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Abstract: When performing in vivo imaging of live samples, it is a big challenge to penetrate thick
tissues while still maintaining high resolution and a large field of view because of the sample-
induced aberrations. These requirements can be met by combining the benefits of two-photon
excitation, beam modulation and adaptive optics in an illumination path. However, the relationship
between aberrations and the performance of such a microscopy system has never been systematically
and comprehensively assessed. Here, two-photon Gaussian and Bessel beams are modulated as
illumination beams, and how aberrations affect the thickness of the illumination beams is evaluated.
It is found that the thickness variation is highly related to the azimuthal order of Zernike modes. The
thickness of the two-photon Gaussian beam is more sensitive to Zernike modes with lower azimuthal
order, while the thickness of the two-photon Bessel beam is more sensitive to the higher-azimuthal-
order Zernike modes. So, it is necessary to design a new strategy to correct aberrations according
to the effects of different Zernike modes in order to maximize the correction capability of correctors
and reduce the correction errors for those insensitive Zernike modes. These results may provide
important guidance for the design and evaluation of adaptive optical systems in a two-photon
excitation microscope.

Keywords: aberration analysis; beam modulation; two-photon excitation microscope; resolution

1. Introduction

The two-photon excitation microscope (TPM) has received much attention and has
been rapidly developed since being proposed by W. Denk et al. in 1990 [1]. Compared
with conventional confocal microscopy, TPM provides high spatial resolution imaging
with lower amounts of scattering in deep regions of biological samples because of longer
wavelength illumination and nonlinear excitation effects. However, the temporal resolution
of TPM is limited, since a scanning system is indispensable in order to obtain a large field
of view (FOV). In recent years, the Bessel beam (a kind of diffraction-free beam) has drawn
much attention to be used as an illumination beam of TPM, because it can achieve high
spatiotemporal resolution while maintaining large FOV. In 2013, F. O. Fahrbach et al. [2]
developed a two-photon Bessel light-sheet microscope, and the light-sheet penetration
depth was increased by a factor of 3-5 compared to linear excitation with a Gaussian
beam. In 2020, Na Ji et al. [3] developed a Bessel two-photon laser scanning microscope
for high-speed volumetric fluorescence imaging of neurovascular dynamics. The 22-times
increase in the axial excitation range allowed them to use 2D scanning of the Bessel beam
to image a volume, instead of the 3D scanning of the Gaussian beam.
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Although using two-photon Bessel beam (TPBB) as illumination beam could provide
many advantages, the performance of the microscopy system (especially resolution) is
still dramatically affected by the sample-induced optical aberrations, as the illumination
beam goes deep into the biological tissues [4]. Especially when imaging inside semi-
transparent samples, the image quality is weakly affected by scattering up to a depth of
several scattering lengths [5], so optical aberrations would be the main influence factor.
Optical aberrations will lead to a spreading of the focusing spot inside the sample, both
in axial and lateral directions, which will increase the thickness of TPBB and ultimately
reduce the resolution of the microscope.

Adaptive optics (AO) is the most powerful technique to correct the aberrations of
optical systems and has been widely used in Gauss beam illuminated two-photon micro-
scopes [6-8] (TPGM) and light-sheet microscopes [9-11] for the past few years. However,
there has been little research on integrating the AO elements in a two-photon Bessel micro-
scope (TPBM) up to now. Because of the differences in principles [12], methods [13] and
light path conjugation relationships [14] to generate the TPBB and two-photon Gaussian
beam (TPGB), the sample-induced aberrations have totally different effects even if the illu-
mination beam passes the same part of biological sample. Therefore, quantitative analysis
of how aberrations affect the TPBB is rather important to design a reasonable AO system
for TPBM.

In this paper, we analyzed the effects of optical aberrations to the thickness of TPGB
and TPBB by simulating the practical optical system and imaging process. We found that
the thickness variations of these two beams are both related to the azimuthal order of
Zernike modes but have different effect models. TPGB is more sensitive to those Zernike
modes with lower azimuthal order, while TPBB is more sensitive to the higher azimuthal-
order Zernike modes. Moreover, it is necessary to design a new strategy to correct the
aberrations according to the effects of different Zernike modes in order to maximize the
correction capability of the corrector and reduce the correction errors for those insensitive
Zernike modes. Finally, further reasonable advice on AO is provided.

2. Simulation Methods and Evaluation Parameters
2.1. Simulation Methods and Aberration Description

Generally, a conventional AO system employs a wavefront sensor to measure aber-
rations, an adaptive correction element to compensate aberrations and a control system
that processes the sensor signals in order to drive the correction element [15]. Combining
the microscope and AO system, the schematic diagram of the illumination path and direct
wavefront detection path of AO-TPBM and AO-TPGM are shown in Figure 1, regardless of
the scanning system. For simplicity, the correction element (generally spatial light modu-
lator, SLM) is drawn as a transmission device rather than a reflective device in reality. In
AO-TPGM, in most cases, the fs-NIR-laser beam propagates through a series of 4f lenses
and then converges by the illumination objective (IO) to form a Gaussian focus in the
sample. While in AO-TPBM, the illumination beam is modulated by the axicon phase
pattern on SLM to form a Bessel beam firstly. Then, IO and other lenses constitute 4f
systems together and deliver the modulated Bessel beam into the sample. The two-photon
excitation fluorescent guide star (GS) generated at the sample is collected by IO and directed
to a wavefront sensor (WFS). Therefore, these two kinds of systems are very different in the
conjugation relationship among SLM, WES, IO and the sample. In AO-TPGM, SLM and
WES are both conjugated with the rear pupil of I0. In AO-TPBM, WFS is conjugated with
the rear focal plane of 10, while SLM is conjugated with the sample.
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Figure 1. The schematic diagram of the illumination path and direct wavefront detection path of
(a) AO-TPGM and (b) AO-TPBM without scanning system. The intensity profile of the illumination
beam at WFS-conjugated plane is given.

During AO correction, SLM is controlled with the wavefront measured by WFS. For
the sake of convenience, generally the wavefront aberration is decomposed into Zernike
modes. In our simulation systems, the same method is used to simulate the aberrations
caused by samples. The aberrations conjugated with WES can be expressed as [16]:

y) = LaZi(xy) (1)
]

where aj is the coefficient that describes the amplitude of Zernike mode Z; (r, 0). With
j = (n(n+2) + m)/2, the Zernike modes are defined as:

m < 0:y/2(n+1)R,™(r) sin( — m0)

Z™(r,0) =¢{ m=0: \/n—i— TRY(r) )
m > 0:/2(n+ 1)RY(r) cos(mO)
(n—m)/2 s
myy _ (=1 (n —s)! 25
Ra'(r) = ;O NSy T e— T ’ ®)

The indices n and m represent the radial and azimuthal order, respectively. They are
restricted to the conditions thatn > Im| and n — Im/| is even. The relationship between
polar and rectangular coordinates is as follows:

x =1cos0, y = rsinf, and 0 < r =/x2+y? < 1 4)



Appl. Sci. 2022,12, 7156

40f12

For TPGB, the illumination beam at the pupil of IO can be defined:

2 2
Xo” +
Eco (X0, o) = Aco eXp(—izyo) ®)
W&o
where wgy is the waist radius of Gaussian beam and Agg is the amplitude. Thus, the
amplitude distribution of the aberrated beam behind 10 becomes:

Eci(x0, o) = Eco(Xo,yo) exp[—1276W(xo, y,) [ ti (X0, ¥) (6)

t; is the transmittance function of 10 (with focal length f;):

k
tr(x0,yo) = expl—ize (xo” +¥o")] )
Based on the law of Fresnel diffraction, the Gauss beam behind IO at distance z is:

(ikz)
Ec(Xy'z) = exlfxlzz I/ Eai(xo, yo eXP{lzz[( X' = x0)*+(y" —yp)? | }dxodyy 8)
= Z{E1(x0,¥0), 2}

Finally, the two-photon excited fluorescence intensity is defined as the fourth power
of amplitude:

Ic(X,y,2) =|Ec(X,y,2)|* )

For TPBB, in order to modulate the Bessel beam, an axicon phase pattern is generated

by SLM:
21/ up? + vo?

0 (10)

g (uo, vo) =
Based on Vasara A’s research [13], the modulation parameter ro= 271/« = 27t/k6y is
the width of the concentric ring in this pattern, where k = 271/A and A is the wavelength of
the illumination laser. 8y is the oblique angle of equiphase surface shown in Figure 1b, and
o represents the propagation vector of the plane wave components of the angular spectrum
to the transverse plane. If SLM is illuminated uniformly with Gaussian beam, this pattern

produces a complex amplitude:

up + v .
Epo(uo, vo) = Apoexp( — w2 ) exp[ — i®Pp(uo, vo)] (11)
BO

where wpy is the waist radius of input beam and Agp is the amplitude. Since SLM is
conjugated to the sample plane, the complex amplitude at the rear focal plane of IO can be
calculated by its 2D Fourier transform [17]:

Egi(ui,vi) = F{Epo(uo,vo)}

= [[ Epo(up, vo) exp[—i2m(ujug + v1vo)]dupdvy (12)

Thus, the complex amplitude of the illumination beam through the aberrations can be
expressed as
Epy (u1,v1) = Epi(ug, v1) exp[ — i2nW (uy, vy )] (13)

Because Egy (uq,Vv1) is located at a distance fj in front of IO, the complex amplitude
immediately behind IO can be written as:

Egr(up, v2) = Z{Ep(uy, v1), fi}t(uz, v2) (14)

In the same way, to find the distribution behind IO at distance z, Equation (8) is applied:

Ep (u',v',z) = Z{Epi(up, v2),z} (15)
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Finally, the two-photon excited fluorescence intensity is defined as the fourth power
of amplitude:

Iy, , 2) =[Es(u/, ¥, 2)[* (16

It is worth noting that the simulated aberration should be set at the plane, which is
conjugated to WES, and the diameter of the aberration should be equal to the diameter of
the illumination beam at this plane. For TPGB, the diameter of the aberration (d) is:

dG = 2WG0 (17)

For TPBB, according to the geometric relation of the optical path, the diameter of
aberration is equal to the diameter of the annular intensity distribution at the rear pupil

of IO: ; Aff
2 =0 (18)
2 r0f2

Based on Fresnel diffraction and Fourier Optics, we have derived the calculation
process for TPGB and TPBB under the influence of aberration. With it, theoretical analysis

of the effects of single Zernike mode and random aberrations can be carried out.

dp = 20f;

2.2. Evaluation Factors of Thickness

In order to describe the effect of the aberrations, we define a quantitative evaluation
factor as mentioned in our previous article [18,19]. A relative factor TR is used to describe
the thickness: T

A
TR == 19
= (19)

Tp and T4 represent the thickness of aberration-free and aberrated beams, respectively,
as shown in Figure 2a,b. Because of the distorted intensity distribution of the aberrated
illumination beam, the full width at half maximum (FWHM) could not accurately describe
the beam thickness. Thus, we define the thickness as minimum width that contains 63%
(i.e., 1 — 1/e) of the total beam’s power [20].

Phase aberration PSF;,

(a) 1
— . .
X (c) Lateral intensity profile
lateral intensity profile

| . 7
7 VA%
‘ ] W AN

Figure 2. The TPBB simulation: (a) aberration-free phase and PSF;; (b) aberrated phase and PSF;;
(c) lateral intensity distribution of the aberration-free and aberrated TPBB.
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3. Results and Discussions
3.1. Effects of Single Zernike Mode Aberration

The first 104 Zernike modes and their distortion effects along the direction of illu-
mination are simulated. For each mode, a series of amplitudes from 0.1A to 2A (PV) are
simulated. For simplicity, only the first 14 Zernike modes with 1.0A (PV) and the distorted
PSF in XY plane are shown in Figure 3. Figure 4 gives the effect on TR of different Zernike
modes with four sets of PVs (0.3A, 0.8A, 1.3A and 1.8A). According to these results, we can
summarize the general rules of the aberrations’ effect on TPGB and TPBB.

m: azimuthal order

. 2-2,!
.]_an
§ = (ne2yrmy2 _ _
n: radial order
5 7,?

4z0

1- -

_Zl

fo— [E- E“‘ E
1IZ 2 12-7,° 13-7,2 14-7,%

D NENs

Figure 3. The first 14 Zernike modes and the distorted PSF along the direction of illumination of
TPGB (G) and TPBB (B). All results are calculated for amplitude of 1.0A (PV).

il ds
CER L R
G A

Figure 4. Relationship between TR and each Zernike mode for TPGB and TPBB. Amplitude of each
mode is from 0.3A to 1.8A.
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For both TPGB and TPBB, as the amplitude of aberration increases, the TR becomes
larger, i.e., the effect becomes more serious. The effects on TR of lower-order modes are
greater than that of higher-order modes under relatively small amplitude (TPGB: PV < 1.3A;
TPBB: PV < 0.8)A). For the higher-order Zernike modes, the TPBB’s TR would reach to a
rather high level under smaller amplitude compared to TPGB.

What is more interesting is that the Zernike modes with the same azimuthal order
have different effects on the thickness of TPGB and TPBB, as shown in Figure 5. Generally,
the Zernike modes with lower azimuthal orders (m < 4) have relatively stronger effects on
the thickness of TPGB, while they have smaller effects on thickness of TPBB. In contrast,
the Zernike modes with higher azimuthal orders (n — Im| < 4) have relatively stronger
effects on the thickness of TPBB, while they have smaller effects on the thickness of TPGB.

(a) TR-TPGB (b) TR-TPBB

Radial order n

HE 24— s
— [ S ) (%) (%) +»
S n n n
Radial order n
It) : 5 O 00 N N s WD -

rﬂ(\!HOO\OCI\\OVSV("]N-—'O-ﬁNM(tU‘)\Dl\OOO\O:NM NOI—ONCT\ONHeNCT

[
Azimuthal order m

TO-—‘NM“‘V‘»\OI\OOO\O:NN‘A

Azimuthal order m

Figure 5. (a) TPGB and (b) TPBB are sensitive to the Zernike modes with different azimuthal orders.
Amplitude (PV) of each mode is 1.6A.

In order to explain this difference, we go back to the definition of Zernike modes.
According to Equation (3), there are fewer lower-order terms of r in R})'(r) as the increasing
of azimuthal order m. Figure 6 shows how a radial circle polynomial R}'(r) varies with r
and m. When the radial order is odd, the fluctuation of the aberrated wavefront gradually
shifts from the center to the edge as the azimuthal order increases. The same thing happens
when radial order is even; however, the central fluctuation is most dramatic when the
azimuthal order is 2 rather than 0. The intensity profile of TPGB and TPBB at the plane
conjugated to the WEFS are solid circle and hollow ring, respectively. Therefore, TPGB is
more sensitive to the central fluctuation of the wavefront, and TPBB is more sensitive to the
fluctuation in the periphery of the wavefront. Thus, TPGB is more sensitive to the Zernike
modes whose azimuthal orders are relatively lower, especially less than 4. In contrast, those
Zernike modes whose difference between radial order and azimuthal order is less than 4
have greater influence on the thickness of TPBB.

] (@ayn=7 ] (b)yn=38
‘\
|
I
0.5 | 0.5
AN | SN |
\ 1] / \
m / \ m /) 4 |
R / X R /
0 -/*’ 0= —7
\\ / ) AN / /
) /
X v NJ
— A / _ . m=8N\__
0.5 m=7}" 0.5 m=6
m=5 m=4
m=3 m=2
m=1 m=0
-1 -1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

r r

Figure 6. Variation of a radial circle polynomial R} (r) withr. (a)n=7; (b)n=38.



Appl. Sci. 2022,12, 7156

8of 12

pv=0.1

pv=13

pv=2

Another point worth noting about the Bessel beam is its ‘self-reconstruction’ prop-
erty [20]. As shown in Figure 7, TPBB will gradually restore to its original shape as the
aberration amplitude increases. Generally, the ‘self-reconstruction” process takes place
when the amplitude changes from 0.8A to 1.5A. For the Zernike modes that TPBB is sensitive
to, at first TR is stabilized at about 4, and then it continues to increase after 1.6A. For other
Zernike modes, TR increases first and then declines as TPBB gradually reverts to its original
shape. That is to say, the growth curve of TR is not monotonic but fluctuant.

pv=0.5 pv=0.9

pv=17

Figure 7. The illustration of the ‘self-reconstruction” property of TPBB.

According to the above results, researchers in the field of AO should pay more attention
to the different affection models of Zernike aberration to TPGB and TPBB. Considering
all Zernike modes with the same weights would be a waste of the correction capability of
the correction devices. For a Zernike mode which has less effect on thickness even with
large amplitude, the corrector may consume a large amount of modulation to get a poor
correction performance, which may even lead to a large correction error. Hence, it would be
more efficient to develop a suitable strategy to filter out the Zernike modes to be corrected
for different illumination beams. For TPBB, Zernike modes with higher azimuthal order
should be considered with higher weights.

3.2. Effects of Random Biological Aberrations

In this section, we mainly focus on the effects of biological aberrations and the AO
correction strategy to restore the quality of TPGB and TPBB. At first, it is necessary to un-
derstand the characteristics of biological aberrations and then simulate a realistic biological
aberrations model. According to M. Schwertner and M. J. Booth et al. [21,22], aberration
caused by the variation of biological specimen refractive index can be considered random.
Moreover, the amplitudes of higher-order Zernike modes are usually smaller than those
of the lower-order ones. Furthermore, according to the experimental results of Kai Wang
et al. [6,7] on zebrafish embryo and mouse cortex, the first 65 Zernike modes are sufficient
to describe biological aberrations. For superficial specimen (<0.1 mm), the aberration of
biological sample is small, and RMS is approximately 0.1A. As the illumination position
goes deeper, the aberration would increase gradually to even larger than 0.5A (RMS).

Thus, we use RMS to indicate the intensity of random aberrations caused by sample at
different depths, and the variation ranges from 0.1A to 1A. Based on the aberration models
mentioned above, each aberration intensity randomly generates 100 wavefronts, and the
coefficients” distribution of each Zernike mode is shown in Figure 8. The coefficients of
tip, tilt and defocus modes are set to 0, since those modes only affect the position of the
illumination beam and have no effects on the thickness.
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Figure 8. The coefficients” distribution of each Zernike mode in the model of sample-induced
aberrations, where the coefficients of tip, tilt and defocus modes are set to 0. On each box, the central
mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th
percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers,
and the outliers are plotted individually using the ‘+" marker symbol.

The average TR of 100 groups of wavefronts is used to obtain the statistical results, as
shown in Figure 9. For TPGB, the relationship between TR and RMS of biological aberration
is nearly linear. For TPBB, the relationship is totally nonlinear. TR increases dramatically at
first and then remains almost stable due to the ‘self-reconstruction” property. When RMS is
less than 0.4A, the effect on the thickness of TPBB is stronger than that of TPGB, while the
effect is far more serious for TPGB, as RMS changes from 0.5A to 1.0A. This interesting result
shows that the effect of random aberrations to TPBB is restrained by the “self-reconstruction’
property. So, it would be better to use the fluorescent guide star (GS) excited by TPBB
in the deeper specimen because the cross-section size of the GS is relatively smaller than
that excited by TPGB, and the WFS can measure the wavefront more exactly. Of course, it
should be a comprehensive consideration to choose which one as GS because the length of
GS is another important factor.

10 T T T T T T T T T

TPGEB

9

TR

0 . . . . . . . . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

RMS())

Figure 9. Relationship between TR and the random aberrations for TPBB and TPGB. Amplitude
(RMS) is from 0.1A to 1A.
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In order to determine how many Zernike modes are needed to correct to eliminate
the distortion caused by biological aberrations, we set the coefficient of each Zernike
mode to zero in turn to simulate the conventional AO correction process. The closer to
1 the TR values are, the better the correction performance is. The relationship between
TR and the number of corrected Zernike modes under random aberration with variable
RMS is shown in Figure 10. If we assume that the correction of the AO system is ideal
when TR is smaller than 1.1, we find very similar results for TPBB and TPGB. For small
aberrations (RMS < 0.1A), the first 14 modes should be corrected to achieve ideal correction.
For moderate aberrations (RMS < 0.3M), they both need to correct the first 35 modes. For
large aberrations (RMS > 0.3A), more than 50 modes should be corrected. However, the
decreasing trend of TPGB’s TR is smoother compared with that of TPBB with the increase
in corrected Zernike modes. This is because the Zernike modes with higher azimuthal
orders have a stronger effect on the thickness of TPBB. Therefore, there are some steps in
the decreasing trend curves. Once again, this step-changing trend proves that it is necessary
to use a kind of filter function to correct different Zernike modes with different weights
for TPBB in order to maximize the correction capability of the corrector and reduce the
correction errors for those insensitive Zernike modes.

(a) TPGB (b) TPBB
6 : : : : 6 : : \ :
—+—RMS =0.1) —+—RMS =0.1)
A —=—RMS = 0.3\ —=—RMS = 0.3\
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20
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The number of the corrected Zernike modes

Figure 10. TR of different RMS of the initial random aberration varying with the number of corrected
Zernike modes for (a) TPGB and (b) TPBB.

4. Conclusions

In this paper, two-photon excitation microscopy systems combined with AO using
TPGB and TPBB as illumination beams are simulated. The effects of each single Zernike
mode and random biological aberration to TPGB and TPBB are investigated and compared.

Firstly, aberrations induced by samples will make the illumination beam thicker than
the ideal situation, and lower-order Zernike modes generally have greater effects on the
thickness than higher-order modes. TPGB is more sensitive to the Zernike modes with
a lower azimuthal order (I m| < 4), while TPBB is more sensitive to the Zernike modes
with a higher azimuthal order (n — Im| < 4). Secondly, because of the ‘self-reconstruction’
property, the relationship between thickness of TPBB and the amplitude of wavefront
aberration is not monotonically or linearly increasing like TPGB. When the aberration
is larger than a certain value, the thickness may not increase anymore, or it may even
decrease. Finally, the number of Zernike modes that need to be corrected under different
aberration situations is given. For small aberrations (RMS < 0.1A), the first 14 modes
should be corrected; for moderate aberrations (RMS < 0.3), the first 35 modes should be
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corrected; and for large aberrations (RMS > 0.3A), more than 50 modes should be corrected.
These results will contribute to the design of AO systems and the performance evaluation
of microscopy systems. On the basis of the above conclusions, it is necessary to further
explore a kind of filter function to correct different Zernike modes with different weights for
different illumination beams in order to maximize the correction capability of the corrector
and reduce the correction errors for those insensitive Zernike modes. We will study this in
the future.

One of the main purposes of this article is to present a simulation method for two-
photon excitation microscopes. With this method, we could simulate the practical optical
system and calculate the intensity and phase at planes conjugated to WFS, SLM and other
vital devices using Fourier angular spectrum diffraction theorem and Fresnel diffraction.
Then, we could analyze the changes in system performance caused by various factors,
such as aberrations. This method is not restricted to analyzing the thickness of TPGB and
TPBB. It is a universal method to simulate and analyze the effects of aberrations to one- or
multi-photon Gaussian beams, Bessel beams, Airy beams and so on.
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