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Abstract: Two-photon light-sheet microscopy (TP-LSM) system performa. - 2 is greatly degraded by
specimen-induced aberrations in illumination path, which limit the fi :td of * iew, axial resolution and
excitation efficiency of the system. Adaptive optics (AO) is an effec.ve met! od for attenuating these
effects. For the design and evaluation of an AO system, a comr srenensive analysis of the effects of
aberrations is needed. In this paper, a TP-LSM system is simulat. ¥ and r :w indexes based on integral
intensity are introduced for the evaluation of an aberrated ligi." shec.. Then, the influences of each
Zernike mode and random aberrations on the illumination ;. ~th of the TP-LSM system are investigated
with a numerical simulation method. Results show that hi,"-oruc. aberrations have little effect on the
axial resolution and excitation efficiency of the sy~*~~ 7. only low-order components require
correction. The random aberrations varied in strength with .>= depth of the specimens, so the number of
corrected Zernike modes is variable. A general forn. 'la 1 y..ierated for the estimation of the number of
modes that should be detected and correctec *inder different aberrations and different numerical
aperture of the objective. The results can provide ‘my “rtant guidance in the design and evaluation of
AO units for TP-LSM systems.

Keywords: Adaptive optics; Aberration correction; wo-photon Light-sheet Microscopy

1. Introduction

The optimization of biologic . m™_rosropy system parameters, such as penetration depth, field of
view (FOV), acquisition speer ana , “o*sdamage are crucial to the progress of modern life science.
However, achieving these ¢y tives in a single type of microscopic imaging system is currently
challenging as optimizinp ~ne of these parameters may degrade the others. Two-photon light-sheet
microscopy (TP-LSM) vste’ 1s combine the advantages of different microscopy systems. TP-LSM
systems use ultrafas’ near ~frared laser pulse to create a two-photon excitation light sheet,
simultaneously achi .vins higt imaging depth into biological tissues and high imaging speed with low
phototoxicity and nhoto.. ™= .hing [1, 2].

A traditior | light- heet microscope illuminates a biological sample with a thin light sheet of
visible light fror. the <'de of the sample. The light sheet is imaged by a wide-field camera oriented
orthogonal y to the sheet. Given the orthogonal geometry of a light-sheet microscope, the whole light
path contai. < two Jasic parts: the illumination path and the detection path. Meanwhile, a TP-LSM
systerr ...~ !trafast near infrared laser pulse instead of visible laser to create a two-photon excitation
light shee 1] and offers a submicron-scale axial resolution unlike a tradition light sheet microscope,
which is limiced to 2-8 pm axial resolution.

However, similar to other microscopy systems [3, 4], TP-LSM systems are affected by aberrations
introduced by biological specimens and the two orthogonal light paths of the system are affected
differently. Introducing adaptive optics (AO) to biological microscopy systems is one of the approaches
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for addressing such aberrations. Similar to AO technologies used in astronomical telescopes, specific
wavefronts generated by wavefront correctors are used for offsetting decreased performance due to
aberrations.

Over the past two decades, numerous adaptive optical microscopy sys'.™s have been
implemented [5-8]. The AO technique has been widely used in two-photon micrascopy | -11] and
light-sheet microscopy [12-14] for the past five years. Various detection and ¢ rrec on methods are
applied to different systems, and many of them are of great value, such as fluaresu. *t guide star [15],
scanning technique, and descanning technique [16]. However, in the field »f biu.~aical microscopic
imaging, biological specimens are multifarious, and the modes of cor strur .. and principles of
existing systems greatly vary. Accordingly, the extent of performa. = degradation due to
sample-induced aberrations vary among different systems.

The detection path of a TP-LSM system is the same as that of trac ‘tional ' .ght-sheet microscope or
any other plane imaging system. AO has been successfully appl zd to *he illumination paths [17] and
detection paths [12, 13] of traditional light-sheet microscopes. . ' weve , how aberrations affect the
illumination path of the TP-LSM is unclear because two-photon . “sorption occurs in this path and the
quadratic dependence on the excitation laser intensity of . “o-phot' n-excited fluorescence make the
influence of the aberrations on the illumination path marke"’ diierent from that in the traditional one.
In TP-LSM system, the illumination path is of vital ir _.....c. wecause it determines the FOV and the
axial resolution of the system. Knowledge about how aben . “ions affect the illumination path is crucial
to adaptive optical design. This knowledge can be use s iur determining the appropriate number of
Zernike modes that needs correction, actuators ~at a v rrector should contain, and sub-apertures that
must be included by the Shack-Hartmann wavefro.t sc.isor (S-H WFS), which are the most important
parameters of an adaptive optical system.

In this paper, we focus on aberrations in the nlumination path of a TP-LSM system and analyze
the effects of the aberrations by using .imula.*on method. Based on the point spread function (PSF) of
the TP-LSM system, the two-photon it sher ¢ is simulated and two new evaluation indexes based on
integral intensity are proposed. T'.en, 've examine the effects of each individual Zernike mode of the
aberrations and different strengths ~" ranrom aberrations on the illumination path. The characteristics
of the influence are clear, the number o Zernike modes that requires correction is determined, and a
general formula is producea. These ~sults provide guidance for adaptive optical design and aberration
correction in TP-LSM sy .em:

2. Methods

2.1 Optical structui. ~f~ P-L" M.

The schem .uc diraram of fundamental TP-LSM system is shown in Fig. 1. In the illumination
path, the ultrafa. * near-ir irared femtosecond pulse laser is emitted by a femtosecond laser source and is
directed inf. wie scan system employing axial (x-direction) and lateral (y-direction) scanning before
entering th ' scan le s (SL), tube lens (TL), and the rear pupil of the illumination objective (10). In the
detectinn patn, .« detection objective (DO), TL, and sSCMOS camera are carefully aligned for the
recordir, ' of the fluorescent signal excited by the illuminating laser.
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Fig. 1. Schematic diagram of the TP-LSM system.

In TP-LSM system, the virtual light sheet is generated by scanning in tw. directions and exposed
by the sSCMOS camera vertically. Compared with two-photon microsc py (TF*), TP-LSM achieves
larger FOV, lower photodamage, and higher acquisition speed without . ausing sbvious degradation in
spatial resolution. However, the illumination FOV of a TP-LSM ¢, stem ~annot reach the desired
requirement at high resolutions owing to the aberrations in the sys. ..’s ill imination paths.

As shown in Fig. 2, aberrations are induced as light passes “rough the specimen because of the
variations in refractive index. In the illumination path, al. -ations ire induced by region “a” in the
specimen. By contrast, aberrations are induced by region ” in uie detection path. The two mutually
perpendicular light paths suffer from different aberre*"_... ....uced by biological specimens, and the
aberrations in different paths have varied influences on the . 'stem. In TP-LSM, axial resolution results
from the thickness of the light sheet, and lateral -esc uuun is determined by detection optics [1].
Aberrations in the illumination path increases th.  *hicki.ss of the light sheet and decreases the intensity,
thus decreasing the axial resolution of the syste.n a.d limiting the effective illumination FOV as
illumination depth increases. Thus, the imi.~nces of aberrations on the illumination path can be
investigated quantitatively by evaluating thickness and intensity of the two-photon light sheet.

DO

source of
detection path
aberrations

x
Specimen z

source of
illumination path
aberrations

Fig. 2. Source of aberrations in different light path.
2.2 Formation of two-p. ~tor light sheet.
PSF must be calc Yated for the simulation of the two-photon light sheet. The system PSF of

TP-LSM is calcui.*2d -~ follows:

PSFsys :PSFiII x PSFdet (1)

where -..7, . PSFy, and PSFg represent the system PSF, illumination PSF, and detection PSF
respective” .. As shown in the inset of Fig. 1, PSF, is determined by the width of PSF;; and PSF in
the shown x-z plane. In this study, we solely focus on PSF;,. The calculation method is provided below
[18].
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Fig. 3. The sketch map of light focused by a converging lens.

The parallel light is focused by objective lens of focal length f, as sk own . 7i9. 3. According to
the Fresnel diffraction formula, the distribution Uy (y,z) near the back foca. >lane of the lens can be

written as
.k 2 2
exp[j--(y" +2%)]
2X ! H k 2 Z - Zﬂ-
U (y,2)= U, (u,v)exp[j—(u e .. -j— (uy+vz)]dudv
L(,2) i xJJUivepli——(u*+ e l-j = w+v)

)
where x is the distance from the lens to the imaging plane. A cou..~*ant phase factor has been dropped.
Meanwhile, U, (u,v) is the amplitude distribution behind the *»ns and s written as

Uy =U, ()P y)e evnt 52 v

©)
where U, (u,v) is the disturbance incident on the lens, s(u,V)is the aberrations in the pupil plane, and

P(u,v) is the pupil function. By changing the dista <e .. from x; to x,, the amplitude distribution of the
focus point along the x-axis can be obtained. ™2 . ity distribution can be written as

IX1~>X7 ok l —>Xp (y’ Z)XUM%XZ (y’ Z)* (4)

For the two-photon excitation, the inte:.. ‘tv of e detected fluorescence is

I, =xSml? (5)

where « is the collection effir =ncy of t.e imaging device, Jis the two-photon cross-section, and # is
the fluorescence quantum eificienc, Thus, the 3D effective illumination point spread function PSF;,
can be expressed as

P'c":ill (X1 N Z) = ’f5277| 2x1ax2 = K5277[U X =X, (y! Z) Xuxlax2 (y! Z)*]z (6)

After the effect of the ' cecti ,n camera is considered, the intensity is integrated along the y-axis.

Icamera (X' Z) = _[ I:>S|:ill (X' yv Z)dy (7)

The virtual ".ygiit sheet Is scanned along the x-axis, and the intensity distribution of the two-photon light
sheet can L » writter as

ight sheet (2) = _[ | camera (X; 2)0X = _” PSF,, (x, y, z)dydx (®)

2.3 Aberrati. n description for TP-LSM.

In the adaptive optical system, the corrector is usually controlled with the slopes acquired by the
S-H WFS. For convenience, the aberration decomposition is described by using the Zernike
polynomial to express the aberrations. Therefore, the measured slopes should be transformed to the
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coefficients of the Zernike polynomial. In the TP-LSM system, we use the same method to simulate the
aberrations caused by specimens. The aberrations may be expressed as [19]

) =3 Y 20 V) =Y S8, 20 )+ e

n=0 m=0 n=0 m=0 (9)

where Z." is the orthonormal Zernike polynomial, ¢ is the residual error, a,, is ‘e corresponding

coefficients, n and m are positive integers (including zero), and n—m=>Nanu “‘en. The index n
represents the radial order, and m may be called the azimuthal order. By su' stitt ...y 5. (9) into Eq. (2)
and Eqg. (8), we can get the aberrated amplitude distribution of the illuminau. ~ laser and the aberrated
two-photon light sheet.

3. Results

The influence of aberrations on the illumination path of the * P-1 L s investigated by performing
a series of simulations. We simulate the formation of the tw. -nhoten ’.ght sheet on the basis of the
integral effect of a camera and the Fourier transforming properties o.  objective lens. Assuming that the
amplitude distributions of aberrations at different depth~ are if-.m, we obtain the aberrated light
sheet in the x-z plane. Our study focuses on the simulation a. % analysis of the aberrated light sheet,
manifested in the effects of each Zernike mode ana .~ random aberrations caused by biological
specimens. All the simulations only apply to the ,_*~™< that scan the beam in the lateral and axial
direction.

In the simulation, the equivalent focal lengu u. the objective (f ) is set to 5 mm, and the effective
aperture (d) is changed. These steps ensure *"~t din.,~rent illumination numerical apertures (NA;,) are
obtained. The wavelength of the femtosecond . '<e laser is set to 1000 nm. The tip/tilt and defocus
aberrations are removed from the wave* ~~ts in the simulations because they can only reposition the
light sheet instead of distorting it.

3.1 Simulation and evaluation inde . of two-.".oton light sheet.

The distribution of illumina.~ 1 las.r intensity (PSF;,) along the beam propagation direction
(x-axis) is simulated accord’ < to the rourier transforming properties of converging lens and the
parameters above, as shown in k. 4(a). The effect of the detection camera is considered in the
integration of intensity 8'ung he y-axis. In TP-LSM, the light sheet is formed by x-y scanning. Here,
we simulate the scanniny ~ x-axis and obtain a virtual aberration-free light sheet at the x-z plane.
Similarly, the intens’ .y is ‘ntegrated along the x-axis as the scanning is sequential. When induced into
the system, the aben . ins r «ay a great part in PSF;, and detected light sheet. A randomly aberrated
wavefront is shc wn in Fig. 4(b). The peak to valley (PV) and root mean square (RMS) of the aberrated
wavefront are 2.76A and ).51A, respectively. With the effect of the aberration, the PSF;;, is distorted, the
thickness ¢” uie qenerated light sheet is increased, and the intensity of fluorescence is decreased
dramatical / (Fig. 4 c)).




O©CoO~NOOOITA~AWNPE

(a) Phase aberration PSF,; Two-photon light-sheet
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Fig. 4. The two-photon light-sheet simulation: (a) aberration-free phase, PSFy;, a * light sh et; (b) aberrated phase, PSFyj,

and light sheet; (c) Intensity distribution of the two light - .ieets a'~ng the z-axis.

In TP-LSM, the thickness of the light sheet determines the a. *. reso dtion of the system. With the
thickening of the light sheet, the axial resolution decreases ana .~ intensity is quadratically reduced,
both leading to a limited FOV. To describe the influ.~ces of aberrations on axial resolution
quantitatively, we define an evaluation index, which is .= rauu between aberrated thickness and
aberration-free thickness (TR) of the two-photon light =" ___.

iy
" (10)

—

where T, and T, represent the thickness of aberra 2a «.1d aberration-free light sheet, respectively. TR
refers to the extent of the impact caused by au. “rauu.... The larger the TR is, the worse the effect of the
aberration is. When the TR reaches 1, the aberration has no effect on the thickness of the light sheet and
on the axial resolution of the TP-LSM  ysten..

. 70% of the :
integral intensity

Pixel
Fig. 5. Definition of the thickness T.

It’s import at to rote that the full width at half maximum (FWHM) of the intensity distribution
inaccurately d.scribes the thickness of the aberrated light sheet because the distribution
curve of int” .isity may be distorted. Thus, we define a new parameter T as the thickness of light sheet.
The param ter T is 1e minimum width at 70% integral intensity, as shown in Fig. 5, and is equal to the
FWHM of the ...u-photon light sheet in an aberration-free system. It can indicate the thickness of the
aberrate." lir at sneet in biological specimens accurately.

Simila 'y, the intensity of the light sheet indicates the excitation efficiency. To describe the
influences quantitatively, we define another evaluation index: the ratio of aberrated intensity to
aberration-free intensity (IR) of the two-photon light sheet, written as
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IR:LA
lo (11)

where I, and |, represent the integral intensity of aberrated and aberration-free ligh. ~heet along the
z-axis, respectively. Similar to the Strehl ratio, the smaller the IR is, the worse the enc:t of the
aberration is. When the IR reaches 1, the aberration has no effect on the excit7.ion fficiency of the
TP-LSM system.

3.2 Effects of each Zernike mode.

Considered the two-photon absorption effect, the first 27 Zernikc mc .es and their distortion
effects along x-axis are calculated and shown in Fig. 6. In this sectior, (e an,. ‘itude of aberration is
appropriate to evaluate the aberration as it is specific and just contains one moc 2.

- CHeE
- wHl THSE

- DEoHCE AR

-~ ONOHEESh ~d

- PHOESEES G H RS
ST E AT TR

Fig. 6. The first 27 Zernike modes. For each mode, the distor ~u . *0-p..oton PSFy, along the propagating direction is shown. All

results are calculated for amplitude “? 0% ar. ' nis the radial frequency of the aberration.

In the distorted PSFy,, different Zernike mu.'~s have varied effects on axial intensity distribution.
That is, different Zernike modes play di**=-ent roles in the thickness and intensity of two-photon light
sheet. To quantificationally analyze t'.e differt 1ces, we investigate the effects of the first 104 modes.
For each mode, a series of amplituc :s fron. 2 _ A to 2.0 A are investigated.

4 T T T T T T T T T 4

(a) Amplitude of cach .. ‘*~is? /A ] 1 (b) Amplitude of cach mode is 1.0%

TR
TR

IR

IR

10 20 30 a 0 60 0 S0 9% 00 0 10 20 30 40 50 60 70 80 9 100
zmike modes Zemike modes

T T T o T T T T T T
(¢) Am itude of each mode is 1.5% ] s (d) Amplitude of each mode is 2.02.

TR
TR

IR
IR

10 20 30 40 9% 100 0 10 20 30 10 100

50 0
Zernike modes

Fig. 7. Relationship between TR/IR and each Zernike mode. Amplitude of each mode is (a) 0.5%; (b) 1.04; (c) 1.52; (d) 2.0A.

0 &
Zernike modes

Four representative results of the effects of different amplitudes on TR and IR are shown in Fig. 7.
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First, we take the TR into account. In each Zernike mode, the greater the amplitude of the aberration is,
the higher the TR is. Under relatively small amplitude (< 1.0 %), the TR of low-order aberration is
greater than that of the high-order aberration, and the high-order TR increases draratically as the
amplitude changes from 1.0 A to 2.0 X and keeps in line with the low-order TR. That i*, *he thickness of
the two-photon light sheet is more sensitive to the low-order aberrations than to the high-c der ones
under small amplitudes. What’s more, as indicated in Fig. 7(d), the aberrations  ifect the thickness of
the light sheet regularly. In the same radial order n, the larger the azimuthal order 1.. *s, the smaller the
TR is. When the value of m reaches n (high-order astigmatisms), the TR becomes ex.2mely small.

By considering the influence on intensity, we can easily underst:ad t .c verse relationship
between TR and IR. As TR become larger, IR becomes smaller and vice ve. 2. When the two-photon
light sheet becomes thicker, the dispersion of laser energy is in a relat’ ely la: e area and the excitation
efficiency will be reduced dramatically. However, as the figure ina -~ates, ©a exception exists. The
high-order spherical aberrations have little influence on the thi .knese af the two-photon light sheet
even at a large amplitude but reduce the two-photon fluoresce. ~. inte .sity and degrade the image

quality.
T T T T T T T T T T 13 T T T T T T T T T
5k
- — L} 4 12 * 1
- < o0 A
- .
L] o 11 . 4
g = o 4 Lo~ N=10*Amp(3.)-2 . R
= - o A .
2+ - gAa o«
-  { < > 9 o ]
" . . v - -y
1»0ﬂ‘0001"' ALt 458 oy . ]
¥ ' ‘ ‘ i ) © r ° 4
v v = \
05 vy & 1
& ‘ ellp, TV Vvvy | (,l g
&— The 4th mode B 1 ".ay
®  The 16tk mode H i J : ” 1
4 The 32nd mode L2 %
v The 44/h mode ’ - l 4 4 ]
¢ ¢ <
o1k 4 The 56th mode 3 ° B
A A . A e s e - N A i J 1 1 1 1 . 1 i 1 1 1
00 02 04 06 08 10 12 14 16 18 20 22 04 05 06 07 08 09 10 11 12 13 14 15
Amplitude Amplitude (1)
(a) (b)

Fig. 8. (a) Representatives of different me .es; () Relauonship between the amplitude Amp of each mode and the radial order N
of aberration that can .~ ore cr .ical to improve imaging performance in the correction.

Basing on the analyses ‘hove, we conclude that the two-photon absorption effect can natively
correct small-scale high-order (r. Y radial frequency) aberrations. The importance of distorted
illumination light is decr- asec by the quadratic dependence of two-photon excited fluorescence on the
excitation light intensity a. € Jorophore excitation is spatially confined to only the highest intensity part
of the beam, thus p’ zser ing axial resolution and fluorescence intensity even when the illumination
light is distorted by a. > ratic 1s. To understand the conclusion in a more precise manner, we summarize
the simulations ,r each Zernike mode. Several representatives of different modes are provided in Fig.
8(a). At increas d ampl ude, different modes show different tendencies to change performance. We
analyze the .unulation and get the relationship between the amplitude Amp of each mode and the radial
order N of 2berratic 1 that can be critical to the improvement of imaging performance in the correction.
The result is 1ieeu as a linear function, as shown in Fig. 8(b). Then, the effects of each Zernike mode
are sum, ~ar’zed in Table 1. In the analysis process, we think the aberration have a severe impact if TR
reaches 1.5.

Table 1. Summary of the effects of aberrations on the thickness of two-photon light sheet

Effect on thickness Effect on intensity

n-2m = 0 (spherical aberrations) little effect great effect
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n =m (high-order astigmatisms) little effect little effect

n<N
great effect great ef’ act
(N=10*Amp(4)-2; n-2m#*0; n¥m )

3.3 Effects of random aberrations and the number of Zernike modes need to ! » co' rected.

At every random aberrated wavefront, the amplitudes of high-order Zeri..» modes are usually
smaller than those of the low-order ones. In the field of biological microsce sy, v1» amplitudes of 30-60
Zernike modes at the depth of 600 um are less than 0.5 X [10]. So only the .~w order aberrations should
be corrected in TP-LSM. To determine the number of Zernike mod s nat shculd be corrected, we
perform another simulation.

First, aberrations induced by biological specimens are simule*__ by u...ig the Zernike polynomial.
To make the simulations closer to the actual situation, we u¢> tF. ab rration model in biological
specimen proposed by M. Schwertner et al [20, 21]. The rese.. ~h inc'i~.tes that aberrations caused by
the variations in biological specimen refractive index can be appro ‘imate to random aberration. The
Zernike mode standard deviation declines with rising ordc~ anu ““ic general behavior is found in all the
specimens. In the adaptive optical microscopy system, we us. RMS to represent the strength of the
random aberrations induced by specimens at different de,.""s as it represents the frequency character of
the aberrated wavefronts. According to the results | «v.. =7 by Kai Wang et al [9, 10] in the zebrafish
embryos and mouse cortex, the aberration is weak an ' RMS is approximately 0.1A for the superficial
specimen (<100 um; A=1000nm for the TP-LSM, .~ the deeper specimen, the aberration is moderate
and RMS is approximately 0.5A. When the i.~ina ing position of the TP-LSM system goes deeper
(>500 pm), the aberration is strong and RMS is . ~proximately 1.0A. Based on the aberration model
above, 1000 wavefronts are generated ... mly for each aberration strength, and the average TR and
IR of the 1000 sets of wavefronts ar® used to Hbtain statistical results. The closer to 1 the TR and IR
values are, the better the correction 2ffect u. * i€ method is. The relation among TR, IR, and the number
of corrected Zernike modes J unc *r re «don aberration with variable strength is shown in Fig. 9.

T T T T T T T T T T T
L] o NA=0 a— RMS = 0.14 | ] o ]
:Z’ 3 o RMS=034 |7
Wk ~— RMS = 0.52 | ] e ]
5 Fy v RMS =084 |} 08 .
bt VL < RMS =104 | ] . A
10 | % B
9l - ‘v BH 06 -1

g eL-X v, 5 E osh p
7L e « ] .

s Y & p E
04 O 0y o o - -
°F Y “ E b e A «— RMS = 0.12
51 % L~ 4 1 03} W * RMS =034 4
o "
AP - B, " 1 F il N o RMS = 0.54
3k s e . LE e v RMS =084 | ]
2k " v, e " ] T NA=0.8 2
L E "oteeen, eeneiittiey seesseeit G itetttsssssns ] 04 [-omets < RMS=1.02 |
0 L A 1 I 1 1 0.0 1 L 1 L 1 1
0 0 . 30 40 50 60 70 0 10 20 30 40 50 60 70
The . mber of the corrected Zernike modes (J) The number of the corrected Zernike modes (/)
(@ (b)

Fig. . 1~ . “different RMS of the initial random aberration varying with the number of corrected Zernike modes. NA of
the illumination objective is 0.8.

As is shown in Fig. 9(a), TR and IR change with the number of corrected Zernike modes for
varying RMS of the random aberration. Practically, it can be assumed that the correction of AO unit is
ideal when TR is smaller than 1.1 and IR is larger than 0.8. For weak aberration, RMS=0.12, the first
11 modes need to be corrected to achieve ideal correction. Considering a stronger turbulence,
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RMS=0.3\, TR is 1.09 and IR is 0.86 with 33 Zernike modes corrected. However, for moderate or
strong aberration, 49 or more Zernike modes should be corrected to make it.

In TP-LSM, NA, is an important parameter. The effects of random aberrations vary among
different NA;; values. Fig. 10(a) illustrates the meaning of NA dependent aberratic .~ For the same
objective, the working distance (WD) is fixed. When the illumination aperture decreases, the ..ze of the
light cone passing through the specimen decreases, and the system will suf er 2 more moderate
aberration. To simulate this phenomenon, a single random aberration is generatad to. *he high NA;, and
then cropped in the simulation of a lower NA;;. The two-photon light sheets and ti.. ~orrection process
are simulated under three different NA;, (Fig. 10(b-d)). The effect is sever ., at  yi. NA;y, and the same
correction effect can be obtained by increasing the number Zernike modes fo. -arrection.

The number of the correcten ik

Fig. 10. (a) Illustration of NA dependent aberrations; (b) ~*0-piiv.on light-sheet under different NAy;; (c) TR and (d) IR varying
with the number of corrected Zeriiike modes under different NAj;.

To investigate the influence more rully, ‘e make a specific comparison of the correction process
between different NA;; and different su "ngth ¢, the random aberrations. The aberration for lower NAy;
is cropped from the highest one, “nd t"e coiresponding RMS is changed and calculated. The detailed
number variation values of corre.*< 4 Ze nike modes to keep TR below 1.1 and IR above 0.8 are
provided in Fig. 11. To mak the resuns more universal, we fit the points as power functions. The
fitting equations are shown In the .’~ure at the same time. With the three fitting equations, a general
formula between the nur oer f corrected Zernike modes (J), the RMS of the random aberrations, and
the NA;; can be made ana . * «ten as

J= 58X|:1—|RMS(),) ~1.03 (2xNAy, +1.2):|

(12)
With the geners. formi*la above, the number of Zernike modes that the AO system must detect and
correct under d. ferent < ,ales of random aberrations and different NA;, values can be estimated. This
formula ple 5 « great part in the design and performance evaluation of an AO system in TP-LSM.
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Fig. 11. Number of Zernike modes that requires correction under random aberration w .n variak - strength and different NA of

the objective.

4. Discussion

In this paper, a two-photon light sheet is simulated, and .~a eva'''~_ion indexes of the light sheet
are proposed. The influence of aberrations on the illumination pa.® of the TP-LSM is studied. The
effects of each Zernike modes and random aberrations o~ the ~*0-" noton light sheet are investigated,
and the relationship among the amplitude of each mode, the ki.'< of the random aberration, the number
of the corrected Zernike modes, the NA of illuminatiu.. abjective, the thickness and intensity of the
light sheet is derived.

Based on the relationship above, a series of \ > Jlts can be produced. First, in TP-LSM, the
high-order aberrations have little effect on the a. ‘a. “esciution of the system because of the quadratic
dependence on the excitation laser intens*=* nf \ vo-photon-excited fluorescence. Thus, only the
low-order components should be corrected. Scond, as the aberrations at different depths of the
biological specimens vary in strength, t+- ~umber of Zernike modes that needs correction is variable.
Third, when the NA;; gets large, the aickness of the light sheet becomes increasingly sensitive to the
same aberration. This result indic .tes ti.® - small NA should be used in the illumination path of
TP-LSM. Fourth, a general form .fa i mac'2 for the estimation of the number of modes that should be
corrected in different case. Ac .ordiny *~ the formula, although varing with the strength of aberrations
induced by the specimens “nu “'A of the objective, the number of Zernike modes that should be
corrected can be fixed » "8 even when the aberration is strong (RMS=1.00) and NA is large
(NA;j;=0.8). These resu’ s w'.l contribute to the design of wavefront sensor and corrector and the
performance evaluatir .1 of Ac it for TP-LSM.

In the AO systr n, t' e su’ -aperture number of S-H WFS determines the number of Zernike modes
that can be meas''~d, ai..' ".1e element number of corrector determines the number of Zernike modes
that can be cor ected. + =nce, the general formula in the TP-LSM can be used in the selection of a
sub-aperture num..~* f~ S-H WFS and element number for the wavefront corrector. For the application
of AO on che illu.vination path of TP-LSM, a S-H WFS with 10x10 sub-apertures is sufficient to
measure 56 “ernik : modes, and a deformable mirror (DM) with more than 100 actuators or a liquid
crystal uu... ' '"nht modulator (LC-SLM) should be used in the correction of aberrations.

On . : basis of the conclusions above, an experimental TP-LSM system with an AO unit will be
built in the tuture work. By applying the AO technique, a fluorescence microscopy system can achieve
large FOV and high spatial resolution.
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