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Abstract
The next generation of biological imaging modalities will be a movement towards super-
resolution, label-free approaches to realize subcellular images in a nonperturbative, non-invasive
manner and towards new detection metrologies to reach a higher sensitivity and dynamic range.
In this paper, we discuss how the third generation femtosecond laser technology in combination
with the already existing concepts in time-resolved spectroscopy could fulfill the requirements of
these exciting prospects. The expected enhanced specificity and sensitivity of the envisioned
super-resolution microscope could lead us to a better understanding of the inter- and intra-
cellular molecular transport and DNA-protein interaction.

Keywords: third-generation femtosecond laser technology, Yb:YAG oscillators, cognetive
genomics, artificial intillegence, super-resolution microscopy, label-free microscopy, field-
resolved metrology

(Some figures may appear in colour only in the online journal)

The beginning of modern natural sciences coincides with the
invention of light microscopy [1]. In particular neuroscience
has mainly been driven forward in the last 200 years by
microscopic investigations [2] but still harbors the most
complex secrets within the science of life.

Brain; the most complex organ in the human body is
composed of 100 billion nerve cells acting in a complicated
network of neuronal ensembles and is the basis for percep-
tion, emotion, memory, cognition, and intelligence. Human
superiority over rest of the beings in Darwins evolution theory
is due to the cognition and intelligence [3]. Intelligence as a
complex polygenic trait is controlled by the mutual interac-
tion of genes and environment [4, 5], where genes control the

neuronal connectivity and networking by their differences at
the genomic level and most importantly by their differential
expression.

Among the approximate number of 25 000 known
protein-coding genes in human, more than 70% are
expressed in the brain controlling its development and
functioning (see The Human Protein Atlas). It is shown that
the genes distinguishing human from the other primates
such as chimpanzee are highly expressed in the brain
compared to the other tissues and organs. The involved
genes in the development and functioning of the nervous
system encode different types of proteins ranging from
neurotransmitters, receptors, cytoskeleton and cell adhesion
proteins to the ones involved in basic cellular mechanisms
such as transcription factors [6]. Therefore, mapping the
spatiotemporal action of genes in a living organism which
contributes to normal functioning of the nervous system and
especially the brain, is of great interest to understand the
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molecular pathways and networks of genes and encoded
proteins [7].

On the other hand, artificial intelligence (AI) in its early
days has benefited extensively from neuroscience. A better
understanding of the neural connections behind the learning
process has a vital role in advancement of AI towards con-
cepts like creativity, dreams, and, even consciousness [8] and
can be used for validation of existing AI algorithms. What if
the brain has anything similar to back-propagation [9]?

In recent years, the emergence of biologically inspired
computing architectures, i.e. neuromorphic computing [10]
has come to emulate brain-like ability to learn and adapt, in
contrast to the canonical von Neumann computer architecture
[11]. Some of the biggest challenges are a lack of knowledge
in how exactly biological neural networks, memory, etc,
work, and how neurons and glial cells store and process
information. Also, understanding these processes could lead
us towards merging AI with human intelligence via a brain–
computer interface. This opportunity could in the short-term
enable humans with neurodegenerative diseases, and in the
long-term enhance human intelligence, memory and more
direct interfacing with computing devices [12].

For decades, fluorescence microscopy has been a wide-
spread tool to gain insights at the cellular level (cellular
imaging) by detecting subcellular localization of proteins or
their intracellular movements and distribution and also at the
molecular level (molecular imaging) by observing single
molecule dynamics and interactions in a living cell. Its spe-
cificity and sensitivity are afforded by large electronic trans-
ition dipole moments, and their background-free signal
provides down to 200 nm spatial resolution. However, many
of the proteins such as neurotransmitters or motor proteins are
much smaller than the resolution of the microscope and
intrinsically nonfluorescent and have to be labeled with
fluorescent probes. The high weight molecular labels perturb
the native function of the small molecules, and the observed
functions do not necessarily reflect the behavior of the
molecules at the sub-cellular level. Besides the applied bio-
logical bias due to the labeling, the number of labels that can
be used simultaneously, is limited.

These limitations call for a novel label-free spectroscopy
and imaging modality with an enhanced sensitivity to study
the spatial distribution, concentration, and dynamics of small
molecules and proteins at the subcellular level to enable
mapping the entire neural circuits.

1. Label-free imaging modalities

For decades, vibrational microscopy has been a method of
choice for label-free identification of different molecular
compositions and structures. Vibrational microscopy based on
infrared absorption or near-infrared (NIR) Raman scattering,
offers intrinsic chemical selectivity due to the specific vibra-
tional frequency of different molecules. Between the two, the
NIR Raman microscopy has been more relevant for biological
imaging, due to its higher spatial resolution and the negligible
water absorption in visible and NIR spectral range [13].

In stimulated Raman scattering (SRS) the detected
intensity loss/gain of the initial fields is proportional to the
number of molecules and is not plagued by any non-resonant
background emission, enabling the generation of a quantita-
tive chemical map of the sample (figure 1(a)). However, the
Raman effect is extremely weak with a typical photon con-
version efficiencies lower than 1 in 108 photons, and the
gain/loss appears on the initial spectrum of the interacting
fields. Therefore, highly-sensitive detection schemes are
required to resolve small changes in the signal. In 2008,
Freudiger et al could successfully extract the SRS signal from
the much larger background by modulating one of the nar-
rowband excitation pulses using a lock-in amplifier [14, 15]
leading to a successful label-free biological imaging [16, 17].
However, to measure the response of the entire molecular
composition of a sample, the frequency of one of the exci-
tation pulses has to be tuned, hence increasing the imaging
acquisition time.

Alternatively, femtosecond broadband pulses have been
used in place of the frequency scanned narrowband pulses to
acquire the entire molecular fingerprint simultaneously
(figure 1(b)). Successful implementation of broadband exci-
tation pulses led to broadband CARS (M—or BCARS),
where the anti-stokes signal is detected spectrally, or by
measuring the molecular Raman free induction decay (RFID)
temporally [18–20]. Nonetheless, broadband CARS (or
CSRS) suffers from a low signal-to-noise ratio due to the
presence of non-resonant background at these frequencies,
which limits the detection sensitivity and distorting the
Raman signal.

Inspired by impulsive stimulated Raman spectroscopy
(ISRS) [21] and femtosecond stimulated Raman spectroscopy
(FSRS) techniques in time-resolved spectroscopy [22],
broadband excitation pulses have been used for SRS micro-
scopy [23–25]. However, the spectral detection of the
broadband gain/loss at megahertz (MHz) repetition rates
which is required for video-rate imaging is challenging as
multi-channel high-frequency detectors are not advanced yet.
To overcome this issue and in a scheme proposed by Krausz
et al [26], instead of spectral detection of the broadband gain/
loss, the electric field of the RFID of the broadband excitation
pulses can be temporally detected.

The detection of the electric field by means of electro-
optic sampling or nonlinear photoconductive sampling has
been a common method in terahertz spectroscopy. The
metrology provides an unparalleled sensitivity and dynamic
range which has been successful in detecting extremely faint
signals such as vacuum fluctuation’s field [27]. However,
implementation of these techniques down to petahertz (PHz)
frequencies has been limited due to the lack of a short probe
pulse at PHz frequencies and MHz repetition rates.

In ISRS, the molecules are excited impulsively with a
sudden, ultrashort pulse which is much briefer than the life-
time of molecular excitations. The excitation pulse is only
present in a fraction of the vibrational oscillation period and
delivers an impulsive force on molecules which initiates
coherent vibrational motion in the ground electronic states,
where the difference in energy is provided as vibrational
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energy in the medium. As the excitation pulse is confined to
several tens of femtosecond, the RFID is temporally separated
and appears behind the ultrashort excitation pulses. Resolving
the RFID, either by employing field-resolved techniques or by
detecting the scattering of a third pulse interacting with the
oscillating force in the medium [28], leads to a higher
detection sensitivity and signal-to-noise ratio. This improve-
ment is due to the confinement of the excitation pulse in a few
femtosecond temporal window which allows for detection of
RFID with a higher amplitude and therefore sensitivity as the
molecular response decay exponentially (figure 1(b)).

In this case, stimulated scattering occurs through mixing
among the continues distribution of Fourier components
within the spectral bandwidth of the broadband pulse if the
difference frequency of the frequency pairs in the ultrashort

pulse matches the vibrational frequencies of the molecules in
the sample. However, direct temporal detection of the RFID
behind the excitation pulse and the corresponding retrieved
Raman-shifts lacks molecular specificity, as here different
intrapulse frequency-pair mixing, results in a similar Raman-
shift (see figure 2(a)).

To break the degeneracy of the frequency mixing path-
ways of each molecular vibrational modes and to prevent the
intrapulse SRS, the broadband excitation pulses should be
temporally dispersed. The temporal pulse duration should be
preferably equal or longer than the temporal period of the
highest expected Raman-shift. The ultrashort pulses are then
temporally overlapped with a narrowband excitation pulses in
a scheme similar to FSRS. With this modification, the RFID
is temporally separated from the broadband excitation pulse,

Figure 1. (a) Narrowband stimulated Raman scattering: two excitation fields with temporal duration of several ps initiate a Raman-active
molecular vibrational coherence in a sample which decays with the vibrational dephasing time. Molecules are excited to a virtual energy state
due to an oscillating polarization induced by an input field. This interaction leads to the absorption of energy (ωp) by molecules and emission
of a red-shifted scattered field/photons relative to the initial field (ωs). Re-absorption of the initial field/photons at this stage can excite the
molecule to a higher virtual energy level. This energy is released through the emission of a blue-shifted (ωas) and red shifted (ωcs) field/
photons. The frequency of one of the excitation pulses is scanned to observe different vibrational modes of the sample. (b) Femtosecond
stimulated Raman scattering: in this scheme, one of the narrowband excitation field is replaced with a broadband, femtosecond pulse and
frequency tunning is not needed. The molecular fingerprint in both cases is retrieved from the spectral gain or loss of the excitation fields or
the newly generated anti-Stokes and coherent Raman Stokes fields. Ωvib: molecular vibrational frequency.
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and the detected Raman-shifts correspond to specific mole-
cular vibrations.

However, unlike the SRS with two narrowband excita-
tion pulses, or an SRS scheme including a narrow-band and a
heavily chirped broadband excitation pulses, the coherent
oscillations continue even after the excitation pulses are gone.
The RFID extends over 2–3 ps behind the excitation field
corresponding to the dephasing time of the molecular vibra-
tions in a condensed phase. The interaction between the
coherent oscillation and the narrowband excitation pulse
behind the broadband pulse, not only results in the SRS but
also the generation of anti-Stokes or coherent-Stokes waves.
As shown in figure 2(b), in broadband excitation the spectra
of different scattering processes overlap, which degrades the
vibrational specificity of the detected mode and makes the
data analysis cumbersome. Moreover, the induced cross-
phase modulation by the Kerr effect of the medium presents a
background that is dependent on the optical alignment and
collection efficiency of the broadband excitation pulses. By
temporally offsetting the broadband excitation fields towards
the trailing edge of the narrowband excitation pulse, the RFID
can be isolated temporally. Moreover, the isolated RFID is
not temporally overlapped with the narrowband excitation
pulses which substantially suppress the generation of the anti-
Stokes and coherent-Stokes fields in that temporal interval,
resolving the issues raised by spectral overlap of different
scattering processes (figure 3).

2. Current laser technology

To resolve the entire molecular vibrations of a biological
sample, the difference frequency of the narrowband and
broadband excitation pulses should cover four spectral
regions: (i) fingerprint region, covering from ∼500 to
1800 cm−1, with approximately 90% of the biologically
relevant vibrations active here, (ii) silent region, covering
from ∼1800 to 2700 cm−1, attractive for evaluation of drug-
cell interaction, its cellular uptake, and its release mechanism
(iii) Bond region, covering from ∼2700 to 3300 cm−1 and
dominated by higher energy CH–/OH–stretch bond, and (iv)
low frequency region [29].

Addressing all the Raman transitions requires broadband
excitation pulses with ∼3000 cm−1 spectral bandwidth. The
spectral frequency of the narrowband pulse is chosen to fulfill
the stimulated Raman condition: n n n- =bb nb vib, where nbb

is the frequency of the broadband pulse and nnb the frequency
of the narrowband pulse. The Raman loss is observed for
n n>bb nb and the Raman gain for n n<bb nb.

In addition to the broad spectral coverage, the excitation
pulses should be delivered at MHz repetition rates to allow for
video-rate microscopy. In case of the field detection of RFID,
the broadband excitation pulse and the probe pulse should be
carrier-to-envelope phase (CEP) stable and cover the same
spectral bandwidth.

Figure 2. (a) Impulsive stimulated Raman scattering: a broadband excitation pulse is used for intrapulse stimulated Raman scattering.
Temporal detection of RFID, in this case, suffers from a poor molecular specificity. For simplicity lets assume a broadband pulse consisting
of four discrete frequencies (as shown in the left diagram). Two different paths, corresponding to two different vibrational frequencies, lead to
absorption at ω1 and emission at ω4. In path 1, a molecular vibrational mode with the energy of  W3 vib is stimulated, resulting in the
absorption of one photon at ω1 and emission at ω4. In path 2, a vibrational mode of a molecule with the energy of w is stimulated while a
photon is absorbed at ω1 and emitted at ω2. Simultaneously, the second molecule with a similar vibrational mode, is absorbing a photon at ω2

and emitting at ω3, while for a third molecule the energy transfer happens between w3 and ω4. The net energy transfer of this ensemble of
molecules is absorption at ω1 and emission at ω4. Therefore, in paths 1 and 2, two different vibrational modes resulted in the same energy
transfer, degrading the retrieved molecular specificity from the measured signal. (b) Spectral overlap of different scattering processes in
broadband impulsive (intrapulse) stimulated Raman spectroscopy, results in degradation of the sensitivity and molecular specificity of the
detected signal.
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Ti:Sa, Yb: and Er:fiber oscillators at MHz repetition rates
have served as the frontend of many femtosecond stimulated
Raman microscopes and multiplex SRS systems [30–32].
However, direct generation of broadband probe pulses with
enough peak power for field-sampling from Ti:Sa lasers is
impossible. Yb: and Er:fiber oscillators are delivering a higher
peak power. They are compact and have a long-term stability,
and their longer emission wavelength is compatible with
biological applications. However, in comparison with solid-
state sources, they have a higher noise-floor at above kilohertz
frequencies.

Third generation femtosecond technology [33] based on
Yb:YAG oscillators is now capable of delivering CEP-stable
pulses with tens of microjoule energy at 1030 nm and MHz
repetition rates. With a noise floor reaching below 10−8 at
MHz frequencies [34], they are attractive sources for pushing
biological imaging towards new frontiers such as field-
resolved imaging if their spectrum can be extended to several
octaves.

Supercontinuum generation (SC) in bulk is a suitable
method for extending a narrowband spectrum over several
octaves as it preserves the CEP stability. In SC generation
based on Kerr nonlinearity, when the peak power of the laser
exceeds the critical power of self-focusing, the initial spec-
trum is broadened dramatically [35]. At high average powers,
which is the characteristic of Yb:YAG oscillators, tight
focusing of the laser beam could lead to thermal damage of
the nonlinear medium due to the high power density. Also,
direct SC generation from Yb:YAG lasers is limited to the
visible and NIR spectral range. SC generation at 1–2 μm is of
biological interest as the probability of cellular photodamage
decreases by increasing the excitation wavelength before the
infrared absorption [36]. Covering this spectral range directly
from Yb:YAG oscillators requires several nonlinear stages
[37–39] and, consequently, requires higher input pulse
energy, beyond the energy level delivered by the current MHz
oscillators.

These limitations can be overcome by employing the
quadratic, phase-mismatched cascaded nonlinearity of bire-
fringent media [40] for SC generation. At a strong phase
mismatch for second harmonic (SH) generation, a small

fraction of the fundamental wave (FW) is converted to the SH
waves in one coherence length and is converted back to the
FW in the next coherence length. The phase shift between the
back-converted and unconverted FWs induces a Kerr-like
nonlinearity, which is controllable in both magnitude and sign
through the phase mismatch value and can result in self-
focusing or self-defocusing [41–43]. The enhanced effective
nonlinearity offers the possibility to reduce the threshold peak
intensity of SC generation to below the critical power [44].

Figure 4 compares quadratic-cascaded SC generation in a
LiNbO3 (LNB) crystal and a beta barium borate (BBO)
crystal [45, 46] to Kerr nonlinearity-driven SC in a YAG plate
under similar initial conditions. The power spectral density of
the newly generated frequencies in LNB is enhanced, and in
comparison to BBO and YAG, the required critical power for
SC generation in LNB in the self-focusing regime is lower by
more than one order of magnitude. Pumping the nonlinear
medium at its zero dispersion wavelength in LNB allows for a
lower peak intensity threshold for SC generation and a higher
power spectral density, rendering it as a suitable approach for
SC generation from low peak power oscillators [47].

A frontend based on a CEP-stable, Yb-doped solid-state
oscillator allows for generation of the narrowband and
broadband excitation pulses, required for SRS, and the sam-
pling few-cycle probe pulses required for EOS all from a

Figure 3. A broadband, few-cycle and a narrowband excitation fields initiate Raman-active molecular vibrational coherence in a sample. The
broadband excitation pulse is slightly chirped to avoid intrapulse stimulated Raman scattering to assure the molecular specificity. The
broadband and the narrowband excitation fields are temporally offset to eliminate the generation of anti-Stokes and coherent-Stokes fields
behind the broadband excitation field, resolving the issues raised by spectral overlap of different scattering processes. The molecular
fingerprint is retrieved from the detected Raman free induction decay.

Figure 4. CEP-stable, Supercontinuum generation from 20 fs pulses
centered at 2 mm. The red, black, and blue curves show the generated
continuum in a 2 mm thick YAG, LNB, and the ordinary
polarization of the BBO crystal. Each spectrum is normalized to one.
The graph is taken from [47].
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single laser. Therefore, obviating the need for any additional
temporal synchronization [48].

Field-detection of the broadband excitation pulses in SRS
provides access to both the strength of the excited vibrations
(amplitude) and the retardation with which they react to an
external trigger (phase), paving the way for super-resolution,
label-free imaging of biological samples.

3. Beyond the diffraction limit resolution

Most implementation of SRS microscopy attains resolution
values at or above the diffraction limit. In diffraction-limited
light microscopy, two objects with a separation much smaller
than the illuminated area cannot be resolved and imaged
accurately, and additional approaches must be utilized to
achieve significantly improved resolution.

Based on a proposal by [49], depletion of the SRS signal,
similar to stimulated emission depletion microscopy [50],
provides a route towards super-resolution SRS imaging. In
this approach, the sample is irradiated with a third toroidal-
shaped beam, in addition to the two excitation beams. The
third beam or the depletion beam turns off the SRS signal
generation from the edges of the focal spot. The spatial
resolution will scale with the probability of saturating the
transition, therefore the power of the doughnut-shaped beam.
However, the required high-intensity in this approach and
other modalities based on depletion is not compatible with
in vivo biological applications.

By increasing the detection sensitivity down to single
molecule, the lateral spatial resolution can be increased by
raster-scanning of the excitation Raman pulses with a scan-
ning step sizes smaller than the diameter of the focused beams
on the sample. In this approach, the measured stimulated
Raman gain/loss of the two adjacent steps are subtracted, and
the molecular information specific to the non-overlapping
area is retrieved from the residual signal. The spatial resolu-
tion is proportional to the inverse of the scanning step size
and is limited to the detection sensitivity (see figure 5).

Employing broadband excitation pulses decreases the
scanning time for quantitative sub-cellular imaging of the
entire molecular vibrational modes of the sample, sub-
stantially. In parallel, field-resolved detection of the signal
keeps the promise for an enhanced detection-sensitivity. The
recorded data form a three-dimensional matrix containing the

lateral spatial information on x and y dimensions and the
Raman active vibrational frequencies of the sample at the z-
dimension. Therefore, the measured matrix has the unit of
nm×nm×THz. The super-resolution quantitative image of
the sample is then reconstructed by deconvolution of the
complex-electric field at each element of the matrix.

Also, the measured complex-electric field of the signal
contains molecular phase information or the retardation with
which each molecular composition react to the external
excitation. The phase information at each point of the matrix
can, in principle, be used for enhancing the axial-spatial
resolution. The measured relative phase of different Raman-
shifts are related to the relative center-of-mass position of the
associated molecular composition along the z-axis, providing
additional information about the spatial distribution of dif-
ferent molecular compositions without the need for a raster
scanning in the axial dimension.

4. Outlook

The next generation of laser-driven label-free biological
microscopy requires a dramatic leap in sensitivity, dynamic
range, and spatial resolution in a non-invasive manner. The
third-generation femtosecond laser technology [33] combined
with the three existing time-resolved spectro-microscopy
methods: ISRS [21], FSRS [22] and field-resolved metrology
[51] offers a new imaging modality.

The simultaneous label-free excitation of the entire
molecular vibrational modes of the sample allows for a fast
quantitative imaging. In parallel, the field detection of the
temporally filtered RFID waves [26] keeps a promise for a
higher detection sensitivity; a prerequisite for realizing the
proposed label-free, super-resolution microscope in section 3.
While Yb:YAG oscillators are an ideal frontend for such a
microscope, the rapid development of solid-state oscillators
towards operation at 2 μm and higher peak-powers [52] paves
the way for even simpler imaging modalities with a lower
cellular photodamage.

The described frontend in this paper offers a non-inva-
sive, super-resolution imaging platform for in vivo invest-
igation of inter- and intra-cellular molecular interaction in
different biological systems, particularly, the neural system.
The envisioned parameters in addition to the chemical
selectivity of SRS, not only allows for a more accurate

Figure 5. Simplified scheme of a field-resolved, label-free, super-resolution microscope. Raster-scanning of the excitation Raman pulses with
a scanning step size smaller than the diameter of the focused beams provides super-resolution in the lateral dimension. The field-resolved
detection increases the detection sensitivity and enables high resolution reconstruction of the center of mass of different molecules in the axial
dimension.
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mapping of protein and lipid densities [53] but also the DNA
distribution based on O–P–O vibrations of the DNA back-
bone [54, 55].

In parallel, an accurate measurement of quantity and
distribution of neurotransimitters [56] could lead to a better
understanding of the function of biological networks and
pathways involved in different neural system processes. The
acquired knowledge does not only improve our understanding
of the molecular basis of human cognition but also allows us
to gain new insights into developing treatments by under-
standing the pathophysiology of many neurological and
neurodegenerative diseases.
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