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Abstract The predicted spectral phase of a fiber continuum
pulsed source rigorously quantified by the scalar general-
ized nonlinear Schrödinger equation is found to be in ex-
cellent agreement with that measured by multiphoton intra-
pulse interference phase scan (MIIPS) with background sub-
traction. This cross-validation confirms the absolute pulse
measurement by MIIPS and the transform-limited compres-
sion of the fiber continuum pulses by the pulse shaper per-
forming the MIIPS measurement, and permits the subse-
quent coherent control on the fiber continuum pulses by
this pulse shaper. The combination of the fiber continuum
source with the MIIPS-integrated pulse shaper produces
compressed transform-limited 9.6 fs (FWHM) pulses or ar-
bitrarily shaped pulses at a central wavelength of 1020 nm,
an average power over 100 mW, and a repetition rate of
76 MHz. In comparison to the 229-fs pump laser pulses that
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generate the fiber continuum, the compressed pulses reflect
a compression ratio of 24.

1 Fiber continuum pulsed source with theoretically
quantified temporal field

Broadband coherently controlled optical sources with trans-
form-limited (TL) pulse compression and arbitrary pulse
shaping by a spatial light modulator (SLM)-based 4f pulse
shaper [1] are in strong demand for spectroscopy and mi-
croscopy applications [2–5]. The single most representative
example of these sources is the ultra-broadband Ti:sapphire
oscillator [6], which has been commercially available for
many years. However, this oscillator source limits the emis-
sion band to 700–1000 nm (typically), and is prone to small
alignment drifts in the laser cavity that can lead to high
maintenance cost. An alternative source is the fiber contin-
uum generated by pumping a nonlinear optical fiber with
a regular narrow-band laser oscillator [7, 8]. Unfortunately,
most fiber continuum sources have insufficient coherence to
allow efficient pulse compression [9], let alone TL compres-
sion, and are therefore not useful for coherent control ap-
plications. For a brief review of the available compressible
fiber continuum sources, we refer to Table 1 in [8] and the
references therein.

Among the compressible fiber continuum sources, the
solid-state Yb laser-pumped fiber continuum developed re-
cently [8] appears to be a practical alternative to the ultra-
broadband Ti:sapphire oscillator in terms of broad band-
width (880–1180 nm), average power (361 mW), pulse en-
ergy (4.7 nJ), and spectral power density (∼1 mW/nm).
More importantly, the fully known temporal field (ampli-
tude and phase, either temporal or spectral) of this fiber con-
tinuum can guide the pulse compression, just like that of a
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well-aligned ultra-broadband Ti:sapphire oscillator generat-
ing TL pulses with constant spectral phase. Since the dis-
tinctly structured spectrum of this Yb laser-pumped fiber
continuum has been accurately predicted from the temporal
field of the fiber continuum pulses by the scalar generalized
nonlinear Schrödinger equation (GNLSE), the correspond-
ing spectral phase of the pulses has been theoretically pre-
dicted with high confidence [8].

In order to achieve TL pulse compression in the context
of microscopy, we have used a SLM to remove the combined
linear and nonlinear chirps from this fiber continuum and
the corresponding transmitting optics [10]. However, it is of
theoretical and practical interest to experimentally validate
the spectral phase associated with the fiber continuum only
(and the corresponding nonlinear fiber-optics simulation by
the scalar GNLSE), to compensate the spectral phase by a
well-calibrated SLM-based 4f pulse shaper, and to perform
arbitrary pulse shaping by the pulse shaper thereafter. To
construct this coherently controlled fiber continuum source,
a dedicated pulse measurement instrument, e.g., frequency-
resolved optical gating (FROG) [11], or spectral phase inter-
ferometry for direct electric-field reconstruction (SPIDER)
[12], is usually required for the initial setup and daily main-
tenance. This adds considerable complexity and cost to the
source so that laser experts are needed for routine opera-
tions. It is our main objective in this study to implement
such coherently controlled fiber continuum source without
introducing additional hardware. The necessary pulse mea-
surement to validate the spectral phase is conducted by the
4f pulse shaper itself, using the procedure of multiphoton
intrapulse interference phase scan (MIIPS) [13, 14].

2 Scheme for absolute pulse measurement by MIIPS

MIIPS is an ultrashort pulse technique that simultaneously
measures and shapes femtosecond (fs) laser pulses using an
adaptive pulse shaper. Conventional ultrashort pulse tech-
niques such as autocorrelation, FROG, and SPIDER can
only measure the pulse characteristics. Two recent papers
have reviewed the ultrashort (∼10 fs) pulse measurement
and shaping by MIIPS [13, 14]. In term of pulse measure-
ment, the fundamental difference between MIIPS and FROG
(or SPIDER) employing all-reflective dispersion-free optics
is that a 4f pulse shaper must be inserted into the beam path
of the pulses to assist with the pulse measurement. Unfortu-
nately, the pulse shaper itself may not be dispersion-free,
so that the measured spectral phase of the pulses represents
the contribution from the pulses themselves (signal) and that
from the 4f pulse shaper (background). In other words, MI-
IPS measures the pulses after (and possibly modified by)
the 4f pulse shaper, rather than the original pulses before
the 4f pulse shaper. In this sense, the pulse measurement

by FROG or SPIDER is “absolute” (or “background-free”),
while that by MIIPS is “relative” (or “differential”). This
aspect of MIIPS, together with the strict calibration require-
ment of the SLM in the 4f pulse shaper for accurate phase
retrieval, may contribute to the perceived limitations of the
MIIPS measurement.

Intuitively, the absolute pulse measurement by MIIPS can
be realized by subtracting this background, which can be
measured by linear spectral interferometry [15]. However,
in order to strictly test the pulse measurement and compres-
sion by MIIPS, we choose to send repetitive TL pulses into
the 4f pulse shaper and perform MIIPS on the pulses right
after the 4f pulse shaper. The required TL pulses are gener-
ated by compressing the pulses to be measured by an auxil-
iary MIIPS-integrated 4f pulse shaper, which is not needed
once the background has been measured (Fig. 1(a)–1(c), see
details below).

To validate this relatively unknown capability of the ab-
solute pulse measurement by MIIPS, a “reference” pulsed
source with fully known temporal field is required. Here we
test the potential of the above fiber continuum as such ref-
erence. We find that the spectral phase of the fiber contin-
uum pulses obtained by this absolute pulse measurement is
in excellent agreement with that calculated from the scalar
GNLSE. Since neither the theoretically quantified fiber con-
tinuum generation nor the absolute pulse measurement by
MIIPS has been independently validated, we term this un-
usual agreement a “cross-validation”.

3 Regular measurement, compression, and shaping of
fiber continuum pulses by MIIPS

Our fiber continuum was generated by launching the 1040-
nm 229-fs (FWHM) 76-MHz pulse from a diode-pumped
solid-state Yb:KYW laser (FemtoTRAIN, High-Q laser
GmbH, Austria) into the 2.3 µm core of a 91-mm all-
normal dispersion non-birefringent photonic crystal fiber
(NL-1050-NEG-1, Crystal Fibre A/S, Denmark) [8]. We
used a short-focal-length (5 mm) 90o off-axis parabolic mir-
ror to collimate the fiber continuum output into a ∼2.5 mm-
diameter beam. A commercial beam profiler was employed
to ensure high quality collimation over long distances (10–
20 m). The fiber continuum source had a central wave-
length of 1020 nm, an average power of 361 mW, a pulse
repetition rate of 76 MHz, and a largely horizontal po-
larization with a polarization extinction ratio of 20. The
optical frequency-dependent spectrum of the fiber contin-
uum source is shown in Fig. 2(a), which is derived from
the wavelength-dependent spectrum reported previously [8].
Despite the highly structured profile, the spectrum along
with the average power (361 mW) of the fiber continuum
source remains stable after >100 hrs of operation. This is
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Fig. 1 Scheme for absolute
pulse measurement by MIIPS.
The background of the pulse
measurement by the primary
MIIPS-integrated pulse shaper
(a) is obtained by the pulse
compression in (b) and the
subsequent measurement in (c)
with the assistance of an
auxiliary MIIPS-integrated
pulse shaper

perhaps not surprising because this measured spectrum and
its unknown spectral phase have been deterministically pre-
dicted by the scalar GNLSE with relatively few parameters
(Fig. 2(a)–2(b)) [8].

The collimated fiber continuum was then sent to a com-
mercial MIIPS-integrated 4f pulse shaper (MIIPS Box640,
BioPhotonicSolutions, Inc., East Lansing, MI) designed
for broadband (700–1350 nm) operation on a 640-pixel
SLM, corresponding to a spectral resolution of ∼1 nm/pixel
(Fig. 1(a)). The SLM can perform both phase and amplitude
shaping. However, only phase shaping was carried out in this
study. A curved mirror (f = 100 mm) focused the output
beam from the pulse shaper onto a 10 µm thick BBO crys-
tal, while the resulting second-harmonic generation (SHG)
signal was collected by a lens (f = 100 mm) and guided
into a fiber-coupled spectrometer. The SHG signal served as
the necessary feedback for the MIIPS procedure. The aver-
age power of the fiber continuum at the focus of the curved
mirror was 110 mW (measured by replacing the BBO crys-
tal with a power meter), corresponding to a throughput of
30% for the pulse shaper. Similarly, the spectrum of the
fiber continuum at the focus of the curved mirror was mea-
sured by an optical spectrum analyzer, and was similar to
that of the fiber continuum source (Fig. 2(c)). The small
difference might be attributed to the wavelength-dependent
diffraction efficiency and the polarization filtering of the
pulse shaper.

The spectral phase of the fiber continuum pulses af-
ter the pulse shaper (uncompressed pulses) was success-

fully retrieved by standard MIIPS procedure and subse-
quently compensated by the pulse shaper, resulting in phase-
compensated (compressed) pulses with a small uncompen-
sated residual spectral phase across the bandwidth of the
fiber continuum (Fig. 2(b)). The reconstructed temporal in-
tensity profile of the compressed pulses approximates that
of the TL pulses (with zero spectral phase) obtained from
the spectrum (after shaper) of Fig. 2(c) (Fig. 2(d)). In re-
peated pulse compression experiments, the FWHM pulse
width of the compressed pulses is only slightly (<2%,
typically) larger than that of the TL pulses. This abil-
ity of TL pulse compression is indicative of the high-
precision spectral phase measurement by MIIPS [14]. The
SHG spectra corresponding to the uncompressed and com-
pressed pulses were recorded immediately before and after
the electronically-driven phase compensation, without vary-
ing any other experimental parameters. The effectiveness of
the pulse compression is represented by a 32-fold increase
of the integrated SHG intensity (over frequency) after the
phase compensation (Fig. 2(e)–2(f), note the different verti-
cal scales).

To quantitatively understand this result, we calculate
the SHG spectrum according to S(2ω) = | ∫ |E(ω + Ω)| ×
eiϕ(ω+Ω)|E(ω − Ω)|eiϕ(ω−Ω) dΩ|2, where Ω is integrated
over the fiber continuum spectrum [12]. The amplitude com-
ponents in the integral are derived from the measured fiber
continuum spectrum (Fig. 2(c)) with proper scaling, while
the exponentials in the integral are either treated as unity for
TL pulses (Fig. 2(f)) or calculated according to the retrieved
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Fig. 2 (a) Measured spectrum
of fiber continuum source and
the scalar GNLSE-quantified
spectrum. (b) Comparison of the
spectral phases corresponding to
the uncompressed pulses, the
scalar GNLSE-quantified fiber
continuum pulses, the measured
pulses, the background of the
MIIPS-integrated pulse shaper,
the compressed pulses, and the
shaped pulses (see details in
text). (c) Comparison of
measured spectrum of fiber
continuum source (before
shaper) and measured spectrum
of fiber continuum at the focus
of the curved mirror (after
shaper). (d) Reconstructed
temporal profiles of the
compressed pulses and the
corresponding TL pulses.
(e) Comparison of the measured
and calculated SHG spectra of
the uncompressed pulses.
(f) Comparison of the measured
SHG spectrum of the
compressed pulses and the
calculated SHG spectrum of the
TL pulses, and of the measured
and calculated SHG spectra of
the shaped pulses

spectral phase of the uncompressed pulses (Fig. 2(e)). The
calculated SHG spectrum of the uncompressed pulses is
found to be in good agreement with its experimental coun-
terpart (Fig. 2(e)), while the calculated SHG spectrum of
the TL pulses approximates that of the observed SHG spec-
trum of the compressed pulses (Fig. 2(f)). The enhancing
factor of the calculated integrated SHG intensity due to full
phase compensation is found to be 31, which also agrees
well with the experimental value of 32. As a final test, a
binary (0, π) phase mask was introduced on the SLM in
the 4f pulse shaper after the phase compensation, or equiv-
alently, this binary phase mask was superimposed on the
residual phase of the compressed pulses to produce spe-
cific shaped pulses (Fig. 2(b)), and the SHG spectrum of the
shaped pulses was recorded (Fig. 2(f)). Again, this recorded
SHG spectrum agrees well with the theoretically calcu-
lated spectrum corresponding to the spectral phase of the
shaped pulses (Fig. 2(f)). This evidence strongly justifies
the pulse measurement and the TL pulse compression by
MIIPS, and the arbitrary coherent control on the fiber con-
tinuum source.

4 Cross-validation by measuring the background from
MIIPS-integrated pulse shaper

The above SHG analysis justifies the reliable pulse mea-
surement and the TL pulse compression by MIIPS, and al-
lows the following measurement of the background spec-
tral phase introduced by the (primary) MIIPS-integrated 4f

pulse shaper to the fiber continuum source (Fig. 1(a)). First,
an auxiliary MIIPS-integrated 4f pulse shaper similar to the
primary pulse shaper was inserted into the beam path of the
primary pulse shaper to generate TL fiber continuum pulses
by MIIPS (Fig. 1(b)). The TL fiber continuum pulses were
then sent to the primary pulse shaper, and the background
spectral phase (Fig. 2(b)) was readily measured by perform-
ing MIIPS in the primary pulse shaper (Fig. 1(c)). The spec-
tral phase of the fiber continuum source from the absolute
measurement by MIIPS was obtained by subtracting this
background from the spectral phase of the uncompressed
pulses (Fig. 2(b)). Extraordinarily, the measured spectral
phase is in excellent agreement with that of the fiber con-
tinuum source calculated by the scalar GNLSE (Fig. 2(b)).
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In contrast to the SHG analysis that validates the MIIPS-
retrieved spectral phase rather indirectly, this coincidence
(i.e., cross-validation) validates the MIIPS-retrieved spec-
tral phase directly, and therefore more strongly confirms the
pulse measurement, compression, and shaping by MIIPS as
described above.

The background spectral phase may be attributed to the
dispersion of the liquid-crystal SLM mask and its built-in
polarizer at the Fourier plane of the 4f pulse shaper. The
other optical components of the MIIPS-integrated 4f pulse
shaper were reflective and were aligned to be dispersion-
free [1]. Once the background has been measured, the ab-
solute measurement by MIIPS takes the form of Fig. 1(a),
so that the auxiliary pulse shaper is no longer needed. The
spectral phase of the fiber continuum source has been con-
sistently measured in repeated measurements, with statis-
tical phase errors smaller than the difference between the
measured and the scalar GNLSE-quantified spectral phases
in Fig. 2(b) [13].

5 Remarks on performance of MIIPS-enhanced fiber
continuum source

Only one MIIPS-integrated 4f pulse shaper that has been
“background subtracted” is required for each coherently
controlled source (Fig. 1(a)). This background subtraction
(Fig. 1(a)–1(c)) is routinely done in the factory before the
MIIPS-integrated 4f pulse shaper is shipped. The MIIPS-
enhanced fiber continuum source (880–1180 nm) competes
well with the dominant coherently controlled source com-
bining an ultra-broadband Ti:sapphire oscillator with a reg-
ular 4f pulse shaper. First, the broad spectrum and spec-
tral phase of the fiber source is stabilized only by con-
trolling the fiber launching efficiency, in contrast to the
Ti:sapphire laser that relies heavily on strict optical align-
ment to mode-lock a broad bandwidth. This implies an im-
proved robustness, long-term stability, and user friendliness
of the fiber source. Second, the solid-state pump Yb laser
of the fiber source is a directly diode-pumped, air-cooled,
compact (head dimension 8 × 6 × 52 cm) laser with turnkey
maintenance-free operation, while the fiber launcher of the
fiber source is a compact passive optical device. Thus, the
fiber source is more suitable for portable applications such
as clinical biomedical imaging. Third, the MIIPS procedure
eliminates the collinear two-beam interferometer setup of
SPIDER and FROG for separate pulse measurement. The
MIIPS-enhanced fiber continuum source integrates the abso-
lute pulse measurement and the pulse compression/shaping
into a single-beam interferometer-free setup (Fig. 1(a)), re-
sulting in the maximum experimental simplicity and mini-
mum cost for targeted delivery of arbitrarily coherently con-
trolled pulses. Fourth, the fiber continuum is generated in

an all-normal dispersion fiber so that small relative inten-
sity noise [16] and excellent coherence [17] are expected.
Finally, the fiber source appears to have good long-term sta-
bility. To date, the power and the spectrum of the source have
remained stable for over 200 hours of operation. We believe
this source is operating well below the photo-damage thresh-
old of silica glass.

It should be noted that the limited bandwidth of the Yb
gain medium has restricted the pulse duration to >50 fs
for solid state systems [18], or >28 fs for fiber-based
systems with somewhat degraded spectral-temporal perfor-
mance [19]. The generated 9.6-fs TL pulses in this study are
to our knowledge the shortest pulses for Yb-based sources.
In addition, the compressed 9.6-fs TL pulses represent a
compression ratio of 24 in comparison to the 229-fs pump
laser pulses employed in the continuum generation, which
we believe is currently the largest compression ratio for sub-
10 fs pulse compression of fiber continuum. The high per-
formance of this fiber source can be attributed to the proper
choice of a fiber dispersion profile for a given pump wave-
length, so that highly coherent continuum can be generated.
The parameter space of the pump wavelength and the dis-
persion of the fiber to achieve similar performance have
been discussed in a previous paper [8]. We note that the
Er:fiber laser-pumped fiber continuum (980–1400 nm) de-
veloped by Leitenstorfer and co-workers has similar advan-
tages over the ultra-broadband Ti:sapphire oscillator, and
has been compressed to an impressive (but not TL) pulse
duration of 7.8 fs [20]. Also, the Ti:sapphire laser-pumped
fiber continuum (740–880 nm) developed by Motzkus and
co-workers has been compressed to near TL pulses of 14.4 fs
[21, 22].

6 Conclusions

A MIIPS-enhanced fiber continuum source centered at
1020 nm has been developed as an effective and attrac-
tive broadband coherently controlled source. The con-
struction of this source involves only commercial compo-
nents, while the performance of the source competes well
with an ultra-broadband Ti:sapphire oscillator. This source
has strongly demonstrated the predictability and reliability
needed to control the fiber continuum, and is potentially use-
ful for multiphoton microscopy and coherent control micro-
spectroscopy.
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