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Shaper-assisted collinear SPIDER: fast and simple
broadband pulse compression in nonlinear

microscopy
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In situ characterization and control of the phase of broadband femtosecond pulses in microscopy can be
achieved with a novel simplified scheme based on spectral shear interferometry for direct electric field recon-
struction (SPIDER): the use of a femtosecond pulse shaper eliminates the need for an interferometer setup,
allows dispersion-free SPIDER operation and at the same time compression even of complex pulses. Beyond
compression, the scheme allows precise phase control at the site of the microscopic experiment. We present the
underlying principles, design considerations, and details of the experimental implementation, and show the
successful operation of the shaper-assisted collinear (SAC) SPIDER to characterize, compress, and tailor
broadband femtosecond pulses in situ. The reliability is demonstrated by comparison with independent cross-
frequency-resolved optical gating measurement, and improved multiphoton imaging with SAC-SPIDER-
compressed pulses is shown. Its simplicity and versatility make SAC-SPIDER an extremely useful tool for
next-generation broadband nonlinear microscopy. © 2007 Optical Society of America

OCIS codes: 320.5520, 180.0180, 320.5540, 170.6900.
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. INTRODUCTION
n multiphoton microscopy, high excitation intensities are
ssential for the efficiency of nonlinear optical processes
erving as contrast mechanisms. Intrinsically, this allows
igh three-dimensional spatial resolution with the signal
eneration being confined to the focal volume.1 On the
echnical side, pulsed laser sources usually have to be em-
loyed, with their very advantageous high peak intensi-
ies at low average powers, which is utterly desirable for
on-destructive imaging. From this point of view, femto-
econd lasers are ideally suited for multiphoton micros-
opy. However, the shorter femtosecond pulses are, and
hus the more efficient a nonlinear excitation can be, the
ore they are susceptible to broadening in time due to

he dispersion of optical elements, which introduce distor-
ions in the spectral phase. In conventional femtosecond
pectroscopy, dispersive optics are usually avoided for
hat reason whenever possible. In microscopy though, to
ealize the highest spatial resolution and imaging quality,
laborate microscope objectives are used, which consist of
any dispersive elements. Therefore, to obtain high peak

ntensities with as short pulses as possible, inevitable dis-
ortions of the spectral phase have to be compensated for,
or imaging under optimal conditions.2 Furthermore,
ome femtosecond sources, for example, inexpensive and
ompact fiber-based femtosecond lasers, emit pulses with
spectral phase far from the Fourier-limit case. Only if

his can also be accounted for in the compensation of spec-
ral phase distortions, will such a nonlinear microscope
each its full potential.

Typically, the linear dispersion of femtosecond laser
0740-3224/07/051091-10/$15.00 © 2
ulses in microscopy has been compensated for by using
rating- or prism-based passive compressor schemes,3–6

djusting the compressor to maximize a nonlinear signal
rom the microscope focus. For even shorter femtosecond
ulses, however, higher-order dispersion becomes increas-
ngly important. Additionally, the adjustment of passive
ompressors is time consuming and the setup is rather in-
exible. Very flexible compression of arbitrary phase dis-
ortions in the context of microscopy can be achieved by
mploying femtosecond pulse shaping, typically imple-
ented in a 4f setup.7 This allows very rapid and flexible

ulse compression, in particular under changing experi-
ental conditions. However, to correct the phase distor-

ions, the appropriate phase to be applied by the pulse
haper has to be found. A simple, yet rather slow ap-
roach is to use a nonlinear signal or an autocorrelation
race measured at the site of the microscopic sample as
eedback in an optimization, which is typically based on a
enetic algorithm learning loop.8–10

A direct approach would be the in situ characterization
f the femtosecond pulses, and thus the determination of
heir spectral phase, and applying this inverted phase as
correction in the shaper. There are several schemes that
ave been applied or have the potential for in situ pulse
haracterization in microscopy. These schemes are all
ased on collinear beam geometry, which is necessary for
se with high numerical aperture microscope objectives.
ne possibility is collinear frequency-resolved optical gat-

ng (FROG), which has been demonstrated under the con-
itions of microscopy.11–13 However, the scanning of the
emporal delay during the FROG measurement and nec-
007 Optical Society of America
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ssary iterative reconstruction after the acquisition of the
ata makes this technique rather slow and prevents a
ractical use for direct feedback of the retrieved phase for
ompression. There are other methods also relying on the
ubsequent scanning of a parameter to measure the spec-
ral phase, which are already based on the presence of a
ulse shaper in the experimental setup. One approach is
ime-domain nonlinear interferometry, where the neces-
ary sequence of pulses with variable delay is generated
y pulse shaping.14 From the obtained interferogram, the
pectral phase of the input pulse can be extracted and
sed for compression. This scheme has not explicitly been
emonstrated for microscopy, but should be directly appli-
able due to its single-beam nature. Another possible ap-
roach, equally relying on only a single beam, is the mul-
iphoton intrapulse interference phase scans (MIIPS)
echnique.15 Here, the spectral phase of pulses is deter-
ined in situ by applying subsequently varying reference

hase modulations, recording the frequency resolved
econd-harmonic spectrum, and iterating this correction
everal times until the phase compensation is sufficient.
IIPS has been demonstrated in microscopy.16

The techniques mentioned so far are relatively slow
nd require scanning of at least one parameter. There-
ore, they are not capable of a real-time characterization
f the spectral phase. This highly desirable capability,
ven for the measurement of very complex phases, is pro-
ided by spectral shear interferometry for direct electric
eld reconstruction (SPIDER).17–19 Consequently, we
ave recently developed a shaper-assisted collinear (SAC)
PIDER (SAC-SPIDER); a collinear implementation for
se in microscopy.20 This novel scheme greatly simplifies
he experimental setup by the use of the pulse shaper,
nd allows precise and very rapid in situ total phase con-
rol. In this paper, we describe in detail the implementa-
ion and operation of SAC-SPIDER, discuss issues of cali-
ration and reproducibility, compare the technique with
n in situ implementation of the well-known cross-FROG,
nd demonstrate its great utility for nonlinear micros-
opy.

. THEORY AND DESIGN CONSIDERATIONS
. SPIDER Principle
pectral interferometry techniques are based on the com-
arison of two mutually coherent beams. However, these
echniques are only sensitive to the relative phase be-
ween the two sources. To measure the absolute phase of
ne of the beams, the phase of the other must be known
eforehand. A way out of this tight requirement is to use a
elf-referencing modification of spectral interferometry,
uch as the SPIDER method.17–19 In the SPIDER method,
he unknown test pulse is duplicated and both replicas
re upconverted by mixing with a strong chirped refer-
nce pulse. The two upconverted replicas interfere and
rom the interferogram the spectral phase of the unknown
ulse can be unambiguously retrieved. The self-
eferencing in the SPIDER method is achieved by delay-
ng the two replicas against each other by a delay � before
he sum-frequency process. It ensures that each replica
ill mix with a different single frequency of the chirped

eference pulse. The phase reconstruction in the SPIDER
ethod is a straightforward process known from
nterferometry21 and has been discussed in several publi-
ations in the context of SPIDER.17,18,22 Very briefly, the
nterferogram is initially Fourier transformed and one
ideband in the time domain centered at delay � is filtered
ut. The filter width was found to be not very critical and
ndependent on the signal-to-noise ratio.23 This sideband
s then transformed back to the frequency domain with an
nverse fast Fourier transform (FFT). That way, the phase
ariation of the unknown test pulse is obtained. The
hase can then be directly reconstructed by a concatena-
ion or integration process. The delay � generates a linear
erm that can be easily measured in the experiment and
eeds to be subtracted as described in Section 3. If this
erm is not correctly determined, it will give rise to a qua-
ratic contribution in the reconstructed phase, which can-
ot be distinguished from such phase terms of unknown
ulses.
The phase variation in the frequency domain is

ampled with a frequency step given by the spectral shear
. That means that the choice of the spectral shear � can-
ot be arbitrary: for Gaussian-shaped pulses, a ratio be-
ween the spectral width and the shear of approximately
factor of 4 is enough to reconstruct the phase correctly.
epending on the complexity of the spectra, however, the

hear must be chosen to be �20–25 times smaller than
he spectral bandwidth.23 On the other hand, the fre-
uency shear � is dependent on the amount of delay � be-
ween the replicas and of the group-delay dispersion
GDD) used to generate the chirp of the reference pulse:

� =
�

GDD
. �1�

In practice, the amount of delay � is chosen such that
he sideband after the FFT in the phase reconstruction
rocedure is well separated from the central peak, and
hat the number of fringes in the interferogram can still
e resolved with the given spectrometer resolution. The
hittaker–Kotelnikov–Shannon sampling theorem states

hat in order to correctly sample the fringes, there must
e at least two data points per fringe. The actual sam-
ling rate required will be somewhat higher because of
oise and other possible perturbations. It has been shown
hat a number of at least 20 fringes is enough to recon-
truct the phase correctly.19 Thus, for a given optimal de-
ay � the spectral shear � is fixed. Additionally, the
mount of GDD of the reference pulse has to ensure that
he instantaneous frequency is approximately constant
uring the unknown test pulse duration. Of course, even
ith optimized � ,�, and GDD, the maximum relative
hase variation that can be measured with spectral inter-
erometry is still limited by the spectral resolution of the
pectrometer.

The SPIDER method has, however, the disadvantage
hat the unknown pulse must be split in two delayed rep-
icas, which adds dispersion. To avoid additional disper-
ion for the test pulse in an interferometer, a zero addi-
ional phase (ZAP) SPIDER has been proposed,22 where
he chirped reference pulse is split into a doublet and
ixed with an unmodified input pulse. The ZAP-SPIDER
as the advantage that the delay between the upcon-
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erted replicas is now independent on the frequency
hear. Both can be adjusted separately. However, this
odified scheme cannot be implemented in a collinear ge-

metry and is more complex to realize experimentally.
ery recently, variants of such a SPIDER scheme relying
nly on an unmodified input pulse have been demon-
trated based on spatial24 or collinear time-domain
nterferograms.25

The choice of the nonlinear process for frequency con-
ersion also plays an important role in the SPIDER
ethod and its variants. In this sense, type-II phase-
atched crystals are the best choice for the sum-

requency generation due to their larger phase-matchable
andwidth. Additionally, they are a prerequisite for
ackground-free sum-frequency mixing in collinear beam
eometry. It has to be mentioned that SPIDER methods,
n general, tolerate even significant variations of the up-
onversion efficiency across the pulse spectrum, because
he information content of the SPIDER interferogram is
ithin the fringe spacing, and not the amplitude. There-

ore, a precise SPIDER measurement can still be per-
ormed in cases where the supported upconversion band-
idth is not sufficient for correlation-type
easurements.26

. Basics of SAC-SPIDER
here is a possibility to construct a completely dispersion-

ree interferometer for the SPIDER setup: a pulse shaper,
apable of phase and amplitude modulation, can be used
o create double pulses, identical copies of the test pulse,
hich can then be upconverted by mixing with the

hirped reference pulse. For experiments that rely on a
haper anyway (for pulse compression or coherent
ontrol27,28), this means that there is no need to introduce
ny other element in the beam path. It is only necessary
o program the shaper for SPIDER compression.20 To cre-
te double pulses with a temporal separation �, the de-
ired pulse-shaping effect in the time domain is a convo-
ution of the input pulse with two Dirac delta functions at
+� /2 and t−� /2 [Fig. 1(a)],

ig. 1. Creation of double pulses with the femtosecond pulse
haper. (a) Shaping target MSLM�t� in the time domain for the
eneration of the desired identical copies of the input pulse with
separation �=600 fs in this case. (b) Corresponding frequency

omain modulation M̃SLM��� with amplitude ASLM��� and phase
SLM��� as realized by the pixilated SLM in the Fourier plane of
he 4f pulse shaper. For clarity, only a section of the 640 pixel
ange is shown. For the given case ��=600 fs�, it can be seen that
ach period is rendered by 18 pixels, which is well above the Ny-
uist limit (see text).
Eout�t� = Ein�t� � MSLM�t�

=�
−�

+�

d�Ein���
1

2���t +
�

2� + ��t −
�

2�� . �2�

To achieve such a shaping with a 4f pulse shaper,7 in
he frequency domain the following mask function
˜

SLM��� has to be applied to the input spectrum [Eqs. (3)
nd (4)],

Ẽout��� = Ẽin���M̃SLM���, �3�

here M̃SLM��� is given by

�4�
or a liquid-crystal spatial light modulator (SLM), this
ask function is rendered as a discrete pattern on the

ixels [Fig. 1(b)] modulating the input spectrum in phase
nd amplitude. The modification of the period of the mask
unction in Eq. (4) (parameter �) enables the delay be-
ween the two replicas to be easily adjusted. Additional
hase shaping is possible simply by adding a correction
hase �corr��� to �SLM���, leading to a modified mask
unction M̃SLM���. The maximum achievable delay � de-
ends on the number N of pixels illuminated by the spec-
rum and is limited by the Whittaker–Kotelnikow–
hannon sampling theorem. To create a clean double
ulse, each oscillation of the mask function M̃SLM��� has
o be rendered with at least four pixels to ensure that
˜

SLM��� is well defined. This case constitutes the Nyquist
imit. Hence, one can approximate that

� �
�N

2	�
, �5�

here 	� is the bandwidth transmitted through N pixels.
The second essential requirement of SAC-SPIDER is

ollinear sum-frequency mixing under tight focusing con-
itions. Such sum-frequency generation (SFG) using high
umerical aperture objectives, however, is rather easily

mplemented and even shows advantages over more con-
entional optical setups: due to the tight-focusing condi-
ion, a much broader bandwidth can be phase matched
nd the effects of walk-off are strongly minimized.11,29

. EXPERIMENTAL IMPLEMENTATION
he experimental setup is depicted in Fig. 2. The primary

aser source used in this study is a standard Ti:sapphire
scillator. It delivers 100 fs pulses with a central wave-
ength of 795 nm at 80 MHz repetition rate. Of this laser
utput, 25% are picked off30 and a linear chirp 
� of
7,000 fs2 is introduced for SPIDER measurements by a
rating stretcher. This provides the intense chirped refer-
nce beam for the generation of the spectrally sheared
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eplica. The use of a grating stretcher is by no means nec-
ssary or ideal; the introduction of linear chirp can be ac-
omplished much more easily with a simple rod of highly
ispersive glass. Finally, the polarization of the reference
eam is rotated 90° with a � /2 wave plate. The broadband
emtosecond pulses to be compressed in this work with
AC-SPIDER stem from nonlinear spectral broadening in
photonic crystal fiber (PCF). This supercontinuum is

reated by focusing the remaining fundamental laser
eam (�3 nJ pulse energy) into a polarization maintain-
ng PCF (Crystal Fibre, NL-PM 800, 24 mm). The
esulting continuum with 1.2 nJ pulse energy is sent
nto a 4f pulse shaper, consisting of two gratings
1200 grooves/mm, G1-2) and two spherical mirrors
f=200 mm, SM1-2). In the Fourier plane, phase and am-
litude of each spectral component can be modulated by a
ual mask 640 pixel liquid-crystal SLM with parallel
hin-film polarizers. The shaper configuration transmits a
pectral range from 750 to 880 nm, yielding shaped 0.3 nJ
ulses. After collinearly superimposing the shaper input
ith the orthogonally polarized reference beam, both are

ocused with a microscope objective (60�; NA 0.7, MO1)
nto a 50 
m �-barium borate �BBO� (type II). The gen-
rated nonlinear signal, together with unconverted exci-
ation light, is recollimated with a second microscope ob-
ective (40�, NA 0.6, MO2). The desired sum-frequency
ignal can finally be extracted by a short-pass filter
Schott BG 42), and detected spectrally resolved in a CCD
quipped spectrograph �f=300 mm�. By not applying the
DD in the reference arm and introducing a variable de-

ay 	t instead (shown as hatched beam path in Fig. 2), the
etup can immediately be used as an independent in situ
ross-frequency-resolved optical gating (XFROG) device,

ig. 2. (Color online) Experimental setup. The femtosecond os-
illator output beam is sent through a Faraday isolator (FI) and
hen split into two parts. Seventy-five percent of the energy is
sed to generate supercontinuum in a PCF sent into the femto-
econd pulse shaper (G1-2, gratings; SM1-2, spherical mirrors;
LM, spatial light modulator with 640 pixels for phase and am-
litude modulation). The remaining 25% of oscillator energy is
sed to provide an orthogonally polarized reference beam, which

s chirped �
�� for the SPIDER measurement. Both beams are
ollinearly superimposed and focused (MO1-2, microscope objec-
ives) into a type-II BBO crystal at the position of the sample.
he SFG is finally analyzed in a spectrograph (FL, focusing lens).
he hatched beam indicates an alternative path for in situ
FROG measurements, where the reference beam is not chirped,
ut delayed by a variable time 	t.
here the unknown pulse is sampled by the 100 fs oscil-
ator pulses and the resulting SFG spectrum is recorded
or each 	t.

. PREPARATIONS FOR SAC-SPIDER
PERATION
. Creation of Pulse Doublets

n the present study, a spectrum with a bandwidth 	� of
00 THz was used, which illuminated approximately N
450 pixels. According to Eq. (5), the maximum delay � is

herefore �1.75 ps, which allows complete coverage of the
sual double-pulse spacing range found in SPIDER litera-
ure. To verify the successful creation of pulse doublets,
e have applied mask functions M̃SLM��� for different de-

ays � and recorded in situ frequency resolved cross corre-
ations. Details of the XFROG measurements are given in
ection 6, where we use this technique to independently
erify the SAC-SPIDER results. The experimental
FROG traces are shown in Fig. 3. In the top row [Fig.
(a)], a cross correlation of the unshaped input pulse,
hich is to be characterized and compressed by SAC-
PIDER, can be seen. In this case, no mask function was
pplied to the shaper. The trace shown thus corresponds
o the unknown pulse Ein�t�. Double pulses have been cre-
ted with increasing temporal separations � (200, 800,
nd 1600 fs). As can be seen in Fig. 3(b), for 200 fs, the re-
ulting pulse is not a well-separated doublet, because the
uration of Ein�t� still exceeds �. Therefore, the replicas of
in�t� overlap and yield an interference pattern in the
FROG trace. For �=800 fs, the pulses are clearly sepa-
ated. It can be seen that each of the replicas, within the
xperimental noise of the XFROG implementation, ex-
ctly matches the unshaped Ein�t�. Even twice this tem-
oral separation �=1600 fs allows the successful creation
f double pulses with our pulse-shaping approach, as ex-
ected from the estimation based on Eq. (5).

. Calibration Procedures
part from a carefully calibrated pulse shaper and spec-

rograph, there are three specific calibration steps that

ig. 3. (Color online) Experimental confirmation of the double-
ulse shaping by frequency-resolved cross correlation (XFROG,
or details see Section 6). Shown are data sets for an (a) un-
haped pulse and doublets with (b) �=200, (c) 800, and (d)
600 fs.
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ave to be performed for successful operation of SAC-
PIDER. First, the measured spectral phase 
��� is going
o be inverted and fed back to the pulse shaper. Therefore,
he mapping between the fundamental frequency � of the
ulse to be characterized and the sum frequency �SFG
�+�ref, where �ref is the effective mixing frequency of

he reference pulse, must be known. With the amplitude
odulation capabilities of the pulse shaper, this relation

an be very conveniently established, by simply creating a
arrow spectral feature at frequency �� in the supercon-
inuum and measuring this at a known frequency �SFG� in
he sum-frequency spectrum.

The second calibration requirement is the determina-
ion of the spectral shear � for the given chirped refer-
nce pulse and the temporal separation � of the test pulse
eplica. Again, with SAC-SPIDER, this can be achieved in

fully automatic scheme without any changes to the
etup. Instead of creating a pulse doublet with a SLM
ask function, the test pulse is only shifted in time by

� /2 using the pulse shaper. This is very easily achieved
ith a phase-only modulation, introducing the spectral
hases 
SLM���= ± ��−�0�� /2 one after the other, and re-
ording the respective sum-frequency spectrum of the de-
ayed pulses. As the pulse at −� /2 overlaps with a differ-
nt color of the chirped reference pulse than at +� /2, the
pectral shift of the sum-frequency spectrum immediately
ives the shear �. To exactly determine �, it is necessary
o have easily distinguishable spectral features, such as
he maximum of a smooth Gaussian spectrum or a sharp
ip or peak. If the spectrum of the unknown pulse does
ot show such a suited spectral feature, the pulse shaper
an always create one by amplitude modulation, making
he determination of � with SAC-SPIDER very easy and
traightforward.

An example of two spectra recorded by sum-frequency
ixing of two test pulse replicas at +� /2 and −� /2 for �
600 fs is shown in Fig. 4. The test pulse spectrum is well
eproduced for both replicas, only showing some minor
eviations in the relative intensities due to the mixing
ith different parts of the chirped reference pulse. Com-
aring distinct spectral features of the upconverted repli-
as, the spectral shear � is determined as the average of
ight different positions yielding �=16.8±0.4 THz.

Finally, for the SPIDER measurement of the spectral
hase, the temporal separation � of the double pulses has

ig. 4. (Color online) Calibration of the spectral shear with
AC-SPIDER. Shown are two spectra created by sum-frequency
ixing of a single test pulse replica delayed by the shaper to

00 fs (+� /2, solid curve) and −300 fs (−� /2, dashed curve and
haded area), respectively, with the chirped reference pulse.
o be known precisely. As already stated in Subsection
.A, the temporal delay between the interfering pulse
oublet is directly proportional to the fundamental fre-
uency of the interference fringes. In the SPIDER phase
etrieval, the linear contribution of � to the phase differ-
nce between the test pulse replicas has to be subtracted.
s discussed in Subsection 2.A, an incorrect value of �
ill, in the SPIDER algorithm, lead to an erroneous qua-
ratic contribution in the recovered phase. Additionally,
eviations in the spectrometer calibration are known to
ead to systematic errors in the recovered phase.31 With a
imple procedure, already applied in the seminal SPIDER
ork,17 these issues can be addressed: it is only necessary

o record an interferogram of upconverted replica pulses
hat are delayed, but not spectrally sheared. Due to the
act that �=0, the interferometric fringes only contain
he linear phase term �� and additional contributions due
o residual errors of the spectrometer calibration. This
hase difference can now be subtracted from any SPIDER
easurement before the final integration step in the al-

orithm. To obtain the desired interferogram of upcon-
erted, but spectrally not sheared replica, two approaches
re viable with SAC-SPIDER. To begin with, due to the
ollinear nature of SAC-SPIDER, it is possible to simply
otate the nonlinear crystal in the microscope focus for
ype-I frequency mixing (both beams polarization parallel
o the ordinary axis) and blocking the reference beam.
hereby, each of the delayed pulse replicas is frequency
oubled yielding the desired interferogram with �=0.
uch calibration interferograms are shown in Fig. 5(a) for
ifferent values of �. To obtain the wanted linear phase
ifference ��, the interferograms are processed in the
PIDER algorithm as described in Subsection 2.A, with-

ig. 5. (Color online) � calibration. (a) SHG-calibration inter-
erograms for different separations of the test pulse doublet. (b)
hase differences retrieved from the calibration interferograms
orresponding to the linear term introduced by � (see text for
etails).
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ut the last concatenation or integration step. This cali-
ration phase is then stored in the SAC-SPIDER soft-
are, and subsequently subtracted prior to concatenation

rom any phase differences in SPIDER measurements
ith ��0. Note, that the mentioned deviations from a
erfect linear phase difference �� due to spectrometer er-
ors are too small to be discernible in Fig. 5(b), except at
he very edges of the second-harmonic generation (SHG)
pectrum. However, they have to be taken into account
nd subtracted with the calibration procedure for a
recise SPIDER phase measurement.
The SHG procedure described so far is carried out very

asily, but can only be used if the second harmonic of the
est pulses lies in the same frequency range as the sum-
requency of the test pulse mixed with the reference
ulse, which is evaluated for the SPIDER measurement.
dditionally, the intensity of the test pulses needs to be
igh enough to generate enough SHG signal to detect, be-
ause in this calibration step, they are not mixed with a
trong reference beam. If this is not the case, a second ap-
roach can always be used, which is based on the same
um-frequency mixing process as the SAC-SPIDER mea-
urement. In this approach, the chirped reference beam is
ltered to a very narrow spectral portion, which corre-
ponds to a long (picosecond) pulse with approximately
onstant frequency. Now, the test pulse doublet is mixed
n the type-II nonlinear crystal, yielding two upconverted,
ut spectrally not shifted replicas with �=0. In this pro-
edure, the reference interferogram with �=0 is always
reated in the same spectral position where the SPIDER
easurement is being performed. Furthermore, a strong

eference beam can be used if very weak test pulses are to
e characterized. The spectral filtering can be achieved ei-
her by a very narrow interference bandpass filter in the
eference beam, or conveniently by geometrical filtering

ig. 6. (Color online) In situ pulse compression with SAC SPID
he frequency domain, and (d)–(f) reconstructed temporal pulse p
ollowed with (a) and (d) the uncompressed case, (b) and (e) the fir
hases are shown as thick solid curves, the shaper correction p
undamental pulse spectrum as the gray shaded area. All frequ
rel=0. (d)–(f) The temporal pulse intensity is shown as the gray
urve. Note that the uncompressed pulse in (d) and the compress
n the Fourier plane, if the chirp of the reference beam is
ntroduced by a grating stretcher, as is the case in our ex-
erimental implementation. All the calibration steps can
asily be completed within a few minutes, without
hanges to the experimental setup.

. SAC-SPIDER OPERATION
. In situ Phase Measurement and Pulse Compression
ith the SAC-SPIDER apparatus carefully calibrated, it

an immediately be used for in situ pulse compression. As
lready mentioned in the description of the experimental
etup, the microscopic sample is replaced by a thin slab of
nonlinear crystal (BBO). Therefore, all dispersive ele-
ents including the focusing microscope objective are

aken into account. It is easily possible to include cover-
lips and even immersion media, depending on the micro-
copic application. The unknown test pulse in this study
s formed by supercontinuum generation in a PCF. Prior
o compression, it is stretched in time over more than
50 fs at the site of the nonlinear interaction in the micro-
cope, which can be estimated from the XFROG trace in
ig. 3(a). To characterize this pulse, the first step is to ap-
ly a double-pulse forming mask function M̃SLM��� (see
ubsection 2.B). The temporal spacing of the double pulse
has to be chosen appropriately for the given bandwidth,

o achieve a set of experimental parameters � and � that
ulfil the SPIDER requirements described in Subsection
.A. Here, � was chosen to be 600 fs, which gives a cali-
rated spectral shear of �=16.8±0.4 THz. This value of �
s well within the desired range for the bandwidth 	� of
00 THz. The compression of the test pulse with these pa-
ameters is summarized in Fig. 6. Sum-frequency mixing
f the test pulse doublet with the chirped reference beam

own are (a)–(c) the pulse spectra, interferograms, and phases in
and phases. From left to right, the compression sequence can be
(c) and (f) the second compression iteration. (a)–(c) The spectral

corr��� as squares, interferograms as thin solid curves, and the
domain data are shown relative to the pulse central frequency
d area with a thin contour, the temporal phase as a thick solid
ses in (e) and (f) are shown with different time scales for clarity.
ER. Sh
rofiles
st, and
hase �
ency
shade
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n the nonlinear crystal gives the SPIDER interferogram
f the uncompressed pulse, as can be seen in Fig. 6(a) as a
hin solid curve. Comparing the frequency-shifted inter-
erogram with the independently measured spectrum of
he test pulse [Fig. 6(a), gray shaded area] confirms that
ll frequency components are upconverted in the SFG
rocess. From the interferogram, it can already be dis-
erned that the fringe spacing is nonuniform. This corre-
ponds to the spectral phase difference of the spectrally
heared test pulse replica being nonzero. Accordingly, the
PIDER algorithm retrieves a spectral phase [Fig. 6(a),
hick solid curve] that is dominated by a quadratic term
ut also has complex higher-order contributions. This
hase measurement is performed with the pulse shaper
cting only as dispersionless interferometer, i.e., no addi-
ional phase �corr��� has been applied. �corr���=0 is de-
icted in Fig. 6(a) as squares.
The phase information obtained can now directly be

sed to apply a correction phase �corr��� in the pulse
haper. Evidently, the necessary correction phase is the
ign-inverted measured phase of the unknown test pulse.
his correction phase is shown in Fig. 6(b) as squares. By
pplying the modified mask function M̃SLM��� containing
he correction, the interferogram changes [Fig. 6(b), thin
olid curve]. Accordingly, the reconstructed phase [Fig.
(b), thick solid curve] is much more flat. Still, there are
emaining undulations in the residual phase. This resi-
ue can, however, simply be added to �corr��� in an itera-
ive manner. Thus, in the second iteration step [Fig. 6(c)]
he interferogram only shows subtle changes. The re-
rieved phase is now almost perfectly flat, and compres-
ion is successfully achieved. This is confirmed when con-
idering the reverse Fourier transform of the frequency
omain data in the time domain to reconstruct the pulse
hapes. The uncompressed test pulse [Fig. 6(d)] is
tretched in time over more than 450 fs, as expected, and
as a mainly quadratic temporal phase in the central
art. The first compression step already produces a dra-
atic effect, as the pulse resulting from the flattened

pectral phase has a temporal duration of only 16.3 fs
FWHM). The second iteration corrects for remaining
hase distortions and results in a clean 14.4 fs (FWHM)
ulse, which is very close (less than 4%) to the calculated
ourier limit of 13.9 fs (FWHM) for this spectrum.
In principle, the combination of SPIDER pulse charac-

erization and pulse shaping is capable of noniterative
ulse compression.32 The fact that here the first iteration
s not yet giving the optimal compression result can have
wo reasons. First of all, the assumption that the instan-
aneous frequency remains constant during the length of
he test pulse is not very well fulfilled at the beginning.
ncompressed pulses have several hundred femtosecond
urations, while the chirped reference pulse �
�
37,000 fs2� has �1.5 ps. Such cases of highly chirped test
ulses have very recently been thoroughly investigated,33

nd it was found that only a modified retrieval scheme
aking into account a chirp-dependent shear will measure
he correct phase, while the conventional approach based
n the constant frequency assumption will generally un-
erestimate the phase. This is the main reason for the re-
aining residual phase after the first SAC-SPIDER itera-

ion seen in Fig. 5(b) as a thick solid curve. After this first
teration, the pulse is short enough to perfectly fulfill the
nstantaneous frequency requirement; therefore the mea-
ured residual phase is correct and the compression suc-
eeds with the second iteration. A second reason why it-
rations can be necessary in SAC-SPIDER is because of
rrors in the calibration of �. As the measured phase is
roportional to �−1, a too large shear will underestimate,
hile a too small � will overestimate the measured
hase. Iteration, however, makes SAC-SPIDER very ro-
ust against even grossly deviating values of �. In fact,
rrors in the estimates of � only increase the number of
terations until the residual phase approaches zero.
ased on that it becomes clear that � was determined
recisely for the experiment in Fig. 6, as the first iteration
lready performs almost all of the compression.

. Measurement Time and Retrieval of Complex Phases
he complete compression in Fig. 6 was performed very
apidly in less than 2 s. The phase measurement itself in
AC-SPIDER is only limited by the acquisition time of
he CCD camera and the time needed to perform the SPI-
ER algorithm. This is a general property of SPIDER

echniques and has already been demonstrated for real-
ime measurements.19 An iteration step for in situ com-
ression takes a little bit longer, as now the limiting fac-
or is the rate at which the pulse shaper can be updated.
he unit used in this study is equipped with a rather slow
erial computer interface, which limits the rate at which
ask functions M̃SLM��� can be written on the SLM. For

he present configuration, run-time measurements deter-
ined that the complete cycle of a SAC-SPIDER mea-

urement, phase inversion, and writing of the modified
ask function is completed within 780 ms.
The presence of the pulse shaper allows us to easily

valuate the capabilities of the system to characterize
ulses with even more complex pulse shapes. On the basis
f the correction phase �corr���, which creates a clean
ulse with a flat spectral phase, additional phase modu-
ations �mod��� can be added. This means that the phase
f the mask function �SLM��� now consists of the phase
odulation necessary for the creation of double pulses,

he correction phase �corr��� and �mod���. In Fig. 7, some

ig. 7. (Color online) Retrieval of complex phases. In addition to
he compressed pulse, arbitrary phase modulations �mod��� were
pplied: (a) quadratic phase with 2000 fs2, (b) and (c) sinusoidal
hases with � /2 phase offset, (d) rectangular phase indentation.
mod��� is always shown as a thick solid curve, and the retrieved
AC-SPIDER phases as crosses. For comparison, the pulse spec-
rum is indicated as the gray shaded area.
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xamples for typical phase modulations �mod��� are
hown, which are frequently used in coherent control.34 In
ig. 7(a), an additional quadratic phase of �mod���
2000 fs2 ��−�0�2 (solid curve) was added and success-

ully retrieved by the SAC-SPIDER (crosses). Similarly,
inusoidal phases of the type �mod���=A sin��m�+c� were
dded with amplitude A=�, modulation frequency �m
50 fs, and a constant phase offset of c=0 [Fig. 7(b)] and
=� /2 [Fig. 7(c)]. In both cases, the oscillating phase is
icely retrieved, and the phase shift between Figs. 7(b)
nd 7(c) is clearly discernible. Sinusoidal phases are
ighly relevant for applications in nonlinear microscopy,
s they can be used for selective multiphoton imaging35,36

nd for single-beam coherent anti-Stokes Raman scatter-
ng microscopy,37,38 which allows chemical contrast with a
ingle broadband femtosecond laser and a pulse shaper.
inally, in Fig. 7(d), a phase indent with a “depth” of 0.7�

s shown, which is also successfully characterized. Much
arger indentation depths, however, can lead to disrup-
ions in the interferograms, which cause the SPIDER al-
orithm to introduce systematic errors in the recon-
tructed phase.

Similarly, if the spectrum of the unknown pulse is very
uch structured and if the spectral intensity drops to

ero, the SPIDER phase retrieval loses track of the fringe
hase and encounters phase-cycle slip errors, which lead
o artificially large linear spectral phases for the spec-
rum after such a problematic area in the interferogram.
his property is common to all SPIDER implementations.
AC-SPIDER, however, allows, in some cases, mitigating
hase-cycle slip problems: Due to the creation of the
ouble pulses with the shaper, the relative offset phase
etween both replicas can be adjusted independently from
heir temporal separation. This permits very easy shifting
f the interference fringes in the SAC-SPIDER interfero-
ram, which can help to overcome problems in the phase
econstruction. If an interference fringe is placed where

ig. 8. (Color online) Comparison between SAC-SPIDER and X
ompressed and (d)–(f) the compressed supercontinuum pulses. T
e), respectively] and the spectral phase was retrieved [crosses
AC-SPIDER are shown as solid lines and the test pulse spectr
hase shown in (c) is obtained after two iterations (compare Fig.
here is a sharp dip in the test pulse spectrum, the phase
ycle slip can be avoided at this spectral position. Thus,
rom a series of interferograms recorded with different
ffset phases, much more robust phase information can be
btained for highly structured pulses.

. COMPARISON WITH INDEPENDENT
FROG MEASUREMENTS

o independently verify the phase obtained with the SAC-
PIDER, XFROG measurements39–41 were performed in
itu. As the reference pulse, the 100 fs laser oscillator was
sed. For this purpose, in the SAC-SPIDER setup (Fig. 2,
atched beam path) the reference beam is not chirped as
or SPIDER measurements, but can be delayed by 	t us-
ng a linear moving stage. Additionally, linear chirp of the
eference pulse could be compensated by a pair of grat-
ngs. The sum-frequency mixing signal between this ref-
rence beam and the beam of the test pulses was detected
n the same setup, as described in Section 3. The 100 fs
scillator as the reference pulse that has a much longer
uration than the compressed test pulse has to be care-
ully characterized. This was performed with an in situ
ROG measurement of the reference pulse under the
ame experimental conditions, i.e., taking into account all
ptical dispersive elements.

In Fig. 8, the characterization of the test pulse with the
n situ XFROG and SAC-SPIDER methods is shown for
he uncompressed [Figs. 8(a)–8(c)] and compressed [Figs.
(d)–8(f)] supercontinuum phase. For both situations, the
greement between the methods is almost perfect: the un-
ompressed pulse shows a spectral phase with a strong
uadratic phase and higher-order contributions, which is
orrectly identified by SAC-SPIDER [Fig. 8(c), solid
urve] and XFROG [Fig. 8(c), crosses]. When the SAC-
PIDER is used to compress the pulse in situ, the XFROG
lso finds a flat spectral phase [Fig. 8(f), crosses] and con-

methods. Both methods retrieved the same phase for (a)–(c) un-
rimental XFROG traces [(a) and (d)] were reconstructed [(b) and
nd (f), respectively]. The corresponding phases measured with

indicated as the gray shaded area. Note that the SAC-SPIDER
FROG
he expe
in (c) a
um is
6).
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rms the successful compression. The fact that the refer-
nce pulse is not Fourier-transform-limited but has some
egree of higher-order phase distortions can be seen in
he experimental XFROG traces in Fig. 8: They are, to
ome extent, smeared out in time. Note that the precise
nowledge of these distortions in the reference pulse nev-
rtheless allows a very accurate reconstruction of the test
ulse, as can be seen from the very close match of the ex-
erimental [Figs. 8(a) and 8(d)] and retrieved [Figs. 8(b)
nd 8(e)] XFROG traces. However, the procedure to ob-
ain the test pulse phase in situ with XFROG is much
ore time consuming (approaching, including reconstruc-

ion, several tens of minutes) and complicated than the
riginal SAC-SPIDER measurement (less than a second).

. MULTIPHOTON MICROSCOPY
PPLICATION EXAMPLE
s shown in the above sections, SAC-SPIDER is a very
seful tool for rapid and precise in situ compression even
f very complex pulses in a nonlinear microscope. To dem-
nstrate how valuable this precise phase control is for
ultiphoton microscopy, we performed two-photon fluo-

escence microscopy using our PCF source, and compare
mages obtained without and with SAC-SPIDER compres-
ion. The sample was prepared with a diluted solution of

m monodisperse melamine-formaldehyde-resin micro-
articles labeled with Rhodamine B (Kisker Biotech) in
ater, which was placed within a 2�4 mm recess incised

n a 100 
m thick. Teflon spacer on a microscope slide,
nd sealed with a coverslip. The sample was mounted on
XYZ-closed loop piezotranslation stage (PI Nanocube),
hich allows a maximum scanning range of 100 
m in

ach direction with nanometer resolution. Placing the fo-
al volume exactly inside a microparticle, the two-photon
uorescence spectrum of the labeling dye Rhodamine B
ould be recorded: In Fig. 9(a), the respective spectra can
e seen for uncompressed [solid line, hatched in dark gray

ig. 9. (Color online) Application example of SAC-SPIDER com-
ressed pulses in two-photon fluorescence microscopy. (a) Two-
hoton fluorescence spectra measured in a Rhodamine B labeled
olymer particle with uncompressed (solid curve, hatched in
ark gray) and compressed (dashed curve, hatched in light gray)
ulses. Imaging of fluorescent microparticles with (b) uncom-
ressed and (c) compressed pulses. The integrated fluorescence
ntensity is normalized on the same scale.
n Fig. 9(a), temporal profile Fig. 6(d)] and compressed
ulses [dashed line, hatched in light gray in Fig. 9(a), for
emporal profile see Fig. 6(f)]. The integrated intensity of
he two-photon fluorescence obtained with compressed
ulses is more than 1 order of magnitude larger than for
ncompressed pulses. Using the integrated fluorescence
ignal intensity, imaging of the microparticles could be
erformed. For each pixel recorded with a step size of
00 nm in the X and Y directions, the shaper first applied
n empty mask function for the uncompressed pulses, and
hen the SAC-SPIDER correction phase for the com-
ressed pulses. In Figs. 9(b) and 9(c), both resulting im-
ges are shown on a common normalized intensity scale.
s expected, the image obtained with SAC-SPIDER com-
ression has a much higher contrast. Apart from the op-
imization of the signal level, SAC-SPIDER now immedi-
tely allows imprinting additional wanted phase
unctions [such as the sine modulations shown in Figs.
(b) and 7(c)], to perform selective multiphoton fluores-
ence microscopy with shaped pulses.35,36

. CONCLUSIONS
he SAC-SPIDER method permits full in situ phase mea-
urement and control of broadband pulses in the environ-
ent of microscopy and microspectroscopy. We have dis-

ussed in detail the implementation of this new, to the
est of our knowledge, simplified dispersion-free phase
haracterization method. As an example, we have shown
he compression of a broadband supercontinuum from a
hotonic crystal fiber down to 14.4 fs, and we applied it
or the improved multiphoton microscopic imaging of fluo-
escent microspheres. Successful compression and phase
easurement has been verified by comparison with in

itu XFROG traces. The key feature of SAC-SPIDER is
he use of a femtosecond pulse shaper, which completely
liminates the need for an interferometer setup and, at
he same time, introduces the possibility to compress
omplex pulses. The versatility and its straightforward
mplementation make SAC-SPIDER an extremely useful
ool for next-generation broadband nonlinear microscopy,
nd for microspectroscopy, which can very much profit
rom precisely tailored femtosecond pulses incorporating
oherent control schemes.
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