg(A) in the wavelength region of red-shifting solitons (see Big.This explains why the
short-wavelength edge of the spectrum calculated for th#24 8,03 fibre is more blue-shifted
than in the pure silica fibre.

In Fig. 3 (left) we have also drawn lines betwegjiA ) at the short-wavelength edge of the
spectrum and the wavelength to which the solitons have hdted. These lines are almost
horizontal indicating that there is almost perfect grogbeeity match between the red-shifting
solitons and the blue-shifted dispersive waves (again, egtect the nonlinear contribution to
the group-velocity of a soliton). This again supports thdamtanding of the physical mecha-
nism behind the blue-shift described in Section 2.

6. Conclusion

In conclusion, this work demonstrates that modifying theugrvelocity profile by changing
the glass composition of the nonlinear fibre can be used te&se the blue-shift of the super-
continuum. It was found that care must be taken to ensureghibathange in glass composi-
tion does not just lead to an upshift of the entire group-eiygorofile, but that the resulting
group-velocity at the long-wavelength part of the spectmnst be lowered relative to the
group-velocity at the short-wavelength part of the spentr@ne could also combine a mod-
ification of the glass material to raisg(A) at short wavelengths, with a modification of the
PCF structure to lowevg(A) at long wavelengths. This is feasible because the matdsal d
persion is dominant for short wavelengths and the wavegigfgersion is dominant for long
wavelengths. The combination of designing a suitable gnalpcity profile using both an al-
ternative glass composition and an optimized PCF structarebe expected to lead to an even
larger blue-shift of the generated supercontinuum.

We point out that this investigation did not consider how @fternative glass composition
could result in a different nonlinearity and/or a differémds, than that obtained in pure silica
fibers, and how this could affect the generated supercamtintiowevern, is expected to in-
crease in the alternative glass compositions [43], whicheiases the efficiency of the nonlinear
spectral broadening mechanisms. The loss, however, iggfmrted to increase, and this could
limit the soliton red-shift into the near-infrared, theydbmiting the additional blue-shift that
could be expected from the modification of the group-velopibfile alone. Further investi-
gations will therefore have to determine the loss profilehef alternative glass compositions,
before we know with certainty whether an additional bludtstan be obtained through this
approach.
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