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Multiphoton microscopy has rapidly gained popularity in biomedical imaging and materials science
because of its ability to provide three-dimensional images at high spatial and temporal resolution
even in optically scattering environments. Currently the majority of commercial and home-built
devices are based on two-photon fluorescence and harmonic generation contrast. These two contrast
mechanisms are relatively easy to measure but can access only a limited range of endogenous
targets. Recent developments in fast laser pulse generation, pulse shaping, and detection technology
have made accessible a wide range of optical contrasts that utilize multiple pulses of different
colors. Molecular excitation with multiple pulses offers a large number of adjustable parameters.
For example, in two-pulse pump-probe microscopy, one can vary the wavelength of each excitation
pulse, the detection wavelength, the timing between the excitation pulses, and the detection gating
window after excitation. Such a large parameter space can provide much greater molecular specificity
than existing single-color techniques and allow for structural and functional imaging without the
need for exogenous dyes and labels, which might interfere with the system under study. In this
review, we provide a tutorial overview, covering principles of pump-probe microscopy and exper-
imental setup, challenges associated with signal detection and data processing, and an overview of
applications. C 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943211]

I. INTRODUCTION

Pump-probe microscopy is a specific implementation of
a general approach, the use of nonlinear optical processes
to improve molecular specificity, resolution, and penetration
depth. Nonlinear optical processes such as frequency doubling
began to be extensively explored shortly after the invention
of the laser.1 Many such processes provide intrinsic molecular
contrast; for example, two-photon absorption (TPA) requires
a resonance match to a transition at twice the laser frequency.
However, these effects scale as the second (or higher) power of
the laser intensity, and observable signatures are much smaller
than with conventional, linear effects even with an amplified
laser system. In some cases, these effects can only be measured
through minute changes imprinted on the excitation fields, in
which case, the detection is highly complicated by the intrinsic
pulse-to-pulse amplitude instability of most amplified sys-
tems. As a result, for the first several decades of exploration of
nonlinear effects, the vast majority of the work was done with
peak powers that would be fine for crystals or even solutions,
but clearly unacceptable for biological tissue; in addition, the
low repetition rate of such systems (typically about 1 kHz)
precluded acquiring a spatially resolved image in a reasonable
amount of time.

Thus, the introduction of two-photon excited fluorescence
(TPF) microscopy,2 using the relatively low peak powers of a
modelocked laser system, represented a major step forward.
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Two-photon microscopy is common in biology laboratories
today, with several systems commercially available. Nonlinear
laser scanning optical microscopy has advanced dramatically
over the last decade and has become a commonplace in dedi-
cated biological, biomedical, and materials science research
labs.3–8 It permits much deeper high-resolution tissue imag-
ing than does conventional microscopy because the excitation
photons (mostly in the near-infrared) are less strongly scat-
tered than visible light and the induced fluorescence (propor-
tional to intensity squared) is largely generated at the un-
scattered light focus. In general, this method produces light
which is shorter in wavelength than the excitation light, easily
separable from the strong laser beams. In favorable cases, two-
photon fluorescence microscopy achieves a penetration depth
up to 1 mm in scattering tissue.

However, this approach has several fundamental limita-
tions. The most obvious one is that the target has to fluoresce
(few endogenous targets do). Another challenge is that tissue
markers that do fluoresce in the visible and near-infrared
tend to have absorption and fluorescence spectra that are very
broad and unstructured. This lack of distinguishing features
reduces specificity, at least in comparison to other spectro-
scopic methods such as magnetic resonance or vibrational
spectroscopy. Melanin, the skin’s protective pigment, exem-
plifies both challenges; it has a low fluorescence quantum
yield (in the order of 10−3) and has broad absorption and
emission lines (in addition, melanin can even reabsorb fluo-
rescence throughout the UV and visible). For these reasons,
pigmented lesions are a very difficult target for conventional
TPF microscopy (in Sec. IV, we will describe more elaborate
measurement techniques that analyze fluorescence dynamics
for added pigment contrast). Because of these limitations, most
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conventional TPF applications use extrinsic fluorophores,
which for clinical applications are limited by toxicity issues.9

A major focus of recent work has been the development of
methods to detect molecular signatures which do not generate
light of a different color.10 TPA can exist in molecules which do
not fluoresce (or fluoresce very weakly), such as melanins or
hemoglobins.11–13 Self-phase modulation (SPM, resulting in
self-induced index of refraction changes at high peak power)
can even exist for samples which do not absorb10,14–17 and can
offer additional functional contrast in tissue; for example, the
nonlinear refractive index differences in intracellular environ-
ments18 or changes with neuronal firing.16 The challenge is
that at the powers we would typically be willing to apply to
biological samples (milliwatts), only about one photon in a
million is lost to TPA; far more are lost to scattering or linear
absorption, and hence those present a strong background.
The fundamental solution has been to use either femtosecond
pulse shaping10,19,20 or pulse train modulation11 to separate
nonlinear signals from the linear background. Pump-probe
microscopy is one of these methods; over the last few years,
it has become clear that carefully controlled modulation of a
train of “pump” laser pulses, coupled with clean detection of
that modulation frequency on a train of time-delayed “probe”
laser pulses, can provide distinctive signatures even between
molecules with very similar linear absorption spectra. This
is because the dynamics of the population excited by the
pump laser (and the corresponding hole in the ground state
population) evolves under many different, complex processes
on a femtosecond to picosecond timescale. Certain aspects
of the excited state population dynamics can be analyzed by
recording fluorescence lifetimes (assuming fluorescence is
present), but the richer parameter space of pump-probe micros-
copy offers advantages in specificity. The earliest femtosecond
pump-probe imaging experiment used photographic plates to
record photo-induced melting and evaporation of silicon on
timescales of 100 fs–600 ps.21 Today, high quality images can

be obtained with simple detection of transmitted or scattered
light, with very modest power dissipation (less average po-
wer than a laser pointer), in a short time (many frames per
second), and with high enough sensitivity to image specific
endogenous tissue markers. Pump-probe microscopy has been
the subject of two recent reviews22,23 that have a considerable
amount of detail on material science and nanomaterials appli-
cations. In this review, we will frame pump-probe microscopy
in the broader context of nonlinear optical microscopy and
provide more detail on signal-to-noise ratio considerations,
data analysis techniques, and applications in biology and art
conservation.

II. THE PUMP-PROBE MICROSCOPE

A. Overview of optical nonlinearities

Figure 1 illustrates a variety of optical interactions that
proved useful for gaining contrast in microscopy. These pro-
cesses are well known to optical physicists (much less so to
microscopists) and some of them even serve as showcases for
the conventional series expansion of nonlinear polarization
in optical textbooks24,25 (second-harmonic generation (SHG)
and third-harmonic generation (THG) exemplify second- and
third-order susceptibility terms, respectively). Some contrast
types in Fig. 1 can be directly associated with a corresponding
term in this expansion (e.g., two-photon absorption, two-
photon fluorescence, coherent Raman, and cross-phase modu-
lation (XPM) are all associated with third-order susceptibil-
ities), while others (e.g., those processes involving appreciable
population transfer) are best described using different ap-
proaches.25 For the purpose of this review, we simply consider
an interaction to be nonlinear if the observable signal depends
on the illumination intensity with a power that is higher than
linear, irrespective of the underlying order of the suscepti-
bility.

FIG. 1. Nonlinear optical interactions available for multiphoton image contrast. On the left side of the dashed line are conventional contrast mechanisms:
two-photon-excited fluorescence (TPF), second-harmonic generation (SHG), third-harmonic generation (THG), and coherent anti-Stokes Raman scattering
(CARS). On the right are additional contrasts accessible with pump-probe microscopy: stimulated Raman scattering (SRS), two-photon absorption (TPA,
degenerate or non-degenerate), excited-state absorption (ESA), stimulated emission (SE), ground state depletion (GSD), and cross-phase modulation (XPM).



031101-3 Fischer et al. Rev. Sci. Instrum. 87, 031101 (2016)

The concept of pump-probe is very general and can be
applied to a variety of nonlinear interactions. For this reason,
we first briefly review the general properties of nonlinear
microscopy and provide references to established modalities.
Many of the expressions quantifying the properties of conven-
tional nonlinear microscopy (such as achievable resolution and
penetration depth) can also be applied to pump-probe micros-
copy. We then focus on aspects unique to pump-probe, such as
modulation detection methods and specialized synchronized,
multi-color pulse sources.

B. Nonlinear laser scanning optical microscopy

Nonlinear laser scanning optical microscopy has advanced
dramatically over the last decade and has become a common-
place in dedicated biological, biomedical, and materials sci-
ence research labs.3–8 Nonlinear microscopy has distinct
advantages over linear microscopy (such as confocal fluores-
cence) for three-dimensional imaging, especially in highly
scattering media such as biological tissue. In order to under-
stand why this is so, consider a laser beam focused by a
microscope objective into a thick homogeneous specimen,
uniformly labeled with a fluorophore (see Fig. 2).

In the linear regime, the incident light can excite the
fluorophore via a one-photon transition, and the emitted fluo-
rescence from any thin plane (perpendicular to the beam prop-
agation) is proportional to the product of light intensity and
the cross-sectional area of the beam. The intensity is highest
at the focal plane, but in the out-of-focus planes, the reduced
intensity is compensated by increased cross-sectional area. So
the in-focus and out-of-focus planes each produce an equal
amount of fluorescence, resulting in a loss of depth infor-
mation. Depth information can be recovered with the use of
numerical deconvolution techniques26 or a confocal pinhole
to reject the out-of-focus light27 (optical coherence tomog-
raphy uses interferometry to recover depth information, but it

does not work with incoherent fluorescence emission). These
methods work well in clear and moderately scattering samples,
but strong scattering reduces the effectiveness of the pinhole
and reduces image contrast at large depths.

Nonlinear microscopy is less susceptible to image degra-
dation caused by scattering. In nonlinear microscopy, the
generated signal scales non-linearly with power; for example,
in the case of two-photon-excited fluorescence, the signal
scales quadratically with excitation power. The advantage
of such a nonlinear process is that signal generation oc-
curs predominantly where the intensity is highest, i.e., at the
focus, and provides almost complete suppression of signal
from surrounding out-of-focus regions without the need for
a pinhole or numerical deconvolution. In scattering media,
deflected light is generally too weak to generate significant
nonlinear signal (it is surface contribution, rather than scat-
tered light, that ultimately limits the achievable imaging
depth28). The spatial localization of the excitation (as opposed
to localization in the detection, as in confocal microscopy)
makes nonlinear microscopy less susceptible to light scatter-
ing. In addition, multiphoton-excited fluorescence uses several
low-energy (long-wavelength) photons instead of a single
high-energy (short-wavelength) photon to excite a molecule,
which benefits from the reduced attenuation of longer excita-
tion wavelengths in tissue. As a result, nonlinear microscopy
achieves much greater imaging depths than scanning confocal
microscopy28,29 at a comparable spatial resolution.30,31 For
example, over a millimeter of depth penetration has recently
been achieved in three-photon excited fluorescence imag-
ing of labelled vasculature and neurons in a mouse
brain.32

The range of light-matter interactions that can be used
to generate image contrast in nonlinear microscopy is quite
diverse, as illustrated in Figure 1. The most widely used
nonlinear contrast types, shown on the left, are based on the
interactions most easily measured: TPF,2 SHG,33,34 THG,35,36

FIG. 2. Top: fluorescence generated in Rhodamine excited by (a) continuous wave UV light and (b) short near-IR pulses. Bottom: integrated fluorescence from
a thin slice of thickness ∆z for (a) linear excitation and (b) nonlinear excitation.
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Coherent anti-Stokes Raman scattering (CARS37,38), and four-
wave mixing.39,40 Each of these interactions generates a new
color, which is readily separated from scattered excitation
light using a colored glass or dielectric filter and detected
with a photomultiplier. However, few materials or endogenous
targets in tissue provide such convenient contrast.

The nonlinear light-matter interactions in the right of
Fig. 1 could substantially broaden the range of available tar-
gets. However, these interactions do not generate new colors
and therefore require more sophisticated measurement tech-
niques. “Pump-probe imaging” is one such technique, which
imposes a modulation on one of the incident pulse trains (the
pump) so that the nonlinear signal of interest appears as a
modulation in the other pulse train (the probe). This modula-
tion transfer, from the pump onto the probe, can be detected
with a lock-in amplifier with high sensitivity. An important
consideration is to choose a modulation frequency in an un-
congested band of the radio-frequency spectrum of the probe
pulse train (typically >1 MHz, away from the low-frequency
laser noise).

Because multiple photons are involved, there is a larger
parameter space that can be utilized for generation of molec-
ular contrast. In linear microscopy, users may tune the exci-
tation wavelength, detection wavelength, and time delay be-
tween excitation and detection (e.g., in coherence tomography
and fluorescence lifetime experiments), essentially limiting
the parameter space to three dimensions in which to separate
molecular components. For two-photon interactions, one can
vary the wavelength of each excitation pulse, the detection
wavelength, the timing between the excitation pulses, and
the detection gating window, resulting in a five-dimensional
parameter space. Here we focus primarily on wavelength
and relative timing, but adding polarization directions of the
excitation and detected light fields further increases the avail-

able parameter space. Hence, nonlinear contrast mechanisms
provide more opportunities for molecular specificity, e.g., in
biological tissue without the need for exogenous dyes and
labels, which might interfere with the system under study.
The focus of this review is on techniques and applications
that take advantage of the dependence on time delay be-
tween the pump and probe pulse to provide contrast be-
tween molecules that have otherwise indistinguishable optical
properties.

Multiphoton microscopes commonly employ short-pulse
laser sources (typically ∼100 fs, though Raman-based CARS/
stimulated Raman scattering (SRS) microscopes employ nar-
rower bandwidth ∼1-2 ps pulses to achieve higher spec-
tral resolution). Several user-friendly and well-engineered
commercial multiphoton systems are on the market; but for the
do-it-yourselfers, there are instructions available (at all levels
of performance and complexity) for system construction from
scratch41–43 or starting from a commercial confocal system.44

In addition, control software is freely accessible (such as MP-
Scope45 or ScanImage46). Because two-photon fluorescence
and harmonic generation utilize similar laser sources and
detection strategies, pump-probe microscopy lends itself to
implementation in a multimodal approach.47–50 For a recent re-
view specifically addressing multimodality in nonlinear
microscopy, see Ref. 51. Adding pump-probe contrast to an
existing multiphoton microscope is a matter of generating a
second, time-synchronized pulse train, modulating one of the
beams, and adding lock-in detection to one of the imaging
channels (see Fig. 3).

C. Transient absorption/gain processes

In transient absorption or gain processes, a molecule cou-
ples two or more light fields to cause a loss or gain in one or

FIG. 3. Pump-probe schematic. An intensity-modulated pump and non-modulated probe are combined and passed through a laser scanning microscope. The
collected light is filtered before detection by one of two schemes. (a) For transient absorption/gain processes that imprint an amplitude modulation on the probe,
the filter only needs to reject the pump before detection. (b) For phase modulation processes that shift the probe optical spectrum, a filter that cuts off part of the
probe spectrum converts the spectral shift into an amplitude modulation (XPMSS).
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more of these fields. To measure such nonlinear interactions,
the probe is measured in the presence and absence of interac-
tions with the pump in the focal spot and the relative change
is recorded. A convenient way to achieve this comparison is to
rapidly modulate the pump and analyze the induced change in
the probe with a lock-in amplifier. Figure 3(a) illustrates this
process. Practically, there must be some means of rejecting
the modulated pump field before the detector, which would
overwhelm the lock-in amplifier. Most commonly, pump rejec-
tion is done chromatically, leveraging differences in pump and
probe wavelength, but differences in direction or polarization
can also be used. Pump rejection is straightforward in detecting
transmitted light, but can be more challenging when detecting
backscatter.52

The majority of optical interactions shown on the right
in Fig. 1 are transient absorption or gain processes. In SRS,
the interference of two pulses can coherently drive a molec-
ular vibration if the frequency difference between the pulses
coincides with the vibrational frequency of the molecule. In
SRS, the higher-energy (shorter wavelength) pulse experi-
ences a loss, while the lower-energy (longer wavelength) pulse
experiences a gain. In TPA, a molecular transition occurs by
simultaneous absorption of two photons. Absorption can occur
with two photons from one beam (degenerate TPA) or with one
photon from each beam (non-degenerate TPA, also sometimes
referred to as sum-frequency absorption or SFA). Note that in
this review, we consider only the non-degenerate version of
TPA, which lends itself more naturally to measurement with
pump-probe techniques. TPA is the first step in two-photon
fluorescence, but TPA allows for the detection of molecules
that do not fluoresce appreciably (e.g., those that relax via
non-radiative processes). Both SRS and TPA involve virtual
states and require the pulses to be overlapped in time. The
remaining transient absorption/gain processes in Fig. 1 involve
a real intermediate state, whose evolution can be probed on
the timescale of femtoseconds to picoseconds by scanning the
time delay between the pump and probe pulses. In excited
state absorption (ESA), a photon from one pulse is absorbed,
exciting the molecule from the ground to an intermediate state.
This process can increase absorptivity of the second pulse,
which can excite the molecule to an even higher energy state.
In stimulated emission (SE), the second pulse can stimulate the
emission of a photon after higher states have been populated
by the first pulse. This process leads to a decreased attenuation
of the second pulse (this pulse experiences gain). In ground
state depletion (GSD or ground state bleach), the first pulse
excites molecules, thereby reducing population in the ground
state. The second pulse, inducing transitions from the ground
to other excited states, therefore encounters fewer molecules
in the ground state and as a consequence also experiences
decreased attenuation. Both SE and GSD have been success-
fully utilized to obtain super-resolution images via stimulated
emission depletion and ground state depletion microscopy
(see Ref. 53 for a review of these and other super-resolution
techniques). The enhanced spatial resolution in these tech-
niques relies on the highly nonlinear light-molecule interac-
tion, which effectively changes the linear, diffraction-limited
point spread function to one that can exhibit much sharper
features. In this review, we focus on intensity levels that are low

FIG. 4. Typical time traces for various nonlinear interactions (two-photon
absorption, excited-state absorption, ground state depletion, and cross-phase
modulation spectral shifting [XPMSS, discussed below]).

enough to only generate signals that are “weakly” nonlinear
(i.e., proportional to the product of pump and probe inten-
sities).

Transient absorption and gain processes can be distin-
guished from each other by observing whether the probe signal
increases or decreases in the presence of the pump. In a lock-in
amplifier referenced to the pump modulation, absorption and
gain processes are 180◦ out of phase. Therefore, processes that
increase probe absorption in the presence of the pump (TPA,
ESA) lead to a lock-in signal that is opposite in sign from
processes that decrease absorption (SE, GSD). SRS can have
either sign, depending on whether the lower- or higher-energy
pulses are used as the probe. In the following, we assign posi-
tive signals to increased probe absorption, consistent with the
transient absorption literature. Furthermore, varying the tem-
poral delay between pump and probe pulses (here by varying
the optical path length of one of the beams) can record excited-
state relaxation dynamics, thus providing additional molecular
specificity. Figure 4 illustrates typical temporal dynamics for
some of the nonlinear processes.

D. Phase modulation processes

While nonlinear optical interactions can change the ampli-
tude of light fields via transient absorption and gain pro-
cesses, a variety of effects can alter their phases. The phase
of light, though more difficult to measure than the intensity,
is of prime importance in visualizing transparent, unlabeled
specimens. Linear techniques such as phase microscopy or
differential interference microscopy54 have made a dramatic
impact on biological microscopy, but these are primarily
applicable to thin samples without appreciable scattering.
Depth-resolved phase-sensitive techniques are being devel-
oped (e.g., phase-sensitive optical coherence tomography55

measures the accumulated phase in the light path relative to a
reference surface and oblique back-illumination microscopy56

uses backscattered light to effectively create a gradient illumi-
nation) that offer refractive index contrast in thick media in
epi-mode. Extending phase contrast to the nonlinear optical
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domain would directly take advantage of the optical sectioning
properties of nonlinear microscopy and also offer the possi-
bility to map localized phase information in thick, scattering
samples.

This may be possible through SPM and XPM interactions.
SPM is a nonlinear process that modulates the refractive index
by an amount proportional to the instantaneous pulse intensity
(n = no + n2I), most commonly due to Kerr nonlinearities.25

SPM is sensitive to a wide range of material properties, such
as resonant and non-resonant electronic or molecular reorien-
tation effects, causing common transparent solvents to differ
by more than two orders of magnitude in SPM coefficients.57

Other transient phase modulation processes with femtosecond
to picosecond dynamics are impulsive stimulated Raman58 and
Brillouin scattering.59

Though SPM is routinely measured through the Z-scan
technique,60,61 it proves quite difficult to extract in an imaging
environment because of scattering. Early micro-spectroscopic
experiments in single cells relied on the detection of pump-
induced polarization changes62 and more recent measurement
methods based on spectral pulse re-shaping were experimen-
tally complex.14,15,17 A promising and convenient way to
improve sensitivity is to measure XPM, the dual-color version
of SPM. By simple modifications to a pump-probe micro-
scope, one can leverage XPM contrast to provide nonlinear
phase information that is complementary to transient absorp-
tion/gain. XPM between two pulses manifests itself as a phase
change in the probe beam as a function of the temporally vary-
ing pump intensity.63 These phase changes can be measured
by interferometry, as long as a stable reference pulse can be
mixed with the probe at the detector.64 One way to accom-
plish this is to generate a collinear, time-delayed copy of the
probe with a birefringent crystal, to serve as a reference.65,66

This approach has been used to measure transient changes in
refractive index in gold nanoparticles, in a slow stage-scanning
microscope,67 but has not been successfully demonstrated yet
in a fast beam-scanning microscope. In addition, the use of
polarization to separate probe and reference pulses is likely
to present difficulties in thick, optically scattering specimens.
An alternative is to measure temporal phase modulations by
their effects on the optical spectrum on the probe, which is
shifted in opposite directions, depending on whether the probe
pulse is temporally aligned with the rising or falling edge of
the pump pulse (when pump and probe pulses are temporally
aligned, the probe spectrum is not shifted but merely symmet-
rically broadened). This spectral shift can be converted into a
detectable amplitude change by passing the probe through a
spectral filter that rejects the low- (or high-) frequency half of
the spectrum.68 This principle is illustrated in Fig. 3(b). This
“cross-phase modulation spectral shifting” (XPMSS) method
encodes the nonlinear phase signature in the spectral domain
and hence is able to extract phase contrast even in cases where
linear techniques are made impossible by scattering. More
recently, a pump-probe spectral interferometry technique has
been developed that utilizes several phase-shifted copies of
the probe pulse created by a femtosecond pulse shaper.18 This
method was used to image structure in onion epithelial cells by
analyzing reorientation dynamics of water, which is affected
by the water’s microenvironment.

E. Experimental setup of a pump-probe microscope

Femtosecond time-resolved pump-probe techniques have
been used for decades in spectroscopy, but only recent ad-
vances in laser technology have resulted in synchronized, dual-
color sources that are fast and stable enough to allow imaging
at low power and reasonable frame rates. In the description
of the experimental setup (and the example applications), we
limit our discussion to instruments that resolve temporal dy-
namics of optically induced transients by scanning the delay
between pump and probe pulses. Hence we exclude SRS,
which generally operates with picosecond rate laser sources,
but instead refer the reader to recent reviews69–72 on this sub-
ject. Figure 5 shows a schematic of a typical high temporal
resolution pump-probe microscope, whose components we
will describe below.

1. Pulse source and synchronization

A variety of laser sources have been used to drive pump-
probe microscopy. These have in common some means of
generating distinct, separable pump and probe pulses, with
pulse duration and pulse-to-pulse timing error less than the
transient dynamics timescales under study. By far, the most
common approach is to start with a Ti:sapphire oscillator
(∼80 MHz repetition rate) and generate a second pulse train
at a wavelength distinct from the fundamental by either SHG
or with an optical parametric oscillator (OPO), as indicated
in Fig. 5. Use of periodically poled crystals of variable period
allows for color conversion over a wide wavelength range in
an OPO (e.g., Coherent Mira-OPO) or even with a single pass
through a crystal.73 Very efficient color conversion has also
recently been demonstrated in photonic crystal fibers74 making
use of soliton self-frequency shifts (to longer wavelengths) or
dispersive waves (to shorter wavelengths), though the achiev-
able colors are limited by specific fiber and pulse parameters.
Where pump and probe wavelengths must be independently
tunable across the visible wavelengths, a single Ti:sapphire
oscillator can drive two OPOs.75 For measuring picosecond
dynamics, electronically synchronized Ti:sapphire oscillators
have been employed;76,77 sub-femtosecond synchronization
is possible,78 but has not been used for pump-probe imag-
ing. Amplified pulse sources have also been used. These
allow users to trade repetition rate for higher peak inten-
sity to drive nonlinear processes for wavelength conversion.
In the 100–250 kHz, µJ pulse energy regime, optical para-
metric amplifiers (OPAs) have been used to supply tunable-
wavelength pump and probe pulses.79–81 In the 1–5 kHz, mJ
pulse energy regime, bulk supercontinuum generation has
been used to provide broadband probe pulses without the
complexity of an OPO or OPA.82,83 Though these amplified
systems must be attenuated to prevent damaging the sample
in raster-scan imaging applications, they provide plenty of
overhead for wide-field imaging with “smart pixel” array
detectors, in which each pixel performs lock-in detection in
parallel.84 Recently, alternatives to the standard Ti:sapphire
workhorse have found their way into transient absorption
microscopy, including ultrafast fiber lasers,85–87 high repeti-
tion rate (1 MHz) amplified systems,88 and even modulated
continuous-wave laser diodes.89
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FIG. 5. Schematic of a typical experimental pump-probe microscopy setup. A portion of the output of an ultrafast oscillator laser source (e.g., Ti:sapphire)
is split to pump an optical parametric oscillator (OPO) to generate a synchronized pulse train at a different wavelength. Prism compressors on both beams
pre-compensate for dispersion in the setup. The pump is modulated with an acousto-optic modulator (AOM), typically at >1 MHz, and combined with the
unmodulated probe by a dichroic mirror. A delay line introduces a computer-controllable pump-probe delay τ. The scan mirrors (galvanometers) are imaged
onto the back focal plane of the microscope objective, and the focal spot is raster-scanned through the sample to build up an image. After collecting transmitted
light with a condenser, the pump is rejected by a chromatic filter, and the probe is detected with an amplified photodiode. This signal is analyzed with a lock-in
amplifier which is synchronized to the pump modulation. Image stacks are constructed by acquiring frames at different pump-probe time delays.

Another convenient option to obtain synchronized pump
and probe pulse trains is to select two spectral regions from
a broadband pulse source. Two picosecond pulse trains with
a spectral separation of a few tens of nm have been demon-
strated for coherent Raman spectroscopy,90 but with modern
Ti:sapphire oscillators a much broader range of the gain band-
width is accessible. Figure 6 shows an example where pulse
trains optimized for imaging of melanins (pump at 720 nm,
probe at 815 nm) were extracted from a commercial broadband
oscillator (Griffin-5, KM Labs). The initial color separation oc-
curs at the dichroic beam splitter and the following prism pairs
serve as both wavelength selectors and dispersion compensa-
tors. Because pulse shaping optics and high power microscope
objectives can exhibit substantial chromatic dispersion, tem-
poral pre-compensation of the source with prism pairs, grating
pairs, or chirped mirrors is required for optimum contrast.
Figure 6(c) compares pump-probe delay traces of two melanin
samples (natural eumelanin and synthetic pheomelanin) ac-
quired with a broadband single-box source versus an oscil-
lator/OPO combination. The traces are similar and transient
absorption images under similar imaging conditions are virtu-
ally indistinguishable. The one-box system has the advantages
of lower cost, smaller footprint, and turn-key operation, but is
obviously limited in the achievable wavelength range. A much
broader wavelength range for pump and probe can be achieved
with ultra-broadband sources such as a fiber-generated su-
percontinuum;91 however, due to the highly nonlinear nature
of the continuum generation, the relatively poor amplitude
stability can be problematic.

One of the most critical features of a pump-probe micro-
scope is the ability to reject pump light from the detector. In

systems with chromatic separation between pump and probe,
the pump is rejected before the detector by a colored glass
or dielectric filter or by a grating monochromator. Pump and
probe can also be separated based on orthogonal polarization
in samples where there is negligible scattering92 or by a spatial
offset of pump and probe beams80 (although this approach
cannot make full use of the objective numerical aperture and
suffers reduced spatial resolution).

Acquiring images with molecular contrast requires that
the time dependence of the pump-probe signals can be mapped
in order to measure molecular relaxation dynamics. Fine and
arbitrary control of the inter-pulse delay (typically with a
time resolution smaller that the pulse cross-correlation width)
can be achieved via a computer-controlled delay line in one
of the arms. The required precision and range of mechan-
ical travel are determined by the time scale of the popu-
lation dynamics of interest. For slow dynamics, where the
ground state repopulation time occupies a significant fraction
of the laser repetition period, a pair of asynchronous laser
sources suffices: the pump-probe delay is rapidly scanned at
the difference frequency of the sources. This technique, known
as asynchronous optical pulse scanning (ASOPS), has been
demonstrated with stimulated emission imaging.93 But for fast
dynamics that decay in a few picoseconds, the majority of the
ASOPS scanning time would be wasted recording zero signal.
In case the desired time delay exceeds the repetition time of the
laser source, dynamics can be extracted by measuring phase
shifts of the amplitude modulation as a function of modu-
lation frequency—a frequency-domain method commonly
employed to measure long fluorescence lifetimes.94 If only
slow dynamics need to be resolved, pulse synchronization
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FIG. 6. (a) Schematic of the use of a single broadband laser source. (b) Pump
and probe spectra selected from the laser output spectrum. (c) Comparison of
pump-probe delay traces in melanin samples for a broadband laser source and
an oscillator/OPO combination.

requirements are greatly relaxed or can in certain cases be
eliminated entirely by using a continuous-wave probe.95 Slow
dynamics can then still be recovered through the phase angle
output of the lock-in or by spread-spectrum modulation,96 but
information on fast dynamics cannot be retrieved.

2. Temporal shaping and spatial beam delivery

The pump-probe microscope relies on the detection of
amplitude modulation that is transferred from an externally
modulated pump to the initially un-modulated probe pulse
train. The frequency of modulation should be chosen high
enough to avoid dominant laser noise and away from regions
of spurious noise sources—a typical range is several to several

tens of MHz. Such high-frequency modulations exceed the
capabilities of mechanical shutters or choppers, but are easily
accomplished with acousto- or electro-optic modulators. The
use of such high-frequency modulation can achieve sensitivity
down to∆T/T ≈ 10−7 (see Ref. 97), compared with the typical
∆T/T ≈ 10−4 reported for low-frequency (kHz) modulation.98

In addition, high-frequency modulation requires a high repe-
tition laser source, which also improves the signal-to-noise
ratio in virtue of averaging many more measurements per pixel
dwell time, i.e., SN R ∝

√
m, where m is the number of laser

shots per pixel. For example, given the same pulse energy and
duration at the focal plane, measurements with an 80 MHz
oscillator will have an improvement over a 1 kHz source by a
factor of about 280. One drawback of high repetition-rate pulse
trains, however, is that long-lived processes cannot fully relax
between subsequent pulses; for this reason, some experiments
have employed pulse pickers to reduce repetition rate from
an 80 MHz Ti:sapphire oscillator down to a few MHz (for
example, Refs. 97, 99, and 100).

After modulation and temporal adjustment, the pump and
probe beams are spatially overlapped with a dichroic mirror
and directed towards the microscope. The spatial profile and
divergence of the two beams need to be matched to achieve
good focal overlap in the sample. Spatial overlap between
pump and probe beams can also be raster-scanned, to measure
spatial extents and propagation of the pump excitation.97,101,102

In addition, counter-propagating pump and probe beams have
been used.103

To achieve focal scanning in the microscope, several op-
tions exist, ranging from home-built systems and microscope
kits to complete, commercial microscope system (for example,
the authors have successfully equipped a Zeiss LSM510 for
pump-probe contrast). For home-built systems, care must be
taken to avoid excessive chromatic aberrations, which would
degrade focal overlap when scanning a wide field of view.
Lateral scanning (X-Y) is generally performed with scann-
ing mirrors and axial scanning (Z) with a movable objective,
but XYZ sample scanning can also be employed (albeit at a
reduced scanning speed). For suitable objectives, we refer the
reader to the multiphoton microscopy literature (e.g., Refs. 104
and 105).

3. Detection

A variety of detectors have been used for pump-probe
imaging, including photodiodes, amplified photodiodes,
avalanche photodiodes (APDs), and photomultiplier tubes
(PMTs). Balanced detectors have also been employed to cancel
noise from probe amplitude fluctuations (for example,
Refs. 68, 81, 100, and 106). The probe beam can be detected
in transmission or in backscatter- (epi-) mode. Transmission
experiments are most appropriate for highly transparent sam-
ples and samples that exhibit little scattering. For very thick
samples (for example in deep tissue imaging), very little to
no light is transmitted and epi-detection is required. In this
case, probe light that is scattered after passing through the
focal spot carries the transferred modulation. In a typical
imaging experiment, only as little as one part per million
of the pump modulation might be transferred to the probe;
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therefore, a careful rejection of pump light is required. For
the detection of transient absorption/gain with well-separated
colors for pump and probe, a chromatic edge filter can reject
the pump while passing the probe. In case the pump and
probe are of different polarizations, polarizers can offer a
means of separation. If a selective pump filter cannot be used
(e.g., if the color or polarization separation is too small for
efficient pump rejection), a dual-frequency modulation is an
option.107 In this scheme, both pump and probe beams are
amplitude-modulated, but at different modulation frequencies.
The nonlinear nature of the pump-probe interaction results in
a mixing of the two modulation frequencies and in detectable
frequency components at the sum- and difference-frequency.

For cross-phase modulation contrast through XPMSS, a
part (generally the lower- or higher-frequency half) of the
probe spectrum is rejected, in addition to the rejection of
the pump beam, to convert the small XPM-induced probe
frequency shifts into measureable amplitude fluctuations on
the detector. Since the photodiode output is filtered by the
lock-in amplifier at the pump modulation reference frequency,
only pump-induced spectral shifts are observed. Optionally,
a balanced photodiode illuminated with the two halves of
the probe spectrum can be used to suppress transient absorp-
tion/gain interactions that do not shift the probe spectrum but
still introduce a change in probe amplitude.

Laser scanning of the excitation beams in pump-probe
microscopy currently limits achievable frame rates. Parallel
acquisition through multiple foci108 or ultimately wide field
illumination could speed up acquisition but would require
parallel detection electronics. Tuned filters109 could be paral-
lelized at moderate cost, but would not provide phase sensitive
detection (e.g., for the separation of transient loss from gain
processes). An array of lock-in amplifiers would be prohib-
itively expensive, even with lower-cost custom designs.52

Recently a CCD capable of in-pixel demodulation has been
shown to detect pump-probe signals in imaging,84 albeit only
at low modulation frequencies.

4. Signal and noise considerations

Here, we detail the various contributions to the detected
photocurrent, for the sake of pointing out the various noise
contributions and strategies for improving signal to noise ratio
(SNR). For the sake of discussion, we restrict ourselves to
processes that scale with the product of pump and probe inten-
sities. The photocurrent signal of interest, Jpp, is the convo-
lution of the nonlinear optical response R with the cross-
correlation of pump and probe intensity envelopes Ipu and
Ipr, multiplied by the overall detection responsivity rd (which
accounts for sample transmissivity and the detection optics
collection efficiency).

Jpp = rd R ⊗
�

Ipu ∗ Ipr
�

= r I0,pu I0,pr R′,

where I0 is the peak pulse intensity, and R′ = R ⊗
�

Ipu ∗ Ipr
�

/
�

I0,pu I0,pr
�

is the optical response convolved with the pump-
probe cross-correlation. Typically, the pump-probe signal is
extremely small, compared to the probe background, e.g.,
Jpp ∼ 10−5 × J̄pr, where J̄pr is the average DC photocurrent
measured from the probe in the absence of pump-probe inter-

actions. If we assume an 800 nm probe beam with 1 mW
average power incident on a silicon photodiode, this amounts
to Jpp ∼5 nA.

The total detected photocurrent contains a number of
undesirable noise contributions added to the signal of inter-
est, such as electronic noise Je, shot noise Jshot, and relative
intensity noise on the probe beam, JRIN,pr,

J = Jpp + J̄pr + JRIN,pr + Jshot + Je.

By far, the most detrimental is relative intensity noise on
the probe beam. The typical specification for a Ti:sapphire
modelocked laser is∼0.15% relative intensity noise, which is a
factor of 150 greater than the typical pump-probe signal. Rela-
tive intensity noise is frequency-dependent; it falls off rapidly
above 300 kHz110 and is negligible above 1 MHz. Therefore,
probe intensity noise is effectively rejected by modulating the
pump beam at fm > 1 MHz and filtering the detector output
with a lock-in amplifier. As for electronic noise, the typical
RF lock-in amplifier has a 50 Ω input impedance and an input
noise figure of 5 nV/

√
Hz. Considering a detection bandwidth

of 20 kHz (50 µs pixel dwell time, fast enough for ∼3 s/frame
at 256 × 256 pixels), this noise figure amounts to 14 nA, which
is a factor of 2 or 3 times greater than the typical pump-probe
signal. Therefore an amplified photodiode is often required
to boost the signal above the lock-in noise floor. In addition,
the signal of interest is not much greater than the shot noise.
Again, considering a detection bandwidth of 20 kHz, the shot
noise RMS current (i.e., the standard deviation of Jshot) is
σshot =



2 q Jpr ∆ f = 1.8 nA. It is important to note that RF
modulation and lock-in detection do not mitigate all 1/ f noise
sources.111 Additive noise sources are rejected, but multiplica-
tive noise sources are not. The pump-probe signal itself will
contain a contribution from both pump and probe intensity
noises IRIN,

Jpp = rd Ī0,pu
�

1 + IRIN,pu
�

Ī0,pr
�

1 + IRIN,pr
�

R′

≈ rd Ī0,puĪ0,prR
′ �1 + IRIN,pu + IRIN,pr

�

.

Under most scenarios, these multiplicative relative intensity
noise contributions are far less significant than the other noise
sources. But in scenarios where multiplicative noise is impor-
tant, decreasing ∆ f (by scanning slower and averaging longer
at each pixel) will not help, because of the 1/ f character of laser
intensity noise. In these situations, rapid scanning and aver-
aging successive frames will mitigate 1/ f noise much more
effectively.112 Fast scanning is also advantageous in samples
where the primary damage concern is thermal (i.e., in highly
absorbing pigments such as melanin), as it exposes each pixel
for a shorter amount of time and allows a cooling period
between repeated measurements.

III. PRINCIPLES OF DATA AND IMAGE ANALYSES
FOR PUMP-PROBE MICROSCOPY

Once a delay stack is acquired (see Fig. 5), the data must
be processed to produce an image with molecular contrast.
The problem is similar to that of analyzing hyperspectral
images, in that the goal is to produce a spatial map of each
of the underlying molecular species. Many well-developed
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algorithms exist for handling hyperspectral stacks,113 but their
adaptation to pump-probe data is not always straightforward.
Processing is challenging due to the pump-probe signals’
multi-exponential and bipolar (positive and negative) nature114

and the fact that multi-exponentials do not comprise an orthog-
onal function basis set. Further complications arise due to the
fact that subtle changes in the samples’ chemical environment
can have a significant impact on the pump-probe ultrafast
photodynamic response. For example, the presence of metals
such as iron in melanin115 or unknown minerals in histor-
ical art pigments116,117 can significantly change the measured
signal. Therefore, in order to identify these (often, unexpected)
changes, it is important to analyze the data without the use of a

priori information. In this section, we review the methods that
have been implemented for pump-probe microscopy to iden-
tify and differentiate between various pigmented molecules
and to quantify their relative concentration.

The data collected, x, for each pixel in the image can be
represented as the sum over all molecular species’ ultrafast
photodynamic response, at a given pump-probe time delay τ,
multiplied by their concentration,

x(τ) =

m


i=1

ai(τ)ci, (1)

where ai is the temporal response of the ith molecule and
ci is its concentration. This can be expanded to include all
pixels and all acquired pump-probe time-delays using matrix
notation,

X
T
(t×p) = A(t×m)c(m×p), (2)

where p denotes the number of pixels, t the number of pump-
probe time delays, and m the number of molecular species.
(We use the transpose of the data matrix, X

T
(t×p), for consis-

tency with the analysis that follows.) If all the independent
pigmented molecules present in the sample are known, along
with their photodynamic response—that is, if A is known—
this overdetermined set of linear equations can be solved for
the unknown concentration, c, via matrix inversion. However,
it is often difficult to fully characterize A. Consequently, if
an unexpected molecule were present and/or if the response
of a known molecule were to change due to its environment,
without properly accounting for it in A, then this operation will
yield erroneous results. This problem is known as overfitting
and it can have a profound impact on the quantitative molecular
images. For example, the response of hemoglobin and eume-
lanin has some similarities,118,119 thus, if the two species are
not explicitly accounted for, hemoglobin can be assigned as eu-
melanin, which is highly undesirable for melanoma diagnosis.

A. Principal component analysis

Principal component analysis (PCA) is commonly used in
hyperspectral analysis and was one of the first methods used
to characterize pump-probe images without the use of a priori

information. PCA provides a description of the data in terms of
orthonormal vectors derived from the data itself. The analysis
can be thought as the singular value decomposition (SVD) of
the data matrix, X, and/or as an eigenvalue decomposition of
the data covariance matrix, X

T
X/(p − 1). To understand the

advantages and disadvantages of this method, first consider the
singular value decomposition of X,

X(p×t) = U(p×p)Σ(p×t)V
T
(t×t), (3)

where U and V are unitary matrices (i.e., U
T
U = 1), known as

left-singular vectors and right-singular vectors, respectively,
and Σ is a diagonal matrix corresponding to the singular values
of X. Then, the covariance matrix of the data matrix (assuming
zero mean and ignoring scaling factors) can be described as

X
T

X =
�

UΣV
T
�T

UΣV
T = UΣ

2
V

T . (4)

For more details and rigorous mathematical derivations, we
refer the readers to Refs. 120 and 121. For the purpose of this
review, it is sufficient to state that the principal components
(PCs) of the data are given by the columns of V, which are
equal to the eigenvectors of the covariance matrix (Eq. (4)).
This relationship is important because (1) SVD algorithms
are computationally inexpensive and (2) it provides an intu-
itive mathematical/geometrical interpretation of the analysis:
because PCA organizes the PCs by decreasing variance, the
first PC is a vector pointing towards the direction of highest
variance. The second component is orthogonal to the first and
points towards the direction of the second highest variance,
etc. This is a useful property since the first few PCs describe
the most important features of the data, while the latter PCs
primarily describe noise components in the signal. It is also
worth noting that the ith eigenvalue of the covariance matrix,
Σ

2
ii/(p − 1), gives the variance captured by the ith PC.

To illustrate this procedure, PCA was applied to 32 pig-
mented, unstained, thin cutaneous lesions of various patho-
logical diagnoses (specifically, benign dermal nevi, compound
nevi, dysplastic nevi, melanoma in situ, invasive primary mela-
noma, pigmented basal cell carcinoma, and seborrheic kera-
toses).122 Representative spectra, with 21 pump-probe time
delays, from 137 hand-selected regions were used to determine
the PCs (t = 21 and p = 137). The first three PCs (scaled by
their variance) are shown in Fig. 7(e), where the first two PCs
account for more than 98% of the variance. Further, the compo-
nents show good agreement with the signals obtained from
melanin standards: synthetic pheomelanin closely resembles
PC 2, and sepia eumelanin from cuttlefish ink can be obtained
using a combination of PCs 1 and 2 (see Fig. 7(d)).

A purely mathematical interpretation of the data can be
obtained using the projections of the data onto the PCs (known
as the scores, Z),

Z(p×m′) = X(p×t)V(t×m′), (5)

where V is truncated to m′ PCs (in this case m′ = 2). This
process yields m′ images, each corresponding to the scores
(or projections) of the PCs, which allows some interpretation
(albeit mathematical) of the data without use of a priori infor-
mation. This process also has the advantage of reducing noise
since Z is derived from the PCs that possess the most variance.

An important limitation of principal component analysis
is that if the underlying number of unique chemical species
(referred to as “endmembers” in the hyperspectral image anal-
ysis literature) is unknown, it may not be inferred from the
number of principal components accounting for the majority of
the variance in a dataset. In other words, if m′ = 2 PCs capture
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FIG. 7. Summary of PCA processing.122 (a) and (b) show the raw data, X, at two pump-probe time delays, τ = 0 fs and τ = 300 fs. (d) Spectra from two
representative regions, along with that of sepia eumelanin and synthetic pheomelanin. (e) First three PCs, V(t x m′=3), resulting from 137 representative spectra
drawn from 32 cutaneous samples. (c) Estimate of the relative melanin concentration (fractional eumelanin, (c′m=1+c′m=2)/c′m=1). (f) Spectra from the same
regions as (d) along with the fits using the PCs. Reproduced from Matthews et al., Sci. Transl. Med. 3, 71ra15 (2011). Published by the American Association
for the Advancement of Science.

99% of the variance in the data, there could be m > 2 molecular
species present. It is often possible to qualitatively reconstruct
a set of n endmembers with fewer than n principal compo-
nents. In addition, the principal components do not have to
reflect the properties of the actual endmembers. The reason for
this ambiguity is that PCA extracts orthogonal components,
whereas the multi-exponential signal recorded in pump-probe
measurements tends to be highly non-orthogonal.

To quantify the data in terms of physical properties of
the sample (i.e., relative molecular concentration), a priori

information is required: First, the temporal response of all
molecular species present in the sample, described by A, needs
to be mapped onto the space spanned by the PCs,

M(m×m′) = A
T
(m×t)V(t×m′). (6)

This mapping can then be used to transform the projected data
(scores) onto the physical model,

c
′
(p×m) = Z(p×m′)M

T
(m′×m), (7)

where c
′ is an estimate of the concentration matrix, c

T. This
process was applied to estimate the relative eumelanin content
shown in Fig. 7(c). Unfortunately, these final steps (which are
part of any projection-based method) are fraught with the same
limitations as directly inverting the linear system in Eq. (2),
since A must be known.

B. Phasor analysis

Similar challenges have been encountered in Fluores-
cent Lifetime Imaging Microscopy (FLIM), which contains

unipolar (i.e., non-negative), multi-exponential signals. In
FLIM, signals are typically quantified by fitting the exponen-
tial response to a predetermined number of decay rates or by
using more sophisticated inverse Laplace transforms.123,124

However, such methods can be computationally expensive
and require signals with a high signal to noise ratio, which
is often not available in pump-probe microscopy, particularly
for in vivo applications.119,125 An alternative approach, named
phasor analysis, has emerged as a simple, yet powerful tool
for differentiating between various fluorophores and mixtures
thereof.124 We have recently adapted this method for pump-
probe microscopy and have shown that it is a robust and conve-
nient method for analyzing pigments’ ultra-fast dynamics.114

In phasor analysis, signals are decomposed into their
Fourier transform’s real and imaginary parts, g and s, respec-
tively, at a given frequency, ω,

g(ω) =


I(t) cos(ωt)dt

|I(t)|dt

, (8)

s(ω) =


I(t) sin(ωt)dt

|I(t)|dt

. (9)

The two components are then plotted against one another
(see Fig. 8). Note that the parameters are normalized by the
absolute value of the temporal response, I(t); thus the phasors
are always bounded by a well-defined area and the mapping is
independent of signal intensity. For FLIM, where the signals
are always positive exponentials, the phasors are bounded by
an area known as the universal semicircle, which lies on the
first quadrant of phasor space (see gray shaded area indicated
in Fig. 8(b)). In our case, the photodynamic behavior can
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FIG. 8. (a) Simulated ultrafast pump-probe photodynamics: Even function
(solid black line) represents an instantaneous response such as TPA. Odd
function (dashed black line) may result from XPM. Unipolar, negative expo-
nential curve (dashed gray line) may result from SRS or GSD. The bipolar
signal (solid gray line) is a combination of lines 1-3, and it resembles
the eumelanin dynamics. (b) Corresponding phasors at different frequencies
ranging from ω= 0.01π to 2π THz. Each point is an increment of 0.01π THz.
Adapted with permission from Robles et al., Opt. Express 20, 17082 (2012).
Copyright 2012 Optical Society of America.

take on more functional forms and thus the transformation of
pump-probe signals can span the entire unit circle. Figure 8
shows some examples of typical pump-probe dynamics and
their mapping to phasor space as a function of the analysis fre-
quency. It should be noted that this transformation is sensitive
to offsets (baseline) on the measured signals. In practice, the
baseline for each pixel is estimated by examining the recorded
signal at t < 0, when the pump arrives after the probe. For
noisy data, this estimate can be improved by making a reduced-
rank approximation of the image stack (reconstructing the
stack from the first few PCs).

Phasor analysis was applied to the same data set as
previously discussed for PCA. Here, all images were used to

FIG. 9. (a) Cumulative histogram phasor plot of 42 cutaneous samples. The
figure also shows the phasors of standard references of eumelanin (red dot),
pheomelanin (green circle), hemoglobin (purple triangle), and surgical ink
(blue triangle). The color bar within the figure denotes the color schema used
for the image in (b). (b) Representative pump-probe image with colorimetric
contrast derived from phasor analysis. (c) Phasor histogram of a representa-
tive image in (b). Adapted with permission from Robles et al., Opt. Express
20, 17082 (2012). Copyright 2012 Optical Society of America.

construct a two-dimensional histogram of the phasors. The
results are shown in Fig. 9(a), which also shows reference
phasors from sepia eumelanin (red dot), synthetic pheome-
lanin (green dot), hemoglobin (purple triangle), and surgical
ink (blue triangle). The clusters in the cumulative histogram
overlap with the reference for each species. This information
may be used for qualitative analysis by assigning a particular
color to a given location in phasor-space. As the inset of
Fig. 9(a) illustrates, we choose the false-color mapping for
melanins to vary from red to green, hemoglobin is assigned as
purple, and surgical ink as cyan. Figure 9(b) shows a represen-
tative pump-probe image with colorimetric molecular contrast
achieved via phasor analysis, along with its corresponding
phasor histogram (Fig. 9(c)).

More recent work has produced a hybrid approach, which
takes a geometrical representation of PCA to display the data
in a similar manner to phasor analysis.126 This process takes
the top 3 PCs, which in most cases are enough to capture
most of the data variance, to produce a three-dimensional
space. Then, by describing this space in spherical coordi-
nates, the azimuth and elevation angles contain all the spec-
tral (biochemical) information of interest, while the radius
describes the concentration. A two dimensional cumulative
histogram of the angles provides an intuitive format to view the
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spectral information, similar to phasor analysis but it avoids
nonlinearities (i.e., curved paths) and permits a quantitative
analysis.

IV. APPLICATIONS OF PUMP-PROBE MICROSCOPY

Development of high-sensitivity pump-probe imaging
techniques has initially focused on transient absorption in
nanomaterials.107,127 Increased speed and sensitivity have
since enabled applications of these techniques in biomed-
ical engineering where multiphoton absorption,10,12,128 ground
state depletion,95 stimulated emission,75 and SRS129 contrast
were demonstrated. In Secs. IV A–IV C, we will provide
examples in the fields of materials science, biomedicine, and
art conservation. In these examples, we again limit ourselves to
processes that utilize the high temporal resolution of ultrafast
modelocked laser pulses (on the order of tens to hundreds of
femtoseconds).

A. Materials characterization

Because transient absorption provides details not only on
electronic energy levels but also on the population dynamics
within them, it has been used extensively for characterization
of a wide range of nanomaterials such as the following:
nanostructures such as quantum wells,130 silver nanocubes,131

and nanowires of various materials;100–102,132–134 bulk and
patterned semiconductors,84,92,103,106 polymer blends, and
organic semiconductor films;80,82,83,135,136 topological insula-
tors;137 graphene,98,138–143 and carbon nanotubes;76,144,145 and
most recently, perovskites.81,97 For excellent review papers on
transient absorption microscopy in materials sciences, we refer
the reader to Refs. 4, 22, and 23 and hence provide only a few
example applications.

Some of these nanostructured materials, e.g., graphene,
have exceptionally large susceptibilities, yet very weak fluo-
rescence, and are therefore ideal targets for pump-probe spec-
troscopic studies. Bulk femtosecond transient absorption spec-
troscopy has also been utilized to explore ground and excited
state dynamics of nanoparticles such as single-walled carbon
nanotubes, thereby shedding much light on their photophysical
properties: the role of triplet states;146 the influence of environ-
mental factors such as solvent dielectrics;147 and the creation,
diffusion, and the decay of single or multiple excitons within
a single carbon nanotube.148,149

However, bulk spectroscopic studies (without the high
spatial resolution of a microscope) of ensembles of nano-
materials average over inherent variations present within the
sample. Extended materials, such as graphene, are rarely uni-
form, exhibiting spatial heterogeneity in thickness, structure,
alignment, and coupling to their substrate on varying length
scales, depending on the growth conditions. For individual
nanoparticles, differences in their size, aggregation states, and
local environment can drastically affect their transient absorp-
tion properties. In the case of carbon nanotubes, results can be
most reliably interpreted when data are acquired on tubes of a
uniform type and size (this can be achieved, for example, by
separation with gradient ultra-centrifugation150). However, not
all materials can be cleanly separated—multi-walled carbon

nanotubes defy such separation procedures because of their
complexity and heterogeneity in structure.

Pump-probe microscopy can provide a wide range of
dynamical properties on a microscopic scale. In extended
materials, pump-probe imaging can map out variations within
the material or changes in coupling to the environment and
substrate. For example, femtosecond transient absorption
microscopy has been successfully used to study local varia-
tions of charge carrier dynamics in graphene151 and graphene
oxide.143 Pump-probe imaging also provides the ability to
isolate individual nanoparticles and therefore avoids averaging
over an ensemble of particles. For example, single particle
measurements make it possible to directly separate damping
from ensemble dephasing of coherent vibrational oscilla-
tions.67 The earliest far-field microscopic pump-probe studies
of nanoparticles measured electron dynamics by observing
changes in amplitude152 of scattered probe light. Pump-
induced phase changes were measured with a differential
interference contrast technique153 and by interferometry with
a time-delayed reference pulse.67 However, polarization and
interferometric detection are experimentally challenging, and
the easier (now-conventional) modulation transfer technique
soon started to take hold.127

An example application in nanomaterials that takes
explicit advantage of the high spatial information afforded by
imaging is the study of surface plasmon-polariton propagation.
An optical excitation that is localized to the end of a nanowire
propagates, but emits only at discontinuities. This transport
can be directly observed by spatially decoupled pump-probe
microscopy, where the pump is fixed at one location, but
the probe is raster-scanned. Such a setup has been used to
study plasmon excitations in gold nanowires.134 Even higher
spatial resolution can be achieved by near-field imaging tech-
niques. Coupling pump and probe beams into a scanning near-
field optical microscope (SNOM), sub-wavelength (and sub-
particle) resolution has been obtained. For example, near-field
pump-probe microscopy was used to map electron dynamics
in individual gold nanorods.107

B. Biological imaging

In this section, we focus on time-resolved femtosecond
pump-probe microscopy (other reviews cover stimulated Ra-
man in detail70). The first biological application, in 1995,
imaged stimulated emission of a dye-labelled cell in vitro.93 By
recording the signal as a function of probe delay, this provided
a method of detecting fluorescence lifetime without the need
for high-speed detectors. The technique was later extended
to a polarization-resolved method,154 again using exogenous
dyes and labels. Xie’s group advanced stimulated emission
targets to endogenous chromophores,75 and this was found to
allow visualization of chromophores that, due to nonradiative
relaxation, do not produce any measurable spontaneous fluo-
rescence.

Molecular imaging of complex molecules, such as mela-
nins, broadened pump-probe imaging to include ground state
depletion and excited state absorption.128 Melanins are com-
plex biopolymers that are synthesized from the oxidation of
tyrosine and are broadly classified into two chemically distinct
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classes: the brown/black eumelanin, composed of dihydrox-
yindole subunits, and the yellow/red pheomelanin, composed
of benzothiazine subunits.155 Eumelanin and pheomelanin
have broad linear optical absorption spectra that lack dis-
tinguishing features. Therefore, state-of-the art methods to
quantify melanin chemistry in biological tissue rely on high-
performance liquid chromatography analysis of oxidative
degradation products,156 which requires large amounts of
material and destroys the specimen in the process.

Microscopic information on the melanin distribution can
be obtained using fluorescence dynamics. Despite the low
fluorescence quantum yield, several studies have use fluores-
cence lifetime imaging contrast to map melanin in tissue with
high spatial resolution157–159 and even differentiate eumelanin
and pheomelanin.160 Pump-probe imaging, owing to its high-
dimensional parameter space, provides a vastly different tran-
sient response from the two melanins161 even though they have
similar linear spectra. The pump-probe response of melanin
is much like a spectral hole burning measurement, in which
intense ground state bleaching (negative pump-probe signal) is
observed for λpu and λpr close to one another. The key feature
with melanins is that when λpu and λpr are tuned away from
one another, ground state bleaching gives way to excited state
absorption (positive pump-probe signal). The point at which
the response changes sign depends on a number of factors,
such as the width of the absorption bands of the underlying
chromophores within the heterogeneous ensemble and the
availability of dipole-allowed excited state transitions. Thus
we can find a wavelength combination at which two types of
melanins have opposite-signed response (see Fig. 10). This has
enabled the study of pigment chemistry on microscopic scales
where bulk analysis would destroy the spatial information,
such as sub-cellular melanin distributions,162 and in rare mate-
rials where chemical analysis would destroy the specimen,
such as in fossils.163 Other factors that influence the pump-
probe response of melanin include metal ion content163 and
aggregation state,115 some examples of which are also shown
in Fig. 10.

Our recent focus has been to use this technique to study
pigmented lesions and melanoma. At present, identifying
and removing early-stage melanoma before it has the chance
to metastasize require an accurate diagnosis by examining
stained biopsy sections under a microscope for certain histo-

pathologic criteria.164 But several studies have demonstrated
that making consistent, accurate diagnoses of early-stage mela-
noma is extremely challenging.165,166 This difficulty can be
explained in part because nearly all of the histopathologic
criteria used to identify melanoma are also common to benign
pigmented lesions164 and also because, in spite of the vast
knowledge of biomolecular factors associated with melanoma,
the exact sequence by which a melanocyte progresses from
normal to malignant remains unclear.167 Hence there is a
need for more biomarkers to aid pathologists.168 One readily
available means of assessing melanocyte behavior is to assess
pigment chemistry with pump-probe microscopy. In biopsy
sections, we have found differences in pigment expression
between “pre-malignant” dysplastic nevi and invasive mela-
noma.122 Also, we have used pump-probe contrast in vivo to
visualize pigmented cells in mouse models of melanoma.125

Employed in vivo, pump-probe microscopy therefore enables
the capture of dynamics and time-course of pigment chemistry
and progression in the early stages of malignancy, of which
traditional histology can only provide a snapshot.

Melanin imaging exemplifies the key advantage of time-
resolved pump-probe microscopy: its ability to derive high-
contrast pump-probe signatures to differentiate chromophores
that have otherwise nearly indistinguishable linear optical
properties. Hemoglobin is another target that has been imaged
with pump-probe microscopy, and oxygenation can be deter-
mined by exchanging pump and probe wavelengths,169 as
shown in Figs. 11(b) and 11(c). As pump-probe microscopes
with broader wavelength ranges become available, more bio-
logical pigments may be targeted.

Because pump-probe detection readily integrates with
other modalities, the pigment-specific pump-probe images
can be placed within the context of the morphology of the
surrounding tissue.170 Such morphological images could be
acquired, for example, with conventional SHG or fluores-
cence contrast. The nonlinear refractive index (e.g., measured
through XMPSS) can provide additional contrast to gain a
more comprehensive picture of unstained tissue68 (Fig. 12).

Pump-probe imaging is well suited to study endogenous
targets in tissue, but it can also be applied to exogenous
contrasts—in pre-clinical studies, a large number of injected or
expressed agents are in routine use (very few optical contrast
agents are approved for human use). Transient absorption

FIG. 10. (a) Eumelanin and pheomelanin, compared with pigments in biopsied human tissue.122 (b) Response to chemical oxidation115 and (c) molecular
weight.115 (a) Reproduced from Mathews et al., Sci. Transl. Med. 3, 71ra15 (2011). Published by the American Association for the Advancement of Science;
(b) and (c) reproduced from Simpson et al., J. Phys. Chem. A 118, 993 (2014). Copyright 2014 American Chemical Society.
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FIG. 11. (a) Molecular contrast in a biopsy section of malignant melanoma162 and (b) and (c) hemoglobin image (mouse ear) at different pump-probe
wavelengths.169 Red arrow: artery; blue arrows: veins. (a) Reproduced from Simpson et al., J. Invest. Dermatol. 133, 1822 (2013). Published by Elsevier;
(b) and (c) reproduced from Fu et al., J. Biomed. Opt. 13, 040503 (2008). Copyright 2008 Society of Photo-Optical Instrumentation Engineers.

imaging has been used to generate non-fluorescent contrast in
biological tissue from several types of nanostructures, includ-
ing semiconducting and metallic single-walled carbon nan-
otubes,77,171 nanodiamonds,85 gold nanorods,86 and graphene
and graphene oxide.172

C. Art imaging

Despite their apparent differences, paintings and bio-
logical tissue have many things in common from an optical
microscopy standpoint: both are very heterogeneous and very
strongly scattering materials that contain a variety of absorbing

pigments one would like to identify and map. While in biomed-
icine, nonlinear optical microscopy is routinely used to image
tissue structure and pigment distribution at high resolution,
applications in art conservation science are sparse. Yet, many
stages of art characterization, authentication, preservation, and
conservation are in need of additional tools to assess struc-
tural information at a microscopic level, along with chemical
composition. Such methods could help identify individual
pigments and/or pigment mixtures, their three-dimensional
layering structure, and method of application. Ideally, an
artwork microscope should combine high resolution with
a large field of view in the lateral and depth dimension,

FIG. 12. Images of the dermo-epidermal junction in a melanoma biopsy.68 Shown are XPMSS, transient absorption (tuned to visualize melanin), and combined
multiphoton autofluorescence and SHG. The merged image shows the comprehensive contrast through multimodal multiphoton imaging. Adapted with
permission from Wilson et al., Biomed. Opt. Express 3, 854 (2012). Copyright 2012 Optical Society of America.
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FIG. 13. Transient absorption traces of mineral, inorganic, and organic pig-
ments.

preferably all the way to the support structure (such as the
canvas). Most importantly, however, it should not damage the
artwork under study. Pump-probe microscopy has the potential
to fulfill these conditions. In many instances, it may save a
conservator from resorting to the invasive gold standard of
removing a small chip of paint sample for pigment mapping
(much like the practice of using tissue biopsies to diagnose a
disease).

The reason conventional nonlinear microscopy has not
been extensively employed in art imaging is the lack of suitable
contrast. TPF has been utilized to reconstruct faded inscrip-
tions on a historic amphora,173 but few pigments fluoresce—
and therefore TPF microscopy has limited applicability. Layer
thickness of transparent glaze and varnishes have been mea-
sured by harmonic generation,174 but the symmetry constraints
of harmonic generation severely restrict the range of possible
targets. CARS imaging has recently been investigated for
paint identification and imaging,175 but small Raman cross
sections, combined with a large contaminating non-resonant
background, pose severe technical challenges.

FIG. 14. Pump-probe in historic artwork.116 Left: the painting was imaged in the region of the angel’s robe with a wavelength combination of 720/810 nm.
Right: false-color coded en face images (top, each image is 185×185 µm), a virtual cross section, and a maximum intensity projection (bottom, dimensions are
185×50 µm). Adapted from Villafana et al., Proc. Natl. Acad. Sci. U. S. A. 111, 1708 (2014). Copyright 2014 National Academy of Sciences of the United
States of America.
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In contrast, pump-probe microscopy has found an almost
ideal application area in art imaging. The artists’ palette
consists of pigments with a vast variety of spectral absorp-
tion properties, which is the largest determining factor for
a pigment’s color. However, the spectral features (such as
absorption lines or bands) are broad, thus identification of
a specific pigment in a mixture is often difficult. Nonlinear
optical effects can provide much richer and molecule-specific
signatures: pigments whose linear absorption characteristics
are very similar might still exhibit a nonlinear transient loss/
gain spectrum that differs dramatically. Both the energy struc-
ture (such as electronic excited states and the vibrational sub-
structure) and the population dynamics (the redistribution
between these states) imprint on the pump-probe response.
Figure 13 shows pump-probe responses for a selection of
pigments, all performed at a single wavelength combination
(here 720 nm pump/810 nm probe). The responses illustrate
the variety of photodynamics, offering a rich parameter space
for pigment specific mapping. In some of the pigments, one
can observe a variation in pump-probe dynamics even though
the pigments are of the same visual color. For example, we
studied a selection of samples of lapis lazuli, a historical
mineral pigment prized (very highly) for its rich blue color
and compared it to lapis’ synthetic analogue, ultramarine blue.
Variations in the dynamics within and between the natural
lapis samples were observed (the multi-exponential decay
times differ markedly),117 as well as between the natural and
synthetic pigments.

Figure 14 illustrates the 3-d imaging capability of pump-
robe microscopy in historical artwork.116 Volume image stacks
were acquired from Puccio Capanna’s 14th century Renais-
sance masterpiece The Crucifixion. A pump-probe volume
dataset was taken with a fixed 200-fs delay in the angel’s
robe (pump/probe wavelengths were 710/810 nm, total power
was 1.5 mW). The images from this set have been false-
colored according to the signal at this delay: cyan for nega-
tive signal (corresponding to lapis lazuli) and orange for
positive (iron oxide/mordant and gold; with only a single
delay, these three materials cannot be separated). A virtual
cross section extracted from the volume data is also shown
in this figure. It shows a positive component mixed within
the lapis lazuli layer (most likely iron oxide) with another
positive component underneath (most likely gold and possibly
underlying mordant found in microscopic cracks in the gold
layer). Further improvements in imaging speed and achievable
wavelength range, combined with the enhanced analysis tool
described earlier, could substantially enhance the amount of
information that conservators can non-invasively extract from
paintings.

V. CONCLUSIONS AND OUTLOOK

As the preceding examples show, the most remarkable
feature of pump-probe microscopy is the contrast enhance-
ment: linear absorption spectra are almost always broad and
featureless, but pump-probe signals are often rich functions
of pump wavelength, probe wavelength, and inter-pulse delay.
This provides opportunities to extract molecular information
which is often inaccessible by other techniques.

Probably the biggest current limitation is that the most
common approach to pump-probe microscopy relies on rela-
tively complex laser systems, which need to produce two or
more different, stable, and well-synchronized trains of ultra-
short (∼100–200 fs) laser pulses. However, this complexity
arises mostly because of the desire to explore a wide parameter
space in the initial experiments. For example, since delivered
powers are typically about 1 mW and modern modelocked
titanium-sapphire lasers routinely provide several watts, short-
pulse lasers can be spectrally filtered to provide both pulse
trains if both wavelengths are within the Ti:sapphire band-
width. More generally, advances in stable continuum genera-
tion and fiber laser sources, driven by other applications, make
it certain that cheaper, even portable pump-probe systems can
be developed.

Once the laser sources are established, the additional
changes required for the conversion of a conventional multi-
photon to a pump-probe microscope are fairly moderate (on
the detection side, it could be as simple as an optical blocking
filter for the pump color and an electronic lock-in amplifier).
The microscope core, such as the scan engine and light de-
livery to the sample, often does not need to be modified.
Most multiphoton systems are already designed to operate
with widely tunable laser sources and the optics can likely
handle multiple colors. Developments in multiphoton imag-
ing, such as high scanning speeds for video rate imaging,
remote light delivery for ultralight (e.g., rodent-wearable)
scan heads, and adaptive optics techniques for ultra-deep
imaging, therefore are also directly applicable to pump-probe
microscopy. Pump-probe contrast and conventional multi-
photon contrast can naturally be combined into the same
microscope and together they provide complimentary infor-
mation on a wide range of exogenous and endogenous
targets.

ACKNOWLEDGMENTS

Research reported in this publication was supported by the
National Institutes of Health under Award Nos. R01CA166555,
F32CA168497, F32CA183204, and the Center for In-Vivo
Microscopy P41EB015897. This material is also based upon
work supported by the National Science Foundation Division
of Chemistry under Award No. 1309017.

1P. A. Franken, G. Weinreich, C. W. Peters, and A. E. Hill, “Generation of
optical harmonics,” Phys. Rev. Lett. 7, 118 (1961).

2W. Denk, J. H. Strickler, and W. W. Webb, “Two-photon laser scanning
fluorescence microscopy,” Science 248, 73 (1990).

3R. M. Williams, W. R. Zipfel, and W. W. Webb, “Multiphoton microscopy
in biological research,” Curr. Opin. Chem. Biol. 5, 603 (2001).

4G. V. Hartland, “Ultrafast studies of single semiconductor and metal nanos-
tructures through transient absorption microscopy,” Chem. Sci. 1, 303
(2010).

5W. R. Zipfel, R. M. Williams, and W. W. Webb, “Nonlinear magic: Multi-
photon microscopy in the biosciences,” Nat. Biotechnol. 21, 1369 (2003).

6F. Helmchen and W. Denk, “Deep tissue two-photon microscopy,” Nat.
Methods 2, 932 (2005).

7P. T. C. So, C. Y. Dong, B. R. Masters, and K. M. Berland, “Two-photon
excitation fluorescence microscopy,” Annu. Rev. Biomed. Eng. 2, 399
(2000).

8B. R. Masters and P. T. C. So, Handbook of Biomedical Nonlinear Optical

Microscopy (Oxford University Press, New York, 2008).

http://dx.doi.org/10.1103/PhysRevLett.7.118
http://dx.doi.org/10.1126/science.2321027
http://dx.doi.org/10.1016/S1367-5931(00)00241-6
http://dx.doi.org/10.1039/c0sc00243g
http://dx.doi.org/10.1038/nbt899
http://dx.doi.org/10.1038/nmeth818
http://dx.doi.org/10.1038/nmeth818
http://dx.doi.org/10.1146/annurev.bioeng.2.1.399


031101-18 Fischer et al. Rev. Sci. Instrum. 87, 031101 (2016)

9P. L. Choyke, R. Alford, H. M. Simpson, J. Duberman, G. Craig Hill,
M. Ogawa, C. Regino, and H. Kobayashi, “Toxicity of organic fluo-
rophores used in molecular imaging: Literature review,” Mol. Imaging 8,
341 (2009).

10W. S. Warren, M. C. Fischer, and T. Ye, “Novel nonlinear contrast improves
deep-tissue microscopy,” Laser Focus World 43, 99 (2007).

11P. Tian and W. S. Warren, “Ultrafast measurement of two-photon absorption
by loss modulation,” Opt. Lett. 27, 1634 (2002).

12D. Fu, T. Ye, T. E. Matthews, B. J. Chen, G. Yurtserver, and W. S. Warren,
“High-resolution in vivo imaging of blood vessels without labeling,” Opt.
Lett. 32, 2641 (2007).

13T. Ye, D. Fu, and W. S. Warren, “Nonlinear absorption microscopy,” Pho-
tochem. Photobiol. 85, 631 (2009).

14M. C. Fischer, T. Ye, G. Yurtsever, A. Miller, M. Ciocca, W. Wagner,
and W. S. Warren, “Two-photon absorption and self-phase modulation
measurements with shaped femtosecond laser pulses,” Opt. Lett. 30, 1551
(2005).

15M. C. Fischer, H. C. Liu, I. R. Piletic, and W. S. Warren, “Simultaneous self-
phase modulation and two-photon absorption measurement by a spectral
homodyne Z-scan method,” Opt. Express 16, 4192 (2008).

16M. C. Fischer, H. C. Liu, I. R. Piletic, Y. Escobedo-Lozoya, R. Yasuda, and
W. S. Warren, “Self-phase modulation signatures of neuronal activity,” Opt.
Lett. 33, 219 (2008).

17P. Samineni, Z. Perret, W. S. Warren, and M. C. Fischer, “Measurements
of nonlinear refractive index in scattering media,” Opt. Express 18, 12727
(2010).

18F. E. Robles, M. C. Fischer, and W. S. Warren, “Femtosecond pulse shaping
enables detection of optical Kerr-effect (OKE) dynamics for molecular
imaging,” Opt. Lett. 39, 4788 (2014).

19C. W. Hillegas, J. X. Tull, D. Goswami, D. Strickland, and W. S. Warren,
“Femtosecond laser pulse shaping by use of microsecond radio-frequency
pulses,” Opt. Lett. 19, 737 (1994).

20I. R. Piletic, M. C. Fischer, P. Samineni, G. Yurtsever, and W. S. Warren,
“Rapid pulse shaping with homodyne detection for measuring nonlinear
optical signals,” Opt. Lett. 33, 1482 (2008).

21M. C. Downer, R. L. Fork, and C. V. Shank, “Femtosecond imaging of
melting and evaporation at a photoexcited silicon surface,” J. Opt. Soc. Am.
B 2, 595 (1985).

22D. Davydova, A. de la Cadena, D. Akimov, and B. Dietzek, “Transient
absorption microscopy: Advances in chemical imaging of photoinduced
dynamics,” Laser Photonics Rev. 10, 62 (2016).

23E. M. Grumstrup, M. M. Gabriel, E. E. M. Cating, E. M. Van Goethem,
and J. M. Papanikolas, “Pump–probe microscopy: Visualization and spec-
troscopy of ultrafast dynamics at the nanoscale,” Chem. Phys. 458, 30
(2015).

24Y. R. Shen, The Principles of Nonlinear Optics (Wiley, Hoboken, NJ,
2002).

25R. W. Boyd, Nonlinear Optics (Academic Press, San Diego, CA, 2008).
26J. G. McNally, T. Karpova, J. Cooper, and J. A. Conchello, “Three-

dimensional imaging by deconvolution microscopy,” Methods 19, 373
(1999).

27J. B. Pawley, Handbook of Biological Confocal Microscopy (Springer, New
York, NY, 2006).

28P. Theer and W. Denk, “On the fundamental imaging-depth limit in two-
photon microscopy,” J. Opt. Soc. Am. A 23, 3139 (2006).

29M. Oheim, E. Beaurepaire, E. Chaigneau, J. Mertz, and S. Charpak, “Two-
photon microscopy in brain tissue: Parameters influencing the imaging
depth,” J. Neurosci. Methods 111, 29 (2001).

30M. I. N. Gu and C. J. R. Sheppard, “Comparison of three-dimensional
imaging properties between two-photon and single-photon fluorescence
microscopy,” J. Microsc. 177, 128 (1995).

31M. Gu, “Resolution in three-photon fluorescence scanning microscopy,”
Opt. Lett. 21, 988 (1996).

32N. G. Horton, K. Wang, D. Kobat, C. G. Clark, F. W. Wise, C. B. Schaffer,
and C. Xu, “In vivo three-photon microscopy of subcortical structures
within an intact mouse brain,” Nat. Photonics 7, 205 (2013).

33I. Freund and M. Deutsch, “Second-harmonic microscopy of biological
tissue,” Opt. Lett. 11, 94 (1986).

34Y. Guo, P. P. Ho, H. Savage, D. Harris, P. Sacks, S. Schantz, F. Liu, N.
Zhadin, and R. R. Alfano, “Second-harmonic tomography of tissues,” Opt.
Lett. 22, 1323 (1997).

35Y. Barad, H. Eisenberg, M. Horowitz, and Y. Silberberg, “Nonlinear scan-
ning laser microscopy by third harmonic generation,” Appl. Phys. Lett. 70,
922 (1997).

36J. A. Squier, M. Muller, G. J. Brakenhoff, and K. R. Wilson, “Third
harmonic generation microscopy,” Opt. Express 3, 315 (1998).

37J. X. Cheng and X. S. Xie, “Coherent anti-Stokes Raman scattering micros-
copy: Instrumentation, theory, and applications,” J. Phys. Chem. B 108, 827
(2004).

38C. L. Evans and X. S. Xie, “Coherent anti-Stokes Raman scattering micros-
copy: Chemical imaging for biology and medicine,” Annu. Rev. Anal.
Chem. 1, 883 (2008).

39P. Mahou, N. Olivier, G. Labroille, L. Duloquin, J.-M. Sintes, N. Peyriéras,
R. Legouis, D. Débarre, and E. Beaurepaire, “Combined third-harmonic
generation and four-wave mixing microscopy of tissues and embryos,”
Biomed. Opt. Express 2, 2837 (2011).

40W. Min, S. Lu, M. Rueckel, G. R. Holtom, and X. S. Xie, “Near-degenerate
four-wave-mixing microscopy,” Nano Lett. 9, 2423 (2009).

41J. Squier and M. Muller, “High resolution nonlinear microscopy: A review
of sources and methods for achieving optimal imaging,” Rev. Sci. Instrum.
72, 2855 (2001).

42D. Entenberg, J. Wyckoff, B. Gligorijevic, E. T. Roussos, V. V. Verkhusha,
J. W. Pollard, and J. Condeelis, “Setup and use of a two-laser multiphoton
microscope for multichannel intravital fluorescence imaging,” Nat. Protoc.
6, 1500 (2011).

43P. S. Tsai and D. Kleinfeld, In Vivo Optical Imaging of Brain Function, 2nd
ed. (CRC Press, 2009).

44J. J. Mancuso, A. M. Larson, T. G. Wensel, and P. Saggau, “Multiphoton
adaptation of a commercial low-cost confocal microscope for live tissue
imaging,” J. Biomed. Opt. 14, 034048 (2009).

45Q.-T. Nguyen, P. S. Tsai, and D. Kleinfeld, “MPScope: A versatile soft-
ware suite for multiphoton microscopy,” J. Neurosci. Methods 156, 351
(2006).

46T. A. Pologruto, B. L. Sabatini, and K. Svoboda, “ScanImage: Flexible
software for operating laser scanning microscopes,” Biomed. Eng. Online
2, 13 (2003).

47A. Zoumi, A. T. Yeh, and B. J. Tromberg, “Combined two-photon excited
fluorescence and second-harmonic generation backscattering microscopy
of turbid tissues,” Proc. SPIE 4620, 175 (2002).

48W. R. Zipfel, R. M. Williams, R. Christie, A. Y. Nikitin, B. T. Hy-
man, and W. W. Webb, “Live tissue intrinsic emission microscopy using
multiphoton-excited native fluorescence and second harmonic generation,”
Proc. Natl. Acad. Sci. U. S. A. 100, 7075 (2003).

49R. Carriles, D. N. Schafer, K. E. Sheetz, J. J. Field, R. Cisek, V. Barzda, A.
W. Sylvester, and J. A. Squier, “Invited review article: Imaging techniques
for harmonic and multiphoton absorption fluorescence microscopy,” Rev.
Sci. Instrum. 80, 081101 (2009).

50H. Chen, H. Wang, M. N. Slipchenko, Y. Jung, Y. Shi, J. Zhu, K. K. Buhman,
and J.-X. Cheng, “A multimodal platform for nonlinear optical microscopy
and microspectroscopy,” Opt. Express 17, 1282 (2009).

51T. Meyer, M. Schmitt, B. Dietzek, and J. Popp, “Accumulating advan-
tages, reducing limitations: Multimodal nonlinear imaging in biomedical
sciences—The synergy of multiple contrast mechanisms,” J. Biophotonics
6, 887 (2013).

52B. G. Saar, C. W. Freudiger, J. Reichman, C. M. Stanley, G. R. Holtom, and
X. S. Xie, “Video-rate molecular imaging in vivo with stimulated Raman
scattering,” Science 330, 1368 (2010).

53S. W. Hell, “Far-field optical nanoscopy,” Science 316, 1153 (2007).
54M. W. Davidson and M. Abramowitz, Encyclopedia of Imaging Science

and Technology (John Wiley & Sons Inc., 2002).
55C. Joo, T. Akkin, B. Cense, B. H. Park, and J. F. de Boer, “Spectral-

domain optical coherence phase microscopy for quantitative phase-contrast
imaging,” Opt. Lett. 30, 2131 (2005).

56T. N. Ford, K. K. Chu, and J. Mertz, “Phase-gradient microscopy in thick
tissue with oblique back-illumination,” Nat. Methods 9, 1195 (2012).

57P. P. Ho and R. R. Alfano, “Optical Kerr effect in liquids,” Phys. Rev. A 20,
2170 (1979).

58S. Ruhman, A. G. Joly, and K. A. Nelson, “Coherent molecular vibrational
motion observed in the time domain through impulsive stimulated Raman
scattering,” IEEE J. Quantum Electron. 24, 460 (1988).

59K. A. Nelson, R. J. D. Miller, D. R. Lutz, and M. D. Fayer, “Optical
generation of tunable ultrasonic waves,” J. Appl. Phys. 53, 1144 (1982).

60M. Sheik-Bahae, A. A. Said, T.-H. Wei, D. J. Hagan, and E. W. van Stryland,
“Sensitive measurement of optical nonlinearities using a single beam,”
IEEE J. Quantum Electron. 26, 760 (1990).

61P. B. Chapple, J. Staromlynska, J. A. Hermann, T. J. McKay, and R. G.
McDuff, “Single-beam Z-scan: Measurement techniques and analysis,” J.
Nonlinear Opt. Phys. Mater. 6, 253 (1997).

http://dx.doi.org/10.1364/OL.27.001634
http://dx.doi.org/10.1364/OL.32.002641
http://dx.doi.org/10.1364/OL.32.002641
http://dx.doi.org/10.1111/j.1751-1097.2008.00514.x
http://dx.doi.org/10.1111/j.1751-1097.2008.00514.x
http://dx.doi.org/10.1364/OL.30.001551
http://dx.doi.org/10.1364/OE.16.004192
http://dx.doi.org/10.1364/OL.33.000219
http://dx.doi.org/10.1364/OL.33.000219
http://dx.doi.org/10.1364/OE.18.012727
http://dx.doi.org/10.1364/OL.39.004788
http://dx.doi.org/10.1364/OL.19.000737
http://dx.doi.org/10.1364/OL.33.001482
http://dx.doi.org/10.1364/JOSAB.2.000595
http://dx.doi.org/10.1364/JOSAB.2.000595
http://dx.doi.org/10.1002/lpor.201500181
http://dx.doi.org/10.1016/j.chemphys.2015.07.006
http://dx.doi.org/10.1006/meth.1999.0873
http://dx.doi.org/10.1364/JOSAA.23.003139
http://dx.doi.org/10.1016/S0165-0270(01)00438-1
http://dx.doi.org/10.1111/j.1365-2818.1995.tb03543.x
http://dx.doi.org/10.1364/OL.21.000988
http://dx.doi.org/10.1038/nphoton.2012.336
http://dx.doi.org/10.1364/OL.11.000094
http://dx.doi.org/10.1364/OL.22.001323
http://dx.doi.org/10.1364/OL.22.001323
http://dx.doi.org/10.1063/1.118442
http://dx.doi.org/10.1364/OE.3.000315
http://dx.doi.org/10.1021/jp035693v
http://dx.doi.org/10.1146/annurev.anchem.1.031207.112754
http://dx.doi.org/10.1146/annurev.anchem.1.031207.112754
http://dx.doi.org/10.1364/BOE.2.002837
http://dx.doi.org/10.1021/nl901101g
http://dx.doi.org/10.1063/1.1379598
http://dx.doi.org/10.1038/nprot.2011.376
http://dx.doi.org/10.1117/1.3139850
http://dx.doi.org/10.1016/j.jneumeth.2006.03.001
http://dx.doi.org/10.1186/1475-925X-2-13
http://dx.doi.org/10.1117/12.470701
http://dx.doi.org/10.1073/pnas.0832308100
http://dx.doi.org/10.1063/1.3184828
http://dx.doi.org/10.1063/1.3184828
http://dx.doi.org/10.1364/OE.17.001282
http://dx.doi.org/10.1002/jbio.201300176
http://dx.doi.org/10.1126/science.1197236
http://dx.doi.org/10.1126/science.1137395
http://dx.doi.org/10.1364/OL.30.002131
http://dx.doi.org/10.1038/nmeth.2219
http://dx.doi.org/10.1103/PhysRevA.20.2170
http://dx.doi.org/10.1109/3.146
http://dx.doi.org/10.1063/1.329864
http://dx.doi.org/10.1109/3.53394
http://dx.doi.org/10.1142/S0218863597000204
http://dx.doi.org/10.1142/S0218863597000204


031101-19 Fischer et al. Rev. Sci. Instrum. 87, 031101 (2016)

62E. O. Potma, W. P. de Boeij, and D. A. Wiersma, “Femtosecond dynamics
of intracellular water probed with nonlinear optical Kerr effect microspec-
troscopy,” Biophys. J. 80, 3019 (2001).

63K. Ekvall, P. van der Meulen, C. Dhollande, L. E. Berg, S. Pommeret, R.
Naskrecki, and J. C. Mialocq, “Cross phase modulation artifact in liquid
phase transient absorption spectroscopy,” J. Appl. Phys. 87, 2340 (2000).

64F. E. Robles, P. Samineni, J. W. Wilson, and W. S. Warren, “Pump-probe
nonlinear phase dispersion spectroscopy,” Opt. Express 21, 9353 (2013).

65P. Schlup, J. Wilson, K. Hartinger, and R. A. Bartels, “Dispersion balancing
of variable-delay monolithic pulse splitters,” Appl. Opt. 46, 5967 (2007).

66J. W. Wilson, P. Schlup, M. Lunacek, D. Whitley, and R. A. Bartels, “Cal-
ibration of liquid crystal ultrafast pulse shaper with common-path spectral
interferometry and application to coherent control with a covariance matrix
adaptation evolutionary strategy,” Rev. Sci. Instrum. 79, 033103 (2008).

67M. A. van Dijk, M. Lippitz, and M. Orrit, “Detection of acoustic oscillations
of single gold nanospheres by time-resolved interferometry,” Phys. Rev.
Lett. 95, 267406 (2005).

68J. W. Wilson, P. Samineni, W. S. Warren, and M. C. Fischer, “Cross-phase
modulation spectral shifting: Nonlinear phase contrast in a pump-probe
microscope,” Biomed. Opt. Express 3, 854 (2012).

69W. Min, “Label-free optical imaging of nonfluorescent molecules by stim-
ulated radiation,” Curr. Opin. Chem. Biol. 15, 831 (2011).

70W. Min, C. W. Freudiger, S. Lu, and X. S. Xie, “Coherent nonlinear optical
imaging: Beyond fluorescence microscopy,” Annu. Rev. Phys. Chem. 62,
507 (2011).

71A. Alfonso-García, R. Mittal, E. S. Lee, and E. O. Potma, “Biological imag-
ing with coherent Raman scattering microscopy: A tutorial,” J. Biomed.
Opt. 19, 071407 (2014).

72C. H. Camp, Jr. and M. T. Cicerone, “Chemically sensitive bioimaging with
coherent Raman scattering,” Nat. Photonics 9, 295 (2015).

73C. Manzoni, R. Osellame, M. Marangoni, M. Schultze, U. Morgner, and
G. Cerullo, “High-repetition-rate two-color pump-probe system directly
pumped by a femtosecond ytterbium oscillator,” Opt. Lett. 34, 620 (2009).

74H. Tu and S. A. Boppart, “Coherent fiber supercontinuum for biophoton-
ics,” Laser Photonics Rev. 7, 628 (2013).

75W. Min, S. Lu, S. Chong, R. Roy, G. R. Holtom, and X. S. Xie, “Imag-
ing chromophores with undetectable fluorescence by stimulated emission
microscopy,” Nature 461, 1105 (2009).

76Y. Jung, M. N. Slipchenko, C. H. Liu, A. E. Ribbe, Z. Zhong, C. Yang, and
J. X. Cheng, “Fast detection of the metallic state of individual single-walled
carbon nanotubes using a transient-absorption optical microscope,” Phys.
Rev. Lett. 105, 217401 (2010).

77L. Tong, Y. Liu, B. D. Dolash, Y. Jung, M. N. Slipchenko, D. E. Bergstrom,
and J.-X. Cheng, “Label-free imaging of semiconducting and metallic
carbon nanotubes in cells and mice using transient absorption microscopy,”
Nat. Nanotechnol. 7, 56 (2012).

78R. K. Shelton, S. M. Foreman, L. S. Ma, J. L. Hall, H. C. Kapteyn, M. M.
Murnane, M. Notcutt, and J. Ye, “Subfemtosecond timing jitter between
two independent, actively synchronized, mode-locked lasers,” Opt. Lett.
27, 312 (2002).

79A. Volkmer, L. D. Book, and X. S. Xie, “Time-resolved coherent anti-
Stokes Raman scattering microscopy: Imaging based on Raman free induc-
tion decay,” Appl. Phys. Lett. 80, 1505 (2002).

80C. Y. Wong, S. B. Penwell, B. L. Cotts, R. Noriega, H. Wu, and N.
S. Ginsberg, “Revealing exciton dynamics in a small-molecule organic
semiconducting film with subdomain transient absorption microscopy,” J.
Phys. Chem. C 117, 22111 (2013).

81M. J. Simpson, B. Doughty, B. Yang, K. Xiao, and Y. Z. Ma, “Spatial
localization of excitons and charge carriers in hybrid perovskite thin films,”
J. Phys. Chem. Lett. 6, 3041 (2015).

82D. Polli, G. Grancini, J. Clark, M. Celebrano, T. Virgili, G. Cerullo, and G.
Lanzani, “Nanoscale imaging of the interface dynamics in polymer blends
by femtosecond pump-probe confocal microscopy,” Adv. Mater. 22, 3048
(2010).

83T. Virgili, G. Grancini, E. Molotokaite, I. Suarez-Lopez, S. K. Rajendran,
A. Liscio, V. Palermo, G. Lanzani, D. Polli, and G. Cerullo, “Confocal
ultrafast pump–probe spectroscopy: A new technique to explore nanoscale
composites,” Nanoscale 4, 2219 (2012).

84M. Seo, S. Boubanga-Tombet, J. Yoo, Z. Ku, A. V. Gin, S. T. Picraux, S.
R. J. Brueck, A. J. Taylor, and R. P. Prasankumar, “Ultrafast optical wide
field microscopy,” Opt. Express 21, 8763 (2013).

85T. Chen, F. Lu, A. M. Streets, P. Fei, J. Quan, and Y. Huang, “Optical
imaging of non-fluorescent nanodiamonds in live cells using transient
absorption microscopy,” Nanoscale 5, 4701 (2013).

86T. Chen, S. Chen, J. Zhou, D. Liang, X. Chen, and Y. Huang, “Transient
absorption microscopy of gold nanorods as spectrally orthogonal labels in
live cells,” Nanoscale 6, 10536 (2014).

87E. Molotokaite, V. Kumar, C. Manzoni, D. Polli, G. Cerullo, and M.
Marangoni, “Raman-induced Kerr effect microscopy with balanced detec-
tion,” J. Raman Spectrosc. 44, 1385 (2013).

88P. K. Upputuri, L. Gong, and H. Wang, “Chirped time-resolved CARS
microscopy with square-pulse excitation,” Opt. Express 22, 9611 (2014).

89J. Miyazaki, H. Tsurui, A. Hayashi-Takagi, H. Kasai, and T. Kobayashi,
“Sub-diffraction resolution pump-probe microscopy with shot-noise
limited sensitivity using laser diodes,” Opt. Express 22, 9024 (2014).

90K. Kang, Y. K. Koh, C. Chiritescu, X. Zheng, and D. G. Cahill, “Two-tint
pump-probe measurements using a femtosecond laser oscillator and sharp-
edged optical filters,” Rev. Sci. Instrum. 79, 114901 (2008).

91T. Henn, T. Kiessling, W. Ossau, L. W. Molenkamp, K. Biermann, and P. V.
Santos, “Ultrafast supercontinuum fiber-laser based pump-probe scanning
magneto-optical Kerr effect microscope for the investigation of electron
spin dynamics in semiconductors at cryogenic temperatures with pico-
second time and micrometer spatial resolution,” Rev. Sci. Instrum. 84,
123903 (2013).

92A. Othonos and C. Christofides, “Spatial dependence of ultrafast carrier
recombination centers of phosphorus-implanted and annealed silicon wa-
fers,” Appl. Phys. Lett. 81, 856 (2002).

93C. Y. Dong, P. T. So, T. French, and E. Gratton, “Fluorescence lifetime
imaging by asynchronous pump-probe microscopy,” Biophys. J. 69, 2234
(1995).

94J. R. Lakowicz, Principles of Fluorescence Spectroscopy (Kluwer Aca-
demic/Plenum, New York, 1999).

95S. Chong, W. Min, and X. S. Xie, “Ground-state depletion microscopy:
Detection sensitivity of single-molecule optical absorption at room temper-
ature,” J. Phys. Chem. Lett. 1, 3316 (2010).

96J. W. Wilson, J. K. Park, W. S. Warren, and M. C. Fischer, “Flexible digital
signal processing architecture for narrowband and spread-spectrum lock-
in detection in multiphoton microscopy and time-resolved spectroscopy,”
Rev. Sci. Instrum. 86, 033707 (2015).

97Z. Guo, J. S. Manser, Y. Wan, P. V. Kamat, and L. Huang, “Spatial and
temporal imaging of long-range charge transport in perovskite thin films
by ultrafast microscopy,” Nat. Commun. 6, 7471 (2015).

98G. Grancini, N. Martino, M. Bianchi, L. G. Rizzi, V. Russo, A. L. Bassi, C.
S. Casari, A. Petrozza, and R. Sordan, “Ultrafast spectroscopic imaging of
exfoliated graphene,” Phys. Status Solidi B 249, 2497 (2012).

99B. P. Mehl, J. R. Kirschbrown, R. L. House, and J. M. Papanikolas, “The
end is different than the middle: Spatially dependent dynamics in ZnO rods
observed by femtosecond pump-probe microscopy,” J. Phys. Chem. Lett.
2, 1777 (2011).

100M. M. Gabriel, J. R. Kirschbrown, J. D. Christesen, C. W. Pinion, D.
F. Zigler, E. M. Grumstrup, B. P. Mehl, E. E. M. Cating, J. F. Cahoon,
and J. M. Papanikolas, “Direct imaging of free carrier and trap carrier
motion in silicon nanowires by spatially-separated femtosecond pump-
probe microscopy,” Nano Lett. 13, 1336 (2013).

101H. Staleva, S. E. Skrabalak, C. R. Carey, T. Kosel, Y. Xia, G. V. Hartland,
C. S. Kealley, M. B. Cortie, A. I. Maaroof, X. Wu, Y. Sun, M. Pelton, H.
Wang, S. Zou, P. Chem, C. Phys, H. Okamoto, M. Rycenga, K. K. Hou,
C. M. Cobley, G. Andrea, P. H. C. Camargo, J. Rodríguez-Fernández, A.
M. Funston, R. A. Álvarez-Puebla, L. M. Liz-Marzán, P. Zijlstra, J. W. M.
Chon, and M. Gu, “Nanophotonics: Plasmonics and metal nanoparticles,”
Phys. Chem. Chem. Phys. 11, 5866 (2009).

102M. A. Seo, J. Yoo, S. A. Dayeh, S. T. Picraux, A. J. Taylor, and
R. P. Prasankumar, “Mapping carrier diffusion in single silicon core-
shell nanowires with ultrafast optical microscopy,” Nano Lett. 12, 6334
(2012).

103B. A. Ruzicka and H. Zhao, “Optical studies of ballistic currents in semi-
conductors [invited],” J. Opt. Soc. Am. B 29, A43 (2012).

104A. K. Dunn, V. P. Wallace, M. Coleno, M. W. Berns, and B. J. Tromberg,
“Influence of optical properties on two-photon fluorescence imaging in
turbid samples,” Appl. Opt. 39, 1194 (2000).

105K. Kuba and S. Nakayama, “Two-photon laser-scanning microscopy: Tests
of objective lenses and Ca2+ probes,” Neurosci. Res. 32, 281 (1998).

106B. A. Ruzicka, L. K. Werake, H. Samassekou, and H. Zhao, “Ambipolar
diffusion of photoexcited carriers in bulk GaAs,” Appl. Phys. Lett. 97,
262119 (2010).

107K. Imura, T. Nagahara, and H. Okamoto, “Imaging of surface plasmon and
ultrafast dynamics in gold nanorods by near-field microscopy,” J. Phys.
Chem. B 108, 16344 (2004).

http://dx.doi.org/10.1016/S0006-3495(01)76267-4
http://dx.doi.org/10.1063/1.372185
http://dx.doi.org/10.1364/OE.21.009353
http://dx.doi.org/10.1364/AO.46.005967
http://dx.doi.org/10.1063/1.2839919
http://dx.doi.org/10.1103/PhysRevLett.95.267406
http://dx.doi.org/10.1103/PhysRevLett.95.267406
http://dx.doi.org/10.1364/BOE.3.000854
http://dx.doi.org/10.1016/j.cbpa.2011.10.005
http://dx.doi.org/10.1146/annurev.physchem.012809.103512
http://dx.doi.org/10.1117/1.JBO.19.7.071407
http://dx.doi.org/10.1117/1.JBO.19.7.071407
http://dx.doi.org/10.1038/nphoton.2015.60
http://dx.doi.org/10.1364/OL.34.000620
http://dx.doi.org/10.1002/lpor.201200014
http://dx.doi.org/10.1038/nature08438
http://dx.doi.org/10.1103/PhysRevLett.105.217401
http://dx.doi.org/10.1103/PhysRevLett.105.217401
http://dx.doi.org/10.1038/nnano.2011.210
http://dx.doi.org/10.1364/OL.27.000312
http://dx.doi.org/10.1063/1.1456262
http://dx.doi.org/10.1021/jp407645k
http://dx.doi.org/10.1021/jp407645k
http://dx.doi.org/10.1021/acs.jpclett.5b01050
http://dx.doi.org/10.1002/adma.200904387
http://dx.doi.org/10.1039/c2nr11896c
http://dx.doi.org/10.1364/OE.21.008763
http://dx.doi.org/10.1039/c3nr00308f
http://dx.doi.org/10.1039/C4NR03413A
http://dx.doi.org/10.1002/jrs.4250
http://dx.doi.org/10.1364/OE.22.009611
http://dx.doi.org/10.1364/OE.22.009024
http://dx.doi.org/10.1063/1.3020759
http://dx.doi.org/10.1063/1.4842276
http://dx.doi.org/10.1063/1.1497723
http://dx.doi.org/10.1016/S0006-3495(95)80148-7
http://dx.doi.org/10.1021/jz1014289
http://dx.doi.org/10.1063/1.4916261
http://dx.doi.org/10.1038/ncomms8471
http://dx.doi.org/10.1002/pssb.201200108
http://dx.doi.org/10.1021/jz200809c
http://dx.doi.org/10.1021/nl400265b
http://dx.doi.org/10.1039/b901105f10.1039/b911746f
http://dx.doi.org/10.1021/nl303502f
http://dx.doi.org/10.1364/JOSAB.29.000A43
http://dx.doi.org/10.1364/AO.39.001194
http://dx.doi.org/10.1016/S0168-0102(98)00089-3
http://dx.doi.org/10.1063/1.3533664
http://dx.doi.org/10.1021/jp047950h
http://dx.doi.org/10.1021/jp047950h


031101-20 Fischer et al. Rev. Sci. Instrum. 87, 031101 (2016)

108S. W. Hell and V. Andresen, “Space-multiplexed multifocal nonlinear
microscopy,” J. Microsc. 202, 457 (2001).

109M. N. Slipchenko, R. A. Oglesbee, D. Zhang, W. Wu, and J.-X. Cheng,
“Heterodyne detected nonlinear optical imaging in a lock-in free manner,”
J. Biophotonics 5, 801 (2012).

110R. P. Scott, C. Langrock, and B. Kolner, “High-dynamic-range laser ampli-
tude and phase noise measurement techniques,” IEEE J. Sel. Top. Quantum
Electron. 7, 641 (2001).

111T. C. O’Haver, “Lock-in amplifiers—Part II,” J. Chem. Educ. 49, A211
(1972).

112J. W. Wilson and R. A. Bartels, “Rapid birefringent delay scanning for
coherent multiphoton impulsive Raman pump-probe spectroscopy,” IEEE
J. Sel. Top. Quantum Electron. 18, 130 (2012).

113D. Qian, N. Raksuntorn, C. Shangshu, and R. J. Moorhead, “Color
display for hyperspectral imagery,” IEEE Trans. Geosci. Electron. 46, 1858
(2008).

114F. E. Robles, J. W. Wilson, M. C. Fischer, and W. S. Warren, “Phasor
analysis for nonlinear pump-probe microscopy,” Opt. Express 20, 17082
(2012).

115M. J. Simpson, J. W. Wilson, F. E. Robles, C. P. Dall, K. Glass, J. D. Simon,
and W. S. Warren, “Near-infrared excited state dynamics of melanins: The
effects of iron content, photo-damage, chemical oxidation, and aggregate
size,” J. Phys. Chem. A 118, 993 (2014).

116T. E. Villafana, W. P. Brown, J. K. Delaney, M. Palmer, W. S. Warren, and
M. C. Fischer, “Femtosecond pump-probe microscopy generates virtual
cross-sections in historic artwork,” Proc. Natl. Acad. Sci. U. S. A. 111, 1708
(2014).

117P. Samineni, A. deCruz, T. E. Villafaña, W. S. Warren, and M. C. Fischer,
“Pump-probe imaging of historical pigments used in paintings,” Opt. Lett.
37, 1310 (2012).

118J. W. Wilson, L. Vajzovic, F. E. Robles, T. J. Cummings, P. Mruthyunjaya,
and W. S. Warren, “Imaging microscopic pigment chemistry in conjunctival
melanocytic lesions using pump-probe laser microscopy,” Invest. Ophthal-
mol. Visual Sci. 54, 6867 (2013).

119J. W. Wilson, S. Degan, C. S. Gainey, T. Mitropoulos, M. J. Simpson, J.
Y. Zhang, and W. S. Warren, “Comparing in vivo pump–probe and multi-
photon fluorescence microscopy of melanoma and pigmented lesions,” J.
Biomed. Opt. 20, 051012 (2014).

120J. Shlens, A tutorial on principal component analysis: Derivation, discus-
sion, and singular value decomposition, 2003.

121I. Jolliffe, Principal Component Analysis (John Wiley & Sons Ltd., 2005).
122T. E. Matthews, I. R. Piletic, M. A. Selim, M. J. Simpson, and W. S. Warren,

“Pump-probe imaging differentiates melanoma from melanocytic nevi,”
Sci. Transl. Med. 3, 71ra15 (2011).

123M. A. Digman, V. R. Caiolfa, M. Zamai, and E. Gratton, “The phasor
approach to fluorescence lifetime imaging analysis,” Biophys. J. 94, L14
(2008).

124C. Stringari, A. Cinquin, O. Cinquin, M. A. Digman, P. J. Donovan, and
E. Gratton, “Phasor approach to fluorescence lifetime microscopy distin-
guishes different metabolic states of germ cells in a live tissue,” Proc. Natl.
Acad. Sci. U. S. A. 108, 13582 (2011).

125T. E. Matthews, J. W. Wilson, S. Degan, M. J. Simpson, J. Y. Jin, J. Y.
Zhang, and W. S. Warren, “In vivo and ex vivo epi-mode pump-probe
imaging of melanin and microvasculature,” Biomed. Opt. Express 2, 1576
(2011).

126F. E. Robles, S. Deb, J. W. Wilson, C. S. Gainey, M. A. Selim, P. J. Mosca,
D. S. Tyler, M. C. Fischer, and W. S. Warren, “Pump-probe imaging of pig-
mented cutaneous melanoma primary lesions gives insight into metastatic
potential,” Biomed. Opt. Express 6, 3631 (2015).

127O. L. Muskens, N. Del Fatti, and F. Vallée, “Femtosecond response of a
single metal nanoparticle,” Nano Lett. 6, 552 (2006).

128D. Fu, T. Ye, T. E. Matthews, G. Yurtsever, and W. S. Warren, “Two-color,
two-photon, and excited-state absorption microscopy,” J. Biomed. Opt. 12,
054004 (2007).

129C. W. Freudiger, W. Min, B. G. Saar, S. Lu, G. R. Holtom, C. He, J. C.
Tsai, J. X. Kang, and X. S. Xie, “Label-free biomedical imaging with high
sensitivity by stimulated Raman scattering microscopy,” Science 322, 1857
(2008).

130H. W. Yoon, D. R. Wake, J. P. Wolfe, and H. Morkoç, “In-plane transport
of photoexcited carriers in GaAs quantum wells,” Phys. Rev. B 46, 13461
(1992).

131H. Staleva and G. V. Hartland, “Vibrational dynamics of silver nanocubes
and nanowires studied by single-particle transient absorption spectros-
copy,” Adv. Funct. Mater. 18, 3809 (2008).

132C. R. Carey, Y. Yu, M. Kuno, and G. V. Hartland, “Ultrafast tran-
sient absorption measurements of charge carrier dynamics in single II-VI
nanowires,” J. Phys. Chem. C 113, 19077 (2009).

133S. S. Lo, T. A. Major, N. Petchsang, L. Huang, M. K. Kuno, and G. V.
Hartland, “Charge carrier trapping and acoustic phonon modes in single
CdTe nanowires,” ACS Nano 6, 5274 (2012).

134S. S. Lo, H. Y. Shi, L. Huang, and G. V. Hartland, “Imaging the extent of
plasmon excitation in Au nanowires using pump-probe microscopy,” Opt.
Lett. 38, 1265 (2013).

135G. Grancini, D. Polli, D. Fazzi, J. Cabanillas-gonzalez, G. Cerullo, and
G. Lanzani, “Transient absorption imaging of P3HT: PCBM photovoltaic
blend,” J. Phys. Chem. Lett. 2, 1099 (2011).

136C. T. O. Wong, S. S. Lo, and L. Huang, “Ultrafast spatial imaging of charge
dynamics in heterogeneous polymer blends,” J. Phys. Chem. Lett. 3, 879
(2012).

137N. Kumar, B. A. Ruzicka, N. P. Butch, P. Syers, K. Kirshenbaum, J.
Paglione, and H. Zhao, “Spatially resolved femtosecond pump-probe study
of topological insulator Bi2Se3,” Phys. Rev. B 83, 235306 (2011).

138L. Huang, G. V. Hartland, L.-Q. Chu, Luxmi, R. M. Feenstra, C. Lian, K.
Tahy, and H. Xing, “Ultrafast transient absorption microscopy studies of
carrier dynamics in epitaxial graphene,” Nano Lett. 10, 1308 (2010).

139B. A. Ruzicka, S. Wang, L. K. Werake, B. Weintrub, K. P. Loh, and H. Zhao,
“Hot carrier diffusion in graphene,” Phys. Rev. B 82, 195414 (2010).

140B. Gao, G. Hartland, T. Fang, M. Kelly, D. Jena, H. Xing, and L. Huang,
“Studies of intrinsic hot phonon dynamics in suspended graphene by tran-
sient absorption microscopy,” Nano Lett. 11, 3184 (2011).

141L. Huang, B. Gao, G. Hartland, M. Kelly, and H. Xing, “Ultrafast relaxation
of hot optical phonons in monolayer and multilayer graphene on different
substrates,” Surf. Sci. 605, 1657 (2011).

142M. W. Graham, S. F. Shi, Z. Wang, D. C. Ralph, J. Park, and P. L. McEuen,
“Transient absorption and photocurrent microscopy show that hot electron
supercollisions describe the rate-limiting relaxation step in graphene,”
Nano Lett. 13, 5497 (2013).

143S. Murphy and L. Huang, “Transient absorption microscopy studies of
energy relaxation in graphene oxide thin film,” J. Phys.: Condens. Matter
25, 144203 (2013).

144B. Gao, G. V. Hartland, and L. Huang, “Transient absorption spectros-
copy and imaging of individual chirality-assigned single-walled carbon
nanotubes,” ACS Nano 6, 5083 (2012).

145B. Gao, G. V. Hartland, and L. Huang, “Transient absorption spectroscopy
of excitons in an individual suspended metallic carbon nanotube,” J. Phys.
Chem. Lett. 4, 3050 (2013).

146J. Park, P. Deria, and M. J. Therien, “Dynamics and transient absorp-
tion spectral signatures of the single-wall carbon nanotube electronically
excited triplet state,” J. Am. Chem. Soc. 133, 17156 (2011).

147B. A. Larsen, P. Deria, J. M. Holt, I. N. Stanton, M. J. Heben, M. J. Therien,
and J. L. Blackburn, “Effect of solvent polarity and electrophilicity on
quantum yields and solvatochromic shifts of single-walled carbon nanotube
photoluminescence,” J. Am. Chem. Soc. 134, 12485 (2012).

148M. W. Graham, J. Chmeliov, Y. Z. Ma, H. Shinohara, A. A. Green, M. C.
Hersam, L. Valkunas, and G. R. Fleming, “Exciton dynamics in semicon-
ducting carbon nanotubes,” J. Phys. Chem. B 115, 5201 (2010).

149B. Yuma, S. Berciaud, J. Besbas, J. Shaver, S. Santos, S. Ghosh, R.
B. Weisman, L. Cognet, M. Gallart, M. Ziegler, B. Hönerlage, B. Lou-
nis, and P. Gilliot, “Biexciton, single carrier, and trion generation dy-
namics in single-walled carbon nanotubes,” Phys. Rev. B 87, 205412
(2013).

150S. Ghosh, S. M. Bachilo, and R. B. Weisman, “Advanced sorting of single-
walled carbon nanotubes by nonlinear density-gradient ultracentrifuga-
tion,” Nat. Nanotechnol. 5, 443 (2010).

151B. A. Ruzicka, S. Wang, J. Liu, K.-P. Loh, J. Z. Wu, and H. Zhao, “Spatially
resolved pump-probe study of single-layer graphene produced by chemical
vapor deposition,” Opt. Mater. Express 2, 708 (2012).

152T. Itoh, T. Asahi, and H. Masuhara, “Femtosecond light scattering
spectroscopy of single gold nanoparticles,” Appl. Phys. Lett. 79, 1667
(2001).

153Y. Matsuo and K. Sasaki, “Time-resolved laser scattering spectroscopy
of a single metallic nanoparticle,” Jpn. J. Appl. Phys., Part 1 40, 6143
(2001).

154C. Buehler, C. Y. Dong, P. T. C. So, T. French, and E. Gratton, “Time-
resolved polarization imaging by pump-probe (stimulated emission) fluo-
rescence microscopy,” Biophys. J. 79, 536 (2000).

155J. D. Simon and D. N. Peles, “The red and the black,” Acc. Chem. Res. 43,
1452 (2010).

http://dx.doi.org/10.1046/j.1365-2818.2001.00918.x
http://dx.doi.org/10.1002/jbio.201200005
http://dx.doi.org/10.1109/2944.974236
http://dx.doi.org/10.1109/2944.974236
http://dx.doi.org/10.1021/ed049pA211
http://dx.doi.org/10.1109/JSTQE.2011.2106113
http://dx.doi.org/10.1109/JSTQE.2011.2106113
http://dx.doi.org/10.1109/tgrs.2008.916203
http://dx.doi.org/10.1364/OE.20.017082
http://dx.doi.org/10.1021/jp4107475
http://dx.doi.org/10.1073/pnas.1317230111
http://dx.doi.org/10.1364/OL.37.001310
http://dx.doi.org/10.1167/iovs.13-12432
http://dx.doi.org/10.1167/iovs.13-12432
http://dx.doi.org/10.1117/1.JBO.20.5.051012
http://dx.doi.org/10.1117/1.JBO.20.5.051012
http://dx.doi.org/10.1126/scitranslmed.3001604
http://dx.doi.org/10.1529/biophysj.107.120154
http://dx.doi.org/10.1073/pnas.1108161108
http://dx.doi.org/10.1073/pnas.1108161108
http://dx.doi.org/10.1364/BOE.2.001576
http://dx.doi.org/10.1364/BOE.6.003631
http://dx.doi.org/10.1021/nl0524086
http://dx.doi.org/10.1117/1.2780173
http://dx.doi.org/10.1126/science.1165758
http://dx.doi.org/10.1103/PhysRevB.46.13461
http://dx.doi.org/10.1002/adfm.200800605
http://dx.doi.org/10.1021/jp907147y
http://dx.doi.org/10.1021/nn3010526
http://dx.doi.org/10.1364/OL.38.001265
http://dx.doi.org/10.1364/OL.38.001265
http://dx.doi.org/10.1021/jz200389b
http://dx.doi.org/10.1021/jz300178g
http://dx.doi.org/10.1103/PhysRevB.83.235306
http://dx.doi.org/10.1021/nl904106t
http://dx.doi.org/10.1103/PhysRevB.82.195414
http://dx.doi.org/10.1021/nl201397a
http://dx.doi.org/10.1016/j.susc.2010.12.009
http://dx.doi.org/10.1021/nl4030787
http://dx.doi.org/10.1088/0953-8984/25/14/144203
http://dx.doi.org/10.1021/nn300753a
http://dx.doi.org/10.1021/jz401497n
http://dx.doi.org/10.1021/jz401497n
http://dx.doi.org/10.1021/ja2079477
http://dx.doi.org/10.1021/ja2114618
http://dx.doi.org/10.1021/jp106250a
http://dx.doi.org/10.1103/PhysRevB.87.205412
http://dx.doi.org/10.1038/nnano.2010.68
http://dx.doi.org/10.1364/ome.2.000708
http://dx.doi.org/10.1063/1.1402962
http://dx.doi.org/10.1143/JJAP.40.6143
http://dx.doi.org/10.1016/S0006-3495(00)76315-6
http://dx.doi.org/10.1021/ar100079y


031101-21 Fischer et al. Rev. Sci. Instrum. 87, 031101 (2016)

156M. d’Ischia, K. Wakamatsu, A. Napolitano, S. Briganti, J. C. Garcia-
Borron, D. Kovacs, P. Meredith, A. Pezzella, M. Picardo, T. Sarna, J.
D. Simon, and S. Ito, “Melanins and melanogenesis: Methods, standards,
protocols,” Pigm. Cell Melanoma Res. 26, 616 (2013).

157K. Koenig and I. Riemann, “High-resolution multiphoton tomography of
human skin with subcellular spatial resolution and picosecond time reso-
lution,” J. Biomed. Opt. 8, 432 (2003).

158S. Seidenari, F. Arginelli, C. Dunsby, P. M. W. French, K. König, C.
Magnoni, C. Talbot, and G. Ponti, “Multiphoton laser tomography and
fluorescence lifetime imaging of melanoma: Morphologic features and
quantitative data for sensitive and specific non-invasive diagnostics,” PLoS
One 8, e70682 (2013).

159Y. Dancik, A. Favre, C. J. Loy, A. V. Zvyagin, and M. S. Roberts, “Use of
multiphoton tomography and fluorescence lifetime imaging to investigate
skin pigmentation in vivo,” J. Biomed. Opt. 18, 026022 (2013).

160T. B. Krasieva, C. Stringari, F. Liu, C.-H. Sun, Y. Kong, M. Balu, F. L.
Meyskens, E. Gratton, and B. J. Tromberg, “Two-photon excited fluores-
cence lifetime imaging and spectroscopy of melanins in vitro and in vivo,”
J. Biomed. Opt. 18, 031107 (2012).

161I. R. Piletic, T. E. Matthews, and W. S. Warren, “Probing near-infrared pho-
torelaxation pathways in eumelanins and pheomelanins,” J. Phys. Chem. A
114, 11483 (2010).

162M. J. Simpson, J. W. Wilson, M. A. Phipps, F. E. Robles, M. A. Selim, and
W. S. Warren, “Nonlinear microscopy of eumelanin and pheomelanin with
subcellular resolution,” J. Invest. Dermatol. 133, 1822 (2013).

163M. J. Simpson, K. E. Glass, J. W. Wilson, P. R. Wilby, J. D. Simon, and W. S.
Warren, “Pump-probe microscopic imaging of Jurassic-aged eumelanin,”
J. Phys. Chem. Lett. 4, 1924 (2013).

164C. Urso, F. Rongioletti, D. Innocenzi, C. Saieva, D. Batolo, S. Chimenti,
R. Filotico, R. Gianotti, M. Lentini, C. Tomasini, A. Rebora, and M. Pip-
pione, “Interobserver reproducibility of histological features in cutaneous
malignant melanoma,” J. Clin. Pathol. 58, 1194 (2005).

165B. A. Shoo, R. W. Sagebiel, and M. Kashani-Sabet, “Discordance in the
histopathologic diagnosis of melanoma at a melanoma referral center,” J.
Am. Acad. Dermatol. 62, 751 (2010).

166S. Lodha, S. Saggar, J. T. Celebi, and D. N. Silvers, “Discordance in the
histopathologic diagnosis of difficult melanocytic neoplasms in the clinical
setting,” J. Cutaneous Pathol. 35, 349 (2008).

167B. Bandarchi, C. A. Jabbari, A. Vedadi, and R. Navab, “Molecular biology
of normal melanocytes and melanoma cells,” J. Clin. Pathol. 66, 644
(2013).

168E. J. Glusac, “The melanoma ‘epidemic’, a dermatopathologist’s perspec-
tive,” J. Cutaneous Pathol. 38, 264 (2011).

169D. Fu, T. E. Matthews, T. Ye, I. R. Piletic, and W. S. Warren, “Label-
free in vivo optical imaging of microvasculature and oxygenation level,”
J. Biomed. Opt. 13, 040503 (2008).

170J. W. Wilson, S. Degan, T. Mitropoulos, M. A. Selim, J. Y. Zhang, and W.
S. Warren, “In vivo pump-probe microscopy of melanoma and pigmented
lesions,” Proc. SPIE 8226, 822602 (2012).

171L. Tong and J.-X. Cheng, “Label-free imaging through nonlinear optical
signals,” Mater. Today 14, 264 (2011).

172J. Li, W. Zhang, T.-F. Chung, M. N. Slipchenko, Y. P. Chen, J.-X. Cheng,
and C. Yang, “Highly sensitive transient absorption imaging of graphene
and graphene oxide in living cells and circulating blood,” Sci. Rep. 5, 12394
(2015).

173D. Artigas, L. Serrado, I. G. Cormack, S. Psilodirnitrakopoulos, and P.
Loza-Alvarez, “Prospective and applications of two-photon fluorescence
in archaeology and art conservation,” in Lasers in the Conservation of

Artworks (CRC Press, 2008), Chap. 3, pp. 15–22.
174G. Filippidis, E. J. Gualda, K. Melessanaki, and C. Fotakis, “Nonlinear

imaging microscopy techniques as diagnostic tools for art conservation
studies,” Opt. Lett. 33, 240 (2008).

175J. Stenger, K. Eremin, and N. Khandekar, “Raman spectroscopy applied to
cultural heritage and works of art,” AIP Conf. Proc. 1267, 233 (2010).

http://dx.doi.org/10.1111/pcmr.12121
http://dx.doi.org/10.1117/1.1577349
http://dx.doi.org/10.1371/journal.pone.0070682
http://dx.doi.org/10.1371/journal.pone.0070682
http://dx.doi.org/10.1117/1.JBO.18.2.026022
http://dx.doi.org/10.1117/1.jbo.18.3.031107
http://dx.doi.org/10.1021/jp103608d
http://dx.doi.org/10.1038/jid.2013.37
http://dx.doi.org/10.1021/jz4008036
http://dx.doi.org/10.1136/jcp.2005.026765
http://dx.doi.org/10.1016/j.jaad.2009.09.043
http://dx.doi.org/10.1016/j.jaad.2009.09.043
http://dx.doi.org/10.1111/j.1600-0560.2007.00970.x
http://dx.doi.org/10.1136/jclinpath-2013-201471
http://dx.doi.org/10.1111/j.1600-0560.2010.01660.x
http://dx.doi.org/10.1117/1.2968260
http://dx.doi.org/10.1117/12.908821
http://dx.doi.org/10.1016/S1369-7021(11)70141-9
http://dx.doi.org/10.1038/srep12394
http://dx.doi.org/10.1201/9780203882085.ch3
http://dx.doi.org/10.1201/9780203882085.ch3
http://dx.doi.org/10.1364/OL.33.000240
http://dx.doi.org/10.1063/1.3482486

