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1 Introduction

Femtosecond laser systems are being used for an increas-
ingly large number of applications given their ability to de-
liver high-peak power densities (from 10'° to 10'® W /cm?)
with very modest pulse energies (from 107! to 1073 J).
Some of these technologies have transferred from the
research laboratory to commercial applications, for example,
femtosecond refractive surgery,! cataracts surgery,” and
material processing.>* Although the laser sources have expe-
rienced great progress in terms of output pulse characteris-
tics, reliability, and size, they are still notoriously complex
and sensitive to changes in ambient environment. In addition
to the static dispersion introduced by the laser components
themselves and high-numerical-aperture microscope objec-
tives, modern ultrafast laser design needs to take into account
laser-induced nonlinear optical processes, such as self-phase
modulation® and laser-induced group velocity dispersion.®
As a result, minute changes in power, cavity length, or align-
ment lead to deterioration in pulse characteristics.
Applications of femtosecond lasers outside of laser labora-
tories thus require automated dispersion and amplitude
drift characterization and compensation in order to maintain
optimum performance without human assistance. If this can
be accomplished, femtosecond lasers, ranging from commer-
cial high-repetition rate units to high-intensity petawatt class
lasers,’ could certainly benefit from the technology.

It is possible to achieve some degree of automated pulse
optimization without using pulse characterization. Given that
the integrated second-harmonic-generation (SHG) intensity
achieves a maximum value for transform limited (TL) pulses,
this intensity can be used as feedback for a closed loop, while
the pulse shaper introduces hundreds of different phases with
the goal of converging towards the shortest pulses.®’
Unfortunately, the process is time consuming and the degree
of success of this approach depends on the square of the
noise level of the laser system. For many cases, it is sufficient
to optimize chirp by feeding back the integrated SHG inten-
sity to a prism or grating compressor,'’ an approach that has
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been adopted by some commercial systems. Given that
tracking SHG intensity does not provide sufficient phase
information, these systems require dithering the chirp to find
the optimum value. Ideally, phase optimization is based on
accurate phase characterization.

Measuring phase distortions requires pulse characteriza-
tion, on-the-fly correction requires single-shot pulse charac-
terization; a topic that has received considerable attention
since the early 1990s.'""'> Following the single-shot
pulse characterization, the information needs to be processed
and used to actuate optics in the laser compressor or to a
pulse shaper. Operationally, phase drifts manifest themselves
in nonlinear phase distortion, primarily in the second- and
sometimes third-order distortion of the spectral phase
(SOD and TOD, respectively). Therefore, a method is
needed to directly provide quantitative SOD and TOD infor-
mation with minimal use of time-consuming phase retrieval
algorithms.

Here, we take advantage of the inherent sensitivity of non-
linear optical processes to phase distortions. This sensitivity,
in particular to SOD and TOD, was discussed in the context
of multiphoton intrapulse interference for control of two- and
three-photon laser induced processes.'® In that article, it was
noted that the TOD leads to narrowing of the SHG spectrum
and the addition of SOD leads to a shift of the maximum
SHG to longer wavelengths (when both are positive). This
sensitivity was used to develop multiphoton intrapulse inter-
ference phase scan (MIIPS),'"!® a method that combines
the introduction of one or more known spectral phases to
measure the unknown phase of a laser pulse, and once the
measurement is complete, introduce the measured phase dis-
tortion with opposite sign to obtain TL pulses. The applica-
tion of coherent quantum control to shift the frequency where
maximum nonlinear optical processes take place, '° for exam-
ple in multiphoton excitation, has been patented and used for
a number of applications such as selective two-photon
microscopy.'”?’ Here, we extract SOD and TOD values
from changes in the SHG spectrum. It is worth noting
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that here we are not proposing a pulse characterization
method for arbitrary phase distortions in a previously unchar-
acterized laser pulse. The intention of our work is to measure
and correct small deviations in SOD and TOD occurring in
laser system over time. The real-time version of multiphoton
intrapulse interference phase scan (RT-MIIPS) proposed is
for monitoring and stabilization of pulse energies and
peak powers for optimum unattended ultrafast laser perfor-
mance over an indefinite period of time. Results from this
work were first presented at the 2011 Ultrafast Optics UFO
VIII Conference.

2 Principle of RT-MIIPS Measurement of SOD

The principle behind our method hinges on the fact that TOD
causes a narrowing of the SHG spectrum but the maximum
value remains at 2m,; however, addition of SOD causes a shift
in the position of the maximum SHG due to multiphoton intra-
pulse interference (MII) at shorter or longer SHG wavelengths
(depending on the SOD sign), as illustrated in Fig. 1.'® In this
work, we use a home-built Yb-doped fiber oscillator.”!

A plot of group delay, such as the one shown in Fig. 1,
shows the time-domain relationship between spectral com-
ponents of the laser pulse. We observe that SHG spectrum
is narrowed compared to that of a TL pulse when the spectral
phase has a significant amount of TOD (cubic) because the
group delay, which is the first derivative of spectral phase
with respect to frequency, has a parabolic shape [Fig. 1(a),
color curves]. All spectral components symmetrically around
the peak of the parabola are equally delayed, with delay
increasing toward the wings of the parabola. Components
with equal delay produce an efficient constructive MII; how-
ever, as the relative delay increases, destructive interference
takes place resulting in a narrow peak in the SHG spectrum.
If TOD and consequently group delay is centered around
laser central wavelength [Fig. 1(a), triangles], the resulting
peak will appear in the middle of a spectral range, corre-
sponding to the peak position of the SHG spectrum at TL
pulse [Fig. 1(b), triangles and gray solid lines, respectively].
Adding of SOD to a spectral phase is equal to adding a linear
group delay term which shifts parabola to shorter or longer
wavelengths for negative and positive SOD, respectively
[Fig. 1(a), circles and diamonds]. Shift of the group-delay
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parabola results in corresponding spectral SHG shifts
[Fig. 1(b), circles and diamonds].

The described behavior can be inferred from a mathemati-
cal analysis where the local maximum in the SHG spectrum
at frequency @SS = 2w,,,x, Where @, is a fundamental
frequency, corresponds to the spectral phase ¢(w) of the fun-

damental spectrum that satisfies the relation:
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The spectral phase with TOD only can be written as
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where @, is the central frequency of the fundamental laser
spectrum and ¢p3; = d*>¢p(w)/dw? is the TOD. Substitution of
Eq. (2) into Eq. (1) results in ¢35 (@ — @y) = 0, which
gives a local maximum in the SHG spectrum at w3HS =
2wy. When some amount of SOD (¢, = d’¢(w)/dw?) is

added, the spectral phase can be written as
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Substitution of Eq. (3) into Eq. (1) results in ¢,+
@3 - (Wmayx — @g) = 0, i.e., the SHG peak shifts to wSHS =
2 - (w9 — ¢»/¢3). Therefore, SOD changes are correlated
with SHG peak shifts according to

==2-¢/¢s.

From Eq. (4), it follows that for a given positive TOD, the
observed SHG spectrum peak shifts to shorter wavelengths
when negative SOD is acquired by the pulse and vice versa.
Given that laser pulses have spectra that are not ideal
Gaussian functions, the method should be calibrated on
the actual laser system to provide the most accurate results.
The work was carried out using a home-built Yb-doped fiber
oscillator producing sub-45 fs?' and a reflective 4f pulse
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Fig. 1 Principle of the real-time multiphoton intrapulse interference phase scan (RT-MIIPS) measure-
ment of SOD. (a) The experimental IR spectrum (black curve) from the Yb-doped fiber laser and the
group delay curves corresponding to three spectral phases with different SOD values (see legend)
and a fixed amount of TOD. (b) The SHG spectra calculated using the spectrum and phases from (a).
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shaper (MIIPSBox640, Biophotonic Solutions Inc., East
Lansing, Michigan). It is best to start with fully characterized
pulses, which can be achieved by simply scanning SOD.?*%*
The SHG spectrum for transform-limited pulses of the Yb fiber
laser here covers the 515- to 555-nm range (bottom-to-bottom).
The first step is to impose a reference phase mask with some
amount of TOD to narrow SHG spectrum, which can be done
with the pulse shaper or by introducing a dispersive optical
element with the desired characteristics.® Here, the cubic refer-
ence phase of +100,000 fs* is applied using a reflective 4f
pulse shaper. The second step is to acquire a two-dimensional
spectrogram as a function of linear chirped (Fig. 2). The third
step is to extract the position of the maximum SHG for each
SOD value. Here, we implement weighted averaging over
spectral points above a fixed threshold to reduce the noise
and achieve sub-spectrometer-limited resolution.

The wavelength of maximum SHG intensity as a function
of SOD is fitted by a second-order polynomial, yielding the
calibration curve. Once the one-to-one correspondence is
established, one can accurately measure changes in SOD
by acquiring a single SHG spectrum, and if the measurement
corresponds to an undesired drift, the system can correct it.
The standard deviation for the measured SOD values is
found to be about 60 fs?. It is worth noting that RT-MIIPS
relies on spectroscopic changes in SHG (peak shifts) rather
than on the intensity of SHG. Fluctuations in SHG
intensity caused by noise limit integrated SHG-based
methods. For instance, potentially minimal 2% fluctuations
in integrated SHG result in uncertainty of +150 fs?> of
SOD in a 40-fs pulse. A long-term loss of intensity, for in-
stance, due to pump diode power drifts/degradation, changes
in reflection/transmission of optical elements, would cause
a systematic phase error. RT-MIIPS, in contrast to SHG
intensity based methods, is not sensitive to intensity
fluctuations. Its sensitivity is limited by the spectrometer
resolution; therefore, it can be used with very low laser
intensities.

3 Principle of RT-MIIPS Measurement of TOD

To measure and correct for both SOD and TOD, we have
modified the reference phase to incorporate two cubic

540
Wavelength (nm)

(@)

phase masks, which are offset spectrally, therefore, they
have different group-delay terms. The corresponding group
delay for this reference phase consists of two parabolas
[shown schematically in Fig. 3(a)]. Mathematically, the
reference phase function can be written as
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Here, w; and w, are two frequencies within the spectrum
equally offset from w, (0; < @y and w, > @;). Note that
these are “zero dispersion” frequencies if no phase distortion
is present. In practice, they are defined through the corre-
sponding wavelengths 4; and 4,, which are calculated
from the center wavelength 4, and offset A4 in nanometers
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The amount of TOD (¢5) introduced defines the sharp-
ness of the local maxima in the SHG spectrum due to
MII. The nonzero time delay z allows suppressing sum of
the frequency generation. The SHG spectrum due to the
reference phase exhibits two local maxima, each correspond-
ing to a different group delay parabola, as shown
in Fig. 3(b). Due to the offset of the zero-dispersion points
from the center (here, Ay = 1070 nm, AA = 30 nm),
the maxima positions are affected by both SOD and
TOD phase distortions and one can isolate the two
contributions.

Indeed, if we define w, and wp as zero dispersion
frequencies in the presence of nonzero phase distortion,
the corresponding TOD (6¢3) and SOD (d¢,) drifts can
be expressed as

_ . Awpt+Awy
op3 = @3 Top—w,
S0, — ¥ . Bop=hoy g3 (Aog+Aw,)?
P2 2 Wp—my 2 Wp—my ’

where Aw, = wy, —®; and Awp = wp — m,. If they are
equal to zero, there is no phase distortion. Qualitatively,
pure SOD distortions (6¢p; = 0) shift the two SHG peaks

530
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Fig. 2 RT-MIIPS calibration for SOD measurements. (a) The SHG spectrogram calculated using the
experimental laser spectrum. (b) Experimental SHG spectrogram. Calculated and experimental spectra
correspond to a set of polynomial phases with SOD ranging from —2,000 to 2000 fs? (scanned) and TOD
of 100,000 fs® (fixed). Every SHG spectrum is normalized.
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Fig. 3 Principle of RT-MIIPS measurement of SOD and TOD. (a) Fiber laser fundamental spectrum and
group delay corresponding to the reference phase mask (two incorporated cubic phase masks, see text).
(b) SHG spectrum corresponding to the reference phase mask from (a). Inset: SHG spectrogram with

SOD scanned from —2000 fs? to 2000 fs2.
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Fig. 4 RT-MIIPS setup. VND, variable neutral density filter; BS1,2,
beam splitters.

in the opposite directions and by the same amount
Awg = —Aw,. Pure TOD distortions move the peaks in
the same direction.

As in the SOD measurements, RT-MIIPS TOD measure-
ment is calibrated by running a linear chirp scan and record-
ing the SHG spectra. The weighted SHG spectral peak
positions, as a function of chirp, are then fitted with polyno-
mials. The calibration data shown in Fig. 3(b, inset), corre-
sponds to a linear chirp scan from —2000 to 2000 fs2. The
reference phase parameters are 1, = 1070 nm; A4 = 30 nm;
@5 = 300,000 fs?; and delay 7 = 400 fs. The weighted SHG
peak positions are fitted with third-order polynomials. The
standard deviations for the measured SOD and TOD values

are found to be about 100 fs?> and 4000 fs®, respectively.
Again, the method proves to be more sensitive than measure-
ments of integrated intensity.

4 Experiment

The experimental setup is shown schematically in Fig. 4. The
reflective pulse shaper is used to control phase and ampli-
tude, and also to correct changes in phase and amplitude
based on the closed-loop feedback. A small portion of
laser beam from the laser output is split for monitoring
the fundamental IR spectrum, and after frequency doubling
in nonlinear crystal, for SHG spectrum acquisition (both by
Ocean Optics USB4000 spectrometers). Although this setup
can be greatly simplified, we need the maximum flexibility
for our first laboratory test.

To validate the performance of active phase monitoring
and correction, we carried out several test experiments.
In one of them, we inserted in and out of the beam path a
30-mm thick piece of fused silica (Fig. 5). Calculations
based on the Sellmeier’s equation give for fused silica
16 fs?/mm of SOD at 1070 nm, i.e., about 480 fs> for
the optic. The compensation routine measures it to be 450 £+
80 fs? [Fig. 5(a)]. As an indicator of pulse quality, we use
SHG signal intensity. All spectra were taken within a single
data acquisition cycle. Each cycle took about 100 ms to com-
plete, limited by the spatial light modulator response time.
As expected, SHG signal drops when the fused silica sample

800 |- _12F _12f
r 5 [ S L
310 _-MW & 1or W
> > 081 >08r
= T o6l G 06
S I 2 o4 2 o4l
D 400 - £ L £ 7l
o 02f . o 02fF
M T b Static T RT-MIIPS (full)
'Soo'l.l.l.l 1 1 U)O'O_l.l.l.l.l.l.l wo'o_l-l-l-l-l-l.l
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min) Time (min)
(a) (b) ()

Fig. 5 Validation of RT-MIIPS response to the insertion of a dispersive optical element. (a) SOD
measured by RT-MIIPS. (b) Integrated SHG intensity (RT-MIIPS compensation off). (c) Integrated
SHG intensity with RT-MIIPS compensation. All data are taken in the same acquisition cycle.
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Fig. 6 Validation of RT-MIIPS response to continuous sweeping of SOD, TOD, and amplitude:
(a) Measured SOD, swept by the shaper; (b) measured TOD, swept by the shaper; (c) applied trans-
mission mask, swept by the shaper by as much as 10%; (d)—(f) integrated IR spectra for (d) static
phase compensation and transmission masks; (e) RT-MIIPS corrected phase and static transmission
masks; and (f) RT-MIIPS corrected phase and transmission masks. (g)—(i) Integrated SHG spectra
for (g) static phase compensation and transmission masks; (f) RT-MIIPS corrected phase and static
transmission masks; and (i) RT-MIIPS corrected phase and transmission masks.

is inserted due to group delay distortion [Fig. 5(b)]. When we
activate the feedback loop, the pulse shaper applies a phase
mask with a negative value to the measured SOD, thus recov-
ering the original SHG intensity as shown in Fig. 5(c).
The next comprehensive test applies well-characterized
phase distortions, simultaneous sweeping of SOD and

TOD and amplitude attenuation performed by the pulse
shaper. The functions for SOD, TOD, and amplitude intro-
duced are shown in the first column in Fig. 6. The second
column in Fig. 6 shows the pulse energy, which varies as a
function of the changes in amplitude introduced [Fig. 6(c)].
The peak power, monitored as integrated SHG intensity
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Fig. 7 Validation of RT-MIIPS response to abrupt phase distortions introduced by the amplifier compres-
sor: (a) measured SOD change; (b) measured TOD change; (c and d) integrated IR spectra for static
phase compensation and RT-MIIPS corrected phase, respectively; (e and f) integrated SHG spectra for
static phase compensation and RT-MIIPS corrected phase.
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Fig. 8 Chromatic dispersion measurements of fused silica: (a) measured SOD as a function of time for
four different samples: 1.8, 3.2, 5, and 10 mm and (b) measured SOD as a function of thickness. Squares
represent calculated values of SOD for corresponding samples.

varies according to phase and amplitude, as shown in
Fig. 6(g). When the feedback loop is allowed to compensate
for phase, there is a significant improvement in the integrated
SHG intensity [Fig. 6(h)]. When phase and amplitude are
corrected, the SHG intensity remains stable despite the
SOD, TOD, and amplitude variations introduced. Note that
given the measurement of sign and amplitude of SOD and
TOD, there is no need for dithering and there is no evidence
of overshooting in the closed-loop correction. The accuracy
and stability of RT-MIIPS can be realized from close inspec-
tion of the first column in Figs. 6(a)-6(c), where the intro-
duced phase and amplitude variations are shown as solid
line and the experimental correction (with reverse sign)
ais shown as gray circles.

In order to provide additional validation of the phase
measurement and correction capabilities of RT-MIIPS,
we present results for different laser systems. In the next
experiment, we have introduced phase distortion by
adjusting the Ti:Sapphire regenerative amplifier compressor
(Spitfire, Spectra-Physics, Santa Clara, California), namely
changing the distance between its gratings by means of
built-in controllable linear stage. The detection setup is sim-
ilar to Fig. 4, and the pulse shaper is placed between oscil-
lator and amplifier. Dispersion jumps were introduced for
this case by changing the grating spacing in the compressor.
The results from this run are presented in Fig. 7. For these
experiments, RT-MIIPS measures changes in the phase
[Fig. 7(a)], which result in significant (70%) drop in peak
power [Fig. 7(e)]; however, the pulse shaper automatically
compensates the phase distortions and is able to maintain
the peak power constant [Fig. 7(f)]. The fluctuations in
peak power after compensation are inherent to the laser
and are not caused by RT-MIIPS.

In general, RT-MIIPS measures any fluctuations of in the
spectral phase including those intrinsic to the laser system.
For the following experiments, we used a regenerative ampli-
fier system similar to the one used for the previous experi-
ments but with a more stable output (Micra Seed with
Legend Amplifier, Coherent Inc., Santa Clara, California).
We inserted four fused silica samples with different thick-
nesses in the laser path after the amplifier. The dispersion
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introduced by each sample was measured in 500 acquisition
cycles. Each cycle took about 100 ms, and the results are
presented in Fig. 8. The measurements turn out to be very
precise with standard deviation within 4.2 fs2. The accuracy
is in a good agreement with theoretical values as shown
in Fig. 8.

5 Conclusion

To summarize, we demonstrate a method for real-time meas-
urement and correction of amplitude as well as second- and
third-order spectral phase distortions of ultrashort optical
pulses. The single-shot phase measurement exploits the
well-understood dependence of the SHG spectrum on spec-
tral phase. The current implementation is based on a pro-
grammable pulse shaper. It is worth noting that both
measurement and compression can be achieved without
a pulse shaper. The implementation of MIIPS by translating
and tilting the grating in a compressor, shown by Hou et al.,*
could easily be part of the closed-loop approach demon-
strated here. The encoding of the cubic reference phase
can be achieved by using dielectric optics with desired
characteristics or simply taking advantage of the cubic
phase inherent to some optics like microscope objectives.
The method shown here would be ideal for correction of
phase and amplitude drifts in commercial laser systems
(oscillators and amplifiers), to provide greater unassisted
long-term performance. An application of RT-MIIPS being
pursued in our laboratory, which takes advantage of its abil-
ity to measure laser-induced phase distortions, is quantifying
laser-induced group delay dispersion,® and time-domain
pulse shaping.”*
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