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Abstract: We report a novel optical resolution photoacoustic microscopy concept to obtain
an axial resolution only by optical methods. The photoacoustic signal is generated through a
non-radiative relaxation from a level that is populated by excited state absorption. This two-
step excitation process of a single laser enables to achieve an optical sectioning without any
acoustic selectivity, whereby a full optical resolution photoacoustic microscopy is obtained.
We bring a proof of this concept using Rhodamine and Zinc Tetraphenylporphyrin dyes
known for their efficient excited state absorption process.

© 2017 Optical Society of America
OCIS codes: (110.0110) Imaging systems; (110.5120) Photoacoustic imaging.
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1. Introduction

Photoacoustic imaging of solid or liquid samples (particularly for biological tissues) is an
emerging imaging modality, where light excitation is coupled to acoustic detection via the
photoacoustic effect. As acoustic emission is induced by light absorption via thermo-elastic
expansion, optical absorption yields images through the photoacoustic effect. It was first used
in the field of absorption spectroscopy, and has been introduced for biomedical applications
in the mid-90s [1-3]. In photoacoustic imaging, samples are illuminated by pulsed lights, and
acoustic waves generated from the illuminated absorbing regions are detected by acoustic
sensors. However, photoacoustic imaging is highly sensitive to optical absorption and occurs
specifically in the illuminated spot as opposed to optical scattering. As the resolution of
photoacoustic imaging depends on both optical and acoustic resolution, either the acoustic-
resolution photoacoustic microscopy (AR-PAM) or the optical-resolution photoacoustic
microscopy (OR-PAM) [4-6] can be implemented in photoacoustic imaging.

AR-PAM relies on the fact that, while light scattering, in particular in biological tissues,
deteriorates the spatial resolution, ultrasound waves are weakly scattered but able to
propagate in a straight manner. Therefore, the images of optical absorption can be
reconstructed with the ultrasound resolution. For practical imaging, an array of detectors is
used. For example, 50 pm- and 20 pm-resolution in the lateral and axial directions can be
achieved respectively at several mm depths of mouse brain tissues.

For the images of OR-PAM obtained by scanning a focused optical beam, the accessible
depth range is limited due to scattering (<1 mm), but the lateral-resolution is relatively good
with a few um range in the optical diffraction limit. Because the photoacoustic technique is
less sensitive than the fluorescence detection, strong pulsed excitation is necessary, which
would cause power broadening effect. In this case, the lateral-resolution becomes ~4 pm [7].
As OR-PAM is a hybrid technique, the axial resolution of OR-PAM is not solely determined
by optics. In a confocal configuration [8], the numerical aperture of the acoustic detector
determines an axial resolution of ~20 um for the ultrasound frequency in ~100 MHz range
[7]. Improved resolutions have been reported [9] for the ultrasound in 1 GHz range, but the
observation depth is limited to single cultured cells imaging. Although confocal configuration
for the acoustic detection provides optical sectioning in the axial direction, it cannot be
maintained while the laser is scanning. Hence, the fast scanning technique used in
fluorescence confocal microscopy [10] is not suitable for this technique. Nonlinear
fluorescence microscopy, such as non-resonant two photon excited fluorescence microscopy
[11], can be considered since it is also able to give an efficient sectioning without any
confocal detection but the generated excited state population is generally low for moderate
excitation intensity.
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Fig. 1. Absorption spectra of Rhodamine-6G and Rhodamine-101 in methanol. The arrow
indicates the wavelength of laser excitation. Schematics shows energy-level diagram of a
Rhodamine molecule. Excitation of the ground state S, to the intermediate first excited state S,
and excited state absorption from S; to the upper excited state S, are given by the
corresponding population (Ny and N,), absorption cross section (o, and o,), and laser fluence
(D), respectively. While the transition from S, to Sy is described by fluorescence with radiative
decay rate (W,), the transition from S, to S; is converted to acoustic vibration with non-
radiative decay rate (W,,).

In this work, we report a pure optical sectioning via optical nonlinearity for the optical
resolution photoacoustic microscopy as a proof of concept, which is the so-called FOR-PAM
(Full optical resolution photoacoustic microscopy). In the past few years, several groups have
reported the two-photon excited acoustic contrast for microscopy [12,13], but the excitation in
the infrared range causes a large one-photon background due to overtone absorption of the
solvent [14]. In this case, a fancy filtering was necessary, and the setup became complicated.
The FOR-PAM concept proposed in this work utilizes moderate excitation in the visible
range and a filtering is not necessary because the involved optical nonlinear process is more
efficient than other two-photon excitation effects.

2. Principle of FOR-PAM and theory

FOR-PAM utilises the ultrasound generated during the non-radiative relaxation in common
organic dyes such as Rhodamine-6G and —101. As shown in Fig. 1, an optical transition from
the ground state (So) to the intermediate first excited state (S;) gives rise to a large absorption
cross section, for example, near 532 nm in Rhodamine-6G. Since fluorescence from the first
excited state (S;) is known to have a quantum yield of near unity in methanol solvent [15], no
sound is generated from the pure radiative transition from S; to So. However, S; can be
excited to the upper excited state (S,) with the same absorption wavelength for S,-S;
transition, which is known as excited state absorption (ESA) [16]. Relaxation from the S,
state to S; is extremely fast (~100 fs) [17] and purely non-radiative. Consequently, FOR-PAM
uses the sound produced by the non-radiative relaxation from S, to S;, which is excited by
ESA. Since two steps (So-S; and S-S, absorption) are needed to populate S,, the sound
intensity is expected to show a superlinear dependence on the excitation light intensity.

A slightly different mechanism will also be considered, it is associated to dyes
characterised by a smaller cross section for the first excitation step but to compensate the
weakness of the first step, the second step is highly efficient. In that case, ESA gives rise to a
new phenomenon called RSA [18] (for Reverse Saturable Absorption) because, in opposition
to classic ESA the laser absorption increases as the excitation power increases. A family of
dyes has this behaviour: the multi-pyrrole dyes [19] among them the Zinc Tetra Phenyl
Porphyrin (Zn:TPP) dye is particularly interesting because, despite a lower quantum
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efficiency of the first excitation step, the second step is so efficient that the photoacoustic
signal originates uniquely from the level attained by the second step.

In the following, the mathematical treatment of the dynamics is presented with parameters
characteristics of the Rhodamine dyes, but the general features will be also valid for Zn:TPP.

Although several works reported the ESA and photoacoustic effect in Rhodamine dyes
[14], required conditions for photoacoustic imaging have not been addressed. Therefore, we
also analyse the experimental evidence of photoacoustic imaging with a theoretical model.

First of all, we confirm that the ESA is an efficient mechanism for populating the upper
excited state S,. Due to the wavelength proximity between the two photon absorption
processes, a reverse saturation absorption (RSA) [20] can also be induced. The spectral
positions of the excited and ground state absorption lines have been measured precisely [16].
Even if a small difference is present between the two spectral positions, the linewidth is broad
enough to compensate it. In addition, we found that both the absorption cross sections of the
first- (So-S;) and the second-step (S;-S;) have the same order of magnitude. Sathy and
associates [14] have already shown that ESA has a nearly quadratic dependence of the
photoacoustic signal upon excitation fluence, but the reported fluence was very large
compared to our results. Because a strong fluence likely gives rise to higher-order nonlinear
effects, we use moderate excitation fluence.

In order to explain the photoacoustic signal generated by ESA, population dynamics in the
three levels is considered [20] as shown schematically in Fig. 1. Rate equations of the
populations (Ny, N, and N,) at the level S, S, and S, can be given as:

Ny+N,+N, =N, M
%:-a]d)(NO—NI)+WrN], @

% =0,®N, —0,®(N, - N,)-W.N,+W,N,, )
% =0,®(N,-N,)-W,N,, 4)

where N is the total population. Regarding the transition between N, to Ny, optical absorption
process from Nj to N; gives rise to a decrease of the population change rate of N (dNy/dt),
which involves the absorption cross section 6, ~107"" cm?, the population difference between
N; and Ny, and the laser fluence ® of the 1 ns Gaussian pulse used. On the other hand, the
radiative transition from N, results in an increase of dNy/dt. The transition between N; to N,
is governed by the ESA cross section 6, ~107" ¢m” and the non-radiative transition. The
vibrational relaxation within the intermediate levels of S; can be assumed to be instantaneous
compared to the 1 ns laser pulse duration. In the case of Rhodamine, it is known [17] that the
transition from N; to N is mostly radiative with a rate of W, = 0.25 ns™' while the transition
from N, to N; is dominated by the non-radiative decay rate W, = 10 ps"l. Therefore, the
fluorescence intensity from S; to Sy and the photoacoustic signal intensity from S, to S; can
be used as a measure of N to N, respectively.

As shown in Fig. 2(a) and Fig. 2(b), the transient population N; and N, after a pulsed
excitation are plotted for increasing ®. For small @, N; increases linearly. However, it
becomes saturated gradually for large ® >30 mJ/cm®. Such a typical saturation feature can be
fitted by

b
Tp— )
1+/D
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where the saturation fluence ®g, can be obtained as a fitting parameter. It is noticeable that a
large fluence (®>®y~30 ml/cm?) is necessary to saturate N;. Unless an additional ESA
transition from S; to S, is involved, N; would be saturated at a relatively small fluence.

1

Population density N (arb. units)
Population density N, (arb. units)

Laser fluence (mJ/cmz)

Fig. 2. Population density of the intermediate state (N) (a) and the upper excited state (N,) (b)
are obtained for increasing laser fluence, where the saturation of N; and N, are fitted by a first-
and a second-order saturation model, respectively.

While N, is generated via N;, the same wavelength of @ for generating N; and N, is
involved. Therefore, N, shows a quadratic dependence on @ as shown in Fig. 2(b). Because
the upper-level population becomes also saturated for large @, N, can be fitted by

q)z
Ny
" /q).s'at

where the same saturation fluence @, ~30 mJ/cm® was obtained. From a practical point of
view, the large saturation fluence (®y~30 mJ/cm?) is advantageous because a high power
laser excitation can be used without an excessive focus broadening. We performed
experiments near the saturation range with a fluence of ~16 mJ/cm®, which can be obtained
by focusing a 50 nJ laser pulse down to a 10pm-radius spot.

(6)

3. Photoacoustic optical sectioning

For small fluence (®[®y,), the quadratic dependence of the photoacoustic signal (N, ~®*) can
provide a sectioning image similar to that obtained in two-photon fluorescence microscopy.
However, the power factor (o) of signal growth (N, ~®%) becomes less than 2 for large
fluence (® > ®@,). Therefore, the sectioning becomes suppressed gradually as the quadratic
signal growth becomes saturated.

Here we present a framework to predict this sectioning effect. When a Gaussian beam is
focused along z-axis, the circular area perpendicular to z-axis S(z) = mw.” is given as

S(z)=AZ, [1 +;—22j (7

R

where the Rayleigh length Zg =  w,’/) is determined by the minimum Gaussian beam waist
wy at focus and the laser wavelength L. Assuming the beam can be approximated as a top-hat
intensity distribution, the fluence distribution is nearly uniform within the radius r(z). Because
the sound signal $(z) is proportional to the total molecules within the uniform area S(z), $(z)
can be obtained by integrating Nx(x,y,z), as given in Eq. (6), over the xy plane of S(z) as
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E>
$(2)= J.dxdyN2 (x,5,2) = N,(2).5(z) o< W, ®)

where E is the energy of a single laser pulse. Introducing Eq. (7) in Eq. (8) gives the
following expression:

1

EZ
2
ﬂ'wg(Hq)%? ) 1++
sat Zz (l-l- / j
K (Dsar

where the beam spot size and fluence at focussing are respectively given by AZ, = 7w, and

$(z) o

; &)

E
—5=0,.
W,
Because Eq. (9) is a Lorentzian function of the distance from the focal point, z, the
photoacoustic signal HWHM (half width at half maximum) corresponds to the excitation
Rayleigh length for small fluence. As excitation fluence is increased, the width broadens as

@
HWHM =Z, H@O. (10)

sat

Therefore, the sectioning effect is limited by the Rayleigh length and its broadening has a
square root dependence for focused excitation fluence. Equation (9) is surely proportional to
the initial acoustic pressure, but it depends on the technique used to measure the sound, the
size, and the orientation of the laser point spread function. Additional terms for Eq. (8) have
to be considered [21]. This point will be discussed later on.

4. Fluorescence depletion

Since the saturation occurs at the same fluence for S; (fluorescing level) and S, (non-
radiative level), it is interesting to correlate the photoacoustic sectioning with the fluorescence
signal as a function of laser focusing. With Eq. (5) and (7), an integration over a whole xy
section gives the amount of fluorescing molecules as a function of the distance from focus z,

1

1+¢?é
N,S(z)e< P| 1- 2

z

ﬁa+%€

which has a Lorentzian-shaped dip (a fluorescence depletion) of width

; an

1+

)
HWHM =7, I+ 2.

sat
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5. Experimental conditions
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Fig. 3. (a) Schematics of experimental setup. (b) A typical photoacoustic signal generated from
a Rhodamine 6G methanol solution under excitation of a Ins-pulse laser with 532 nm
wavelength.

The experimental setup is shown schematically in Fig. 3. Two different self Q-switched
Nd:YAG lasers (SNP-130F-000 and SNP-20F- 100 of TEEM photonics) were used, which
deliver the same 532 nm-wavelength radiation converted from the fundamental wavelength
1064 nm with a 1 ns pulse duration, but different pulse energy and repetition rate, 50 nJ at
130 KHz and 300 nJ at 20 KHz, respectively. The beam is collimated, expanded, and focused
by a lens (focal distance = 75mm) for medium focusing or by a 10x objective lens (Mitutoyo,
N.A = 0.28, focal distance = 20mm) to obtain a tighter focus. In that case, the focus
parameters estimated from the beam radius at the objective pupil entrance are wy = 1.1um and
Zr = 7um. These estimations are certainly optimistic because we are focusing inside a
spectrometer cell (1.25mm of glass wall) while the objective is optimized for focusing in air,
so that spherical aberrations are present. In addition the beam is not perfectly Gaussian (M, =
1.5) therefore the best focusing is, in fact, wy = 1.5um.

To measure the photoacoustic sectioning, the acoustic signal, generated in a 100 um thin
cell, is measured as a function of the laser focus position by a high frequency (75 MHz), wide
band pass piezoelectric transducer (Olympus, V2022) attached under the cell, and therefore
the sample and the transducer are translated by a micrometric stage simultaneously. Two
cascaded wideband amplifiers with 20 dB Gain (mini-circuit, ZFL-500 + ) are used to amplify
the signal which is accumulated 1000 times and averaged by a digital oscilloscope (LeCroy
WaveSurfer 3000). For the fluorescence measurements, the thin cell is replaced by a wider
one (lcm path). The fluorescence is collected perpendicularly to the exciting beam by a
microscope objective and imaged by a CCD camera (Thorlabs, 1500M-GE-TE).

For the photoacoustic experiments, the concentration of Rhodamine dyes, dissolved in
methanol, were adjusted so that about 50% of incident light at 532 nm was absorbed after
propagating 100 pm. For the fluorescence measurements, the solutions are highly diluted to
present an unnoticeable absorption though lcm but to present a sufficient fluorescence
intensity to be measured by the CCD camera.

For the photoacoustic sectioning measurement, depending on the resolution, the 100 um
size is penalizing so we will employ an alternative method inspired from the so called “Knife-
Edge measurement” commonly used to measure the lateral size (the beam waist) of a laser. In
our case, to measure the longitudinal photoacoustic response the equivalent of the knife is a
wider (1 cm path) spectrometer cell filled with the dye and occupying a position above the
acoustic transducer as shown on Fig. 3. The front surface of the dye exposed to the laser
defines an abrupt interface between the inactive medium and the dye. The photoacoustic
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signal is measured as a function of the laser focus position from this interface, the dye
concentration being not too high to prevent an excessive attenuation of the laser at focus as it
propagates into the cell. In that case the usual photoacoustic signal evolution as a function of
the focus position is represented by a step function, the sectioning can then be obtained by the
derivative of this step function.

6. Fluorescence
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Fig. 4. (a) Fluorescence images in a highly diluted Rhodamine 101 solution under laser
focusing, which is characterised in terms of beam waist (wy = 1.5um) at focus and pseudo
Rayleigh length Z’x = 21 um. Upper and lower images are of 50 nJ and 0.125 nJ laser
excitation, respectively. (b) Integrated fluorescence intensity as a function of the distance from
focus for various laser pulse energy. It is noticeable that the results are normalized by
excitation pulse energy. (c) Square of the half width at half maximum (HWHM) for the signal
dip in (b) is plotted for laser pulse energy, E, and fitted by HWHM? = Z'y(1 + E/E,,), whereby
saturation energy, Eq,, can be obtained.

In order to characterise the tightly focused laser beam of 532 nm, we observe the fluorescence
trace of a very dilute solution of Rhodamine 101. Figure 4 shows the two traces under 0.125
nJ and 50 nJ excitation, respectively. With strong 50 nJ excitation, a fluorescence diminution
occurs at focus as a symptomatic saturation. A better way to characterise the focusing is to
perform what we called an “integration profile” because we are collecting the fluorescence in
the y-direction by a small numerical aperture microscope objective (NA<0.1), which has a
large depth of focus, and the grey level distribution taken along a line (y-axis) perpendicular
to z-axis is proportional to the sum of photons (proportional to the fluorescence power)
emitted by a plane perpendicular to z. Therefore by performing an integration along the
direction x for each z-coordinate, (using the plot profile function of ImageJ) we obtained the
“integrated profile”. Figure 4 shows the integrated fluorescence profile evolution as a
function of the excitation pulse energy. As expected for an optical saturation, which is also in
accordance with Eq. (11), we observe dips, which become broadened for increasing excitation
power. Their widths (HWHM) evolution is also shown in Fig. 4, which can be described as

HWHM =Z,\J1+E/E, whereby Eq. (6) can be verified with a “pseudo-Rayleigh length”
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Z’g =21 um. The data of Fig. 4 and a wy = 1.5 um focusing also give @y, = 32 mJ/cm?. This
saturation fluence is close to the value obtained in our numerical simulation.

Saturation alone is not interesting since it causes broadening for focusing, and also
penalizes the radial and lateral resolution. Nevertheless, in the frame of the FOR-PAM model,
saturation is necessary for an efficient ESA itself and mandatory for the generation of intense
photoacoustic signals. Therefore, a compromise has to be found.

7. Photoacoustic

In order to demonstrate the ability of ESA for an optical sectioning, which can be detected by
photoacoustic signals, a thin sample of Rhodamine solution is positioned along the focused
laser axis as shown in Fig. 3.

H2) 1 ® @ = 700mIem

__ Ay

w, = 1.5um

PA signal (arb. units)

100 pm thick Rhodamjne-1 \
200 -100 0 100 200 ZR =21 um
Distance from focus (um)

Fig. 5. (a) Photoacoustic signal generated in a 100 pm-thick film of Rhodamine-101 solution
as a function of the distance (z). Dots are the experimental measurements and the solid curve is
the best fit by a convolution of a Lorentzian (HWHM = 48um) and a square function (100pm
width) (b) Schematic drawing of experimental condition focus under 50 nJ excitation of
532nm laser, 1 ns pulse duration, wy = 1.5um for maximum fluence of 700 mJ/cm?, and length
Z’g=21 pm.

Figure 5(a) shows a plot of the sound signal as a function of the position (z), which is
generated from thin dye cuvette at various distances of the laser focus. Obviously, a
sectioning effect is obtained as the sound signal strongly depends on the cuvette position. The
half width at half maximum A, = 65 um of this sectioning was observed to be approximately
three times the pseudo-Rayleigh length. It is noticeable that not only the focusing conditions
limit A.y,. Both a power broadening and the sample thickness of 100 pm can also affect the
limit. In particular, the last contribution can be taken into account by considering that, in the
first approximation, the experimental sectioning function is a convolution of the real
sectioning function and the geometrical limits of a dye cuvette. While a Lorentzian function is
assumed for the real sectioning function, a square function can be used for the 100 um-thick
dye cuvette. The convolution product of a Lorentzian and a square function is given by

[ (z450)] [ (2-50)
PA signal ~tan {—A } tan {—A , (12)

where 50 pm is the half width of the dye cuvette, and A is the half width at half maximum of
the Lorentzian real sectioning function. As shown in Fig. 5(a), the best fit with the
experimental points was obtained with A =48 um. It is noticeable that the HWHM value (A =
48 um) is 2.3 times the pseudo-Rayleigh length of the excitation beam. In our case, a high
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fluence is necessary to give rise to a measurable signal. Therefore, the larger HWHM can be
attributed to power broadening due to the high fluence.

I T I
L 100 um thick Rhodamine-6G

. ——
thick Rhodamine-6G ]
@ 30nJ ]
O 300 nJ]

100 pm
(b)

PA signal (arb. units)
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Fig. 6. (a) z-dependence of photoacoustic signal in a 100pum-thick film of Rhodamine-6G
solution (blue) is compared to that in a thin metallic film (black) under 13 nJ excitation (532
nm, 1 ns pulse duration, wy = 2.5um for maximum fluence of 66 mJ/cm?, and length Z’; = 60
um). (b) Two z-dependence of normalized photoacoustic signals in a 100um thick film of
Rhodamine 6G solution under 300 nJ and 30 nJ laser excitations (532 nm, 1 ns pulse duration,
wyp =6 um and length Z’ = 250 pm).

Figure 6(a) confirms that the sectioning capability of Rhodamine-101 is similar to that of
Rhodamine-6G, which is known to show an efficient ESA [14], a very high quantum yield,
and a particularly large absorption cross section at 532 nm (see Fig. 1). For this experiment,
the beam was less tightly focused and the excitation power was reduced, in order to avoid
damage on a thin metallic film used for comparison as explained later on. The sectioning
effect obtained on the Rhodamine 6G is also noticeable. The sectioning value HWHM = 146
um is about 2.4 times the pseudo-Rayleigh length.

Although the results of Rhodamine 6G and Rhodamine 101 look similar qualitatively,
those cannot be strictly compared. At 532 nm, the absorption cross sections are different, and
the saturation broadening is certainly different. Nevertheless, in both cases, the sectioning
length is larger than the Rayleigh length. It is interesting to follow the sectioning capability as
a function of excitation energy. For this test, the laser was focused by a lens with a relatively
long focal length (75 mm). Figure 6(b) shows the photoacoustic sectioning for two laser
energy values with the same dye (Rhodamine-6G). A broadening of the curve by a factor of 2
is observed as the energy is increased by a factor of 10. This confirms that a saturation starts
to limit the sectioning even at the lowest fluence of 30 mJ/cm” at the focus.

One way to limit the power broadening is to find a chromophore with a lower absorption
cross section for the first step So-S; but the consequence is to reduce the sound intensity
except if, to compensate the weakness of the first step, the second step is highly efficient.
Zinc Tetra Phenyl Porphyrin (Zn:TPP) presents the desired behaviour, named RSA, as shown
on Fig. 7(a): the photoacoustic signal intensity follows a quadratic law as a function of the
excitation energy in the range 0 to 100 nJ. Above, a saturation starts to occur, but our
experimental condition for sectioning will not use this regime. Therefore the sectioning
capability of Zn:TPP is expected to be better than that of Rhodamine dyes.
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Fig. 7. (a) Photoacoustic signal intensity of a solution of Zn:TPP in THF (tetrahydrofuran) is
plotted for the square of the laser excitation energy, where the laser is focused by a 0.28 NA
objective. (b) Photoacoustic signal intensity as a function of the laser focus position (Z) from
the entrance of a large cell filled with a THF solution of ZnTPP, or an alcoholic solution of
Cy3, where the laser energy at 532 nm is 10 nJ and focused by a 0.28 NA objective. (c)
Derivative of the Zn:TPP photoacoustic signal as a function of the focus position. The solid
line is a Lorentzian fit with a HWHM = 15 pm.

In this experiment, since the Zn:TPP chromophore is a very efficient photoacoustic
emitter, we were not limited by the laser power. This allowed us to overfill the entrance pupil
of the objective, in order to obtain a narrower pseudo Rayleigh region (around 15 pm). The
use of a 100 um thick spectrophotometer cell is not ideal to evaluate the sectioning
performance of this more efficient system, hence we employed the alternative method
explained in the experimental section. Figure 7(b) shows the photoacoustic signal as a
function of the distance from the laser focus to the entrance of the large cell. As expected a
step shape is obtained and the same experiment done with a dye often use for photoacoustic
imaging, Cyanine 3 (Cy3), shows a much less pronounced step.

The derivative of the above curve for Zn:TPP is straightforward, it represents the
sectioning capability of this dye. It is shown on Fig. 7(c). Interestingly, with a HWHM = 15
pm the sectioning performance is much better than the sectioning obtained with the
Rhodamine dyes, it approaches the Rayleigh length. It confirms that the broadening by
saturation, present for the Rhodamine dyes, is the main limit of the method. To confirm the
assertion that the predominant mechanism for FOR-PAM is the generation of ultrasound
which follows the non-radiative relaxation of a level populated by ESA, we discuss hereafter
other possible mechanisms for such a sectioning effect.

The temperature dependence of the Grueneisen parameter I' is able to give a superlinear
response since it increases with the temperature. Reference [22] gives an estimation of 3°C of
temperature rise for an excitation fluence in the range of several J/cm?. Our excitation fluence
is far below this value. In addition, in the FOR-PAM concept, only one part of the excitation
(the ESA) is transformed into heat. Therefore, in our experimental conditions, I" is not
expected to vary sufficiently [23] to bring a non-linear dependence of the photoacoustic
signal upon the excitation fluence.

Our experimental arrangements, particularly the position of the piezoelectric sensor and
the way to measure the signal (peak to peak values), are sensitive to the size of the laser beam
as pointed out by Héritier [21]. Therefore, the sectioning can be a representative of the beam
size variation along its focusing (a simple “size effect”). Our experimental conditions are not
those used in [21]. To test this possibility, we performed experiments where only the size
effect is present. Thin metallic films [24,25] are perfectly adapted for this test. Figure 6(a)
shows that indeed a sectioning effect is present with a thin metallic film, but it is much less
pronounced than the sectioning obtained with the Rhodamine dye excited in the same
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conditions. We can assume that the sectioning function obtained with the Rhodamine
represents the product of the pure optical sectioning function by the “size effect” function
determined by the experiment on the metal film. Hence the pure optical sectioning function
can be numerically obtained by performing the ratio of the Rhodamine experimental curve by
the thin metal film curve. The result indicates that the “size effect” has a negligible effect as it
induces only a 3% enhancement of the HWHM due to pure optical sectioning.

Another way to prove that the simple “size effect” can be neglected is shown on Fig. 7(b):
the standard dye Cy3 dye, which is expected to have a linear (eventually sub linear)
photoacoustic generation as a function of the laser fluence, is inefficient for sectioning
compared to the Zn:TPP dye. Our experimental results are all in favour of an optical
sectioning that originates from a non-linear (precisely superlinear) dependence of the
photoacoustic signal upon the excitation fluence. For practical use, the irradiation conditions
for FOR-PAM need to be in a range compatible with biomedical applications. Light fluences
of several 100 mJ/cm? are common and even values up to 1000 mJ/cm” have been employed
for in-vivo microscopy [26]. Therefore, our present conditions are acceptable.

Our results suggest that the first reason for sectioning degradation is the limited focusing.
Combining spherical aberration correction and higher numerical aperture is expected to solve
this issue to a great extent. Nevertheless, power broadening by saturation will be a limitation
for dyes presenting a simple ESA. The mechanism of RSA [18] has to be preferred. In this
case the quadratic dependence of the photoacoustic signal intensity as a function of the laser
fluence provides a sectioning performance identical to that of the popular two-photon
fluorescence microscopy technique. We can suggest that a two-laser setup can also be used to
promote the efficiency of the ESA to a level comparable to RSA, opening the way to a larger
variety of chromophores.

8. Conclusion

We use a photoacoustic mechanism in which sound is generated from a non-radiative
relaxation of a level populated by a resonant two step absorption (ESA and RSA). It achieves
an optical sectioning with an undetectable background. This concept enables enhanced axial
resolution without the assistance of acoustic selectivity. Because conventional microchip laser
has enough pumping power to generate the ESA and RSA for achieve this kind of
mechanism, the acoustic microscopy setup can be simplified instead of heavy femto-laser
systems. This is an advantage for practical application. It paves the way for a Full Optical-
Resolution Photoacoustic Microscopy (FOR-PAM), and presents advantages analogous to
that of two-photon excited fluorescence microscopy versus confocal microscopy. Under
moderate laser fluence, we have measured an optical sectioning exceeding two to three times
the Rayleigh length for simple ESA system while an efficient RSA system presents sectioning
capabilities in the range of the Rayleigh length. We demonstrate that the main limitation is
due to power broadening, which occurs when the optical transitions reach saturation,
suggesting that axial resolution can be improved by increasing the detection sensitivity for
ESA or favouring RSA systems. The performance of the technique can be further optimized
by a judicious choice of excitation wavelength.
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