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Quantitative investigation of the multiphoton
intrapulse interference phase scan method for

simultaneous phase measurement and
compensation of femtosecond laser pulses
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Femtosecond pulse characterization and compensation using multiphoton intrapulse interference phase scan
(MIIPS) [Opt. Lett. 29, 775 (2004)] was rigorously tested. MIIPS was found to have 3 mrad precision within the
90 nm bandwidth of the pulses. Group-velocity dispersion measurements of glass and quartz provided inde-
pendent accuracy tests. Phase distortions from high-numerical-aperture objectives were measured and cor-
rected using MIIPS, an important requirement for reproducible two-photon microscopy. Phase compensation
greatly improved the pulse-shaping results through a more accurate delivery of continuous and binary phase
functions to the sample. MIIPS measurements were possible through the scattering of biological tissue, a con-
sideration for biomedical imaging. © 2006 Optical Society of America

OCIS codes: 320.0320, 320.7100.
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. INTRODUCTION
ne of the critical aspects of using ultrashort-pulse lasers

s controlling spectral phase distortions introduced by the
nteraction of the pulses with an optical surface such as a
ielectric mirror or their transmission through dispersive
edia, such as a lens, an optical fiber, or a microscope ob-

ective. These distortions have a significant effect on the
onlinear properties of the pulse, leading to increased
ulse duration, loss of peak intensity, and in some cases
oss of information. The shorter the initial pulses, the

ore significant the distortions become, making the char-
cterization and compensation of phase distortions in ul-
rashort pulses at the location where the laser meets the
ample extremely important. Here we report on the quan-
itative performance of multiphoton intrapulse interfer-
nce phase scan (MIIPS),1,2 a method that combines itera-
ive spectral phase characterization and compensation,
hich we conclude is ideal for all nonlinear optical appli-

ations of femtosecond lasers.
Current established phase measurement methods in-

lude frequency-resolved optical gating (FROG)3–5 and
pectral phase interferometry for direct electric field re-
onstruction (SPIDER).6–8 Unlike MIIPS, these methods,
nd their variants, depend upon the measurement of au-
ocorrelations or cross correlations between two pulses to
haracterize the spectral phase of a pulse. In FROG, the
requency and time-resolved signals are used to retrieve
he spectral phase of the pulses. SPIDER requires that
he laser pulse be split into two beams that are then up-
onverted by a heavily chirped pulse. The interference of
he upconverted pulses in the spectral domain is used to
econstruct the spectral phase in the original pulse.

Since the advent of ultrafast laser systems, the exciting
eld of ultrafast pulse shaping9 has spanned numerous
0740-3224/06/040750-10/$15.00 © 2
pplications in optical communications,10 control of
hemical reactions,11,12 nonlinear optical processes,13,14

emiconductors,15 quantum16 and nonlinear optical17

omputation, and biomedical applications.18 Ideally, char-
cterization and pulse shaping can work together to pro-
uce pulses with a precisely determined phase function,
uch as a zero-phase or transform-limited (TL) pulse. The
rst attempts to achieve TL pulses based on feedback de-
endence on spectral phase used a genetic algorithm-
ontrolled shaper for adaptive compression.19–27 Others
mplemented time-domain interferometry with an
cousto-optic programmable filter.28 These indirect meth-
ds are limited by the lack of sensitivity of the total non-
inear optical signal to phase deformations outside the
ull width at half-maximum (FWHM) of the spectrum.

IIPS takes advantage of the influence that phase modu-
ation has on the probability of nonlinear optical pro-
esses at specific frequencies.29–32 It is a single-beam
ethod that not only characterizes the spectral phase but

lso compensates for unwanted phase distortions and can
eliver accurate user-specified phase functions at the lo-
ation of a sample. It does not require beam splitters, in-
erferometry, autocorrelation, or global optimization.
rom the MIIPS method, one can analytically obtain the
pectral phase across the pulse. Consequently, this
ethod has proven to be extremely powerful for the accu-

ate and reproducible demonstration of selective microen-
ironment probing,2 multiphoton microscopy,33 functional
maging,34,35 and chemical agent identification36,37 using
ltrashort phase-shaped pulses.

. THEORY
n MIIPS, a well-known reference function, f���, is intro-
uced by the pulse shaper to cancel, at least locally, dis-
006 Optical Society of America
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ortions by the unknown spectral phase ���� of the pulse.
he sum of the unknown phase and the reference phase is
iven by ����=����+ f���. The second-harmonic-
eneration (SHG) spectrum resulting from the total phase
��� can be used to retrieve ���� accurately, as described
elow. Assuming the use of a thin nonlinear crystal with a
ulse that is a few optical cycles long,38,39 the spectral re-
ponse and the susceptibility can be replaced by con-
tants, and the SHG intensity S�2� at frequency 2� can be
ritten as an integral over the spectral amplitude �E����
nd phase ���� of the pulse:

S�2��2�� � �� �E�� + ����E�� − ���exp�i���� + ��

+ ��� − ���	d��2

. �1�

ccording to relation (1), the signal is proportional to the
ntegral of the product of a real positive kernel, �E��
����E��−���, with the complex exponent of phase ���
��+���−��. TL pulses ��=0� generate the maximum

ntensity for a SHG spectrum because the oscillatory com-
onent of the integral is zero.
The phase modulation produced by all physical pro-

esses is typically a continuous function, allowing us to
rite a Taylor expansion around �. The Taylor expansion

f the sum of the phases at positive and negative detuning
s

��� + �� + ��� − �� = 2���� + ������2 + ¼

+
2

�2n�!
�2n�����2n, �2�

here �n����
dn���� /d�n. According to Eq. (2), the SHG
pectrum is maximized when ���+��+���−�� is zero. To
rst approximation, neglecting higher-order even terms,
he SHG spectrum has a local maximum at � when the
econd-order phase distortion ����� equals zero, i.e., when
����=�����+ f����→0. At this frequency, f���� compen-
ates �����, and the unknown function ����� can be re-
rieved.

To measure the phase distortion across the spectrum,
he reference function f��� is parameterized as f�� ,��,
here � is a parameter that is scanned, so that the refer-
nce function samples all frequencies in the bandwidth.
he resulting SHG spectrum, SHG�� ,2��, reaches a
aximum when ����m��� ,��=�����+ f���m��� ,��→0 or
����=−f���m��� ,��, where �m��� denotes the � value of

he SHG maximum for each frequency. The phase of the
ulse across the whole spectrum ���� can be analytically
etrieved by double integration of ����� in the frequency
omain. SHG and MIIPS are not affected by the choice of
ntegration constants, the relative phase �0 and linear
erm ��.

. EXPERIMENTAL IMPLEMENTATION
he experimental setup for MIIPS necessitates only a
hin SHG crystal, a spectrometer, and a pulse shaper ca-
able of accurately introducing spectral phase modulation
see Fig. 1). There are no beams to overlap in space and
ime, and no moving parts. Most experiments were car-
ied out with a titanium:sapphire oscillator (K&M Labo-
atories) capable of producing sub-10 fs pulses (110 nm
WHM) centered near 800 nm. The average power of the
scillator was 250 mW, with a repetition frequency of 97
Hz. An amplified titanium:sapphire laser (Spectra
hysics Spitfire) producing 0.7 �J, 40 fs pulses at a 1 kHz
epetition rate was also used. A 10 �m �-barium borate
ype I crystal was used for SHG, and the output was di-
ected to a spectrometer with �2 nm spectral resolution.
he pulse shaper, consisting of two SF10 prisms, two 200
m focal-length cylindrical mirrors, and a dual-mask

patial light modulator (SLM) (CRI, Inc., SLM-256), is
ased on the general design of Weiner.9 To achieve accu-
ate phase delays, each pixel of the SLM was carefully
alibrated by measuring the polarization-dependent
ransmission of light through each pixel. Pixel-by-pixel
alibration is necessary because of the frequency depen-
ence of the index of refraction values.
For the MIIPS measurements, a sine function was uti-

ized as the reference, f�� ,��=	 sin�
�−��, where 	 and 

re fixed parameters with values equal to 1.5� and the
uration of the pulse, respectively. The phase shift � is a
arameter typically scanned from zero to 4�. MIIPS is
ot limited to the use of periodic functions; other func-
ions can be used. However, the sine function is practical
or SLM implementation due to the fact that the maxi-
um amplitude is limited to 2	 over all values of �.
For most measurements, we used 
=1/�pulse=10 fs, 	

1.5�, and � is scanned from 0 to 4�. The acquisition of a
HG spectrum for each step over this range results in two
eplicas of the MIIPS trace. From the acquired spectra, a
wo-dimensional plot for SHG�� ,�� is obtained (see the
eft panels of Fig. 2), where �=�c /
SHG. The value of
m��� for each frequency is found, and from these values
he second derivative of the unknown phase is calculated
y

����� = 	
2sin�
� − �m
n ����. �3�

here are multiple solutions (index n) of Eq. (3). Because
f these multiple solutions, the range in which we search
or the maxima of the SHG spectra must be specified.

The expected values of �m
n ��� for TL pulses can be found

y substituting ��=0 into Eq. (3), �m
n ���=
��−�0�+n�,

=0, ±1, ±2¼, where �0=2�c /
0 is the carrier frequency
nd 
0 is the wavelength of the center of the laser spec-
rum. For TL pulses, the features in the MIIPS trace
here the SHG signal is greatest form parallel lines sepa-

ated by �. On the basis of this observation, we can re-
trict the search area of �m��� for non-TL pulses. These
lack lines separating the MIIPS traces are shown in the
eft panels of Fig. 2.

For an analysis of a MIIPS trace, the �m
n ��� values in

wo neighboring areas are defined (as shown in the left

Fig. 1. Experimental MIIPS setup. fs, femtosecond.
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anels of Fig. 2) and used to calculate the second deriva-
ive of the unknown phase distortion:

����� =
1

2
	
2�sin�
� − �m

1 ���� + sin�
� − �m
2 ����	. �4�

he use of two lines (see Subsection 5.A) provides more
ccuracy in the measurements.
Given that the absolute accuracy of MIIPS improves as

he magnitude of the phase distortions is reduced (see
ubsection 5.B), an iterative procedure of measurement
nd compensation is used to obtain accurate results. The
xperiment begins as described above, and the phase is

ig. 2. Experimental demonstration of the MIIPS iteration pro-
ess. The left panels are SHG spectra as the � parameter of the
eference function is scanned. Each vertical line corresponds to a
eparate SHG spectrum obtained at a given value for �. The
lack lines that separate the MIIPS traces are used to define the
egion for searching �m���. The dots within those boundaries
how �m���. The center panels show the retrieved second deriva-
ive of the spectral phase. The right panels show the phase cal-
ulated from the retrieved second derivative.

ig. 3. Retrieved phase. The thick curve highlights the re-
rieved phase after five iterations, the dashed curve shows the re-
rieved phase from the first iteration, and the thin curve shows
he spectrum of the laser pulse.
etrieved. To compensate this distortion, −�I��� is added
o the phase using the pulse shaper, the process is re-
eated, and the next order of phase correction �II��� is
easured. The sum −��I���+�II���� is used as the correc-

ion function. The convergence toward an accurate result
s exponentially fast and the phase distortion is close to
ero after only three to five iterations. As shown in Fig. 2,
he residue of the phase at the fifth iteration is very close
o zero.

The unknown function ���� is accurately given by the
um of the iteratively determined compensation func-
ions, �measured=�I+�II+ ¯ +�N. Figure 3 highlights the
etrieved phase after five iterations for this measure-
ent, as well as the phase retrieved from the first itera-

ion. It shows that the first iteration already gives a good
pproximation of the phase distortion and the only sig-
ificant deviation appears at the wings of the spectrum.

. RESULTS
. Reproducibility of Retrieved Phase
IIPS was first tested for reproducibility. Several itera-

ions of MIIPS were run to acquire a compensation mask
negative of the measured phase). This compensation
ask was then applied, and a single iteration of MIIPS
as run ten times successively (each time starting from

he compensation mask). The retrieved phases were then
nalyzed for reproducibility. The solid curves in Fig. 4 are
he average of all ten retrieved phases. The error bars in
oth panels show ±1 standard deviation for every fifth
oint. The reproducibility of MIIPS is seen to be excellent
ver a range well exceeding that of the FWHM, as shown
n the upper panel of Fig. 4.

To allow for a quantitative comparison of the reproduc-
bility of MIIPS with other methods, the average of the
tandard deviations for each point was calculated using
he power spectrum as a weighting function. Over the en-
ire range of the spectrum, analyzing the full set of data,
he statistical phase error was calculated to be 0.013 rad.

ig. 4. Reproducibility of MIIPS. In both panels, the solid curve
hows the average of ten independently retrieved phases, while
he error bars show ±1 standard deviation for every fifth point.
he lower panel shows the full range of collected data. The upper
anel shows a closer view of the region over which MIIPS can
ompensate (760–880 nm).



U
r
r
a
s
w
(
(
e
t
(
r
p
e
M
t

B
T
a
p
a
p
d
f
S
m
p
d
g
a
i
b

C
T
T
t
s
t
d
p
t
o
r
(
t
F
t
o
c
t
u
r
i
b
t
a
t
a
t

D
a
T
r

M

M
F
S

F
(
r
r

F
s
s
p
t
t
o
(
u
u

Xu et al. Vol. 23, No. 4 /April 2006 /J. Opt. Soc. Am. B 753
sing a reduced set of five scans, the statistical phase er-
or was calculated as 0.011 rad. Table 1 compares these
esults with those reported by Gallmann et al. for FROG
nd SPIDER.40 Also of interest is the great reduction of
tatistical phase error when the range of data analyzed
as reduced to that in which the retrieved phase was flat

i.e., MIIPS had successfully compensated). For this range
shown in the upper panel of Fig. 4), the statistical phase
rror was reduced to just 0.004 rad. Additionally, some
asks, such as measuring group-velocity dispersion
GVD), do not require knowledge of the phase over a wide
ange. Within the FWHM of a pulse, MIIPS retrieves the
hase with unprecedented precision: The statistical phase
rror is 0.0028 rad. These data lead us to conclude that
IIPS is a method with high reproducibility, exceeding

hat of FROG and SPIDER.

. Accurate Retrieval of Applied Phase
he next step in testing the ability of MIIPS to retrieve
rbitrary phase distortions was done by applying known
hases to a TL pulse, running several iterations of MIIPS,
nd comparing the retrieved phase with the applied
hase. We analyzed two different synthetic functions: a
ouble Gaussian [results shown in Fig. 5(a)] and a sine
unction with amplitude � /2 and four periods across the
LM [results shown in Fig. 5(b)]. For these measure-
ents, the pulses were first compensated to obtain TL

ulses. The applied synthetic phase function was intro-
uced, and the retrieved function was obtained. Note the
ood agreement between both the retrieved (dotted curve)
nd the applied phases (solid curve) in each case, indicat-
ng that MIIPS is capable of accurately retrieving an ar-
itrary phase from a pulse.

Table 1. Comparison of Reproducibility of MIIPS
with FROG and SPIDER: Statistical Phase Error

(in rad)

ethod Full Data Set Reduced Data Set
Full Data Set

(FWHM)

IIPS 0.013 0.011 0.0028
ROGa 0.122 0.048
PIDERa 0.044 0.017

aRef. 40.

ig. 5. Ability of MIIPS to retrieve arbitrary phase functions.
a) The result for an applied double Gaussian function. (b) The
esult for an applied sine function. The dotted curves show the
etrieved phase, and the solid curves are the applied phase.
. Effective Compensation of Retrieved Phase at the
arget
o quantitatively test the accuracy of the MIIPS method
o not only retrieve the arbitrary phase of a pulse, but to
ubsequently compensate for the measured phase distor-
ions, MIIPS was used to acquire a TL pulse. A well-
efined phase function was then introduced to the TL
ulse, and the SHG spectrum was recorded. This spec-
rum was compared with the spectrum predicted by a the-
retical application of the same phase function to a theo-
etically generated TL pulse. The results for two functions
a binary phase function and a sine function), chosen for
heir generation of multiple peaks, are shown in Fig. 6.
igures 6(a) and 6(c) illustrate excellent agreement be-

ween the experimentally obtained spectrum and the the-
retical simulation with no adjustable parameters. In
ontrast, Figs. 6(b) and 6(d) show the resulting SHG spec-
rum when the same phase functions are applied to the
ncompensated pulses. Clearly, phase distortions natu-
ally present in the laser pulses cause significant changes
n the nonlinear optical properties of the pulse and must
e eliminated by accurate compensation. On the basis of
he excellent match between the theoretically predicted
nd experimentally obtained SHG spectra, we conclude
hat MIIPS is capable of compensating phase distortions,
nd consequently eliminates the deleterious effects that
he distortions have on nonlinear optical processes.

. Accuracy in Measuring Group-Velocity Dispersion of
Material

o further quantitatively test the accuracy of the phases
etrieved by MIIPS, we measured the GVD of quartz, a

ig. 6. Comparison between experimental data and theoretical
imulation. The solid curve in each panel shows the theoretical
pectrum predicted for the application of a particular binary
hase (a) and (b) or a particular sine function (c) and (d). The dot-
ed curves correspond to the experimentally measured SHG spec-
rum for each case. (a) The experimental result of the application
f a binary phase mask (inset) to a pulse compensated by MIIPS.
b) The result of the application of the same phase mask to an
ncompensated pulse. (c) and (d) The corresponding information
sing a sine function (inset).
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aterial for which the value has previously been mea-
ured by more conventional and accepted techniques. The
eam was passed through quartz windows of thicknesses
.25, 4.92, 6.53, and 9.58 mm before its incidence on the
HG crystal. MIIPS was used to compensate the pulses

ig. 7. GVD measurement of quartz using MIIPS. (a) The re-
rieved second derivative of the spectral phases (from bottom to
op: 0, 3.25, 4.92, 6.53, and 9.58 mm quartz windows). (b) The
VD at 800 nm as a function of thickness.

ig. 8. GVD measurement of microscope slides using MIIPS. (a)
he retrieved second derivative of the spectral phases (from bot-

om to top: 0, 2, 4, 6, 8, and 10 mm microscope slides). Note that
or clarity the odd number of slides (odd thicknesses) were omit-
ed from this graph, but not from the calculation. (b) The GVD at
00 nm as a function of thickness.
nd retrieve the second derivatives of the spectral phases
f those pulses. The spectral phase was quantified, with
he results from a MIIPS completed with no quartz
resent as a reference.
Figure 7(a) shows the retrieved second derivative of the

pectral phase of the system for the different thicknesses
f quartz. It is important to note that the curves are both
arallel and spaced proportionally to the thickness of the
uartz [as shown in Fig. 7(b)]. The GVD introduced by the
uartz windows was measured to be 36.2±0.5 fs2/mm
t 800 nm, which is in good agreement with the
5.92±0.05 fs2/mm measured by Diddams and Diels41 us-
ng white-light interferometry. For further comparison,
he GVD of quartz at 800 nm was calculated using the
ellmeir formula and the constants found from Malitson42

nd was found to be 36.162, which is in excellent agree-
ent with our measured value.
We then repeated the measurement process, this time
easuring the GVD of increasing numbers of glass micro-

cope slides (crown glass, Fisher Scientific, each 1 mm
hick). As the thickness of the slides is uniform, a reliable
ystem for quantifying the GVD will show a linear plot of
VD versus the number of microscope slides.
The setup involved having the beam pass through the
icroscope slides, in place of the quartz windows. Nujol

ndex-matching oil was used between them to avoid mul-
iple reflections at the interfaces. Figure 8(a) shows the
etrieved second derivatives of the spectral phase for ev-
ry other slide addition. Figure 8(b) (all data shown) high-
ights the reliability of the MIIPS method. It can be seen
hat the experimentally measured GVD versus the num-
er of microscope slides (thickness of glass) can be suc-
essfully fitted by a line. The GVD introduced by the mi-
roscope slides was measured at 50.7±0.5 fs2/mm at 800
m. Assuming the type of crown glass used for the micro-
cope slides corresponds to Ohara glass S-NSL 5 (equiva-
ent to Schott glass K5), we can compare our measured
VD with that calculated value using the Sellmeir for-
ula with constants available from Ohara.43 The GVD
as calculated to be 50.13 fs2/mm at 800 nm, which is in
ood agreement with experiment.

. Measurement, Compensation, and Reproducibility
hrough High-Numerical-Aperture Objectives
ne of the greatest obstacles to fully developing the prom-

sing technique of multiphoton imaging is the significant
mount of phase distortion introduced by high-numerical-
perture (NA) microscope objectives. To date, the charac-
erization of such distortions has been accomplished for
ub-10 fs pulses in objectives with a NA up to 0.85,44 and
or up to 1.30 NA objectives if longer pulses are used.45–48

ompensation of the quadratic term of the characterized
istortions was accomplished in some cases through pre-
ompensation. However, higher-order phase distortions,
ntroduced by the objectives and even by the prisms nec-
ssary to precompensate for the quadratic phase distor-
ions, cannot be compensated by these methods, nor can
he phase distortions be quantified. In this subsection, we
emonstrate that MIIPS can successfully quantify and
ompensate for all orders of arbitrary phase distortions
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ntroduced into a sub-10 fs pulse by high-NA microscope
bjectives.

For this procedure, a periscope was used to bring the
aser beam into the rear port of a Nikon TE2000-U in-
erted microscope. The beam was reflected upward
hrough the objective and focused onto the SHG crystal.
he three objectives used were a Nikon Plan Fluor ELWD
0x/0.45 NA objective, a Nikon Plan Fluor ELWD
0x/0.60 NA objective, and a Nikon Plan Apo TIRF oil im-
ersion 60x/1.45 NA objective (Nikon immersion oil,
ype NF was used.).
MIIPS alone was sufficient to compensate for the phase

istortions introduced by the 20x/0.45 NA and 40x/0.60
A microscope objectives (results not shown). To allow for

he best compensation of higher-order phase distortion in-
roduced by the 60x/1.45 NA objective, a pair of SF10
risms was used to reduce the quadratic phase contribu-
ions ��104 fs2�.

Figure 9 shows the compensation results for the 1.45
A objective. In both panels, the solid curve shows the av-

rage phase residue from five independent measure-
ents. The error bars show the ±1 standard deviation for

very fifth data point. The lower panel shows the full set
f acquired data. The upper panel shows the same data
ver the FWHM with a reduced scale. Note that the phase
s compensated to within 0.1 rad over the entire band-
idth of the pulse (770–860 nm), indicating that the dis-

ortions introduced by high-NA objectives are well com-
ensated over that range. We highlight the extremely
arrow standard deviation observed in the reduced range,
roviding evidence of a high degree of reproducibility of
he MIIPS method, even when highly dispersive materi-
ls are utilized. The statistical phase error for the
0x/1.45 NA objective was calculated to be 0.026 rad over
he full range of data, where the uncompensated phase
istortion was �100 rad. Considering the significant de-
ree of distortion introduced by this high-NA objective,
he precision by which phase is retrieved by MIIPS is
xcellent.

ig. 9. Compensation of spectral phase distortions caused by a
0x/1.45 NA objective. The error bars indicate ±1 standard de-
iation. The lower panel shows the full range of data, while the
pper panel shows the same data over the FWHM of the pulse,
n a reduced scale.
. MIIPS Measurements after Transmission through
iological Tissue
hen a laser beam transmits through a scattering me-

ium like biological tissue, the coherent component of the
lectric field, although maintaining its directionality, de-
rades exponentially with tissue depth. This occurs as a
esult of the presence of macroscopic and microscopic cel-
ular constituents, fat globules, and refractive-index mis-

atch between intracellular and extracellular fluids. Al-
hough femtosecond lasers have increasingly been used
or medical diagnostics and therapeutics as well as for im-
ging applications, an underlying uncertainty exists as to
he spectral phase distortions the laser pulse experiences
s it propagates through several scattering lengths of
issue.

Here we tested the ability of the MIIPS method to mea-
ure spectral phase deformations caused by transmission
hrough scattering biological tissue. The procedure in-
olved measuring phase distortions inherent in a sub-10
s laser pulse, correcting for these distortions to obtain TL
ulses, and then comparing the spectral phase obtained
hen the laser transmits through a 500 �m slice of raw

hicken breast tissue or through a similar thickness of
lass. Preliminary experiments using a variable scatter-
ng medium (skim milk in water) (results not shown) in-

ig. 10. MIIPS measurement through scattering biological tis-
ue. (a) and (b) MIIPS traces without and with tissue, respec-
ively. (c) While the overall signal-to-noise ratio is significantly
ecreased, similar phase information is obtained.
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icated that the retrieved spectral phases had little de-
endence, other than on the overall intensity, on the
egree of scattering. This is indicative of the ability of the
oherent component of the laser or the ballistic photons to
aintain phase information as the laser penetrates a tur-

id scattering medium.35 Our results with tissue (Fig. 10)
onfirm that, despite the presence of inhomogeneities that
ignificantly affect the coherence of a femtosecond laser
ulse, phase distortion is minimal. As expected, a reduc-
ion in signal-to-noise ratio resulting from the exponen-
ial decay of ballistic photons as the pulse transmits
hrough several scattering lengths of tissue was observed.
otwithstanding this limitation, phase information is

till comparable to that obtained when light goes through
n optical medium like glass. Figures 10(a) and 10(b)
how the MIIPS traces obtained for glass and tissue
amples, respectively. The presence of tissue slightly de-
reases the range of wavelengths that can be compen-
ated by MIIPS, but the fact remains that the method
orks. Figure 10(c) shows the phase residue, averaged
ver five trials, of the pulse as it went through glass and
issue. Note that the phase is compensated to within 0.02
ad over the entire FWHM of the pulse. With additional
terations, MIIPS can fully compensate for distortions in-
roduced by a scattering medium. More significantly, the
ethod corrects for distortions at the position of the

ample.
Accurate phase compensation and accurate phase de-

ivery is important. We have used this capability to per-
orm selective functional imaging through biological
issue.35 Simulations show49 that even for signal-to-noise
atios as low as 1, it is possible to retrieve the spectral
hase with high precision by smoothing the two-
imensional MIIPS data before analysis. The good resis-
ance to noise and the fact that it is independent of
ode quality are additional significant advantages of the
IIPS method, which is based on quasi-local phase

ompensation.

. Dynamic Range
n this section, we determine the dynamic range of MIIPS
or chirp compensation of the MIIPS method. At the low
nd, phase deviations over the entire bandwidth of the
ulse (760–880 nm) are typically in the milliradian range:
.02 rad (see Fig. 2). Higher sensitivity can be achieved
hrough changes in the parameters 	 and 
 and by intro-
ucing steps for the parameter � that are smaller than
he pixel size (see subsection 5.C). At 0.02 rad, MIIPS is
lready more sensitive than most of the established meth-
ds. At the high end of phase distortions, there is a point
t which the MIIPS features in the trace coalesce and one
an no longer measure a distance between them. This oc-
urs when phase distortions are of the order of 	
2. Even
n these cases, MIIPS is still capable of introducing a com-
ensation phase that, after a number of iterations, cor-
ects for very large phase distortions, as shown below.

When the phase modulation is greater than the total
etardation allowed by the SLM, the phase is corrected by
rapping. Since the functional retardance of our SLM is

imited to ±2.6�, we fold the spectral phase within a
1.1� range (±1.5� is reserved for the reference sine func-
ion). In Fig. 11 we show the compensation of a 40 fs pulse
rom an amplified laser system that has been significantly
hirped �3�104 fs2� by the gratings in the internal com-
ressor. Note that, despite significant wrapping of the
hase [Fig. 11(b)], excellent compensation has been
chieved, as can be judged by the residue phase [see up-
er panel of Fig. 11(a)].
The top end of the dynamic range is three times greater

or the shaper used with the amplified system than for
he sub-10 fs laser system on which most of the work was
one (note that precompensation was necessary for the
.45 NA objective). The range is limited by the optical de-
ign of the pulse shaper when we take into account the
vailable number of pixels and the maximum retardation
er pixel. Empirically, for the 128-pixel shapers, we find
he upper dynamic range in �max� to be �max� =�max�2 /4,
here �max is the maximum wrapping (in our case, 100

ad) and � is the pulse duration. A similar estimation can
e made for higher-order terms.
The spectral range of precise phase measurement and

ompensation is slightly less than the entire laser pulse
pectrum. This is a limitation caused by the required gen-
ration of the second harmonic, and is common to all
ethods based on nonlinear optical processes. For ex-

remely short pulses, when the bandwidth exceeds 100
m FWHM, phase matching using a nonlinear optical
rystal over the entire spectrum is a problem. This limit is
ndependent of the phase characterization methods. How-
ver, compared with other methods, MIIPS is less re-
tricted by this limit because of its low sensitivity to noise
discussed above). This allows the acquisition of good
easurements where other methods might fail.

ig. 11. Compensation of a heavily chirped pulse. (a) The re-
rieved phase of an uncompensated pulse. The upper panel
hows the residue of the phase after successful compensation by
IIPS. (b) The applied compensation mask, with significant
rapping.
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. DISCUSSION
. Using Two MIIPS Features Adds Stability and
ccuracy
or small phase distortions, the second derivative near �0

s given by the average of two lines (see Fig. 2):

�measured� =
1

2
	
2�sin�� + ��� + sin�− � + �� + ���

� 
1 −
1

2
��

2���. �5�

his sum has quadratic stability with respect to phase er-
ors �� For a SLM with 128 pixels, and a phase function
ith one period across the spectrum, �� is approximately
.03 rad. The relative error of the two-line method is less
han 0.001 rad, according to Eq. (5). In comparison, the
elative error of a single-line analysis [when Eq. (3) is
sed instead of Eq. (4)] is approximately 0.03 rad. A simi-

ar analysis can be used to estimate the accuracy with re-
pect to the measurements of frequency ��. In this case,

�measured� =
1

2
	
2�sin�
�� − �� + sin�
�� − � + ���

� 
1 −
1

2

2��

2���. �6�

n uncertainty of the spectral calibration of 1 nm gives ��

n approximate value of 0.003 fs−1. According to Eq. (6),
he relative error from this source is less than 0.001 rad
or a 10 fs pulse.

. Rationale for Iterative MIIPS
single MIIPS scan is subject to some systematic devia-

ions arising from the Taylor expansions of ���� and f���.
he systematic error in the second derivative of f��� is ap-
roximately 1/12
2 /�0

2, where �0 is the time duration of
he pulse with the same spectrum. This single-scan error
s �10% when 
2 /�0

2�1. The sum of errors from all mea-
ured nonlinear terms of ���� define the error in the sec-
nd derivative of the measured phase:

�measured� � ��
1 ± �
n

�n�

�0
2−nn!

� . �7�

rrors in the measured phase come from high-order dis-
ortions, which enter Eq. (7) as �n�, the nth derivative of
he spectral phase. However, their contribution decreases
ith increasing order. Additionally, the greatest error is

een on the spectral wings of the pulse. The absolute error
cales with the absolute value of phase distortion being
easured. Therefore, as each iteration brings the pulse

loser to TL, the absolute error associated with the re-
rieved phase decreases factorially.

. Observation of Digital Noise
he digital noise of the retrieved �� (see center panel for

teration V in Fig. 2) is equal to 4�	
2 /N, where N is the
umber of steps in the scan. The lower limit of the step
ize of the phase scan depends on the smallest possible
hase delay introduced by the SLM and the number of
ixels in the SLM. In our case, these factors limit the digi-
al noise in the second derivative measurements to 10 fs2.
sing a SLM with more pixels would provide even higher-
ccuracy spectral phase measurements, as a smaller step
ize could be used.

. Spatial Considerations
nlike all correlation-type techniques, the MIIPS method

s not based on a space-to-time transformation. The main
dvantage is that it is insensitive to the spatial quality of
he mode. Conversely, MIIPS does not account for pulse-
ront tilt that may be critical for certain time-resolved ex-
eriments. Spatial chirp has been found to affect the rela-
ive intensity, but not the position, of the features in
IIPS. When we observe this, we use an optical fiber

oupled to a spectrometer to measure the spatial chirp
nd we correct it at the source.

. CONCLUSION
e have carried out a series of quantitative tests on the

eproducibility, reliability, accuracy, sensitivity, and dy-
amic range of the MIIPS method. MIIPS accomplished
hase characterization, compensation of all orders of
hase distortions, and accurate phase delivery. Because
IIPS can be carried out at the location of the sample,

ispersions introduced by optics, high-NA microscope ob-
ectives, and even the sample itself can be corrected.

Our data show that the method is highly reproducible
nd accurate with a precision exceeding that of other
hase measurement methods, and is capable of retrieving
rbitrary phases. The accuracy was found to be 0.02 rad
ith a precision of 0.003 rad across the FWHM of the
ulse. These values are superior to established methods,
ncluding SPIDER.40 MIIPS was also found to accurately

easure the GVD of quartz, glass, and highly scattering
edia.
The compensation and delivery of accurate spectral

hase functions at the sample using MIIPS was con-
rmed by the excellent agreement between the experi-
entally recorded and the theoretically predicted SHG

pectra for a continuous sine function and a discontinuous
inary phase function. When the pulses were not compen-
ated by MIIPS, significant deviations in the spectrum
ere observed.
The insensitivity of the MIIPS method to noise and

eam quality was tested by transmitting the beam
hrough biological tissue prior to the measurement. By
omparing the result obtained when the beam was trans-
itted through 0.5 mm of glass or tissue, it was found

hat MIIPS reliably retrieved the spectral phase with an
ccuracy better than 0.02 rad across the FWHM of the
ulse.
The dynamic range of MIIPS was tested by changing

he spacing in the grating compressor of an amplified fem-
osecond laser. At the high end, the method successfully
easured and compensated phase distortions up to 100

ad, this value being limited by the number of pixels in
he shaper. With a 640-pixel shaper, this number can be
ultiplied by a factor of 5. For these large values of phase

istortion, other phase characterization methods such as
HG FROG suffer from low signal-to-noise ratios. The



S
t
t

s
m
t
o
d
s
p
p
a
c
a
t

A
T
I
N
t
a
O
I
w

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

758 J. Opt. Soc. Am. B/Vol. 23, No. 4 /April 2006 Xu et al.
PIDER method requires significant phase unwrapping
o measure large phase distortions and an additional ex-
ernal method for compensation.

MIIPS can be used on diffuse beams and under poor
ignal-to-noise ratio conditions because it is a single-beam
ethod that requires no overlap of beams in space and

ime. MIIPS does not use a retrieval algorithm; it is based
n an analytical formula that directly provides the second
erivative of the spectral phase. The integrated pulse
haper in MIIPS can simultaneously measure and com-
ensate spectral phase distortions at the target. We are
resently developing a method to obtain a MIIPS trace in
single laser shot that will provide valuable real-time

haracterization information. We conclude that MIIPS is
n excellent choice for scientific and industrial applica-
ions involving femtosecond lasers.
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