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High-energy (nanojoule) femtosecond pulse
delivery with record dispersion higher-order

mode fiber
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Delivery of high peak-power femtosecond pulses with fibers is constrained by nonlinear distortions accumu-
lated during pulse propagation. We address this problem with a novel, to our knowledge, fiber schematic,
where the pulse propagates in a small Aeff �18 �m2� but highly dispersive (record value of
�−900 ps/nm km) medium, enabled by transmission in the LP02 mode of a few-mode fiber. The novel fiber
yields a low dispersion-to-nonlinear-length ratio (due to its large dispersion) despite its small Aeff, hence
enabling mitigation of nonlinearities. This enables fiber delivery of distortion-free �150 fs, �1 nJ, and
840 nm pulses—an order-of-magnitude improvement over single-mode fibers of similar Aeff. © 2005 Optical
Society of America
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Fiber delivery of high-power femtosecond (fs) laser
pulses has a variety of applications, such as two-
photon fluorescence microscopy1 and time-resolved
pump–probe experiments.2 In the dispersion-
compensated schematic used commonly, laser pulses
at 800 nm (from a Ti:sapphire laser) are negatively
prechirped to counteract the normal dispersion of
silica fibers, hence providing a transform-limited out-
put from the fiber. However, self-phase modulation
(SPM) due to high peak powers of fs pulses causes
the negatively chirped pulses to spectrally narrow
and temporally broaden,3 which substantially re-
duces the efficiencies of two-photon processes to be
enabled by them.

Standard silica fibers that are single mode at
800 nm have a very small effective area, which leads
to very high peak-power densities. Thus 100-fs pulses
of energies �0.1 nJ are severely distorted due to
SPM in SMF. A majority of approaches explored to
circumvent this involve working with large Aeff
fibers—either conventional4 or microstructured5 fi-
bers. In both cases, extra care is needed to ensure
single-mode propagation, and it is unclear if the ad-
vantage of low bend losses or mode coupling at tight
bends provided by small Aeff fibers is retained. Alter-
natively, air-guided photonic bandgap fibers have
shown great promise,6 though manufacturability,
susceptibility to bends and PMD, and termination is-
sues need to be addressed.

In this Letter we propose and demonstrate an al-
ternative means to deliver high-power fs laser pulses
with a fiber—instead of increasing the Aeff to de-
crease nonlinearities, we use a highly dispersive fiber
(with what is to our knowledge a record dispersion
value of −896 ps/nm km) to decrease the ratio of the
dispersion to the nonlinear length of the fiber me-
dium, and thus mitigate the influence of nonlineari-
ties. This record dispersion value is achieved in the
LP02 mode of a specially designed few-mode fiber, ex-
ploiting the property of higher-order modes (HOMs)
of a fiber to be highly dispersive with moderate Aeff.
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Pulse widths �150 fs with almost order-of-
magnitude higher energies compared to SMF are ob-
tained, even for light residing in a mode with only
18 �m2 Aeff. Hence this technique retains all the
other advantages of pulse propagation in SMF,
namely, operation in one pure mode, ability to navi-
gate sharp bends, and ease of termination (with
splices, lenses, etc.).

Our approach hinges on the fact that nonlinear dis-
tortion is governed not just by Aeff but by the ratio of
the dispersion length LD (length over which a pulse is
substantially compressed and hence possesses high
peak powers) to the nonlinear length LNL (length
over which the SPM-induced phase shift is signifi-
cant) in a fiber9:

LD = �−
2�c

�2 �� �2

D� ,

LNL =
Aeff �

2�n2Ppeak
, �1�

where � is the undistorted, transform-limited pulse
width, D is the dispersion of the fiber waveguide, c is
the speed of light, � is the central wavelength of the
pulse, n2 is the nonlinear response of the fiber mate-
rial, Ppeak is the peak power of the pulse in the fiber,
and Aeff is its effective area. For a chirped pulse en-
tering the fiber, the pulse compresses, and hence the
peak powers become substantial only for lengths of
the order of LD, and if LNL is substantially longer
than that, pulse distortion is minimal. In other
words, for the condition LD /LNL�1, the pulse will not
travel a large enough distance with high peak power
to experience significant nonlinear pulse distortion,
hence facilitating high-energy pulse transmission.
Large Aeff fibers previously proposed as alternatives
for SMF work on the principle of increasing LNL by
increasing Aeff. Here we achieve a low LD /LNL ratio
by the use of a highly dispersive fiber that decreases

LD instead. Note that the above discussion ignores
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the physical length of the fiber. This is because the
prechirped input pulses will compress, and hence at-
tain high enough peak powers for nonlinearities to
matter, only over a length scale of LD at the fiber exit.
Hence physical fiber lengths substantially larger
than that, as will be shown to be the case in these ex-
periments, will not influence the level of nonlineari-
ties accumulated.

The setup is shown in Fig. 1(a). The commercial
Ti:sapphire laser was operated at 840 nm, delivering
90 fs (FWHM) sech pulses at a repetition rate of
80 MHz. This light was passed through a pair of bulk
gratings to negatively chirp the pulses by the re-
quired amount to compensate for the dispersion of
the fiber. Also shown in this schematic are the experi-
mentally recorded near-field images at the outputs of
the HOM and SMF, respectively. The image shows
that the spatial extent of the two outputs are similar
(Aeff=14 �m2 for SMF and 18 �m2 for HOM). Figure
1(b) shows the conversion efficiency of the long-period
grating (LPG), which spatially transforms the incom-
ing light into the desired LP02 mode. Peak conversion
efficiencies of 99.7%, and more than 98.8% conver-
sion over a 16.5-nm bandwidth, easily covering the
10 nm bandwidth of the pulse, are achieved.10 Given
a grating background loss of 2%, negligible fiber
propagation loss, and the high conversion efficiency,
the HOM schematic enables a system with �2% loss
and �97% modal purity.11 Figure 1(c) shows the dis-
persion of the SMF and HOM, respectively, measured
by spectral interferometry.12 The highly dispersive
nature of HOMs enables realizing a fiber with disper-
sion as high as −896 ps/nm km at 840 nm for the
LP02 mode (DLP02

�8.5�higher than SMF). Given the
data in Fig. 1(c) and Aeff calculations from the images
in Fig. 1(a), we estimate from Eq. (1) that the LD /LNL

Fig. 1. (a) Schematic of the experiment and the device
structure. Output modal images indicate similar modal ar-
eas for HOM and SMF. M, mirror; G, bulk grating. HOM
fiber preceded by LPG, whose conversion efficiency is
shown in (b). (c) HOM dispersion is �8.5 times higher than
SMF. (d) Both the SMF and the HOM have negligible bend
loss for radii 	1 cm, due to small Aeff.
ratio for the HOM fiber is 10.85 times smaller than
that for SMF at any given power level. Hence, con-
versely, we expect that the pulse energy threshold for
the onset of nonlinearities will be 10–11 times higher
in HOMs compared to SMF. Figure 1(d) compares the
bend loss behavior of SMF and HOMs and illustrates
the significant attribute of this novel scheme—losses
are negligible for bend radii as small as 1 cm
(transmission=97% for SMF and 95% for HOM at r
=1 cm).

Intensity autocorrelations and spectra of the
pulses were measured for different power levels at
the output of the fiber. The dispersion of the bulk-
grating pair was matched with that of the fibers by
adjusting the bulk grating separation to obtain the
narrowest autocorrelation trace at a power level of
2 mW. The low power level ensures that nonlinear ef-
fects were negligible as the optimal dispersion map
was realized. While 1.95 m of HOM fiber yielded the
narrowest pulses �93±6 fs� for a grating separation
of 107 mm, the corresponding optimal grating sepa-
ration distance for 16.85 m of SMF was 104 mm
(shortest recorded width for SMF �97±6 fs). Hence
the ratio of the second-order dispersion between the
two fibers is 8.4, similar to the ratio deduced from the
dispersion values plotted in Fig. 1(c). From the above
data we estimate that LD is 8.7 mm for HOM and
7.3 cm for SMF. Both these values are substantially
shorter than the fiber physical lengths, and hence
nonlinear distortions would depend primarily on the
LD /LNL ratio. Thus the use of dissimilar lengths of
SMF and HOM (necessitated by limitations in tuning
the bulk grating pair) does not impact the compari-
son of the nonlinear distortions caused in these fi-
bers.

Figure 2(a) shows spectra obtained at the output of
the SMF and HOM fibers, respectively, at different
fiber-output-power levels. At low power levels
�4 mW�, the spectra out of both the HOM fiber and
SMF look similar and featureless. The absence of in-
terference ripples in the HOM spectrum indicates
negligible energy in any mode other than the desired
LP02 mode, as is expected from the highly efficient
mode transformer (LPG) used. As the power at the fi-
ber output increases, the spectrum out of the SMF
becomes significantly more distorted than that out of
the HOM, indicating higher levels of SPM in SMF.
Figure 2(b) shows the FWHM of the spectra shown in

Fig. 2. (a) Spectra of the HOM and the SMF at selected
output power levels (spectral resolution=0.1 nm). No
ripples in the low-power HOM spectrum indicates high
modal purity. (b) Spectral width versus power. SPM-

induced spectral narrowing more pronounced in SMF.
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Fig. 2(a), as a function of power at the fiber output.
Spectral compression, as is expected due to SPM on a
negatively chirped pulse, is clearly visible in both
cases, but the SMF spectrum compresses signifi-
cantly faster than that of the HOM.

Figure 3 shows the traces of intensity autocorrela-
tions at selected power levels for the two fibers.
Again, at low power levels, both fibers yield outputs
that are roughly 90 fs wide. As the power is in-
creased, the pulse out of the HOM broadens some-
what (� �118 fs for 64 mW HOM) but maintains ap-
proximately the same pulse shape. In contrast,
higher powers not only broaden the pulse out of the
SMF, the pulse shape also severely distorts, indicat-
ing the presence of significant nonlinear effects.

A more quantitative comparison of the perfor-
mance of SMF and the HOM fiber is obtained via the
data shown in Fig. 4 (plot of the pulse width versus
fiber output power and (or) pulse energy). The onset
of nonlinearities in either case is evident from in-
creases in pulse widths beyond the reference (hori-
zontal dotted lines depict the reference along with its
measurement uncertainty). In the case of SMF, the
onset is at �6 mW (pulse energy �0.075 nJ) while
SPM effects become barely measurable in the HOM
fiber only at 64 mW �0.8 nJ�. Even so, the pulse
width at 72 mW �0.9 nJ� is less than 150 fs. Hence it

Fig. 3. Intensity autocorrelation at selected output power
levels. High power: HOM broadens slightly but maintains
shape; SMF significantly broadens and distorts.

Fig. 4. Pulse width versus output power or pulse energy.
SPM onset in SMF at 0.075 nJ; in HOM at 0.8 nJ. The
power handling capability of the HOM is 10.67 times
higher than that of the SMF. Transmitted up to 0.9 nJ for
pulse widths �150 fs with the HOM.
is clear that the HOM fiber of similar Aeff can trans-
mit an undistorted pulse of energy that is �10.67
times higher than the tolerance limit of SMF. This is
similar to our estimates based on the device charac-
teristics and Eq. (1), which indicated that the LD /LNL
ratio for the HOM fiber is approximately 10.85
� lower than that of the SMF.

In summary, we demonstrate a novel, to our knowl-
edge, device for fiber delivery of high-power fs pulses
and show an order-of-magnitude improvement over
SMF in terms of the maximum pulse energy that can
transmitted without nonlinear distortions. We ex-
ploit the highly dispersive nature of HOM fibers to
realize a fiber with what we believe to be a record dis-
persion value of −900 ps/nm km. Due to the extreme
dispersion values of this LP02 mode, substantial
pulse compression (and high peak power) occurs over
a length smaller than that required for significant
nonlinear distortions to accumulate. Hence we
achieve up to 0.9 nJ pulse energies with pulse widths
�150 fs. Unlike conventional demonstrations of
higher-power fs-pulse delivery, this device maintains
the small Aeff advantages of SMF, such as low bend
losses, high modal purity, and ease of termination.
The device throughput losses are less than 2%, and
the fabrication procedure is based on a conventional,
low-cost, fiber-manufacturing platform. Moreover,
the enhanced dispersion-engineering capabilities of
HOMs can facilitate fibers with much higher disper-
sion values for similar or larger Aeff, making this
novel technological platform attractive for any appli-
cation requiring delivery or compression of high-
power fs pulses.
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