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We present a theoretical investigation of stimulated emission pumping to achieve sub-diffraction-limited spatial
resolution in coherent anti-Stokes Raman scattering (CARS) microscopy. A pair of control light fields is used
to prepopulate the Raman state involved in the CARS process prior to the CARS signal generation. Efficient
prepopulation is achieved by employing a path via an electronic or vibrational state. Thereby, the buildup of a
coherence between the ground and Raman state during irradiation by the light fields for CARS signal generation
is prevented, resulting in the suppression of the CARS intensity by more than 99.8%. Two-dimensional spatial
excitation profiles have been calculated using donut-shaped spatial profiles for the control light fields, thus,
an intensity-dependent narrowing of the CARS excitation profiles below the diffraction limit. Using computer-
generated test images we demonstrate a resolution beyond the diffraction limit for CARS microscopy, which is

scalable by the control light field intensity, similar to stimulated emission depletion microscopy.
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I. INTRODUCTION

Nonlinear microscopy techniques are developing rapidly
as they allow the acquisition of three-dimensional images
without the need for staining. Purely parametric nonlinear
microscopy techniques such as second [1] and third harmonic
[2] generation microscopy already offer excellent images. But,
nonlinear vibrational microscopy techniques, such as coherent
anti-Stokes Raman scattering (CARS) microscopy [3,4], offer
additional benefits, i.e., chemical selective imaging due to
the interaction with vibrational states of the sample under
test. Applications of CARS microscopy are widely spread,
covering, e.g., the monitoring of physiological processes in
biological systems [5], drug dissolution in pharmaceutical
tablets [6], and the investigation of semiconductor and metal
nanostructures [7].

However, for many samples, interesting processes take
place at scales smaller than the diffraction limit. An investiga-
tion of such processes using far-field optical microscopy can
only be performed with fluorescence-based techniques, as, for
the time being, these are the only techniques that allow a spatial
resolution well below the diffraction limit; prominent exam-
ples being stimulated emission depletion microscopy (STED)
[8], photoactivated localization microscopy (PALM) [9], and
stochastic optical reconstruction microscopy (STORM) [10].
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Especially with STED microscopy, video rate imaging with
sub-diffraction-limited spatial resolution was demonstrated,
which enabled the visualization of intracellular physiological
processes, such as synaptic vesicle movement inside the axons
of neurons [11]. However, these attempts require staining of
the sample, which may alter the sample dynamics or may
even be toxic for biological samples [12]. In nonbiological
samples, such as semiconductor nanostructures, staining often
is not possible or leads to significant alteration of the sample
properties. Autofluorescence in such materials is not often
possible, or based on defects, meaning that structures with low
defect rates are hardly visible with fluorescence microscopy.
Therefore, sub-diffraction-limited spatial resolution is desired
for nonlinear microscopy techniques that do not require
staining or autofluorescence.

On the topic of sub-diffraction-limited spatial resolution in
far-field CARS microscopy, different approaches have been
presented using focal volume engineering [13,14], structured
illumination [15], incoherent coupling of vibrational states
[16], and intensity-dependent frequency shifts due to Rabi
oscillations [17]. While the first method is the one to be
most easily realized in experiments, it can only enhance
the resolution by a factor of about 2. Similar restrictions
apply to structured illumination, which, in addition, requires
an ambitious wide-field CARS microscope [18]. The last
two of the above-mentioned schemes provide a resolution
enhancement which directly depends on the intensity of a
control light field, allowing, in principle, unlimited resolution
improvement, which is in practice limited by noise, acquisition
time, and sample damage. On the other hand, specific sample
properties are required for these schemes to function, such
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as strong incoherent coupling between vibrational states, or a
long coherence lifetime, allowing for a coherent population
transfer resulting in Rabi oscillations. For a more general
approach, we developed a scheme based on ground state
depletion [19] that allows for a saturable suppression of
the CARS intensity with common sample properties. In that
scheme the CARS intensity suppression is limited to 75%
leaving a diffraction-limited background in a CARS image.
We have shown that this can be removed by generating a
difference image between two CARS images, one with and
one without an applied control light field, leaving only the
sub-diffraction-limited information, but the noise sensitivity
is enhanced during this postprocessing.

Here, we present a scheme allowing the CARS signal
to be suppressed by more than 99.8%. This scheme may
provide sub-diffraction-limited spatial CARS microscopy with
no need for postprocessing of the CARS images. In contrast to
some of our previous works [16,17] this approach is based
solely on the effectively incoherent optical stimulation of
population transfer. In principle this scheme is applicable
to any sample that is suited for CARS microscopy, as no
sample specific properties, such as incoherent nonradiative
transitions, or coherent optical population transfer is required.
This approach is based on stimulated emission pumping
[20,21], i.e., a pair of pulsed control light fields are used
to introduce a population transfer via a higher vibrational or
electronic state from the ground state to the Raman state that
is probed by the CARS process. The resulting equalization
of the ground state and Raman state populations leads to a
complete suppression of the resonant CARS intensity in a
saturable process. This allows to improve the spatial resolution
beyond the diffraction limit, while the image quality is rather
robust against noise compared to the ground state depletion
scheme [19]. The CARS suppression and resulting spatial
resolution enhancement is similar to the STED process known
from fluorescence microscopy, but, in contrast to STED, it
does not require any staining of the sample.

II. THEORETICAL FRAMEWORK

CARS electric field generation is calculated numerically
using a density matrix formalism describing a four-level
energy system (see Fig. 1). The level system represents a
ground state |1), a vibrational state |2) involved in the CARS
process (which we refer to as the Raman state), an electronic
state |3), and a second vibrational state |4). While the electronic
state is needed to provide the virtual states (dotted lines in
Fig. 1) for the CARS process, it also acts as a control state to
suppress CARS signal generation. The vibrational state |4) is
required for the CARS process but it is included to offer an
alternative control state to the electronic state. Such vibrational
states are typically found in close vicinity to Raman states [22]
and, therefore, the level scheme used describes the general
properties of a molecular system.

Optical transitions between the ground state and the
vibrational state |1)-|4), and the electronic state |1)-|3), as
well as the transition between the Raman state and the
vibrational state |2)-|4), and the electronic state |2)-|3) are
dipole allowed. All other transitions are dipole forbidden. The
resulting CARS intensity is calculated from the off-diagonal
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FIG. 1. Energy diagram of the CARS process and involved states:
|1) is the ground state which is initially fully occupied. State |2) is a
vibrational state involved in the CARS process which we refer to as
the Raman state. |3) is the upper electronic state acting as a control
state. An additional control state is added by incorporating a second
vibrational state |4). The population distribution is manipulated
by a pair of control light fields (@¢1.el + ®c2.el OF We1vib + ®e2.vib)
transferring population from the ground state to the Raman state |2)
and thus preventing CARS intensity generation (wcars) by the pump
(w,), Stokes (ws,), and probe (wy,) light fields.

elements of the density matrix [23]. A detailed description of
the corresponding differential equations for the populations
and coherences as well as their evaluation to calculate the
CARS intensity are given by Beeker ef al. [16]. The arrows
in Fig. 1 indicate the irradiated and emitted light fields: For
CARS, three pulsed light fields—which we refer to as pump,
Stokes, and probe light fields—with frequencies w,, ws;, and
wypr, respectively, are irradiated onto the four-level system.
The pump and Stokes light fields are chosen to be two-photon
resonant with the transition from the ground state to the Raman
state |1)-|2) in order to achieve a population transfer from |1)
to |2), as well as the buildup of a coherence p,; between
those states. The interaction between the coherence p;; and
the probe light field generates the CARS electric field at the
anti-Stokes frequency wcars = w, — ws + wpr. Although the
four-level energy system referred to describes a molecular
system, it is, in principle, applicable to any CARS sample,
ranging from organic and inorganic molecules to quantum
dots and nanomaterials.

In order to reduce the CARS intensity in a STED-like ap-
proach to achieve a sub-diffraction-limited excitation volume,
the sample is prepared prior to the CARS process by applying
a pair of pulsed control light fields (with frequencies w.; and
¢) in addition to the pump, Stokes, and probe light fields.
These control light fields are also two-photon resonant with
the |1)-]|2) transition, such that, again, population transfer
from the ground state to the Raman state is achieved. By
adjusting the light field frequencies w.; and w. such that
the population transfer is either via the electronic level |3) or
via the vibrational level |4), population is transferred to |2)
with high efficiency. The population transfer is effectively
incoherent, such that the population is equally distributed
between the ground state |1), the control state |3) or |4), and
the Raman state |2). Optically induced population transfer is
typically found to be effectively incoherent under experimental
conditions similar to those assumed in our calculations, as the
pulse durations of the exciting pulses are typically longer than
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the coherence lifetimes. Nevertheless, since the stimulation of
the population transfer is driven by a coherent light source,
some coherence between states might be generated, while
the population transfer still resembles the properties of an
incoherent population transfer, e.g., equal population of the
involved states. Using a delay between the control light fields
and the pump, Stokes, and probe light fields we ensure that
any coherence p,; that might be generated by the control light
fields will have decayed by the time of CARS generation. Thus,
when the light fields for CARS generation arrive, the ground
state |1) and Raman state |2) are equally populated and no
coherence p,; is present. As an equal population of the ground
state |1) and Raman state |2) inhibits a coherence buildup
and population transfer between these states by the pump and
Stokes light fields, CARS signal generation is suppressed.

For the numerical calculation of the system dynamics, a
Runge-Kutta algorithm of fourth order with fixed time steps
of 0.5 fs is used and the calculation was performed for a time
interval of 100 ps.

The transition frequencies are chosen as follows: the |1)-]2)
two-photon resonant transition is set to 47 THz (1568 cm™!,
6379 nm), which is within the regime of typical Raman
transitions (0-3400 cm™! [22]). The transition from the ground
state to the vibrational state | 1)-|4) is setto 97 THz (3236 cm ™!,
3091 nm). As transitions from the ground state to an electronic
state are typically found in the UV, the |1)-|3) transition is set
to 1000 THz (33 333 cm™', 300 nm). The coherence lifetime
is chosen to be 5 ps for the states |2) and |4) and 1 ps for the
electronic state |3). The lifetimes of the states |2), |3), and |4)
are chosen to be 1 ns.

To allow for a clear temporal separation of the effect of the
control light field pair and the CARS excitation light fields,
high population and coherence lifetimes are assumed for this
work. Generally, the population and coherence lifetimes of
CARS samples are found in arange from 10 to 1000 ps [24-28]
and from 100 fs to 10 ps [29,30], respectively. However, this
does not restrict the applicability of the presented scheme. In
general, it can be said that as long as the delay between the
control pulse pair and the CARS excitation pulses is short
enough to ensure that the ground state |1) and the Raman state
|2) are equally populated at the time of the CARS process,
the CARS emission can be suppressed in a saturable way.
We will show that a certain minimum delay is beneficial
to avoid an interaction between a residual coherence p;;
generated by the control pulses and the probe pulse, resulting
in an additional CARS signal, though a minimum delay is
not required to achieve a saturable suppression of a CARS
signal. This means that CARS signal suppression can also be
provided by this scheme, if no delay between the control pulse
pair and the pulses for CARS excitation is used. Consequently,
CARS signal suppression can also be achieved for CARS
samples with much shorter population lifetimes, e.g., around
10 ps. In addition, the applicability of the scheme to samples
with shorter population and coherence lifetimes is validated
using different sets of parameters for the prototype four-level
system (population lifetimes varying between 10 and 1000 ps,
coherence lifetimes varying between 100 fs and 5 ps). In all
cases qualitatively similar results are found, i.e., the control
light field pair leads to a strong suppression of CARS signal
generation.
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The pulse durations of the pump, Stokes, and probe light
fields are 2 ps (half width at 1 /e* amplitude), while the duration
of the control light fields is chosen to be 10 ps. The frequencies
of the CARS excitation fields are set to w, = 335THz
(895 nm), ws; =288 THz (1040 nm), and wp, = 395 THz
(759 nm) ensuring two-photon resonance of the pump and
Stokes light fields with the |1)-|2) transition. We investigate
two different frequency sets for the control light field pair: First
we use the electronic state |3) as the control state and choose
one control light field (.1 ¢1) to be resonant with the [1)-|3)
transition (w.1 e = 1000 THz, 300 nm) and the other (w2 e1)
to be resonant with the |3)-|2) transition (@, = 957 THz,
313 nm). In the second case we use the vibrational state |4) as
the control state and thus the control light fields are chosen to
be resonant with the |1)-|4) (w¢1.vib = 97 THz, 3091 nm) and
[4)-12) (we2.vib = 50 THz, 5996 nm) transitions, respectively.
In order to achieve a prepopulation of the Raman state the
control pulse pair is irradiated 30 ps prior to the pump, Stokes,
and probe light fields. This value of the delay is chosen to allow
a clear separation between the effects of the control fields and
the light fields for CARS excitation.

A general discussion of the results only requires knowledge
of the population distribution of the four-level system and the
relative intensity values. However, to give an estimation of
the intensity values needed for an experimental verification,
the intensity values used were rescaled into W/cm? based
on an exemplary sample [31]. This exemplary sample is
based on quantum dots, which provide a high transition
probability between states in combination with a high damage
threshold. In addition to the control intensities used, the
corresponding pulse energy fluence is specified, as the main
limiting factor of the achievable spatial resolution, i.e., damage
of the sample, consists of two contributions: damage through
heating, which is related to the pulse energy fluence irradiated
on the sample, and multiphoton damage and ionization,
which is related to the applied peak intensity. All transition
probabilities of the four-level energy system are set to the
same value to provide a comparability between the two sets
of control light field pairs. However, for population transfer
from the ground state to a vibrational state in biological
samples often a much lower transition probability is found
[32-34], resulting in the requirement of higher control light
field intensities of up to several orders of magnitude. As a
result of the increased intensity requirements, the application
of the presented schemes in biological samples might be
limited as sample damage might occur before a significant
resolution enhancement would be realized. However, for the
investigation of inorganic molecules or nanomaterials, which
category of sample is used here to estimate the required control
intensities, the damage thresholds and transition probabilities
are typically sufficiently high, such that sub-diffraction-limited
spatial resolution should be experimentally realizable. In the
case of samples that do not allow a direct implementation
of this scheme because the required intensity values would
result in sample damage, inorganic materials could be used as
markers to provide sub-diffraction-limited spatial resolution.
Though this would compromise the benefit of marker-free
CARS microscopy, the use of quantum dots or other inorganic
markers might be less toxic to biological samples than
fluorescence dyes, such that samples could be investigated with
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FIG. 2. (Color online) Population distribution of the states as a function of the intensity of the control light fields for (a) the electronic state
|3) and (b) the vibrational state |4) acting as the control state. (c) Resulting CARS intensity as function of the intensity of the control light
fields for the case in which the vibrational state acts as the control state (red dashed curve) or in which the electronic state acts as the control

state (black solid curve).

sub-diffraction-limited spatial resolution that are not accessi-
ble with STED microscopy.

III. RESULTS

A. Suppression of CARS intensity

Figures 2(a) and 2(b) show the diagonal density matrix
elements p1, p22, P33, and p44 at the end of each calculation
(after 100 ps), representing the final population densities of
the states, as a function of the control light field intensities in
cases that the electronic state or the vibrational state is used
as the control state, respectively. In both cases, increasing the
control light field intensity I, = I.; + I, = 21, leads to a
strong population transfer from the ground state |1) to the
Raman state |2) via the control state. When the electronic
state acts as the control state [Fig. 2(a)], the population of
state |2) is achieved via the electronic state |3), and once an
equal population of the three involved states (ground state
|1), electronic level |3), and Raman state |2)) is reached, they
remain equalized even when the control light field intensity
is further increased. In the case in which the vibrational state
|4) acts as the control state [Fig. 2(b)], the population of each
of the three involved states (ground state |1), vibrational level
|4), and Raman state |2)) shows a damped oscillation as a
function of the control light intensity. This oscillation arises
because the coherence lifetime between the vibrational state
|4) and ground state |1) is chosen to be five times longer
than that between the electronic state |3) and the ground
state |1), which leads to a barely noticeable partially coherent
population transfer (strongly damped Rabi oscillation). The
oscillatory effect vanishes if the pulse duration of the control
light fields is increased. In both cases, at very high control
light field intensities, off-resonant population transfer occurs
which populates the last unpopulated state as well (|4) or |3),
respectively).

The resulting CARS intensity as a function of the control
light field intensity is shown in Fig. 2(c) for the case in which
the vibrational state |4) is used as the control state (dashed

red curve), and for the case in which the electronic state |3)
acts as the control state (solid black curve). In both cases the
CARS intensity is suppressed strongly when the populations of
ground state, Raman state, and control state reach equalization,
and when further increasing the control intensity, the CARS
intensity suppression saturates at more than 99.8%. Compared
to the case of the electronic state |3) acting as the control state
(solid black curve), in the case of the vibrational state |4) acting
as the control state (dashed red curve), the CARS intensity is
depleted by 50% at approximately five times lower control
intensities. This results from the longer coherence lifetime of
the vibrational state |4). The longer coherence lifetime also
leads, via the oscillating population difference p;; — o2, to
a CARS intensity suppression showing oscillations when the
populations of the ground and Raman state become equalized.
The oscillation has a very small amplitude of 0.4%, such that
it is not visible in Fig. 2(c). With higher intensities of the
control fields these oscillations decay and a CARS intensity
suppression of more than 99.95% is achieved.

The limited suppression of the CARS intensity results
from the fact that this scheme can only suppress a resonant
contribution of a CARS intensity. However, due to the use
of pulses with picosecond pulse duration the nonresonant
contribution is lower than 0.2% (0.05%) for the case in which
|3) (|4)) acts as the control state. Nevertheless, the nonresonant
contribution cannot be suppressed, and is anyhow influenced
by the choice of the control light field pair, explaining the
different amounts of the nonresonant contribution by a factor
of 4. The different amounts of nonresonant background occur
as a population redistribution (which is slightly different for
different control light field pairs) changes the optical properties
of the molecule and thus also the x> which determines the
nonresonant CARS intensity.

The molecular level scheme used here is a severe simplifi-
cation of real molecules as additional vibrational, electronic,
and Raman states are neglected. Those additional energy states
might result in cascaded processes, in which population from
the Raman state |2) or the electronic state |3) is transferred to
upper states at higher energy. However, the application of the
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presented scheme would not be restricted by such cascaded
processes as the simultaneous irradiation of the control light
fields results in an optically induced coupling of the states
[1), |2), and |3) resulting in an equal population in these
states. If the population of one state is reduced due to a
cascaded process introduced by the control light field pair,
the changed population will automatically transfer to the two
other states. As a result, the population in all three states
would be reduced and an equal population of the three states
would be found. Thus a suppression of CARS signal generation
with the presented scheme would also be possible if cascaded
processes additionally influence the population distribution of
the molecule.

IV. TIMING CONSIDERATIONS

For the applicability of this scheme it is crucial that at the
time of CARS signal generation an equal population of the
ground state and Raman state is present, while a coherence p;;
is not present. In order to maintain an equal population between
the ground state and the Raman state for shorter population
lifetimes of the Raman state |2) (e.g., down to 10 ps) the delay
between the control pulses and the pump, Stokes, and probe
pulses has to be reduced. Therefore, CARS signal generation
is investigated for the case in which the control pulses and the
pump, Stokes, and probe pulses are irradiated simultaneously.

Figure 3(a) depicts the CARS intensity as a function of the
intensity of the control pulse pair for a delay of t = 0 ps (black
solid curve) and for comparison the already investigated case
of T = —30 ps (blue dashed curve). It is found that due to
the interaction of the probe pulses with a residual coherence
021, generated by the control pulse pair, a CARS signal
enhancement occurs with increasing control pulse intensity.
However, with further increasing control intensities the CARS
signal enhancement changes to a suppression of the CARS
intensity as already known for a delay of t = —30 ps. As
CARS signal suppression can be achieved when all light
fields are irradiated simultaneously, the presented scheme
is applicable to CARS samples with rather short population
lifetimes.

To understand the change from CARS signal enhancement
to CARS signal suppression in Fig. 3(a), a closer look has
to be taken at the coherence p,; generated by the control
pulse pair. As the lifetime of the coherence p,; is shorter
than the pulse duration of the control pulses the coherence
already decays during the irradiation of the control pulses
while, simultaneously, a decayed coherence is continuously
regenerated by the control pulses. However, the regeneration
of the coherence decreases during the irradiation of the control
pulses, as the population difference between the involved
energy states decreases, which inhibits the generation of a
coherence between states. Note that this effect occurs because
the population lifetime is longer than the coherence lifetime,
which is the general case for CARS samples. As soon as all
states are equally populated the generation of a coherence
021 ceases completely. For high control pulse intensities equal
population is already achieved by the leading edges of the
control pulses, which contain only a fraction of the control
pulse energy. With increasing intensity of the control pulses a
smaller fraction of the pulses is required for an equalization
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FIG. 3. (Color online) (a) CARS intensity as a function of the
intensity of the control pulses for a delay of the control pulses of
T =0 ps and T = —30 ps. (b) Time of the maximum coherence p,;
generated by the control pulses as a function of the intensity of the
control pulses for different delays 7.

of all states. Consequently, the time at which the maximum
coherence is generated by the control pulses depends on the
intensity of the control pulses. Figure 3(b) depicts the time
of the maximum coherence generated by the control pulses
as a function of the intensity of the control pulses. Different
delays between the control pulses and the pulses for CARS
excitation are investigated. It can be seen that with increasing
intensity of the control pulses the maximum coherence py; is
generated earlier. An enhancement of CARS signal generation
only occurs when the maximum coherence generated by the
control pulses appears simultaneously with the irradiation of
the probe pulse. For high intensities of the control pulses
this is no longer the case but the maximum coherence is
generated prior to the irradiation of the probe pulse and has
already decayed until the time of CARS signal generation.
On the contrary, the population of the states decays much
slower and any imbalance between the population of the
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FIG. 4. (Color online) Cross sections of the spatial beam profiles
of the pump (red solid curve), Stokes (blue dotted curve), probe (green
solid curve), control (black dashed curve), and diffraction-limited
CARS (solid black curve) light fields in the focal plane. The inset
shows the phase plate used to create the donut-shaped beam profile
of the control light fields.

states is automatically compensated due to the control pulses,
i.e., an equal population of the involved states resembles an
equilibrium condition during the irradiation of the sample
with the control pulses. Consequently, the ground state and
Raman state are equally populated at the time of CARS signal
generation while no coherence p;; is present, such that a
saturable suppression of the CARS intensity is found.

A. Spatial resolution improvement

In order to estimate the achievable spatial resolution
improvement of the proposed scheme, we simulated CARS
images using control light fields with a donut-shaped spatial
intensity modulation of the beam cross section. The control
light field pair is assumed to use the electronic state |3) as the
control state and is irradiated 30 ps prior to the pump, Stokes,
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and probe light fields. To create the donut-shaped intensity
profiles of the control field pair, a phase mask (inset in Fig. 4,
similar to the one used in [35]) is assumed to be in the beam
path with an inner circle introducing a phase shift of = with
respect to the beam exterior, creating the same donut-shaped
intensity profile in the focus for both control beams. The
intensity profiles of the CARS excitation fields (i.e., pump,
Stokes, and probe light fields) are modelled as unmodified
Gaussian beams. The spatial profiles of the different light
fields and the resulting CARS excitation profiles in the focus
plane are then calculated assuming a microscope objective with
numerical aperture 1.00. Cross sections of the beam profiles
in the focal plane are depicted in Fig. 4.

Figure 5(a) shows cross sections of CARS excitation
profiles for different total control intensities at the peak of the
donut-shaped spatial profile (1. = 0,2 x 10°,2 x 107,2 x 108,
4 x 108 W/cm?). Increasing the control light field intensity
results in a monotonous narrowing of the excitation profile
significantly below the diffraction limit. As the diffraction-
limited CARS excitation profile still has a relative intensity of
4.7% at the positions of the first minimum of the donut-shaped
control light fields the CARS excitation profiles show small
satellite peaks at these positions (Fig. 5, black dotted curve).
These satellite peaks vanish when the donut peak intensity
is increased sufficiently, such that also the intensity in this
minimum leads to a strong suppression of the CARS intensity.
Alternatively, the satellite peaks can be avoided by choosing a
smaller numerical aperture (e.g., by a smaller beam diameter
in front of the microscope objective), which results in a wider
donut.

Two-dimensional illustrations of the diffraction-limited
excitation profile of 318 nm width (FWHM) [dashed black
curve in Fig. 5(a)] and a strongly narrowed excitation profile
with a FWHM of 17.6 nm [/, =4 x 103 W/cm?, dashed
red curve in Fig. 5(a)] are given in Figs. 5(b) and 5(c),
respectively. For a quantitative comparison, the FWHM of
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FIG. 5. (Color online) A donut-shaped spatial profile of the control light field pair narrows the CARS excitation profile below the diffraction
limit. For different peak intensities of the donut the resulting CARS excitation profiles have been calculated. (a) Cross section of excitation
profiles for donut peak intensities of I, = 0,2 x 10%,2 x 107, 2 x 108, 4 x 108 W/cm?. Two-dimensional illustrations are shown for (b)
I, = 0 W/cm? [black dashed curve in (a)] and (c) I. = 4 x 10® W/cm? [red dashed curve in (a)]. (d) FWHM of the excitation profiles as a

function of the donut peak intensity.
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FIG. 6. Two test images have been created to simulate CARS images. (a) A dendritic line structure depicting, e.g., brain tissue is shown
and (d) an ensemble of randomly located nanobeads (each 40 nm in diameter). (b) and (¢) When no control light fields are applied a calculated
CARS image does not contain any structure of the test images. (c) and (f) If the control light fields are applied the excitation profile is narrowed
down to a FWHM of 17.6 nm and the CARS images reveal the original test images.

cross sections (which determines the spatial resolution for
CARS microscopy) for control light field intensities spanning
over a wide range are calculated and the results are displayed in
Fig. 5(d) as a function of the peak donut intensity of the control
light field. The CARS excitation width narrows monotonously
from 318 nm (diffraction-limited) down to 1 nm at the highest
intensity values, corresponding to a resolution enhancement
by a factor of more than 300.

In order to demonstrate that these excitation profiles result
in CARS microscope images with sub-diffraction-limited
resolution, we created two test images each of 1.34 um x
1.34 pum [Figs. 6(a) and 6(d)] and calculated the convolution
[Figs. 6(b) and 6(e)] of the test images with a diffraction-
limited excitation profile (FWHM = 318 nm), and the
convolution [Figs. 6(c) and 6(f)] with an excitation profile
narrowed below the diffraction limit [Fig. 5(c), FWHM =
17.6nm, I. = 4 x 103 W/cm?]. The first test image resembles
a dendritic line structure with varying spatial distances of
less than 200 nm, imitating, e.g., structures in brain tissue.
The second test image consists of 50 randomly distributed
nanobeads each of 40 nm diameter. In order to take into account
the coherent nature of the CARS process the test images are
convoluted with the excitation profile of the electric fields
rather than the intensity distributions of the beam profile, and
then the intensity image is calculated from the emerging CARS
field in a second step.

In the first case of CARS imaging without control fields,
the convolution of the dendritic structure with the diffraction-
limited excitation profile leads to a blurred image with no
visible features [Fig. 6(b)]. The convolution of the second
test image with the same excitation profile also leads to a
blurred image containing only information about the average
density of the beads [Fig. 6(e)]. In contrast, if the excitation
profile is significantly narrower than the diffraction limit the
calculated CARS images clearly reveal information of the test
images on a scale far below the diffraction limit [Figs. 6(c)
and 6(f)]. The nonsuppressed nonresonant background of
0.2% results in a diffraction-limited background, however,
the sub-diffraction-limited features are prominently displayed,
such that a further image processing or additional schemes to
remove the background are not required here.

The nonresonant signal found in these simulations is
rather small as only four energy levels are used. In CARS
experiments, especially when femtosecond pulses are used,
the amount of a nonresonant contribution can be significantly
higher. This results in an increase of the magnitude of the
diffraction-limited background in Figs. 6(c) and 6(f) and
consequently in a reduction of the contrast for structures on
a scale below the diffraction limit. Also a nonresonant CARS
signal of the surrounding of the resonant structure (for ex-
ample, of an aqueous solution) would increase the magnitude
of the diffraction-limited background. In the case in which
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the contrast for structures on a scale below the diffraction
limit is too low due to the diffraction-limited background,
additional schemes can be applied to remove it. Several known
techniques can be applied to reduce nonresonant contributions
of the CARS signal, such as heterodyne detection [33], spectral
focusing [36], or time-delayed CARS [37]. It is also possible
to calculate a difference image between two CARS images,
one with and one without an applied control light field pair. It
has been shown that this can provide sub-diffraction-limited
spatial resolution for a case corresponding to a magnitude
of the nonresonant intensity of 25% of the resonant CARS
intensity [19]. Consequently, the presented scheme can also
be used to generate CARS images with sub-diffraction-limited
resolution when a high nonresonant signal is generated by the
sample and the surrounding area, e.g., by an aqueous solution.

An experimental realization of this scheme requires a
complex setup and sophisticated optical elements. However,
this is no principle limitation as optical elements to combine
different beams of very different wavelengths (UV, VIS, IR)
are readily available. Suitable laser sources would be optical
parametric oscillators or optical parametric amplifiers. These
are commercially available, delivering pulses from the UV to
the IR with pulse energies of more than several wJ. Thus
there should be no technical limitations to experimentally
evaluate the proposed scheme for sub-diffraction-limited
spatial resolution in CARS microscopy.

V. CONCLUSION

In summary we presented a numerical investigation of a
scheme providing sub-diffraction-limited CARS microscopy
based on stimulated emission pumping. The equalization of

PHYSICAL REVIEW A 87, 033830 (2013)

the population in the ground state and Raman state provides
the capability to suppress the CARS intensity to a large
extent, in our example by more than 99.8%. The required
intensities and pulse energy fluences were estimated using an
exemplary sample based on quantum dots [31]. Using adequate
spatial profiles for the different light fields, we calculated
expected CARS excitation profiles under the influence of the
control light field pair. Thereby we found a narrowing of the
excitation profile widths significantly below the diffraction
limit, corresponding to a theoretical resolution enhancement of
up to 300 for estimated intensity values of up to 100 GW /cm?.

Sub-diffraction-limited spatial resolution was numerically
demonstrated using two computer-generated test images. For
both test images, the calculated CARS image revealed sub-
diffraction-limited features with a resolution of approximately
17.6 nm. In this calculation a total intensity of the control
light field pair of 400 MW /cm? and a pulse energy fluence of
4 mJ /cm? was used. The intensity values used are comparable
to those used in STED microscopy and a comparable spatial
resolution was found [38]. Using a laser system with a typical
repetition rate of 80 MHz the intensity value used corresponds
to an average power of approximately 10 mW.

As the approach is solely based on the optical stimulation
of transitions, only general molecular properties had to be
assumed, i.e., no sample specific properties were exploited.
It was demonstrated and explained that the population and
coherence lifetimes can span a wide range of values without
restricting the applicability of the presented scheme. Conse-
quently, this approach is, in principle, applicable to any CARS
sample and together with the requirements to the intensities
of the control pulse pair the calculations resemble a case that
should be experimentally feasible.
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