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Multiphoton microscopy (MPM) is an invaluable tool for visualizing subcellular structures in
biomedical and life sciences. High-numerical-aperture (NA) immersion objective lenses are used
to deliver excitation light to focus inside the biological tissue. The refractive index of tissue is
commonly di®erent from that of the immersion medium, which introduces spherical aberration,
leading to signal and resolution degradation as imaging depth increases. However, the explicit
dependence of this index mismatch-induced aberration on the involved physical parameters is not
clear, especially its dependence on index mismatch. Here, from the vectorial equations for fo-
cusing through a planar interface between materials of mismatched refractive indices, we derive
an approximate analytical expression for the spherical aberration. The analytical expression
explicitly reveals the dependence of spherical aberration on index mismatch, imaging depth and
excitation wavelength, from which we can expect the following qualitative behaviors: (1) Mul-
tiphoton signal and resolution degradation is less for longer excitation wavelength, (2) a longer
wavelength tolerates a higher index mismatch, (3) a longer wavelength tolerates a larger imaging
depth and (4) both signal and resolution degradations show the same dependence on imaging
depth, regardless of NA or immersion on the condition that the integration angle is the same.
Detailed numerical simulation results agree quite well with the above expectations based on the
analytical approximation. These theoretical results suggest the use of long excitation wavelength
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to better suppress index mismatch-induced signal and resolution degradation in deep-tissue
MPM.

Keywords: Biomedical optical imaging; nonlinear optics; optical microscopy.

1. Introduction

Since its demonstration in 1990,1 multiphoton
microscopy (MPM) has advanced in both funda-
mental theories and technologies. The intrinsic
3D sectioning capability, deep-tissue penetration,
subcellular resolution and functional imaging
capability make it ideal for a variety of applications
in neuroscience,2 oncology3 and many others in
biomedical and life sciences. A variety of MPM
modalities have been experimentally demonstrated,
covering nonlinear optical e®ects of various
orders. In terms of multiphoton °uorescence, two-
photon,1,4 three-photon,5–7 four-photon8,9 and even
¯ve-photon °uorescence6 generations have all been
demonstrated, while in terms of the label-free har-
monic generation imaging, second-harmonic,10

third-harmonic5,11 and even fourth-harmonic gen-
eration6 imagings have all been demonstrated.
So far, the mostly adopted imaging modality is two-
photon °uorescence imaging. The emerging three-
photon °uorescence imaging,5,6 however, enables
deeper penetration than the previously demon-
strated two-photon °uorescence imaging and is
especially useful for in vivo deep-tissue imaging.

Near-infrared (NIR) excitation light is almost
exclusively used in MPM to reduce tissue scattering
in order to achieve deep-tissue imaging. The 800-nm
excitation window covered by the Ti:Sa mode-
locked laser has been the main workhorse for MPM.
With the development of ultrafast laser technology,
it has been demonstrated that the 1300-nm window,
enabled by optical parametric oscillators12 and even
ampli¯ers,13 and the 1700-nm window, enabled by
soliton self-frequency shift in photonic-crystal
rods,5,6 could facilitate even deeper penetration.
Among these three excitation windows, 1700-nm
window has been demonstrated to achieve the
largest imaging depth.

In MPM, high-numerical-aperture (NA) immer-
sion objective lenses are commonly used to get both
subcellular resolution and high epi-collection e±-
ciency. For deep-tissue imaging, there is another
requirement on the objective lens, i.e., long working
distance to guarantee physical access of the focus

deep into tissues. Regarding immersion medium
selection especially for long-working-distance
objective lenses, there are two requirements: (1)
The absorption has to be kept low to ensure su±-
cient excitation light is delivered through the im-
mersion medium onto the sample.14,15 (2) The
refractive index has to be as close to that of the
sample as possible. The index mismatch between
the immersion medium and the sample will result in
spherical aberration,16 which degrades both multi-
photon signal level and spatial resolution as imaging
depth increases.16,17

The refractive index is highly varying among nu-
merous biological tissues.18,19 The immersion media
are quite limited with discrete refractive indices in-
cluding 1.33 for water, 1.4 for silicone oil and 1.52 for
most other immersion oils (termed regular oil in this
paper). Consequently, it is almost certain that there
exists index mismatch between the immersion me-
dium and biological tissues, and a resultant spherical
aberration when doing MPM. The in°uence of this
index mismatch-induced spherical aberration on
MPM has been extensively investigated both exper-
imentally and theoretically.16,17,20 However, in view
of the recently demonstrated MPM excited at longer
excitation wavelengths, the following fundamental
questions arise: What is the explicit dependence of
the spherical aberration on the involving physical
parameters? What is the impact of wavelength on
this index mismatch-induced spherical aberration?
Compared with shorter-wavelength excitation, is
longer-wavelength excitation more tolerant or more
susceptible to multiphoton signal and resolution
degradation due to index mismatch?

It is our main aim here to answer the above ques-
tions. In the following sections, we ¯rst derive ap-
proximate analytical expression for the index
mismatch-induced spherical aberration, from which
we can explicitly obtain the quantitative dependence
of spherical aberration on index mismatch, wave-
length and imaging depth. Then we demonstrate
detailed numerical simulation results, which agree
quite well with the expectations based on analytical
expression. Finally we reach the conclusion that
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longer excitation wavelength is less susceptible to
signal and resolution degradation compared with
shorter wavelength.

2. Approximate Analytical Expression
for Sphere Aberration

The model system in this paper is similar to those in
Refs. 16 and 21. Basically, a high-NA objective lens
focuses the excitation light from an immersion me-
dium of refractive index n1, through a planar in-
terface, into a sample with uniform refractive index
n2. In this paper, the sample is assumed to be
scattering- and absorption-free, to isolate the in-
°uence of index mismatch for investigation. This
assumption also means that we do not consider the
e®ect of reduced signal-to-background ratio (SBR)
as imaging depth increases,5 so we do not limit the
simulated imaging depth to currently demonstrated
values in experiments. In this section we will derive
approximate analytical expression for the spherical
aberration due to index mismatch to reveal the
quantitative dependence on physical parameters.

When a plane wave linearly polarized along the
x-axis is incident on the objective lens, the vectorial
integral formula for the electric ¯eld of the excita-
tion light near the focus in the sample, neglecting a
constant common to all terms, is given by Ref. 21 in
the cylindrical coordinate system (r, �p, zÞ:

Exðr; �p; zÞ
Eyðr; �p; zÞ
Ezðr; �p; zÞ

2
64

3
75 ¼

I0 þ I2cosð2�pÞ
I2sinð2�pÞ
�2iI1cos �p

2
64

3
75; ð1Þ

where I0, I1 and I2 are given by

I0 ¼
Z �

0

ffiffiffiffiffiffiffiffiffiffiffiffi
cos�1

p ðsin�1Þð�s þ �p cos�2ÞJ0ðk1r sin�1Þ
� expði�sa þ ik2z cos�2Þd�1;

I1 ¼
Z �

0

ffiffiffiffiffiffiffiffiffiffiffiffi
cos�1

p ðsin�1Þ�pðsin�2ÞJ1ðk1r sin�1Þ
� expði�sa þ ik2z cos�2Þd�1;

I2 ¼
Z �

0

ffiffiffiffiffiffiffiffiffiffiffiffi
cos�1

p ðsin�1Þð�s � �p cos�2ÞJ2ðk1r sin�1Þ
� expði�sa þ ik2z cos�2Þd�1:

ð2Þ
In the above equations, � is the maximum angle of
integration given by sin� ¼ NA=n1. �s and �p are
Fresnel coe±cients for the s- and p-polarized lights,
respectively. ’2 is the refraction angle and is

determined by ’1. k0, k1 and k2 are the wave vectors
in vacuum, the immersion medium and the sample,
respectively. The spherical aberration�sa is given by

�sað�1; �2Þ ¼ k0dðn2 cos�2 � n1 cos�1Þ: ð3Þ
The interface is positioned at �d from the Gaussian
focus, so d represents the nominal imaging depth. It is
clear that when the refractive indices are matched,
i.e., n1 ¼ n2, and as a result ’1 ¼ ’2, �sa vanishes
and no spherical aberration exists.

The two-photon and three-photon °uorescence
signals are given by

S2 / ½jEj2�2jmax;

S3 / ½jEj2�3jmax:
ð4Þ

Spatial resolution is characterized as the full-width at
half-maximums (FWHMs) of the point spread func-
tions (PSFs) along the x-, y- and z-axes. Here we
denote them as PSFx, PSFy and PSFz, respectively.

Starting from Eq. (3), next we derive the ap-
proximate analytical expression for the spherical
aberration to show the explicit dependence on index
di®erence �n ¼ n2 � n1, wavelength and imaging
depth:

�sa ¼ k0d½ðn1 þ�nÞ cos�2 � n1 cos�1�

¼ k0d n1 1þ �n

n1

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1

1þ �n
n1

 !
2

sin2�1

vuut
2
4

� n1 cos�1

3
5: ð5Þ

Then we assume that the relative index mismatch
�n=n1 � 1. This is a reasonable assumption.
For example, the refractive index of the brain
gray matter is 1.36. When using water immersion
(n1 ¼ 1:33), �n=n1 ¼ 0:0226 � 1. We expand the
spherical aberration in series up to ¯rst order in
�n=n1, yielding

�sa ¼ k0d n1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2�1

p 

þ n1

�n
n1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� sin2�1

p � n1 cos�1

!

¼ k0d n1 cos�1 þ
�n

cos�1

� n1 cos�1

� �

¼ 2�d�n

� cos�1

: ð6Þ
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Above Eq. (6) for the spherical aberration is the key
expression in this paper, from which we can infer
the following qualitative dependence of multipho-
ton signal and PSF degradation on the parameters
of index di®erence �n, wavelength � and nominal
imaging depth d:

(1) The spherical aberration is dependent on the
excitation wavelength. The longer the excita-
tion wavelength is, the larger is the spherical
aberration. This statement also holds from the
accurate expression for the spherical aberration,
i.e., Eq. (3).

(2) The spherical aberration is proportional to the
product of �n/�, which suggests that a longer
excitation wavelength tolerates a larger index
di®erence.

(3) The spherical aberration is proportional to the
product of d/�, which suggests that a longer
excitation wavelength tolerates a larger imaging
depth.

(4) The spherical aberration is proportional to �n
rather than n1 or n2, which suggests that for an
immersion medium with di®erent refractive
index n1, both the multiphoton signal and PSF
dependences on imaging depth are the same,
as long as the maximum angle of integration �
remains the same.

3. Simulation Results and Discussion

To test the above expectations based on the ap-
proximate analytical expression [Eq. (6)], next we
performed numerical simulations of Eqs. (1)–(4)

to quantify the multiphoton signals as de¯ned in
Eq. (4). For fair comparison, the multiphoton sig-
nals and PSFs were normalized to those at the
surface (d ¼ 0). We calculated and compared the
depth-dependent degradations of both multiphoton
signals and PSFs, for di®erent excitation wave-
lengths or refractive indices.

3.1. Degradation versus excitation
wavelength

First we demonstrate the wavelength dependence of
multiphoton signals and PSFs degradation. In our
simulation we assumed NA ¼ 1:05, n1 ¼ 1:33 (cor-
responding to water immersion) and n2 ¼ 1:36 for
all excitation wavelengths. Figure 1 shows the
depth dependence of two-photon and three-photon
°uorescence signals, for excitation wavelengths of
850, 1300 and 1700 nm. It is clear that in the pres-
ence of index mismatch-induced spherical aberra-
tion, as imaging depth increases, both S2 and S3 will
decrease, regardless of the excitation wavelength.
For example, at an imaging depth of 1000�m, S2

and S3 will drop to 1.9% and 0.25% of those at the
surface (d ¼ 0), respectively, for 850-nm excitation.
The larger degradation of the three-photon signal
compared with the two-photon signal is due to the
higher-order nonlinearity and cubic dependence on
intensity.

The most notable di®erence, when we compare
the degradation behaviors of di®erent excitation
wavelengths, is that both S2 and S3 degrade less for
longer excitation wavelength at the same imaging
depth. For example, at d ¼ 1000�m, S2 and S3 will

(a) (b)

Fig. 1. Normalized (a) S2 and (b) S3 vs imaging depth for 850-nm, 1300-nm and 1700-nm excitations. S2 and S3 were normalized
to those at the surface (d ¼ 0). Also NA ¼ 1:05, n1 ¼ 1:33 and n2 ¼ 1:36.

P. Qiu & C. He

1850020-4

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
8.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/1
3/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



drop to 6.2% and 1.5% of those at the surface, re-
spectively, with 1700-nm excitation, 3.3 times and
6 times higher than those with 850-nm excitation.
So using longer excitation wavelength can help
suppress the multiphoton signal degradation, due to
the smaller spherical aberration it incurs compared
with using shorter excitation wavelength. Among
the three commonly used excitation windows, 1700-
nm excitation su®ers least from signal degradation
due to spherical aberration.

We also calculated and compared the wavelength-
dependent degradations of PSFs. Figure 2 show the
two-photon PSFx, PSFy and PSFz vs imaging depth,
normalized to those at the surface, for 850-nm, 1300-
nm and 1700-nm excitations. The degradation of
resolution manifests itself as increasing PSFs when
imaging deeper, as shown in Fig. 2. Unlike the
monotonic decreasing of S2 and S3, all PSFs show
some oscillation as imaging depth increases. The
overall trend is that a longer excitation wavelength
helps suppress resolution degradation, especially to-
ward larger imaging depths. The three-photon PSFs
(not shown) also show similar trends.

3.2. Longer excitation wavelength

tolerates high index mismatch

Our analytical equation (6) reveals that the spher-
ical aberration is proportional to �n=�, which
suggests that a 2� increase in excitation wavelength
and simultaneously a 2� increase in the index
mismatch will result in the same spherical aberra-
tion. In this subsection we test this expectation
through numerical simulation. In our simulation

we assumed NA ¼ 1:05 and n1 ¼ 1:33. The index
mismatches �n ¼ 0:03 for 850-nm excitation and
�n ¼ 0:06 for 1700-nm excitation, so that �n=�
remains the same for both excitation wavelengths.
Figure 3 clearly shows that in spite of the di®erent
excitation wavelengths and index mismatches, the
degradation of S2 or S3 on increasing the imaging
depth is almost invariant for the same value of
�n/�. For example, at an imaging depth of 2mm,
S2 and S3 will drop to 0.59% and 0.045% of those at
the surface (d ¼ 0), respectively, for 850-nm exci-
tation. For comparison, these values are 0.61% and
0.047% for 1700-nm excitation, respectively. This
means that with all other conditions being equal, a
longer excitation wavelength is more tolerant of a
larger index mismatch. The calculated degradation
of PSFs also shows similar invariance on �n/�. For
example, the calculated two-photon PSFxs, PSFys
and PSFzs show highly overlapping degradation
with imaging depth for both 850-nm and 1700-nm
excitations, despite the oscillating behavior (Fig. 4).

3.3. Longer excitation wavelength

tolerates imaging depth

From the analytical Eq. (6), we can also ¯nd that
the spherical aberration is proportional to d=�,
which suggests that a 2� increase in excitation
wavelength and simultaneously a 2� increase in the
imaging depth will result in the same spherical ab-
erration. Here we still assume NA ¼ 1:05, n1 ¼ 1:33
and n2 ¼ 1:36 for both the 850-nm and 1700-nm
excitations, the same as that in Sec. 3.1. We expect
that the signal degradation will be the same for both

(a) (b) (c)

Fig. 2. Normalized two-photon (a) PSFx, (b) PSFy and (c) PSFz vs imaging depth for 850-nm, 1300-nm and 1700-nm excitations.
All PSFs were normalized to those at the surface (d ¼ 0). Also NA ¼ 1:05, n1 ¼ 1:33 and n2 ¼ 1:36.
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wavelengths if d=�ð1700 nmÞ ¼ d=�(850 nm). This
is indeed the case if we plot normalized signals using
di®erent abscissas for 850-nm and 1700-nm excita-
tions, as shown in Fig. 5. With 1700-nm excitation,
an imaging depth of 2000�m leads to signal deg-
radation similar to those with 850-nm excitation at
an imaging depth of 1000�m. The calculated nor-
malized two-photon and three-photon PSFs vs im-
aging depth (not shown) also show the same
tolerance of longer excitation wavelength for larger
imaging depth.

3.4. Dependency on index mismatch

From Eq. (6) we can also ¯nd that for the same
excitation wavelength, the spherical aberration is

proportional to the index mismatch�n, rather than
the speci¯c value of either n1 or n2. So we would
expect that both the multiphoton signal and reso-
lution degradations are not related to the speci¯c
immersion medium or the sample. In this subsec-
tion, we investigate the cases of three di®erent im-
mersion media and NAs: n1 ¼ 1:33 for NA ¼ 1:05
(water immersion), n1 ¼ 1:4 for NA ¼ 1:1 (silicone
oil immersion) and n1 ¼ 1:52 for NA ¼ 1:2 (regular
oil immersion). The index mismatch �n ¼ 0:06 for
all of these immersions. In order to maintain the
total spherical aberration within the entire aperture
determined by the objective lenses the same, the
NAs were chosen such that � was the same for all
the above three objective lenses. From Fig. 6 it can
be clearly seen that using the same excitation

(a) (b)

Fig. 3. (a) Normalized (a) S2 and (b) S3 vs imaging depth for 850-nm and 1700-nm excitations. S2 and S3 were normalized to those
at the surface (d ¼ 0). Also NA ¼ 1:05 and n1 ¼ 1:33; �n ¼ 0:03 for 850-nm excitation and �n ¼ 0:06 for 1700-nm excitation.

(a) (b) (c)

Fig. 4. Normalized two-photon (a) PSFx, (b) PSFy and (c) PSFz vs imaging depth for 850-nm and 1700-nm excitations. All PSFs
were normalized to those at the surface (d ¼ 0). Also NA ¼ 1:05 and n1 ¼ 1:33; �n ¼ 0:03 for 850-nm excitation and �n ¼ 0:06 for
1700-nm excitation.
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(a) (b)

Fig. 5. Normalized (a) S2 and (b) S3 vs imaging depth for 850-nm and 1700-nm excitations. S2 and S3 were normalized to those at
the surface (d ¼ 0). The abscissas are di®erent for 850-nm (bottom abscissa) and 1700-nm (upper abscissa) excitation wavelengths.
Also NA ¼ 1:05, n1 ¼ 1:33 and n2 ¼ 1:36.

(a) (b)

Fig. 6. Normalized (a) S2 and (b) S3 vs imaging depth for 1700-nm excitation but with di®erent immersion media and NAs. S2 and
S3 were normalized to those at the surface (d ¼ 0). Also �n ¼ 0:06. The n1, n2 and NA values are indicated in the ¯gure.

(a) (b) (c)

Fig. 7. Normalized two-photon (a) PSFx, (b) PSFy and (c) PSFz vs imaging depth for 1700-nm excitation but with di®erent
immersion media and NAs. Also �n ¼ 0:06. The n1, n2 and NA values are indicated in the ¯gure.
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wavelength, the multiphoton signal degradation is
almost the same as long as the index mismatch
remains the same, regardless of the di®erent im-
mersion types or the sample refractive indices. As
shown in Fig. 7, the calculated PSFs also show
similar degradation trends upon increasing the im-
aging depth (taking two-photon PSFs for example),
determined by the index mismatch.

4. Summary and Discussion

In order to understand the physical parameters that
determine the spherical aberration when focusing
through a planar interface with index mismatch,
and their in°uence on the multiphoton signal and
PSF degradation as imaging depth increases, in
this paper, we derive an approximate analytical
expression for the spherical aberration, clearly re-
vealing its dependence on index mismatch, excita-
tion wavelength and imaging depth. Detailed
numerical simulation results agree quite well with
our expectations from the analytical expression:

(1) Spherical aberration due to index mismatch
is inversely proportional to wavelength. For
the same imaging depth, longer excitation
wavelength su®ers from less spherical aberration-
induced multiphoton signal and PSF degradation.

(2) A longer excitation wavelength is more tolerant
of index mismatch. At the same imaging depth,
a longer excitation wavelength with a larger
index mismatch may lead to the same multi-
photon signal and PSF degradation as a shorter
excitation wavelength with a smaller index
mismatch does.

(3) A longer excitation wavelength is more tolerant
to larger imaging depth. For the same index
mismatch, a longer excitation wavelength suf-
fers from the same multiphoton signal and PSF
degradation for a larger imaging depth, com-
pared with shorter excitation wavelength.

(4) For the same excitation wavelength, the
spherical aberration-induced multiphoton sig-
nal and PSF degradations are determined by
the index mismatch, rather than by the speci¯c
immersion type.

Based on the above results, we suggest using longer
excitation wavelength (e.g., choosing 1700-nm ex-
citation) in MPM, if spherical aberration-induced
signal and PSF degradations, as imaging depth

increases, are to be avoided. However, we do note
that the degradation of PSFs does not mean that at
a certain imaging depth, the resolution with longer
excitation wavelength is better than that with
shorter excitation wavelength for the same imaging
modality, measured in PSF. Avoiding excessive
multiphoton signal degradation by resorting to
longer wavelength is of vital importance for deep-
tissue imaging, especially considering that so far the
imaging depth is limited by signal depletion at the
very deep regions of the tissue.
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