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Abstract
Collagen is the most abundant structural protein in the human body. When it is excited by
femtosecond near infrared laser, second harmonic generation (SHG) signal at half the
wavelength of the excitation wave is excited. For imaging thick tissues, the SHG signal is
collected in the backward direction. The objective of this work is to elaborate the origin of the
backward SHG in collagen at the fibril level and investigate some of its optic characteristics.
The optic characteristics investigated include the wavelength dependence of SHG
intensity, which is useful to analyze SHG in collagen tissues. However, the current published
results are inconsistent. We study the microscopy system factors affecting the wavelength
dependence and calibrate them by measuring the wavelength dependence of SHG intensity in a
BaB2O4 crystal. With the proper calibration, typical wavelength dependence SHG spectra from
mouse tail and Achilles tendon are investigated.
The backward-collected SHG signal includes the backward generated SHG, and the
forward generated but backward scattered SHG. Those two sources of the total backward SHG
have different properties due to the difference in phase mismatch in the forward and backward
directions. Here a non-invasive method is developed to separate them by using pinholes. By
varying the pinhole size in a confocal multiphoton microscopy, the proportion of the backward
scattered SHG to the total backward SHG can be obtained. Our results indicate that backward
scattered SHG may not be the major source of backward SHG in the mouse tail tendon, which
means significant SHG is purely generated in the backward direction.
A large phase mismatch exists in generating backward SHG. Nevertheless, significant
backward generated SHG has been observed in collagen tissues. We hypothesize that the
periodic lattice structure of fibrillar collagen can provide a virtual momentum to assist the
ii

backward phase matching. Here the backward SHG phase matching is investigated in theory,
simulation, and experiments, which are consistent and support the hypothesis.
The various properties investigated in this thesis can provide a better understanding about
SHG in collagen tissues and lead to new applications of SHG microscopy in diagnosing collagen
related diseases in the future.
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Chapter 1: Introduction

1.1

Collagen
As an important functioning protein and one found abundantly in human body,

investigating collagen’s fiber structure organization and variation is key to our understanding and
treatment of many diseases. On one hand, collagen provides the necessary strength and
toughness to a wide range of organs such as cornea, tendon and bone [1-4]. On the other hand,
biological functions such as tissue repairing and scaffolding are served by collagen [5, 6].
Because of these functions, collagen is involved in different stages of physiological and disease
processes [7, 8].
Although people have already found more than twenty types of collagen in human body,
type I collagen, which is grouped as fibrillary collagen, dominates by accounting for as much as
90% of the total collagen. In this section, we review the basics about type I collagen such as its
molecule structure, macromolecule hierarchy, common diseases associated with it and some
conventional techniques to probe it.

1.1.1

Collagen molecule structure and disorders
Type I collagen molecule is composed of three polypeptide chains (-chains). These

chains form a right-handed triple helical structure held together by hydrogen bonds. Each
molecule is 1.5 nm in diameter and 300 nm in length. Fig. 1.1 shows the hierarchical
organization of fibrillar collagen in tendon [9]. From the lowest level to highest level, collagen
molecules organize to form fibrils along the axial direction. Fibrils shown in the transmission
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electronic microscopy (TEM) image have a diameter ranging from 50 nm to 500 nm in different
tissues. Multiple collagen fibrils are joined together to form a collagen fascicle and fiber.
Many diseases are characterized by defects or disorders of type I collagen in the
respective tissues. For example, Osteogenesis Imperfecta (OI) is associated with connective
tissue disorder and is characterized by abnormal collagen assembly that shows symptoms such as
fragile bones and reduced bone mass. Ehlers-Danlos syndrome (EDS) is another kind of
inherited connective tissue disorder which is caused by problematic structure, production and
processing of collagen. Patients diagnosed with EDS suffer from a fragile and tender skin, and
easy bruising [10, 11]. Collagen gene mutations are likely to be the reason behind these defects.
Additionally, abnormal collagen assembly is also observed in malignant tumors which is
different from what is observed in the normal tissues [12]. In order to understand the role of
collagen in healthy and diseased tissues, and further to develop diagnosis and treatment methods,
it is necessary to probe the collagen fiber organization and structure.

2

Figure 1.1 (left) Hierarchical structure of tendon; (right) TEM image of collagen tissue sample with 250 nm scale
bar. From © P. Fratzl, “Collagen: structure and mechanics”. 2008: Springer Science & Business Media. Page 10. By
permission from publisher.

1.1.2

Conventional measurement techniques
In the first half of this century, light microscopy was the principal technique for the study

of connective tissues such as collagen but the fine organizations could not be visualized in very
detail. During the last a few decades, scanning electron microscopy (SEM) has become widely
employed but tremendous efforts were taken to remove the cellular elements hampering
measurements [13, 14].
TEM has long been used for microstructural examinations at nano-size scales, with
numerous studies on collagen being reported in literature over the past years [15]. The axial 67
nm periodicity (D period) that separates collagen from other fibrillary molecules is first
discovered by TEM. The advent of diamond-knife microtomy, ion beam techniques, and focused
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ion beam (FIB) preparation methods gradually evolve to reduce the work load of sample
preparation and avoid artificial damage [16, 17].
Atomic force microscopy (AFM) has also contributed to the understanding of collagen
structure. An advantage of AFM over SEM or TEM is that it can be used to investigate
biological systems in aqueous solution, thereby preserving their physiological conformations and
functions [18]. In addition, the high signal-to-noise ratio, superior to any other microscopic
technique, can permit resolution of surface structural details down to less than 1 nm [19].
However, SEM, TEM and AFM require special sample preparation and can’t be used in imaging
thick tissues or tissues in vivo.

1.2

SHG microscopy
Compared with electron microscopy and AFM, optical imaging methods offer key

advantages such as non-invasiveness. In addition, they are simple regarding sample preparation,
setup implementation, and image post processing and interpretation.
For imaging collagen fibers with optical methods, the combination of confocal
microscopy and a specific stain picro-sirius red (PSR) have been used to study the 3D
morphology of collagen in cardiac tissues [20, 21]. Compared with light and polarization
microscopy, it provides more insight into the spatial arrangement of collagen fibers. However, a
drawback with PSR is that the content amount of collagen cannot be determined by the strength
of the fluorescence due to the binding manner of the PSR with collagen [22].
Among all the optical imaging techniques, a nonlinear optical technique called second
harmonic generation (SHG) imaging is well suited for imaging collagen fibers [23-26]. SHG is
associated with a non-centrosymmetrical environment which gives rise to a hyperpolarizability 
4

at the molecular scale. In biological tissues, it is the peptide bonds along the protein backbones
that exhibit . The SHG signal in a macromolecular assembly of collagen is from the coherent
summation of these elementary  contributions [27]. At the macroscopic level, the susceptibility

(2) is used to describe SHG, which originates from the macromolecular assembly. Besides
collagen type I, it is reported that other fibrillar collagens such as type II and III can also
generate SHG. For example, cartilage which is mainly composed of type II collagen has been
visualized by SHG [28]. Purified amorphous type III collagen also generates SHG but its
intensity is much weaker than that from type I collagen in human skin [25, 29].
Two-photon excitation fluorescence (TPEF) microscopy is a widely used nonlinear
microscopy technique. SHG microscopy is another nonlinear microscopy that targets at imaging
specific biological structures, such as collagen. It has the advantages such as endogenous
contrast, preservation of phase information and specificity to molecular structure organization. In
Fig. 1.2, a comparison of one-photon and two-photon fluorescence, and SHG regarding their
energy diagram is illustrated. In one-photon fluorescence, a fluorophore is excited to an excited
state after the absorption of a high-energy photon first. Subsequently, some of the energy
absorbed is lost through vibrational relaxation and the remaining energy is re-radiated as a
photon of lower energy when the fluorophore returns to its ground state. In two-photon
fluorescence, two lower energy photons are absorbed simultaneously to excite the fluorophore,
assisted by an intermediate “virtual” state. Same as the one-photon case, the transition from the
ground state to excited state also involves with molecular absorption and the subsequent
emission of a fluorescence photon. In both cases, the absorption of energy eliminates the
coherence between the emitted fluorescence photon and the original excitation photons. Potential
photo-damage of the fluorophore is caused by this mechanism. In contrast, SHG operates by a
5

mechanism without the involvement of medium absorption. A single higher energy photon is
created when two lower energy photons with twice the wavelength are annihilated
simultaneously. In this mechanism, no molecular absorption takes place and photo-damage is
greatly reduced. The coherence between the incoming photons and the emitted SHG photon is
maintained.

Figure 1.2 Illustration of one-photon, two-photon and SHG energy diagram. The thick black lines represent the
ground state. Thin gray lines represent electronic states and dashed lines represent virtual states. Different
colored solid arrows indicate the incident and generated photons.

A schematic experimental setup for SHG microscopy is shown in Fig. 1.3 [30]. A
wavelength tunable Ti:Sapphire laser produces a laser beam with femtosecond pulse width and
linearly polarized pulses at tens of MHz repetition rate. The choice of wavelength depends on the
biological tissue under investigation, but its usual range is from 700 nm to 1000 nm. After
passing through a combination of relay lens for beam spatial filtering and collimation, the beam
is sent to a galvanometer-driven XY scanner, which is driven by a raster-scanning pattern. After
transmitting through a long pass dichroic mirror (DM), the beam is focused onto the sample by a
high numerical aperture (NA) water-immersion illumination objective. The generated signal is
collected in forward direction by a second objective with an NA larger than that of the first
6

objective for efficient collection. The excitation beam is filtered out in the collection path by a
bandpass filter (BF). The SHG signal is further selected by a filter that transmits only the SHG
signal wavelength. A photo-multiplier tube (PMT) records the SHG intensity by counting the
number of photons reaching it. The imaging is synchronized with the raster scanning of the
galvo-scanner, and 3D image stacks are acquired from various depths into the sample. In a
similar fashion, the SHG signal can also be collected in the backward direction where the
backward propagated SHG signal is reflected by the DM, filtered by a SHG filter, and finally
collected by another PMT.

Figure 1.3 Experiment setup of a typical SHG microscopy.
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The resolution of SHG is similar to that of TPEF. The full width half maximum (FWHM)
transverse resolution is given by [31]

wt 

2ln 2  0.325ex
NA0.91

(1.1)

while the axial resolution is


1
wz  2 ln 2  0.532ex 

2
2
 n  n  NA 

(1.2)

where n is the refractive index of the immersion fluid, and ex is the excitation wavelength. For
example, a water immersion objective of NA=0.8 and ex = 800 nm gives transverse and axial
resolution of 400 nm and 1800 nm.
Conventional SHG microscopy utilizes photons in the near infrared wavelength range
because the absorption of biological tissue is low in this range. Therefore, it allows for a deeper
penetration depth. Depths as large as 1000 m in brain tissue have been imaged using SHG
microscopy [32].
Regarding the maximum optic power shed onto the tissue, it varies among different tissue
species. Although the SHG mechanism itself does not require the molecule absorption of
photons, once the high intensity excitation beam is focused onto the tissue, there is an
unavoidable absorption of the photons, which can cause photo-thermal effects. Hence, it is
necessary to keep the power as low as possible if there is enough SHG collected. Our
observation and some literatures suggest that tissues such as tendon can withstand optic power as
high as 50 mW without visible damage [33].
In the excitation path of SHG microscopy, a half-wave and quarter-wave plate
combination is sometimes used to control the polarization of the laser at the focal plane.
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Furthermore, Glan-Laser polarizers may be put in the collection paths for analysis of the SHG
signal polarization [34]. In addition to the intensity characteristics, the SHG signals have welldefined polarization pattern with respect to the laser polarization and specimen orientation [35].
It can be used to determine the absolute orientation of the protein molecules in the tissue, as well
as the degree of organization of proteins in tissues [36]. By incorporation of the polarization
sensitivity, it is possible to identify the different molecular sources of SHG based on their
susceptibility [37, 38]. In the last a few years, this technique has been used to study biomedical
problems such as breast cancer and pathological skin states [39, 40]. Characterization of muscle
and engineered tissue has also been performed [41, 42].
The advantages of SHG microscopy include: (1) no exogenous staining necessary; (2)
deeper imaging depth; (3) less photo-thermal effect; (4) intrinsic 3D sectioning ability; and (5)
containing phase and polarization information. Meanwhile, the limitations include (1) significant
investment on hardware such as femtosecond laser, high NA objective and fast scanner; (2) weak
signal strength due to the small nonlinear susceptibility; (3) the sensitivity to only specific
biological tissues which limits its application areas.

1.3

Review of research on SHG from collagen
The current research related to SHG is categorized into two branches depending on the

sample category [43, 44]. The first is to use SHG to study the biophysics of membrane structures;
the second is to investigate the structural protein arrays such as collagen (either in natural tissues
or in self-assembled structures) and myosin in muscle. In this dissertation, we focus on the SHG
from collagen.
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The first practical SHG imaging on biological samples was reported by Freund et al., in
which the polarity of the fiber bundle in a rat tail tendon was investigated [45]. Some other
reported applications include visualizing collagen, myosin and muscle [30]. Other than
morphological imaging, quantitative analysis based on SHG images has also been developed.
There are several image analysis methods specific to SHG such as second harmonic to autofluorescence aging index of dermis (SAAID), tumor-associated collagen signatures (TACS) and
Fourier transform-second-harmonic generation (FT-SHG) [46-48].
There are many areas of study on SHG in collagen. In the next, we will review a few
areas that are more relevant with the studies in this dissertation, which are the characteristics and
mechanism of backward SHG in collagen tissues.

1.3.1

SHG imaging in forward and backward directions
Due to the coherent nature of SHG, a stronger forward SHG intensity than backward

intensity is expected. Therefore, transmission detection in the forward direction and sectioned
tissue slides are commonly applied in ex vivo imaging at early years [23, 49]. However, for
practical in vivo imaging and eventually medical use, backward detection is more useful. Due to
the coherent nature, there are significant feature differences between them.
Légaré et al. compared the difference between forward and backward SHG images from a
same sample. In Fig. 1.4, forward and backward SHG images from a thin section of Achilles
tendon with ~ 10 m thickness are shown [50]. In the forward image, a continuous sheet of
parallel collagen fibrils is observed while in the backward image, though the general parallel
sheet like feature is still observed, the fibrils are not continuous. Instead, heterogeneous features
are more obvious. In another publication, Nadiarnykh et al. found that similar behavior occurs in
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Valonia, a type of cellulose [51]. It was also seen that backward detection images revealed
smaller and segmented fibrils while the forward detection images were more continuous.
Williams et al. attributed it to the interference among local thickness or density variation because
they found that mature (thicker) fibrils were identical in the two detection directions but
immature (thinner) fibril segments scatter prominently in the backward [52]. Due to the
regularity of the periodic structure of collagen, its spatial distribution and size of the fibrils are
considered to be a reason for the different directionality among different tissue types. The fibrils
act like phase antennas that can control the directionality of the radiation pattern. This has been
first described by Mertz et al. for an inhomogeneous distribution of scatters [53]. For further
investigation of this interference issue, the F/B intensity ratio can be used because it assesses the
axial size of fibrils in the focal volume.

Figure 1.4 SHG images of a thin section of Achilles tendon (a) forward image (b) backward image. From © F.
Legare, C. Pfeffer, and B. R. Olsen, “The role of backscattering in SHG tissue imaging”. Biophysical journal, 2007.
93(4): p. 1212-1320. Page 1214. By permission from publisher.
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1.3.2

SHG directionality
The nature of SHG directional components has received important attention in recent

years. In uniform materials such as crystals there is essentially no backward propagating
component due to the phase matching limitation which will be discussed in Chapter 2. Similarly,
if the collagen fibril thickness is longer than the coherence length in the backward direction, the
backward SHG intensity is not likely to be comparable with the forward SHG intensity. However,
in collagen fibrils, it has been shown that the backward component is on the order of 10 ~ 100%
of the forward component in different tissue types [54, 55]. For example, tendon collagen fibrils
with diameter ~ 200 to 300 nm, are measured with unity F/B ratio. Forward and backward SHG
intensity are comparable from sclera, which is also with a diameter about a few hundred nm [56].
As specific examples of the effect of fibril spatial distribution, tendon tissue which is
highly ordered with thick fibrils gives a large forward component, whereas skin which is less
ordered with smaller fibrils gives comparable forward and backward components [57]. It was
reported that the F/B ratio has been used to differentiate between different types of collagen. For
example, type I collagen, which is crystalline, produces large F/B while Type III and IV
collagens, which are less crystalline produce smaller F/B [40].
Besides spatial distribution, another observation about the emission directionality is that
F/B has been ascribed to fibril size [58]. Han et al. compared fibrils in cornea and sclera [56].
Corneal collagen fibril is about 30 nm, while fibril in sclera is about one magnitude larger than
that in cornea. According to the authors, the backward SHG for cornea is weak since fibril
bundles are parallel arranged so that destructive interference reduces their intensity; while the
backward SHG for sclera is comparable to forward SHG because the fibrils are randomly
arranged. In another work, Chu et al. measured the thickness of single fibril using AFM and
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found a linear relationship between fibril thickness and F/B ratio in collagen matrix from bovine
skin [58]. They also pointed out that forward signal revealed fiber bundle size and direction and
backward signal contained information about the level of submicron structure heterogeneity.
Despite these quantitative observations and measurements, how to interpret the SHG
from tissues rich in collagen type I is still very challenging. A thorough description about SHG
generation is needed in order to elaborate the backward SHG from collagen structure.

1.3.3

Current models interpreting SHG from collagen
Several models have been proposed in order to explain the significant backward

generated SHG from collagen tissues. Williams et al. attribute the SHG from a thin surface layer
with tens of nanometers thickness, which reduces the interaction length in the collagen so that it
is comparable with the coherence length for backward SHG [52]. As supporting evidence, Fig
1.5 reveals the hollow tube appearance of resolvable fibrils. However, this model only addresses
the SHG from a single fibril. Collagen tissues are composed of a large number of fibrils. As a
coherence process, the interaction of the SHG generated from single fibrils can dramatically
affect the total SHG within the focal volume of the imaging system. Thus, this model can’t
explain the interaction between fibrils.
Another explanation stems from the fact that type I collagen fibrils usually form highly
organized quasi-crystalline structures. It has been recognized that biological world has evolved a
vast range of such systems serving as a way to manipulate light transmission and colorful
appearance [59]. The emission directionality depends on not only fibril size but also packing
density and order of the fibril structure. LaComb et al. relate the different phase mismatch k in
the forward and backward directions to the fibril diameter and packing under the framework of
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quasi-phase matching (QPM) theory [60, 61]. QPM achieves efficient phase matching by
correcting relative phase at regular intervals on the basis of a periodic structure built into the
nonlinear medium [62]. However, the authors only provide a heuristic treatment but how the k
is related with the actual fibril structure is not explained.
Later on, Tian et al. discussed about the effect of additional wave vector by lattice
structure on optimum backward SHG under a dipole model framework [61]. Although very
intuitive, the dipole method lacks a physical insight into the problem and has some unsolved
problems such as the selection of dipole size. In addition, the underlying assumption behind
dipole model is that the generated SHG photon does not interact with the surrounding fibrils,
which is not strict.
Although those models can explain some properties of SHG in collagen, they still have
serious limitations and there are also significant differences among the models. Currently there is
still a lack of systematic way of explaining the mechanism of backward SHG. In addition, there
is a lack of experiment approach to validate the proposed inter-fibril mechanism.
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Figure 1.5 High resolution images revealing the hollow tube appearance of thick fibrils which can be resolved by
SHG microscopy. The hollow cores are marked by arrows. From © R. M. Williams, W. R. Zipfel, and W.
W. Webb, “Interpreting second-harmonic generation images of collagen I fibrils”. Biophysical journal,
2005. 88(2): p. 1377-1386. Page 1381. By permission from publisher.

1.4

Objectives and contributions
Backward detection of SHG is especially important for imaging thick tissues and tissues

in vivo. However, there is a lack of clear understanding about the mechanism of backward SHG
in collagen due to the large phase mismatch between the excitation and SHG waves.
The objective of this work is to study the SHG from collagen, especially the backward
SHG. Several properties of backward SHG are characterized, including its intensity dependence
on excitation wavelength, and back scattering of SHG in collagen tissues. Those studies shine
light on the understanding about the backward SHG. We further investigate QPM in collagen in
a systematic way and find its relation with fibril organizations, to study the mechanism of phase
matching for the backward SHG in collagen tissues.
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In order to investigate the wavelength dependence of backward SHG, or SHG excitation
spectrum for short, we evaluate the system factors that may affect the wavelength dependence
measurement and validate our calibration method. For quantifying the backward scattering of
SHG, its contribution among the total backward SHG is measured by a non-invasive method
based on confocal microscopy technique. We also introduce a mechanism assisting the backward
phase matching of SHG in collagen via solving the SHG intensity in a periodic structure and
validate it in experiment.
In the course of achieving the objectives, the main contributions I made include: (1)
developed a calibration method for SHG excitation spectrum measurement and applied it to
collagen tissue measurements; (2) identified the sources of backward collected SHG and
quantified them by a method with pinholes; (3) investigated quasi-phase matching mechanism
for generating backward SHG in collagen tissues in theory, simulation and experiment.

1.5

Outline
The dissertation is organized as follows:
In Chapter 2, we review the theoretical background of classic SHG from bulk material

and the phase matching of SHG.
In Chapter 3, we calibrate system factors that may potentially affect the measurement
accuracy of the SHG excitation spectrum, including pulse width, polarization, and transmission
of the optic components. A reliable calibration is performed by measuring the wavelength
dependence of SHG signal from a BaB2O4 (BBO) crystal. With a match between theoretical and
experiment results of the wavelength dependence of SHG in BBO crystal, we establish a reliable
method to validate the wavelength dependent SHG measurement over a broad wavelength range.
16

Based on the calibration, SHG excitation spectra from different types of collagen tissues are
investigated.
In Chapter 4, to work toward the goal of investigating the backward scattering of SHG,
we study the backward SHG in mouse tissues with a confocal multiphoton microscopy system. A
non-invasive method is developed to quantify the proportion of BG-SHG among the total
backward SHG.
In Chapter 5, we investigate the effect of periodic structure on backward SHG. We
hypothesize that the lattice structure of collagen provides a virtual momentum to assist the phase
matching of backward SHG. From theory, simulation, and experiment aspects, we analyze the
relation between excitation/emission angles and the optimized excitation wavelength of SHG,
which is a direct result and validation of the structure assisted backward phase matching.
Finally, Chapter 6 discusses and summarizes our investigations and presents suggestions
for future work.
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Chapter 2: Classic theory of second harmonic generation

In this chapter, theoretical background of classic SHG theory is presented. It is found that the
conventional phase matching cannot provide efficient generation of backward second harmonic
wave in collagen.

2.1

Nonlinear polarization
Nonlinear optics deals with the interaction between optical fields in a nonlinear medium.

In contrast to the case that the medium is treated linearly, and the properties of the medium such
as refractive index and absorption coefficient are independent of intensity, such nonlinear
interaction between fields and material usually does not happen under low optical intensities.
Nonlinear optical processes are observed only after the advent of lasers, which could provide the
required high intensities to excite the nonlinear effects. As soon as the first laser had been built,
Franken et al. demonstrated that shining deep-red pulses of ruby laser light through a quartz
crystal produced ultraviolet light, the second harmonic of the original light [63].
In the case of linear optics, the induced polarization P(t) depends linearly on the electric
field strength E(t) in a manner that can often be described by [64]

P(t )   0  (1) E (t )

(2.1)

The (1) is known as the linear susceptibility and 0 is the permittivity of free space.
However, under high intensities the medium properties become intensity dependent, and as a
result the medium acts as a mediator for interaction between optical fields. The optical response
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can be described by generalizing Eq. (2.1) via expressing the polarization P(t) as a power series
of the field strength E(t) as

P(t )   0 [  (1) E(t )   (2) E 2 (t )   (3) E 3 (t )  ]  P(1) (t )  P(2) (t )  P(3) (t ) 

(2.2)

The quantities (2) and (3) are known as the second and third order nonlinear optical
susceptibilities, respectively. Here P(t) and E(t) are vectors, (1) is a second rank tensor, (2) is a
third-rank tensor and so on. For simplicity, we have taken the P(t) and E(t) to be scalar quantities
in writing Eq. (2.1) and (2.2), which is a typical way to express different orders of nonlinearity in
previous literatures such as in Ref. 64. For a more rigorous tensor expression, please also refer to
Re. 64 as well. In Eq. (2.2), P(2)(t) is referred as the second order nonlinear polarization which
gives rise to nonlinear effects such as SHG and sum/difference frequency generation.
More specifically, the second order polarization is given by

Pi 2  ijk2 Ej Ek

(2.3)

Where the subscripts denote Cartesian components and superscripts denote the relevant
frequencies. The second order nonlinear optical susceptibility ijk2is a 333 third-rank tensor,
whose elements sum up to zero for materials with inversion symmetry. Physically, this means
that the ability to generate second harmonics is peculiar to molecules which are not
centrosymmetric.
In order to produce appreciable SHG, a material must be non-centrosymmetric over
macroscopic distances. SHG signal is therefore restricted to certain types of molecules which
show non-centrosymmetric characteristics over macroscopic distances such as collagen,
microtubules and myosin, among which, collagen type I is most abundant in higher vertebrates
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[9]. SHG also takes place at interfaces where there is a large difference in refractive index, such
as in a surface, but this type of surface SHG is not within the scope of this dissertation.

2.2

SHG in bulk material
The classic theory of SHG in bulk material is briefly described here as a knowledge

background for the thesis. The wave equation describing the SHG process is [65]
2 E2 

n2  2 E2
 2 P NL


0
c 2 t 2
t 2

(2.4)

where n, c, 0 are the refractive index, speed of light in vacuum, and vacuum permeability.
Denoting the tilde E1 as complex field of fundamental excitation, A1 as the slowly
varying amplitude and k1 as the wave number, the nonlinear polarization can be written as
P 2 2    0   2 E12  2deff E12  2deff A12ei 2k1z

(2.5)

where deff is the effective value of the second order susceptibility. The nonlinear polarization for
SHG is in the form
P NL  P 2 2  ei2t  c.c.

(2.6)

Similarly, the SHG electric field is

E2  A2e

i  k2 z  22t 

 c.c.

(2.7)

Substituting the expressions about PNL and E2 into the nonlinear wave equation,
neglecting the complex conjugate part, and integrating over the length L of the nonlinear medium,
we get

  2 A2
A2
n2222  i k2 z 2t 
2
 A2 k2  A2 2  e
 2deff A12ei 2 k1z ei2t22
 2  2ik2
z
c 
 z

(2.8)
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A2 

deff A1222 L
2ik2

e



ikL
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 kL 
sinc 

 2 

(2.9)

From Eq. (2.8) to Eq. (2.9), the slowly varying amplitude approximation applies. The
intensity is given by

I SHG 

A2
2

2



A2

2


2 20
n2  0



deff2 c 2 I1222 L2
2
1 2

2n n

 kL 
sinc2 

 2 

(2.10)

 is the optical impedance in a nonmagnetic material. The SHG intensity peaks at kL/2=0,
which requires the phase mismatch k = 2k1 - k2 = 0. k1 and k2 are wave propagation vectors for
fundamental and SHG waves respectively.

2.3

Phase matching
In Eq. (2.10), the SHG intensity has a sinc square dependence on the phase mismatch

factor k. The fundamental and second harmonic waves travel with different velocities
determined by the index of refraction at the fundamental and harmonic wavelength. In general,
the refractive index of SHG is greater than that of the fundamental because of the normal
dispersion in the material, so that the fundamental and second harmonic wave travel at different
phase velocities. Since the transfer of power flow from one wave to the other is determined by
the relative phase between the waves, the continuous phase change caused by the different phase
velocities leads to an alternation in the direction of the flow of the power transfer. Therefore,
SHG is produced efficiently until kL/2 = . The distance over which the relative phase between
the two waves changes by  is the coherence length which is the half period of the growth and
decay cycle of the second harmonic. The coherence length Lc of SHG is defined as
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Lc 


k




4 n fundamental  nSHG

(2.11)

Smaller k translates to longer Lc. Longer Lc allows a longer interaction length L, which
in turn allows for higher SHG intensity. With a non-perfect phase matching condition, where k
≠ 0, the SHG intensity is much weaker.
In one dimension, the phase mismatch equals to kf = 2k1 - k2=│2k1│-│k2│for forward
SHG, in which k1 and k2 propagate in the same direction. For backward SHG, the phase
mismatch equals to kb = 2k1 - k2 =│2k1│+│k2│, because k1 and k2 propagate in the opposite
direction. As we can see, the phase mismatch in the backward direction is much larger than that
in the forward direction, which greatly reduces the backward coherence length in the medium.
Fig. 2.1 is a plot of the normalized SHG intensity versus normalized phase mismatch kbL/2.
For reader’s reference, we mark three different lengths L= 30, 120 or 1500 nm. As we can see,
the length L longer than the coherence length (~70 nm) produces much lower SHG intensity.
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Figure 2.1 Normalized SHG intensity versus normalized phase mismatch kbL/2. The intensities for three different
lengths L are marked. The refractive indices for excitation and SHG waves n1, n2 are 1.35 for simplicity and
excitation wavelength is 800 nm.

Phase matching can be achieved by means of birefringence in an anisotropic material
when the phase mismatch is relatively small [66]. Another method for enabling efficient growth
of the harmonic wave is quasi-phase matching which involves repeated inversion of the relative
phase between the fundamental and second harmonic wave [62]. One way to invert the phase is
to change the sign of the nonlinear coefficient via inverting the optical axis of a ferroelectric
material periodically. For example, in one dimension, when the second order susceptibility (2) is
spatially modulated at a frequency Q, the deff becomes [64],

deff  z   d exp  iQz 

(2.12)
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The phase matching condition in this case becomes,
k  2k1  k2  Q

(2.13)

Perfect phase matching is obtained when Q = 2k1 - k2. From the point view of physics, the
periodic structure produces grating effects and provides a virtual momentum to assist the phase
matching. This leads to constructive interference in a certain direction. By the mechanism of
quasi-phase matching, efficient SHG can be generated over a relatively long distance or when
the phase mismatch is relatively large.
More discussions about the phase matching of SHG, especially backward generated SHG
in collagen tissues can be found in Chapter 5, where we show that the mechanism of quasi-phase
matching can assist backward generated SHG in collagen tissues.
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Chapter 3: Measuring the wavelength dependence of SHG and calibrating
with a BaB2O4 crystal

In this chapter, the wavelength dependence of backward SHG from collagen tissues is
investigated. The results imply that there may exist a phase matching mechanism performing
wavelength selection.

3.1

1Introduction

The wavelength dependence of SHG intensity from collagen-rich tissue is an optical
property that is not fully understood yet. The SHG intensity depends on both phase matching and
nonlinear coefficient . Hall et al. used a two-step model to estimate the wavelength dependence
of  and compared it with experiment measurements [67]. In both experiment and theoretical
model, within the wavelength span from 750 to 950 nm, the  drops down by no more than five
times. However, the variation of phase mismatch over wavelength is not clear because
measurement results of the wavelength dependence of SHG intensity are not consistent [68-72].
In Chapter 5, the peak wavelength of the excitation spectrum of the SHG may indicate the phase
matching information including lattice distance between fibrils and the excitation/emission
angles. An accurate determination of the peak wavelength shift is therefore a key to validate the
phase matching mechanism of backward SHG when the excitation/emission angles are varied.

1

A version of chapter 3 has been published as Shen M., Zhao, J., Zeng, H., and Tang, S. (2013), Calibrating the
measurement of wavelength dependent second harmonic generation from biological tissues with a BaB 2O4 crystal.
Journal of Biomedical Optic. Edits have been made to better meet the requirements of the journal.
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As for the wavelength dependence of SHG from collagen, several publications presented
different experimental results so far [68-72]. In Ref. [71], for collagen type I and III gel and rat
tail tendon, with the excitation wavelength increasing from 740 to 960 nm, the SHG intensity
was found to decrease monotonically by as much as 20%. In [72], experimental studies on an
organotypic real architecture for 3D tissue (RAFT) model (containing collagen) indicated that
the SHG intensity had an oscillation pattern with maximum at 800 nm excitation. In [69], the
authors observed similar oscillation pattern that peaked at 840 nm excitation for mouse skin. Ref.
[70] showed four maxima of comparable intensities at 845, 880, 895, and 915 nm from a rat
tendon cryosection and a bovine Achilles tendon measured in a backscattered geometry.
Recently, more tissue types and tissue engineering scaffolds were measured in [68]. It was found
that polymer scaffold SHG peaked at around 840 nm excitation while bovine tendon collagen
SHG tended to increase monotonically from 740 to 1000 nm. The authors also reported that the
effect of fixation on bovine tendon shifted the SHG excitation peak from 1000 nm to 840 nm.
From the above references, there are conflicting and controversial results on the
wavelength dependent SHG obtained by different research groups and among different tissue
types. Part of the inconsistency could be due to the lack of a standard calibration and validation
method. SHG depends on various factors such as the pulse width and polarization of the incident
beam. For example, the SHG signal is inversely dependent on the pulse width. In addition, the
way the dipole lies along the symmetry axis of the collagen may suggest how the SHG signal
depends on laser polarization. Therefore, a calibration of these parameters is essential for a fair
comparison among multiple wavelengths. On the collection side, transmission of the collection
system and detector response can also vary over a broad wavelength range. In the above
references, transmission/detector response calibration was executed either by a standard
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calibration lamp [72] or by standard fluorophores such as tryptophan in water and quinine sulfate
in perchloric acid [69], but the calibration methods were not described in detail. In many of the
other above references, calibration methods were not mentioned. Therefore, a detailed
investigation about calibration method is necessary for carrying out investigations about
wavelength dependent SHG in biological tissues. In addition, there has been no report on a
standard sample that can be used to validate the accuracy of the calibration methods.
In this chapter, we will discuss the important factors that affect wavelength dependent
SHG. Details about how to verify those effects and perform system calibrations will be described.
We perform validation for our wavelength dependent measurement by measuring the wavelength
dependence of SHG from a standard BaB2O4 (BBO) crystal and comparing it with theoretical
calculations. For plane wave incidence, SHG intensity drops down quickly when the excitation
wavelength deviates away from the designated phase matching wavelength determined by the
angle cut of the BBO crystal. However, in the tight focusing condition, strong SHG intensity can
be excited over a broader range of excitation wavelengths because the focal length (~ 1-2 m) is
even shorter than the coherence length of the SHG process (~ 10 m). Hence, we can utilize this
effect to obtain strong SHG over a wide wavelength range and further use it as a standard to
examine the accuracy of wavelength dependent SHG measurement in tissues because the results
from BBO can be predicted by theory. Besides the verification purpose, another aspect of
investigating the SHG from BBO crystal is that it is relatively easy to understand what factors
affect its SHG wavelength dependence from the nonlinear coupled equation describing it, which
further help us understand the wavelength dependence in biological tissues. Two typical patterns
of wavelength dependence spectra from mouse tail tendon and Achilles tendon are given in the
end.
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3.2
3.2.1

Material and methods
SHG power expression from BBO crystal
Due to the dispersion of BBO, it is not possible to achieve phase matching unless its

birefringence property is utilized. BBO has two independent refractive indices no() and ne(),
which are termed as ordinary and extraordinary refractive index respectively. The electrical field
E() that propagates according to no() is orthogonal to the optic axis. Otherwise, it follows
ne(,) which is a function of the angle between the incident beam and the optic axis [64]

no 2 ( )  2.7359 

0.01878
 0.01354 2
  0.01822

(3.1)

ne 2 ( )  2.3753 

0.01224
 0.01516 2
  0.01667

(3.2)

cos 2  sin 2 

no 2 ( ) ne 2 ( )

(3.3)

1
ne2 ( ,  )



2

2

By adjusting the angle , the phase matching condition k = 2[no()-ne(,/2)]/=0 can
be satisfied for a certain excitation wavelength. Only when k is zero, the energy from the
fundamental wave can be efficiently transferred to the SHG wave. For the BBO used in this
experiment, the angle between surface normal and optic axis is 29.3 degree which helps achieve
phase matching for excitation wavelength at 800 nm. In Fig. 3.1 (a), we plot how the k varies
with excitation wavelength. When excitation wavelength is shorter than 800 nm, k is negative;
while k is positive when the excitation wavelength is longer than 800 nm. It is also worth
mentioning that the effective nonlinear coefficient deff depends on the projection of E() on each
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axis of the (2) nonlinear susceptibility. Therefore, SHG generation efficiency is also related to
the polarization of E().

Figure 3.1 (a) Calculated wavelength dependent phase matching in BBO crystal; (b) comparison of calculated
wavelength dependent SHG power in different NA situations.

Now we try to deduce how the SHG power varies with excitation wavelength
theoretically for both collimated beam and focused Gaussian beam. For the sake of theory and
experiment comparison, we will keep quantifying SHG strength by power within the whole
chapter. For collimated wave incidence, it is assumed that we can apply the theory based on
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plane wave excitation because of its very low NA. The theoretical expression for SHG intensity
I2 for plane wave excitation is given according to [73]

8   (2)  22 I12
2

I2 

n n c

2
3
1 2 0

L2sinc2 (

kL
)
2

(3.4)

in which (2), n1, n2 and 0 are the second order susceptibility, refractive index of excitation
fundamental wave, refractive index of second harmonic wave and vacuum permittivity,
respectively. 2 is the frequency of SHG and c is the speed of light. I1 is the intensity of
fundamental wave, L represents the thickness of the crystal and k is phase mismatching. Eq.
(3.4) can be converted to the expression of power by using
P   I 2 rdr

(3.5)

where r represents the transverse distance from center. For a Gaussian beam with finite beam
spot as 20, the power of SHG is given by

1
P2  02 I 2
2

(3.6)

The beam waist is given by,

0 

1.27  f   1.27  

d
2 NA

(3.7)

in which d, f and NA are the clear aperture, focal length and numerical aperture of the lens
respectively. We are interested in wavelength dependent SHG power when the fundamental
power is kept constant. Substituting Eq. (3.4) into (3.6) while neglecting the terms that are not or
less wavelength dependent (such as the n2, n1 and  (2)), we have,
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(3.8)
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Here 01 and 02 are the beam waist for fundamental and SHG wave respectively. The
denominator of the right most expression in Eq. (3.8) consists of a product of two 2 term. The
first 2 term originates from the time derivative term in the coupled wave equation which
indicates that higher frequency oscillation of the SHG dipole will generate stronger nonlinear
effect. The other 2 term is due to the variation of beam diameter with wavelength. If we
maintain the fundamental power to be a constant, an increase of the beam waist will result in a
decrease of peak intensity because SHG depends quadratically on the peak intensity.
In the tight focusing condition, which reflects the case when a high NA objective lens is
used to focus light into the crystal, we first have the expression for the amplitude of SHG as [73],

A2 

i2 (2) 2
 A1 J 2
2n2c

(3.9)

where A1 and A2 are complex amplitudes of the fundamental excitation and second harmonic
wave respectively, and J2 is an integral from crystal surface z0 to a certain depth z
eikz ' dz '
z0 1  2iz '/ b

J 2 (k , z0 , z )  

z

(3.10)

The confocal parameter b is defined as b = k02. By relating amplitude with intensity
I  2n 0c A

2

(3.11)

and using Eq. (3.6) and (3.7), we have
(2)
2
1  2  n2    P1 022 2
1
P2  
J 2  4 J 22

2
4
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 n1  0c 01
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(3.12)

From the above derivation, we can see that the wavelength dependence of SHG power
depend on not only phase matching but also variation of beam waist for both collimated and
focused wave.
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Fig. 3.1 (b) shows the SHG power versus wavelength for different NAs of focusing lens.
The dispersion property of the crystal is calculated from Eq. (3.1) to (3.3). The SHG power for
different NAs are normalized and compared with collimated beam in Fig. 3.1 (b). For collimated
beam, since the phase mismatch k is critical for a strong SHG emission, the pattern follows a
sinc square function that peaks at 400 nm. When the NA is as small as 0.05, its pattern is very
similar to that of plane wave except for a peak wavelength shift which will be explained later. It
validates our treatment of collimated beam as plane wave. For NA = 0.15 and 0.25, after a steep
rise and peak around 400 nm, the emission SHG power decreases slower than in the plane wave
case when the excitation wavelength deviates from the phase matching excitation wavelength.
One may notice that the peak wavelength in this case is shifted from 400 nm to longer
wavelength compared with the plane wave and NA =0.05 cases. This is because the fundamental
wave experiences Gouy  phase shift in the focal region within a length equal to the confocal
parameter of the beamwhich reduces the effective propagation constant k in the focal volume
[74]. Therefore, only if there exists a positive phase mismatch (for the crystal we use, it is
generated by excitation wavelength longer than 800 nm), can we achieve perfect phase matching
in the focal volume. Otherwise, at the wavelength region that originally we have k equal to or
smaller than zero phase mismatch, the phase matching condition deteriorates such that the SHG
power is greatly reduced. This explains the fast decreasing of SHG power when the excitation
wavelength is shorter than the peak wavelength. It is also observed that a uniformly spaced
oscillation structure is superposed on the decaying pattern, which originates from the relative
phase of a particular excitation wavelength compared with that of the peak wavelength [75].
When the NA is even higher, the SHG power reduces slower with wavelength change than lower
NA cases. For example, with NA = 0.8, the SHG power reduces to around 40 % when the
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excitation wavelength varies from 800 nm to 950 nm. In order to distinguish the contribution of
J22 and 1/4 in Eq. (3.12) to the pattern of NA = 0.8 curve, the wavelength dependence of these
two terms are plotted separately. When the excitation wavelength is close to optimum phase
matching (corresponding to better phase mismatch), the wavelength dependence is dominated by
J22; when the excitation wavelength deviates from optimum phase matching wavelength
(corresponding to worse phase mismatch), the tail of the oscillating decreasing curve approaches
the 1/4 term. These observations will be helpful when we investigate the wavelength
dependence of SHG from collagen in later sections.

3.2.2

Experiment setup
Fig. 3.2 is a schematic drawing of the optical layout of the measurement system setup.

The light source is a mode-lock titanium-sapphire laser (Chameleon, Coherent, USA) providing
wavelength tunable femto-second laser pulse from 720 to 960 nm. A combined half wave plate
(/2, 10RP52-2 Newport, USA) and polarization beam splitter (PBS, PBS052 AR600-1000 nm,
Thorlabs, USA) module is used for coarse control of the excitation laser power. The fine control
of the laser excitation power at different wavelengths is achieved by rotating a variable neutral
density filter wheel (ND, NDC-50C-2M-B, Thorlabs, USA). In order to retain the polarization
state of excitation light at all wavelengths, a dichroic glass polarizer (POL 1, VISIR 600 – 1200
nm, color Pol, USA) is used. The laser beam is expanded by two lens (L1, L2) with focal length
25 and 250 mm respectively so that the back aperture of the objective lens is filled, after which
the laser beam is cast onto the sample by a 40X (NA = 0.8) objective (OBJ1, LUMPLFLN,
Olympus, USA). For comparison purpose, the 40X objective lens can be replaced with a 10X
(NA = 0.25) objective (Plan N, Olympus, USA) or completely removed away for collimated
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beam excitation. The backward SHG is collected by the same objective and is directed to a
spectrograph through a long pass dichroic beam splitter (DM, FF660-Di02, Semrock, USA). The
residual excitation fundamental wave is further attenuated by a band-pass filter (FF01-750,
Semrock, USA). Another polarizer (POL2) (LPVISE100-A, Thorlabs, USA) is placed before the
focusing lens (L3) to examine the polarization state of the SHG signal. The focusing lens has a
focal length of 75 mm. The one-meter long multimode fiber (FG200-UCC, Thorlabs, USA) used
has a 200 m core diameter with NA = 0.22. Spectral measurements are obtained with a
spectrograph with a resolution of 0.5 nm (SpectraPro-150, Roper Scientific, USA), which is
directly coupled to the multimode fiber. The dashed part in Fig. 3.2 is a setup for collecting
forward SHG signal which includes a 60X (NA=1.0) objective (LUMPLFLN, Olympus, USA).
The rest components are exactly the same as what are used in the backward path.

Figure 3.2 Experimental setup for wavelength dependent SHG measurements in forward and backward directions
from BBO and mouse tissues.
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3.2.3

System factors affecting wavelength dependence
Besides the factors such as phase mismatching and intensity variation, we try to calibrate

system factors that may affect the measurements of the wavelength dependent SHG. In the
following, we will discuss this issue in the context of using 40X objective lens because it is
directly related to our calibration purpose. These factors can be examined in the order of how the
SHG signal is generated and collected with four steps.
First, properties of the excitation beam that affect the SHG power should be kept constant
for each wavelength. For example, the excitation power under different excitation wavelengths is
controlled by rotating the angle of the variable ND filter wheel. The angle of the filter is
calibrated for each wavelength so that the excitation power, monitored by a wavelength
calibrated silicon-based power meter (S132A 600-1000 nm, Thorlabs, USA), is kept the same
after the objective. An auto-correlator (FR 103M, Femtochrome Research, USA) is used to
measure the laser pulse width before the objective and the pulse width variation is not significant
as shown in Fig. 3.3 (a) assuming a hyperbolic secant pulse shape. As we have mentioned earlier,
the polarization of the excitation beam must be kept the same for all the wavelengths because the
effective nonlinear coefficient depends on the polarization. By rotating the angle of polarizer
POL1 and measuring the laser power after it at different angles at four excitation wavelengths
separated by 50 nm as shown in Fig. 3.3 (b), we are able to know that the polarization state of
excitation laser before objective is the same for all the wavelengths. If we compare the angle
dependent power with a cosine square function which represents a linear polarization, the
incident light is confirmed to be linearly polarized.
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Figure 3.3 (a) Pulse width measurement results before objective lens; (b) Plot of excitation power versus analyzer
angle at different wavelengths; (c) Plot of emission power versus analyzer angle at different wavelengths.
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Then we need to make sure that all these factors are not altered at the focal spot inside the
BBO crystal. The transmission curve of BBO in the 700 to 1000 nm range is quite flat. Therefore,
we can reasonably assume that the excitation power is the same for all the wavelengths over the
laser tuning range at the focal point [76]. The effect of the group velocity dispersion from the
crystal and the objective lens on the pulse width broadening can be calculated by
t  0

 4 ln 2 D 
1 

2
 0 

2

(3.13)

where t is the broadened pulse width, is the original pulse width and D is the group velocity
dispersion. It is estimated that for a 1 mm-thick BBO crystal and a 40X objective lens, D is
roughly 200 fs2 and 6500 fs2 respectively [77]. Even for a large dispersion such as 6500 fs2, the
pulse will be broadened by only 10% for 170 fs pulse width, which indicates that pulse
broadening effect is not significant for the pulse width we use. Hence, pulse widths for different
wavelengths are considered to be the same at the focal point. High NA objectives can affect the
polarization state of the excitation beam due to either the anti-reflection coating of the lens or the
angle of incidence beam. The polarization state of the excitation beam at the focal point can be
examined by analyzing the polarization state of the SHG signal. It is because that the polarization
state of the excitation light (o light) and emission light (e light) are orthogonal with each other.
Therefore, if the polarization state of the SHG signal is the same for all the wavelengths, the
corresponding excitation fundamental wave must have the same polarization state as well. Fig.
3.3 (c) shows the polarization state of the SHG signal by rotating POL2 at excitation
wavelengths from 800 to 950 nm at 50 nm step. It is found that they all fit with linear
polarization and the peaks are located at the same rotation angle, indicating that the polarization
of the excitation and emission beams at the focal point are the same for different excitation
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wavelengths. It is noted that the linearity of the polarization of the SHG beam is not as good as
that of the excitation beam. Possible reasons include that the emitted SHG signal after high NA
objective lens contains multiple angle components, which could deteriorate the linearity of the
polarization. The relatively weak signal strength and deviation from designed working
wavelength of the POL2 are also possible reasons.
After the SHG signal is generated at the focal point, we must make sure that they are
collected equally at different wavelengths. The profile of excitation fundamental beam at the
focal point is Gaussian which is described by the confocal parameter b and beam radius 0. For
SHG wave, b is the same as the excitation wave, but its beam waist is smaller than that of
excitation wave because SHG has a larger propagation constant k. Hence, the divergence angle
of SHG wave given by arctan (b/0) will be smaller than that of the fundamental wave. It
ensures that for either forward or backward transmitted SHG, it will be collected by the objective
lenses with same NAs. When the excitation wavelength changes, the confocal parameter b and
beam radius 0 both change accordingly. However, the angular divergence of the beam, given by

=/0 is the same for all the wavelengths [73]. Therefore, we expect that the collection
conditions for SHG at different wavelengths are the same. In the case of SHG from BBO crystal,
backward collected SHG comes from the reflection of forward SHG at the interface of crystal
and air. When the focal point approaches the interface, more SHG signal will be collected by
objective. The focal point in the crystal may vary at different wavelengths due to achromatic
aberration, but considering the scale of the variation and the uniformity of the crystal, it is
assumed to be not significant in our experiment.
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Figure 3.4 (a) Factory supplied NIST traceable spectrum of the standard lamp (black) and the lamp spectrum
measured by our optical system (red) with which transmission/detector response correction coefficient is
calculated (green); (b) One-photon and two-photon fluorescence emission spectrum for NADH with or
without transmission/detector response calibration.

Finally, to fairly compare the SHG signal on the spectrometer at different wavelengths,
transmission/detector response calibration for the detection system at different wavelengths is
also necessary. One method to apply the transmission/detector response calibration is to divide
the factory supplied National Institute of Standard and Technology (NIST) traceable spectrum of
a standard intensity calibration lamp by the measured spectrum from the system so that the
transmission/detector response correction coefficient of the system is obtained. In order to guide
the light from the lamp uniformly to the objective lens, a two-port integrating sphere is used, in
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which one port collects the lamp light while the other port transmits the light into the objective.
The integrating sphere functions as a diffuser so that light rays from standard calibration lamp
are uniformly cast onto the front aperture from all the incident directions. In Fig. 3.4 (a), the
black curve represents known output of the lamp and the red curve represents the spectrum
measured by the system. The resulting correction coefficient shown by the green curve can be
used to compensate for the transmission/detector response at different wavelengths by
multiplying it with the raw spectrum of any new measurements by the system. The accuracy of
the calibration will dramatically affect the wavelength dependent measurement. Therefore, we
verified the correctness of our calibration by measuring one-photon and two-photon fluorescence
emission spectrum of a nicotinamide adenine dinucleotide (NADH) sample. It was previously
found that one-photon and two-photon fluorescence properties of NADH are the same [78].
Hence, by comparing the one-photon and two-photon emission spectra of NADH, the correctness
of transmission calibration can be verified. The one-photon emission spectrum of NADH was
measured using a separate spectrofluorometer equipped with two double-grating monochromator
[79]. In Fig. 3.4 (b), before calibration, the peak of the two-photon fluorescence emission is at
480 nm, and after calibration the peak is shifted to 450 nm. The overlap of the one-photon and
two-photon emission spectra over the whole wavelength range indicates that our calibration
method is correct. The results also demonstrate the importance of the transmission/detector
response calibration. Similar transmission/detector response calibration is also applied in the
forward channel, where the spectral response of the 60X objective lens, collection fiber and
spectrometer are included.
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3.3

Calibration results
Based on the above procedures for wavelength dependent measurement, the calibrated

wavelength dependent SHG from a BBO crystal is measured and plotted in Fig. 3.5. The spectra
are first recorded by the spectrometer and then multiplied by the transmission/detector response
correction coefficient. The emission spectra for 40X objective, 10X objective and collimated
beam are plotted in Fig. 3.5 (a) - (c). Each emission spectrum is further integrated over its
wavelength span to get the total SHG power and compared with theoretical calculations. In order
to take into account the finite line width of the laser, the theoretically calculated SHG power are
averaged over each 10 nm bandwidth based on the spectrum shape. This processing makes the
curves less oscillating than those shown in Fig. 3.1 (b). In Fig. 3.5 (d), it is observed that the
SHG collected in the backward direction in the three different cases all match well with the
theory. For the 40X objective case, some amount of SHG signal is collected below 400 nm
despite a prediction of null in theory. This is likely because the angle spread of propagation
constant k() due to focusing makes it possible to achieve perfect phase matching at wavelengths
shorter than 800 nm. It also happens for less tight focusing case such as 10X objective case, but
it is absent from the plane wave case. The peak wavelength shift for collimated beam and
focused beam is also less obvious in the real experiment case largely due to the fact that the 10
nm laser bandwidth is broader than the peak wavelength shift. It is also seen that the forward and
backward collected SHG at NA = 0.8 have similar wavelength dependence trend, which matches
with the fact that source of backward collected SHG is purely the reflection of forward SHG.
Although surface SHG can be generated from materials like quartz plate, its SHG signal is much
weaker than the reflected SHG from BBO crystal and thus surface SHG is not used in this study.
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Figure 3.5 Experiment results for wavelength dependent SHG power versus emission wavelength with (a) 40X
objective (NA=0.8), (b) 10X objective (NA=0.25) and (c) collimated beam; (d) theoretical and
experimental comparison for wavelength dependent SHG power for collimated beam and focused beams.

3.4

SHG excitation spectrum from collagen tissues
With the above calibration method, the experimental system is calibrated for measuring

the SHG excitation spectrum from collagen tissues.
We measured the wavelength dependent SHG from multiple mouse tail tendon tissue
samples from two freshly sacrificed mice. The results are shown in Fig. 3.6. The measurement is
in the backward direction. In each mouse, three pieces of thick tissue samples are excised from
its tail, which are cut by a cryostat microtome into 10 m thickness. Approximately ten slices of
10 m samples can be obtained from each piece of tissue sample. From a slice, one or two
locations can be measured. Due to the large amounts of data, only some representative results are
shown here. Each data point is an average of six measurements.
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Two typical spectral patterns have been observed in the mouse tail tendon samples. One
is that when the excitation wavelength increases, SHG intensity decreases monotonically, while
the other is with a single peak. The occurrence of these two types of spectral patterns is similar.
In Fig. 3.6 (a), we show the monotonic decreasing spectral pattern from five measurements with
a large difference in the dropping down percentage. From short to long wavelength, the SHG
intensity drops down from a maximum to a minimum intensity within the wavelength tuning
range. For the measurements shown here, the SHG power is observed to decrease with a drop
down percentage within the 40-85% range. Fig. 3.6 (b) shows five measurements of the single
peak spectral pattern with a large difference in the peak wavelengths. This type of pattern is
characterized by a peak wavelength. The five measurements show the peak wavelength within
the 830-900 nm range.
Other than the different spectral shapes, the absolute SHG intensities are also different
between the two typical patterns. On average, the peak intensities of the single peak spectra are
stronger than that of the monotonically decreasing spectra.
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Figure 3.6 Wavelength dependent SHG spectrum from 10 m mouse tail tendon with two typical spectrum patterns:
(a) monotonically decreasing and (b) single peak. For each pattern, five spectra are plotted. The error bar
draws the standard deviation of six repeated measurements at a same location.

In Fig. 3.7, representative patterns of spectra originating from 10 m thin mouse Achilles
tendon in the backward direction are shown. Still, there are two types of spectra and their
occurrence is even. In the monotonically decreasing spectra category, in Fig. 3.7 (a), from short
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to long wavelength, the power decreases approximately by 80% -25 %. For the single peak
spectra in Fig. 3.6 (b), the peak wavelength ranges from 770 to 830 nm.

Figure 3.7 Wavelength dependent SHG spectrum from 10 m mouse Achilles tendon with two typical spectrum
patterns: (a) monotonically decreasing and (b) single peak. For each pattern, five spectra are plotted. The
error bar draws the standard deviation of six repeated measurements at a same location.

The measurement results show that Achilles tendon has relatively shorter peak
wavelength than tail tendon. This peak wavelength difference is perhaps due to either the
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variation of fibril diameter or the microstructure of the two tissue types, both of which suggests a
connection between wavelength dependence spectrum with the fibril microstructure in the focal
volume. In Chapter 5, this connection will be studied under the framework of quasi phase
matching.
The two different spectral patterns, namely monotonic decrease and single peak patterns
may have been caused by a difference on the phase matching condition due to local variation of
collagen microstructure. The current measurement is a single point detection setup, where the
variation of local fibril microstructure cannot be avoided. Neglecting the wavelength dependence
of nonlinear coefficient, from the perspective of phase matching, the “single peak” spectral
pattern shows an optimum excitation wavelength. This implies that the fibrils in the focal volume
may form an organized structure that can assist phase matching and perform the wavelength
selection. In a location where a monotonic decrease pattern is observed, the wavelength selection
is not clear. This may indicate that within those locations, the fibril organization may be more
random, which deteriorates the phase matching and wavelength selection condition. The
sensitivity of SHG to local collagen microstructure is also the cause of the variation among
individual spectrum even within the same pattern group. Current SHG imaging is not sufficient
to resolve the microstructure variation of collagen fibrils. The collagen fibril microstructure can
be resolved by TEM which requires special processing of the sample. In the future, acquiring
SHG and TEM images simultaneously will provide the information about correlation between
the SHG properties and collagen microstructure. This structure-assisted phase matching for
backward SHG will be discussed in more detail in Chapter 5.
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3.5

Conclusions
In summary, the calibration procedures for wavelength dependent SHG measurement are

introduced. The accuracy of the calibration procedures is proved by measuring the SHG
wavelength dependence in a BBO crystal. The agreement between theory and experiment for the
BBO crystal demonstrates that our proposed method can be used as a validation method when
investigating the wavelength dependence of SHG from biological tissues. In the end, the
wavelength dependence of SHG from mouse tail tendon and Achilles tendon tissues are
measured for 10 m thick samples. It is observed that, there are two typical types of excitation
spectra. One is that the SHG power decreases monotonically. The other is that there is a single
peak wavelength in the spectrum, where the peak wavelength of Achilles tendon is normally
shorter than that of the tail tendon. The variation of the SHG excitation spectrum in different
locations and in different tissue types shows that SHG is very sensitivity to the local environment
of the fibril microstructure. This is also an indication of the complexity of the phase matching
condition in collagen tissues.

47

Chapter 4: Quantifying the back scattering of SHG

In this chapter, we measure the contribution of backward generated and backward scattered
second harmonic wave to the total backward-collected SHG in collagen tissues. Our results
show that significant amount of backward collected SHG may arise from the direct generation of
backward SHG.

4.1

2Introduction

SHG imaging in the backward detection geometry is necessary for imaging thick tissues
and tissues in vivo. While SHG can be generated in both forward and backward directions,
scattering from tissues can also change the propagation direction. In this chapter, we are
interested in quantifying the backward scattering of SHG from tissues. To this end, it is helpful
to clearly define the SHG components collected by the detectors in both directions. In Fig. 4.1,
the SHG initiated from the focal point is named as forward generated SHG and backward
generated SHG (BG-SHG) according to their generation direction. Due to the existence of tissue
scattering, the forward generated SHG might be backscattered and is named as backward
scattered forward generated SHG (BS-SHG). The total SHG collected in the backward direction,
consisting of BG-SHG and BS-SHG, is simply named as backward SHG (B-SHG). Similarly, in
the forward direction, we have forward scattered backward generated SHG and forward

2

A version of Chapter 4 has been published as Shen, M., Tian, Y., Chong, S., Zhao, J., Zeng, H., and Tang, S.
(2013), Quantifying the backscattering of second harmonic generation in tissues with confocal multiphoton
microscopy. Journal of Biomedical Optics. Edits have been made to better meet the requirements of the journal.
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generated SHG. For understanding the issue of SHG signals in collagen tissues, it is interesting
to study the contribution of BS-SHG among the B-SHG.
Nadiarnykh et al. qualitatively investigated the scattering issue in cellulose specimens
[51]. It was observed that from depths near the tissue surface the backward images displayed
small fibrils not present in the forward channel. In addition, at depths beyond one mean free path
of scattering, the fibril morphologies became highly similar, suggesting the observed backward
contrast was also comprised of a component that arose from multiple scattering of the initially
forward generated signal. In the entire 500 m thickness of the cellulose, the F/B ratio increased
from unity to 6.2. It was explained that when the excitation focal point was moved deeper into
the sample, the backward SHG became less coherent due to enhanced scattering, causing the
backward signal to decrease. The forward generated SHG experienced less scattering because it
was approaching the bottom surface of the tissue, causing the forward signal to increase.
Although the trend of image composition variation along the depth is known through these
investigations, there is no quantitative analysis about the variation of BS-SHG and BG-SHG
among the B-SHG with depth variation.
As an attempt to quantify the contribution of BS-SHG to the B-SHG, Légaré et al.
measured the proportion of BS-SHG to the forward generated SHG in the mouse Achilles tendon
and fascia [50]. The B-SHG from thick samples was compared to the B-SHG from thin samples.
This measurement, together with the F/B ratio obtained from thin samples, determined the
proportion of BS-SHG to the forward SHG, which was 20% and 2% for 2 mm thick mouse
Achilles tendon and fascia tissues, respectively. Among the total B-SHG, the BS-SHG accounted
for 83% and 44%, respectively. According to Légaré’s measurements, the BS-SHG dominated
the B-SHG in a 2 mm thick mouse Achilles tendon while it contributed equally to the B-SHG
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with the BG-SHG in fascia tissues of a few mm thick. A drawback of this work is that slicing of
tissues is necessary for comparing the F/B ratio of thin and thick samples. Measuring the ratios at
different locations may be affected by the microstructure of the collagen structure at that location
because a small change of microstructure may also impact the results. Therefore, a non-invasive
method quantify the scattering of backward scattering of SHG is desired.
Previously, Han et al. presented a similar method to measure the F/B ratio without using
a forward detection channel in a confocal multiphoton microscopy [80]. The authors separated
the BG-SHG and BS-SHG according to their distinct spatial distribution of signal intensity in the
confocal pinhole plane. The BG-SHG was described as a Gaussian distribution with a narrow
peak when the scattering after generation was neglected; while the BS-SHG was described as a
uniform distribution over the radial distance from the optical axis due to its diffusive nature.
Their summation constituted B-SHG in the pinhole plane. The relative amplitudes of the
Gaussian and uniform distributions were obtained by collecting the B-SHG through a series of
pinholes of different radii, and these relative amplitudes were converted to the proportion of BSSHG to B-SHG. However, their method has only been applied to a focal depth near the surface.
In here, we will extend the method to a more general condition where the focal depth is not
limited to the surface and also consider scattering of the BG-SHG.
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Figure 4.1 An illustration of photon generation and collection by pinholes in the Monte Carlo simulation with
various SHG signal components in forward and backward directions.

In this work, we apply the model of SHG signal distribution described in [80] and extend
the SHG pinhole measurement based on various core-diameter fibers in a confocal multiphoton
microscopy to investigate the proportion of BS-SHG to the forward generated SHG and the BSHG from different mouse collagen tissues. The distribution of BG-SHG and BS-SHG are
different at the focal plane, which will be verified by Monte Carlo (MC) method. Utilizing this
property, the contribution of BS-SHG to the B-SHG and the proportion of BS-SHG among the
forward SHG can be measured. The pinhole method quantifies the contribution of BS-SHG and
BG-SHG to the B-SHG. One advantage of this method is that the proportion of BG-SHG and
BS-SHG among the B-SHG can be calculated without the need of forward detection, which can
be useful for potential clinical applications.
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4.2
4.2.1

Methods
Calculation methods
In this subsection, we describe the two methods used for quantifying the proportion of

BS-SHG. Experimental results obtained by these two approaches are compared in the later
sections.
The ratio of SHG power measured in the forward direction over the one measured in the
backward direction is defined as F/B. The ratio detected from thin sample (F/B)thin is considered
to reflect the ratio of the forward generated SHG over the BG-SHG from the focal volume
because scattering is minimum in a thin sample. For thick samples, the corresponding ratio
(F/B)thick is different from (F/B)thin. Assuming that scattering of the BG-SHG is negligible when
compared to the scattering of the forward generated SHG, the (F/B)thick can be expressed as,

S 1  c 
F
   F
 B thick S B  cS F

(4.1)

where SF and SB are the SHG power generated in the forward and backward directions from the
focal volume, whose ratio SF/SB can be approximated by (F/B)thin. The proportion of BS-SHG to
the forward generated SHG, represented by c, is

c

SF / SB   F / B thick  F / B thin  F / B thick
1  F / Bthick SF / SB  1  F / Bthick F / B thin

(4.2)

Similar method was utilized in [50], in which (F/B)thin and (F/B)thick are both measured.
Since the summation of BG-SHG and BS-SHG is the B-SHG, we can deduce the proportion of
BS-SHG to B-SHG to be  = cSF/(SB+cSF) = 1/(SB/cSF+1). However, it may not be applicable to
the situation where the tissue is too thick to obtain the forward SHG or scattering of BG-SHG is
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not negligible. Therefore, we follow [80] to take another approach that is purely based on the
SHG signal collected in the backward direction.
Instead of measuring the SHG power in both the forward and backward directions, the BSHG, which is the sum of BG-SHG and BS-SHG at the pinhole plane, is investigated in the
second approach. The BG-SHG and BS-SHG are expressed as a Gaussian and a uniform
function, respectively, of the radial distance r from the optical axis as shown in Eq. (4.3). The b
is the peak intensity and  is the 1/e2 half width of the BG-SHG. The  here is not the width of
the focal point but rather the width of the signal spot on the detection pinhole plane, which is
broader than the width of the focal point due to scattering. Although the forward generated SHG
also follows a sharp Gaussian function in the forward direction at the focal plane where it is
generated, the BS-SHG has a diffusive nature because it experiences multiple scattering. BSSHG can be considered as a Gaussian function with very large  such that it is relatively
independent of the radial distance. Therefore, it can be further simplified as a uniform
distribution over the length scales considered here. Forasmuch, f is the peak intensity of the
forward generated SHG and c is the proportion of BS-SHG to the forward generated SHG.
Dividing b in both terms on the right hand side of Eq. (4.3) does not alter the relative magnitude
of these terms but makes our subsequent analysis and discussion simpler. The signal collected by
a pinhole is the integration of the intensity over the pinhole area as shown in Eq. (4.4), where R
is the pinhole radius. The first term on the right hand side of Eq. (4.4) represents the BG-SHG
power collected at the pinhole plane, which corresponds to SB if neglecting the loss from the
focal plane to the pinhole plane. The second term represents the BS-SHG power collected at the
pinhole plane which corresponds to cSF.
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In Eq. (4.4), there are two unknowns  and fc/b, where fc/b is the ratio of BS-SHG over
BG-SHG at r = 0. Therefore, at least two pinhole measurements are necessary for solving them.
In both simulations and experiments, we first obtain the SHG power as a function of pinhole size.
Afterwards, the data points are fitted by the model described in Eq. (4.4) in order to obtain  and
fc/b values. The relative magnitude of BG-SHG over BS-SHG is known after  and fc/b are
known. Since the ratio of the two terms stands for cSF/SB, aided with the measured SF/SB by
(F/B)thin, which reflects the generation ratio, we can obtain c.

4.2.2

Sample preparation
Three male C3H/HeN mice, four weeks of age were sacrificed. Tail samples were firstly

removed and tendon samples were stripped off from the bone structures after the thin layers of
outer skin were peeled off. The tendons were measured directly right after they were obtained.
Achilles tendon was exposed in its full length after removal of the skin from the hind legs. A
dissecting scope helped with determining the thickness of the tissue. The tissue blocks were
embedded in paraffin and prepared for frozen sectioning. The embedded tissues were sectioned
to 10 m thickness using a cryostat. The sections were then transferred to coverslips.
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4.3

Monte Carlo simulation
In order to characterize the distribution of BG-SHG and BS-SHG in the pinhole plane

and to validate the pinhole method, a MC simulation is conducted. The purpose is to examine the
BG-SHG spatial distribution on the pinhole plane when the focal point is not on the surface but
inside tissue. This is necessary because only if its distribution satisfies the Gaussian expression,
can we apply multiple pinhole measurements and curve fitting with Eq. (4.4). When the
scattering is too strong, the BG-SHG distribution may deviate from Gaussian expression, which
may affect the accuracy of the pinhole method. In [80], the authors assumed that the focal point
was close to the top surface, and the BG-SHG was Gaussian distributed. Therefore, their
measurements were restricted to the surface only. Another requirement of applying Eq. (4.4) is
the uniform distribution of BS-SHG intensity in the pinhole plane. For thin tissue samples with
small scattering coefficients, the uniform distribution may not be satisfied. Besides examining
the BS-SHG and BG-SHG distribution under various conditions, BS-SHG and BG-SHG photons
can be differentiated by MC simulation so that the contribution of forward SHG and B-SHG can
be obtained. Comparing these results with the ones obtained from simulating pinhole method, the
principle of the pinhole method can be validated.
As a confocal setup, pinholes with various radii are used to collect the photons as shown
in Fig. 4.1, where the pinhole plane is conjugate to the focal plane (pinhole image plane). The
magnification from the objective and focus lens pair is set to be unity in our simulation for
simplicity. Photons generated at the focal plane need to propagate through the tissue and pass
through the pinhole prior to being collected. If the BG-SHG is generated at the tissue surface,
then tissue scattering in the collection path can be neglected and the signal spot size at the
pinhole plane should be the same as the signal spot size at the focal plane. However, if the BG55

SHG is originated from deeper inside the tissue, then the signal spot size at the pinhole plane
should be much larger than the signal spot size at the focal plane due to scattering. Effect of
scattering on the signal spot size at the pinhole plane can be simulated by MC.
Only the photons that fall within the pinhole and the collection angle of the detection
system will be collected. Each photon exits the tissue surface at a specific position and angle
which link a unique ray trace between the pinhole plane and the pinhole image plane. Therefore,
when a SHG photon exits the tissue, it is geometrically back-projected to the pinhole image
plane, where it can be analyzed to determine whether it falls within the image of the confocal
aperture on that plane, and thus can be collected by the optical system or not [81]. For example,
the photon following the blue path in Fig. 4.1 is not collected by the pinhole, but the photon
following the green path is collected. Other than the position of the back projected photon, its
exit angle with respect to the optical axis needs to be smaller than the NA of the objective lens in
order to be collected. The interface between cover glass and collagen tissue does not alter SHG
ray path because the refractive index of collagen at 400 nm is close to that of glass [49], while
the interface between cover glass and immersion water is supposed to bend the SHG ray path
slightly away from the optical axis due to their relative refractive index. However, it does not
affect the conjugate nature between the pinhole plane and its image plane. Due to the conjugate
relation between the pinhole image plane and the pinhole plane, the distribution of SHG signal
on the pinhole plane can be plotted according to the distribution on the pinhole image plane
determined by this back projection method.
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Figure 4.2 (a) The BG-SHG intensity only versus radial distance from optical axis in the pinhole image plane for
SHG at 50, 75 and 100 m depth; (b) BG-SHG intensity only distribution without scattering in the pinhole
image plane; (c) BS-SHG intensity only versus radial distance from optical axis at 50 m depth with 300
m thicknesses; (inset) the zoomed in BS-SHG distribution over a shorter range; (d) dependence of relative
B-SHG power on pinhole sizes for F/B ratio = 7.5 in the focal plane at the 50, 75 and 100 m depths; (e)
BG-SHG intensity versus radial distance from optical axis for reduced scattering coefficients 15, 45 and 75
cm-1; (f) dependence of relative B-SHG power on pinhole sizes for F/B ratio = 7.5 in the focal plane at

57

three reduced scattering coefficients; (g) BS-SHG intensity versus radial distance from optical axis for
tissue thicknesses as 300, 500 and 1000 m; (h) dependence of relative B-SHG power on pinhole sizes for
F/B ratio = 7.5 in the focal plane for the three thicknesses.

As the general formalism of the MC simulation will be presented in detail in Appendix A,
we only report the modification to the basic approach required to simulate the propagation of the
forward and backward generated SHG photons. In the simulation, 800 nm excitation wavelength
and an objective lens with NA = 0.8 are used. The forward and backward generated SHG
photons have a Gaussian distribution at the focal plane with 0 = 0.5 m, according to the lateral
intensity squared profile in Ref. [31]. The angle distribution of the SHG photons cannot be
simply determined by the NA of the objective lens because the phase matching condition refrain
large angle emission from happening. Therefore, we use the experimentally measured parameters
given in [80] as 15 degree around the optical axis as the maximum emission angle from the
optical axis. The refractive index of the tissue and the water surrounding the tissue are 1.5 and
1.3 respectively. The anisotropy, scattering and absorption coefficients are 0.9, 150 cm-1 and 1
cm-1 unless otherwise stated [82, 83]. The reduced scattering coefficient µs′ = 15 cm-1 is within
the range of measured values in Ref. [84].
Fig. 4.2 (a) plots the intensity distributions of BG-SHG, which are generated at different
depths, over the radial distance from the optical axis. The tissue is modeled as 300 m thick. All
the intensities are normalized to its maximum at optical axis. It is observed that BG-SHG
generated at 50, 75 and 100 m depths decays exponentially with the radial distance from the
optical axis and the half widths at 1/e2 are 5.0, 8.2 and 13.0 m respectively. The deeper the
focal plane, the larger the spot size of the BG-SHG observed at the pinhole image plane due to
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increased scattering. At these depths, the distributions of BG-SHG match with the Gaussian
shape. As a comparison, the distribution of BG-SHG in a sample as thin as 10 m from which
the scattering effect can be neglected is plotted in Fig. 4.2 (b). Without scattering, the width of
the SHG spot is not broadened in the pinhole image plane so that it keeps the same half width of
the original focal spot as 0.25 m.
Fig. 4.2 (c) shows the distribution of BS-SHG in the pinhole image plane. Due to
multiple scattering, the BS-SHG has a very broad spot size. It is relatively uniform within 100
m and then starts to decrease exponentially when the radial distance is larger than 100 m as
shown in the inset of Fig. 4.2 (c). The fluctuation is due to the limited number of photons
simulated in the simulation.
We then draw the dependence of B-SHG power on the pinhole size assuming the ratio of
forward and backward generated SHG is 7.5 in the focal volume at 50, 75 and 100 m focal
depths as shown in Fig. 4.2 (d). This particular ratio is from mouse tail tendon F/B intensity ratio
experiment measurements which will be described in Section 4.5. Good model fittings are
obtained when 5 m and fc/b = 0.0003 for the 50 m focal depth, 8.2 m and fc/b =
0.00075 for the 75 m focal depth, and 13 m and fc/b = 0.0018 for the 100 m focal depth.
From the  and fc/b values, the  and c parameters are obtained as 19.4% and c = 3.2% for
50 m depth, 18.4% and c = 3.0% for 75 m depth, and 17.4% and c = 2.8% for 100 m
depth, respectively. It shows that the deeper the focal depth (with fixed tissue thickness), the less
BS-SHG contributes to the backward SHG. Since the path length for the generated photons is
shorter when the depth is deeper, the BS-SHG photons are less likely to be backscattered. The
results obtained by this method are compared with MC simulation. In the simulation, we
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differentiate the BS-SHG and BG-SHG photons collected within the 100 m radius area in the
pinhole image plane according to their original generation direction. The simulation gives

19.9% and c = 3.2% for 50 m depth, 16.8% and c = 2.7% for 75 m depth, and
15.6% and c = 2.4% for 100 m depth. The good matching between simulation and our
fitting method validates the principles of this pinhole measurement in the above conditions.
The scattering properties of tissues may vary over a large range among different tissue
types and species. Therefore, we also simulate the intensity distribution of BG-SHG at 50 m
depth with reduced scattering coefficient s′ of 15, 45 and 75 cm-1 in a 300 m thick tissue as
shown in Fig. 4.2 (e). A reduced scattering coefficient of 45 cm-1 approximates that of Achilles
tendon, which is a tissue type measured in our experiment and in Ref. [50]. The spot size
increases from 5 to 30 m and a Gaussian distribution is still observed with the scattering
coefficient increased from 15 to 45 cm-1. However, when the scattering coefficient increases to
75 cm-1, the BG-SHG shows a 1/e2 half width as ~ 88 m but the shape deviates from a Gaussian
distribution.
The dependence of B-SHG on pinhole size is simulated in Fig. 4.2 (f) with the above
scattering coefficients. The F/B intensity ratio is still 7.5. Substituting the  obtained in Fig. 4.2
(e) into Eq. (4.4), the optimum model fitting are obtained with fc/b = 0.0003, 0.021, and 0.45 for
the reduced scattering coefficients of 15, 45 and 75 cm-1. The corresponding  and c are 21.2%
and 3.5%, 34.2% and 10.5%, 59.0% and 20.5% for 15, 45, and 75cm-1. Direct MC simulation
results are 19.9% and 3.2%, 32.1% and 10.2%, 53.0% and 17.1% respectively. The difference
between pinhole method and simulation increases with s′ such as the s′ = 75 cm-1 case. For
large s′ since the  deviates from Gaussian, the fc/b parameters have to be set higher for good
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fitting, which results in an over estimation of the BS-SHG. It demonstrates that our pinhole
measurement method has a limitation for tissues with large scattering coefficients.
We also investigate how tissue thickness affects the SHG scattering. In the MC
simulation, the s′ is 15 cm-1 and the tissue thicknesses are 300, 500 and 1000 m. The focal
depth is at 50 m and F/B intensity ratio is 7.5. It is known that the thickness of tissue affects the
BS-SHG distribution significantly. Hence, the distributions of BS-SHG for the three thicknesses
are illustrated in Fig. 4.2 (g). For 300 m thickness, the intensity drops down quickly when the
radial position is deviating from the optical axis. Intensities drop slower in the 500 and 1000 m
cases, but thicker tissues result in stronger BS-SHG. By normalizing the three distribution curves,
it is confirmed that at least within 100 m radial distance from the optical axis, their distributions
are approximately uniform.
By repeating the previous pinhole method and simulation, it is found that the curves from
Eq. (4.4) and discrete dots from MC simulation for different thicknesses are very close in Fig.
4.2 (h). All the data points seem to fit within a small range of fc/b. Thus we calculate that  may
vary from 19.0% to 23.5% and c may vary from 3.0% to 4.1%. From MC simulation, the  and c
are 19.9% and 3.2% for 300 m, 21.8% and 3.8% for 500 m, and 23.8% and 4.1% for 1000 m.
From these results, the backward scattering does not vary significantly with thickness because
the backward scattered photons are collected by a finite pinhole size, which in our case is the
maximum pinhole size 100 m. Although the BS-SHG is stronger for thicker tissues, the
proportion of collected BS-SHG among the total BS-SHG is small because the BS-SHG is
distributed over a wider range. On the contrary, the total BS-SHG intensity is weaker from
thinner tissues but the proportion of BS-SHG collected is greater because the BS-SHG intensity
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drops down quickly when its radial distance deviates from the optical axis. These trends can be
clearly seen in Fig. 4.2 (g). If we extend the pinhole size to 1500 m which almost covers the
whole range of BS-SHG, the  and c from the above three thicknesses become 37.5% and 12.0%,
47.3% and 18.0%, 56.6% and 26.0%. The  and c values not only depend on the tissue scattering
properties, but also depend on the size of the collection area. The differences between various
thicknesses are greater when we consider all the BS-SHG. These simulation results indicate that
larger pinhole sizes can collect more BS-SHG photons such that the scattering performance
differences among different s′ or thicknesses are greater. Nevertheless, in order to obtain an
accurate prediction for  and c by the pinhole method, the largest pinhole size is limited. It is
because that uniform distributed BS-SHG is necessary in order to apply Eq. (4.4). As we can see
in Fig. 4.2 (c) and (g), the BS-SHG distribution is no longer uniform with respect to the radial
distance when the radial distance is far from the optical axis. In a 300 m thick tissue, according
to our simulation, the uniform distribution can only be maintained within 100 m from the
optical axis. Therefore, this pinhole method can only be applied to predict the BS-SHG photon’s
scattering performance collected by a pinhole area smaller than it. In addition to this limitation,
from Fig. 4.2 (e) and (f), when the scattering coefficient is too large, the BG-SHG deviate from
Gaussian distribution. It may causes overestimation of  and c.
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4.4

Experiment setup and calibration

Figure 4.3 (a) Experiment setup for measuring the scattering property of tissues based on a confocal multiphoton
microscopy; /2, half wave plate; PBS, polarization beam splitter; F1, F2, and F3, filter sets; L1, L2, L3,
and L4, lens sets; OBJ1, and OBJ2, objective lens; DM, dichroic mirror; (b) experiment measurement for
the dependence of relative backward TPEF power on fiber diameter for TPEF solution and the fitting curve
with  = 15 m; (c) TPEF intensity distribution along the horizontal direction on CCD image plane and its
fitting with Gaussian shape; (inset) CCD captured image for TPEF signal; (d) experiment measurement for
the dependence of relative B-SHG power on fiber diameter for of 10 m mouse tail tendon tissues and the
fitting curve with  = 14 m.

Fig. 4.3 (a) shows the schematics of the experimental setup for single point detection. Its
advantage is that it is easier to implement the pinhole measurement than a typical imaging setup
which requires a de-scanned detection. The light source is a mode-locked titanium-sapphire laser
(Chameleon, Coherent, USA) providing wavelength tunable femto-second laser pulses from 720
to 960 nm. A half wave plate (/2, 10RP52-2, Newport, USA) and a polarization beam splitter
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(PBS, PBS052 AR600-1000 nm, Thorlabs, USA) are used to control the excitation laser power.
The laser spectrum is cleaned by a long pass filter (F1, FGL715, Thorlabs, USA). The laser beam
is expanded by a pair of lenses (L1, L2) with focal lengths of 35 and 300 mm respectively to fill
the back aperture of the water-immersion 40X objective (OBJ1, NA = 0.8, LUMPLFLN,
Olympus, USA). The backward SHG is collected by the same objective and is directed to the
spectrograph through a 660 nm long pass dichroic beam splitter (DM, FF660-Di02, Semrock,
USA). The SHG signal is coupled into a multimode fiber by a 35 mm focal length focusing lens
(L3). A number of multimode fibers with various core diameters from 25, 50, 100, 200, 400 to
1000 m are used as pinholes in the experiment. In the Achilles tendon measurements, an
additional 600 m fiber is used for more accurate measurements. Measurements of SHG power
are obtained with a spectrograph (SpectraPro-150, Roper Scientific, USA), which is directly
connected with the multimode fibers. The residual excitation laser beam is further attenuated by
a band-pass filter (F2, FF01-750, Semrock, USA) attached to the spectrograph. The forward
SHG is collected by a water-immersion 60X objective (OBJ2, NA = 1.0, LUMPLFLN, Olympus,
USA) and is then reflected by a mirror and further focused into a 600 m multimode fiber by a
25 mm focal length lens (L4). Another low-pass filter (F3, FF01-680, Semrock, USA) blocks the
excitation laser beam.
For the purpose of verifying our pinhole measurements by different core-diameter fibers,
we measure the dependence of two photon excitation fluorescence (TPEF) signal on the pinhole
size from a homogeneous fluorescence solution in the backward direction as shown in Fig. 4.3
(b). Since there is negligible scattering in the homogeneous solution, only the backward
generated TPEF is collected. The value of fc/b equals to zero in our curve fitting because there is
no scattered forward TPEF in the backward direction. It is found that  = 15 m provides a good
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fitting in Fig. 4.3 (b). The fitting criteria follow the least square fitting such that the parameter 
and fc/b minimize summation of the squares of offsets of the experimental data points from the
fitting curve. The sensitivity and accuracy issue of the fitting will be discussed in the next section.
The deviation from the fitting curve for relatively small fiber diameter may be caused by the low
NA’s of these fibers which are 0.1 while the NA’s of the rest fibers are 0.22. A 0.1 NA is already
very close to the NA of the focusing lens L3 which is 0.11 calculated according to the focal
length of L3 and the beam width of TPEF signal. In this way, the signal collection is affected
slightly. Furthermore, the fiber core diameters are all large compared to the spot size under the
condition of no scattering. Therefore, most of the signal is collected by the smallest fiber and the
intensity change cannot be measured well by experiment. For comparison, the spot size of the
TPEF signal at the focal spot of L3 is directly measured by a CCD camera (MLC 205, Matrix
vision, Germany) as shown in the inset of Fig. 4.3 (c). The 1/e2 spot size for the TPEF signal is ~
23 m and 16 m along the horizontal and vertical directions in the CCD image plane
respectively. Fig. 4.3 (c) plots the intensity distribution along the horizontal direction on the
CCD and the fitting with a Gaussian curve. Please be aware that the  we obtained from pinhole
measurement is half of the width of the signal spot size at 1/e2 and the full width should be 30
m, which matches with the CCD measurement.
Similarly, we also obtain the SHG power versus fiber diameter for the 10 m thick
mouse tail tendon in Fig. 4.3 (d). Measurements of SHG signal intensity with each fiber are
repeated five times. In order to avoid significant back reflection of the forward generated SHG
from the tissue/glass interface, the thin tissue samples are laid beneath a coverslip rather than
being sandwiched between a coverslip and a glass slide. There is no glass slide below the sample,
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which is immersed in water. In 10 m thick tissue samples, we assumed a negligible BS-SHG.
Hence, the size of the focusing spot,  can be fitted by Eq. (4.4) with fc/b = 0, which is found to
be 14 m. Considering that the theoretical 1/e2 width of the focal spot is 0.5 m and the
theoretical magnification of the objective lens (OBJ1 ~ 4.5 mm) and focusing lens (L3 ~ 35 mm)
is 7.8 times, the theoretical spot size on the CCD is estimated to be around 4 m. The broadening
of the focusing spot in experiment is likely due to the spherical aberration and other aberrations
of lens L3 which is a spherical singlet lens.
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4.5

Experimental results and discussions

Figure 4.4 (a) Experiment measurement for the dependence of relative B-SHG power on fiber diameter for mouse
tail tendon at different depths and the related fitting curves; (b) contour map plotting the isolines of fitting
error with various  and fc/b; the sensitivities are plotted along the two dash lines crossing at the best
fitting pair (  = 75 and fc/b = 0.0005) as a function of  (c) and fc/b (d); (e) the dependence of relative BSHG power on fiber diameter for tail tendon and Achilles tendon with similar tissue thicknesses and focal
point depth; (f) the dependence of relative B-SHG power on fiber diameter for Achilles tendon with
different thicknesses but at the same focal point depth 50 m.

The normalized SHG signals of the mouse tail tendon tissue at three focal depths (50, 80
and 110 m) beneath tissue surface are shown in Fig. 4.4 (a). The sample thickness is 250 m.
Each data point represents an average of five measurements of different lateral locations at the
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specific focal depth. The fitted results are summarized in Table 4.1. Notice that when the focal
depth gets deeper, the 1/e2 width ( in second column) increases from 75 to 135 m mainly due
to stronger scattering of the BG-SHG. The fc/b parameter (in third column) also increases with
depth, consistent with MC simulations in Fig. 4.2 (a). The ratio of BG-SHG to BS-SHG (SB/cSF
in fourth column) increases from 5.62 to 6.07. The ratio of BS-SHG to B-SHG ( value in
column five) decreases from 15.14% to 14.23%, because for fixed tissue thickness, the distance
between focal point and rear surface of the tissue becomes smaller, which leads to less
backscattering of the forward generated SHG.
The accuracy and sensitivity of this curve fitting method are discussed in Fig. 4.4 (b). As
we mentioned, the curve fitting is based on least square such that the parameter  and fc/b
minimize summation of the square of the offsets at 25, 50, 100, 200 and 400 m between
experimental data and the fitting curve. Taking the measurements at tail tendon top as an
example, summation of the offset square between experimental data and fitting curve with
various  and fc/b are plotted as isolines in the contour map. The minimum sum offsets square is
0.013 (a.u.), which is from the fitting curve with  = 75 m and fc/b = 0.0005. To quantify the
quality of fitting, a fitting error is defined as summed square of the fitting offset divided by the
summed square of the intensity values measured by different fibers. For this case, the fitting
error is calculated to be 5‰. We neglect the data for 1000 m fiber because both experimental
data and fitting curves are normalized to one at the largest fiber. Extending from the best fitting
pair along the  and fc/b direction, as the two dash line in the contour map, the fitting errors are
relatively symmetry around the best fitting parameters in Fig. 4.4 (c) and (d) with similar slopes.
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For the red fitting curve in Fig. 4.2 (d) and green fitting curve in Fig. 4. 3 (b) the fitting errors are
1.1‰ and 1.9‰, respectively.
Assuming that the F/B ratio measured for 10 m thin samples can be approximated as the
generation ratio for forward and backward SHG, i.e. SF/SB = (F/B)thin, the percentage of the
forward SHG that is backscattered can be calculated from the ratio of SB/cSF. The measured F/B
ratio for 10 m thin tendon is represented in the form of average (standard deviation) as 7.62
(0.81). The intensities are measured and averaged over five different positions on the tissues.
Calibration of the forward and backward detection is based on the auto-fluorescence peak at 550
nm from the 10 m skin tissue. The F/B absolute intensity ratio is found to be 0.5 for the
fluorescence signal. All of our F/B measurements are then calibrated with this value. Some of the
previous published results reveal that the F/B ratios measured for tendon are close to unity [52,
57]. With the corresponding F/B ratio from thin samples, we find the proportion of BS-SHG to
the forward generated SHG, which is in Table 4.1 column six as
c

 SB / cS F 
SF / SB

1

 S B / cS F 
 F / B thin

1



(4.5)

From top surface to deeper depth, c (1) value varies from 2.3% (0.2%) to 2.1% (0.2%).
As we have described in Fig. 4.2 (a) to (c), the reduced scattering coefficient, F/B intensity ratio
and other parameters such as depth and thicknesses used in simulation are approximately the real
values in experiments. Therefore, comparing the simulation with the experiment results (2.8 ~
3.2% in simulation versus 2.1 ~ 2.3% in experiment), it is found that the simulation results are
slightly greater than experimental results. This might be caused by the difference in the spot size
between simulation and experiment.
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The calculated fitting error for the simulation data (1.1‰) is smaller than that for the
experiment data (5‰). It is because that, in the simulation, the BG-SHG and BS-SHG closely
match with the Gaussian and constant profile described in Eq. (4.4). The actual distribution in
experiment is not as perfect as in simulation, resulting in increased fitting error. In this study, the
fitting error is relatively small compared to measurement error. In Fig. 4.4 (a), it is shown that
the SHG intensity measurement shows a relatively large standard deviation. This fluctuation
originates from the difference of the fiber position and possible sample movement over multiple
measurements. Furthermore, the measurement of the (F/B)thin intensity ratio also shows a
variation of ~ 10% over multiple locations. Thus, the accuracy of the  and c (1) values are
limited by the accuracy of the measurements instead of the fitting error. For single tissue type
measured at the different depths, the variation in the  and c (1) values are not significant.
Nevertheless, a consistent trend in the change of  and c (1) can still be obtained. A more
significant depth difference may enlarge the difference between the  and c (1) values. When
comparing Achilles tendon with tail tendon, significant difference in  and c (1) are obtained.
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Table 4.1 A summary of the curve fitting parameters for pinhole experiment results and the derived values
describing the scattering property of the tail tendon tissue at different depths.

Depth (m) m

fc/b

SB/cSF  c (1) (%)

F/B

c (2)(%)

50

75

0.0005

5.62

15.14

2.3(0.2)

6.23(0.09) 2.4(1.1)

80

85

0.0007

5.83

15.00

2.3(0.2)

6.45(0.11) 1.9(1.1)

110

135

0.0015

6.07

14.23

2.1(0.2)

6.63(0.15) 1.6(1.4)

Note: : the half 1/e2 width of the SHG spot in the pinhole plane; fc/b: the ratio of BS-SHG over BG-SHG at optical
axis; SB/cSF : the BG-SHG over BS-SHG intensity ratio; : the BS-SHG over B-SHG intensity ratio; c (1): the BSSHG over forward SHG intensity ratio obtained from pinhole method; F/B: the forward over backward SHG
intensity ratio; c (2): the BS-SHG over forward SHG intensity ratio obtained from measuring thin and thick sample.
The number in the parenthesis is the standard deviation of the corresponding parameters.

We can also take the approach described in Eq. (4.2) to directly calculate c. The F/B ratio
is measured at the three depths in the thick tissues directly in the column seven of Table 4.1. At
each depth, five measurements are conducted at different lateral positions. The increase of the
F/B ratio is also observed and discussed in Ref. [6] from fibrillar cellulose matrices. According
to the spot size determined, the spot size in forward and backward direction should be no larger
than the collection fiber core diameter of 600 m and 1000 m respectively. Therefore, it is
reasonable to assume that most of the forward and backward generated SHG are collected by our
fiber collection system in their respective channels. Using the (F/B)thin from 10 m samples and
(F/B)thick at different depths, we obtain the parameters c at different depths by applying Eq. (4.2),
which are listed in the eighth column of Table 4.1 indicated by c (2). From top depth to deeper
depth c varies from 2.4% (1.1%) to 1.6% (1.4%). These values match with the values obtained
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by pinhole measurements. The standard deviation of c (2) is greater than that of c (1) because the
standard deviations of F/B ratio measurements from thin and thick tissues are transferred to the
calculation of c (2).
The experiment is repeated three times to calculate  and c (1) in tail tendon from three
animals at different depths. The results are listed in Table 4.2. Note that and c (1) are similar
for the three animals. In addition, the trend such as less scattering of forward SHG with
increasing depth inside the tissue is also observed among all the data sets.
Table 4.2 The  and c (1) values at different depths for mouse tail tendon tissues from three animals.

Animal I
Depth

Animal II

Animal III

 c (1) (%) Depth (m)  c (1) (%) Depth (m)  c (1) (%)

(m)

50

15.14

2.3(0.2)

40

14.40

2.5(0.4)

40

14.78

3.0(0.4)

80

15.00

2.3(0.2)

75

14.68

2.3(0.2)

80

14.36

2.5(0.3)

110

14.23

2.1(0.2)

120

14.15

2.0(0.3)

130

13.84

2.1(0.3)

In addition to comparing scattering in mouse tail tendon at different depths, we also
compare the scattering in tail tendon with Achilles tendon from hind legs as shown in Fig. 4.4 (e).
The tissue thickness is 270 m and the depth of focal point is 50 m. The curve fitting
parameters  and fc/b are obtained as 320 m and 0.08, which provides  as 60.9%. The F/B
ratio is measured as 23 (2.5), which is close to the values measured in Ref. [50]. The c is
obtained as 6.8% (1.3%) accordingly. Compared with the results from tail tendon, at the same
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depth, the  and c are 15.14% and 2.3% (0.2%). The c value difference between tail tendon and
Achilles tendon is largely due to their respective scattering coefficient difference. According to
previous literature, the scattering coefficient of Achilles tendon is around 45 cm-1 while that of
tail tendon is from 8 to 30 cm-1 [50, 84]. Their F/B intensity ratios are measured to be 23 (2.5)
and 7.6 (0.8). The combined effects of F/B intensity ratio and scattering coefficient determine
that the BS-SHG contributes to the total backward SHG more in the Achilles tendon than in the
tail tendon. In 200 ~ 300 m thick tail tendon, at different depth, the BS-SHG constitutes 15% of
the total backward SHG while it constitutes more than 60% in the Achilles tendon. The
proportion of forward SHG that backscatters is two times greater for the Achilles tendon tissue
than the tail tendon tissue.
As we discussed in Fig. 4.2 (g) and (h), the scattering differences are not significant when
different thicknesses of tissues are compared by a relative small pinhole size. In order to
demonstrate a stronger thickness dependent BS-SHG, we replace the 35 mm focal length
focusing lens L3 with another 25 mm focal length lens to reduce the beam size at the pinhole
plane. Therefore, the relative collection area can be increased. The cost is that the NA of the
signal can be greater than that of the collection fiber especially for small NA fibers, which may
affect the signal collection for small diameter fibers.
In Fig. 4.4 (f),  and c are calculated from pinhole measurements with improved
collection area for Achilles tendon tissues of different thicknesses: 270, 520 and 1000 m. The
focus is fixed at 50 m. The fitting parameters are summarized in Table 4.3. It is noted that the 
and c increase with thickness. For a 1000 m tissue, 10.1% (1.4%) of the forward SHG are
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backscattered and 70.5% of the backward SHG originate from BS-SHG. This result is close to
the result reported in Ref. [50].
Table 4.3 The curve fitting parameters and the derived  and c (1) values of Achilles tendon with different
thicknesses at 50 m depth.

 (m)

fc/b

SB/cSF

(%)

c (1) (%)

270

325

0.10

0.54

65.02

8.5(1.6)

520

320

0.11

0.48

67.50

9.0(1.3)

1000

325

0.13

0.42

70.50

10.1(1.4)

Thickness
(m)

In this study, we quantify the contribution of BS-SHG to B-SHG in two types of collagen
tendon tissues with different scattering coefficients. For strong scattering tissues such as Achilles
tendon, the BS-SHG dominates B-SHG. For moderate scattering tissues such as tail tendon,
however, the scattering of the forward SHG is not the major source of the backward SHG.
Tissue scattering is characterized by transportation mean free path. When the photon
propagation length in the tissue approaches transportation mean free path, the probability of
completely randomizing its direction approaches 100%. Therefore, tissue with a large reduced
scattering coefficient s′ such as Achilles tendon is likely to give significant number of forward
generated backward scattered photon. When the focal point approaches the bottom surface of the
tissue, the shortened propagation length reduces the backward scattering.
A strong original backward generation increases the proportion of BG-SHG among the
total backward SHG. The original backward generation strength is another important difference
between tail tendon and Achilles tendon. Although BG-SHG is another source of backward SHG,
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the mechanism for BG-SHG is still not fully understood. This topic will be studied in the next
chapter.

4.6

Conclusions
In summary, we propose a pinhole method to investigate the scattering properties of SHG

in the mouse tail tendon and Achilles tendon based on confocal multiphoton microscopy. Monte
Carlo simulation proves that the BG-SHG and BS-SHG can be modeled as Gaussian distribution
and uniform distribution respectively in the pinhole detection plane. Based on the knowledge of
the SHG distribution, we also obtain the spot width of the BG-SHG and the relative intensity of
the BG-SHG and BS-SHG. The advantage of the pinhole method, compared with previous back
scattering quantification methods, is that it is non-invasive and requires little sample preparation.
Through pinhole measurements, the dependence of BS-SHG on focal depth is quantified in
experiment. It is found that BS-SHG does not dominate the total backward SHG in tail tendon
tissues with thicknesses of around three hundred micrometers. For Achilles tendon with similar
thickness and focal depth, the contribution of BS-SHG to B-SHG is much higher due to its
higher scattering coefficient, and the F/B intensity ratio. When the thickness of the Achilles
tendon increases to a thousand micrometers while maintaining the same focal depth, as high as ~
10% of the total forward SHG is backscattered and collected in the pinhole. These investigations
can help understand and interpret SHG measurement in microscopy and spectroscopy.
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Chapter 5: Phase matching of backward second harmonic generation assisted
by lattice structure

In this chapter, we study the phase matching mechanism of backward SHG in collagen. It
provides explanation to the wavelength dependence spectrum and scattering measurement of
backward SHG results in the previous chapters.

5.1

Introduction
In the last chapter, as we have discussed, backward scattered SHG does not dominate the

total backward SHG in tail tendon tissues with thicknesses of around three hundred micrometers.
It implies that backward generated SHG still contributes significantly to the total backwardcollected SHG. A clear understanding about the mechanism of backward SHG in collagen tissues
is thus needed. As we have reviewed in Chapter 1, the current available models have limitations
in both theoretical modeling method and experiment validation. Therefore, it raises the necessity
of investigating the mechanism of backward phase matching in collagen tissues in a more
systematic theoretical framework and experiment approach.
Several models have been proposed in order to explain the significant backward
generated SHG. Williams et al. attributed the SHG from a thin surface layer with tens of
nanometers thickness, which reduced the interaction length in the collagen so that it was
comparable with the coherence length for backward SHG [52]. Type I collagen fibrils usually
form highly organized quasi-crystalline structures, which have been proposed as a quasi-phase
matching (QPM) structure to study the interaction between neighboring fibrils [60, 61]. QPM is a
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technique for phase matching nonlinear optical interactions in which the relative phase is
corrected at regular intervals using a periodic structure built into the nonlinear medium [62]. In
Ref. [60], LaComb et al. assigned different values for the phase mismatch k for the forward and
backward directions to explain the relative intensity in both directions, but how the k was
related with the structure was not explained. Later on, Tian et al. theoretically discussed the
effect of additional wave vector by lattice structure on optimum backward SHG under a dipole
model framework [61]. From the perspective of electrical field calculation, the difficulty of the
dipole method lies in the selection of the unit dipole which generates the SHG. The dipole size
selection is a tradeoff between accuracy and calculation volume. Identifying the physical
meaning of an appropriate dipole size is not easy. Therefore, although intuitive, the dipole
method lacks a physical insight into the problem and has some unsolved issues. In addition, the
underlying assumption behind the dipole model is that the generated SHG photon does not
interact with the surrounding fibrils, which is not strict.
The periodic collagen microstructure is similar as a 2D photonics crystal with a 2D
periodic second order nonlinear coefficient. It has been reported that new phase matching
processes can appear in a photonics crystal with 2D periodic nonlinear susceptibility mainly
because the 2D structure of lattice could provide additional virtual momentum to the total phase
mismatch [85-88]. Berger et al. first investigated different orders of QPM process which satisfies
certain phase matching directions. The efficiency of the nonlinear process is proportional to the
corresponding Fourier series coefficient [86]. The conversion efficiencies for different types of
periodic structure such as hexagonal, square, rectangular, were compared in Ref. [85] in order to
find the optimal one. Besides phase matching assistance, the conversion efficiency can also be
enhanced via the strong localized fields and reduced group velocity at the edge of the band edge,
77

which usually requires a strong dielectric contrast between nonlinear material and medium in the
structure [87, 88]. In collagen tissues, the dielectric coefficient contrast between fibrils and
background is usually not very high. Therefore, the field localization effect and group velocity
effect are not as important as the phase matching effect. Regarding the theoretical method
applied, fundamental and SHG waves are assumed to be plane wave and nonlinear susceptibility
is expanded by reciprocal vector in Ref. [85, 86] while all the major physical terms including
wave functions are expanded by reciprocal vector in Ref. [87, 88]. The latter method is also
called plane wave expansion, which is studied in detail in Ref. [89].
In this chapter, we study the backward SHG in biological tissues, specifically collagen.
We apply a new approach that treats the collagen microstructure as a 2D photonics crystal and
study its backward SHG. The method used in 2D phonics crystals will be applied on collagen
microstructures. The hypothesis is that the backward generated SHG achieves phase matching by
the assistance of periodic structure. It is validated by investigating the relation between
excitation/emission angles and optimized excitation wavelength in both theory and experiment.
The chapter is structured as follows: In the theory section, the principle of backward phase
matching in a periodic lattice structure is revealed, and an SHG intensity expression is obtained
by the plane wave expansion method; In the simulation section, effects of angle tilting, beam
focusing, and single fibril diameter are simulated via the theoretical solutions; In the experiment
section, the effect of different excitation and emission angles on the excitation spectrum of
collagen tissues are experimentally investigated and compared with simulation.
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5.2
5.2.1

Theory
Lattice assisted phase matching and angle tilting for backward SHG
Collagen tissue is composed of regularly aligned fibrils, which can be considered as a 2D

lattice. From the TEM images in Fig. 1.1, collagen fibrils show a relatively regular packing
structure which is similar to a 2D crystal. Collagen has been modeled as 2D periodic structure
before in Ref. 61. Fig. 5.1 (a) shows the 2D lattice in the spatial space, where each dot represents
a fibril cylinder. The elementary lattice vectors are c1 = (0, a) and c2 = (a, 0), where the parameter
“a” represents the distance between the centers of two adjacent collagen cylinders. Fig. 5.1 (b)
shows the corresponding elementary reciprocal lattice vectors in the k space, which are d1 = (0,
2/a) and d2 = (2/a, 0) given by cidj = 2ij (i,j = 1,2). Each dot in the k space represents a
virtual momentum (m2/a, n2/a), provided by the lattice structure, in which m and n are
integers.
In this study, we only consider the case where the wave vectors are in the XY plane. For
backward SHG, the wave vector of the SHG beam kSHG is at opposite direction as that of the
fundamental beam kfundamental. The phase mismatch can be written as k = 2kfundamental - kSHG = 2k1
+ k2, where k1 = kfundamental and k2 = -kSHG. Since the lattice structure introduces virtual
momentum Kmn = md1 + nd2, the phase mismatch expression can be modified as k′ = 2k1 + k2 Kmn in a periodic structure.
Taking m = 1 and n = 0, the virtual momentum becomes Kmn= d1 = (0, 2/a) in the y
direction, which is defined as the depth direction in our study. The projections of the phase
mismatch in the x (lateral direction) and y directions are expressed as
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(5.1)

ext

The  and  are the angles between the fundamental wave or SHG wave and y axis, with
positive angles defined as tilting counter-clockwise. Here ext is the fundamental excitation
wavelength. The n and n2 are the refractive index at the fundamental and SHG wavelengths,
respectively. For simplicity, we will assume n= n2 in the rest of the chapter. In Eq. (5.1), the
parameters ext, , and  all affect the phase mismatch for a given spacing a.
From Eq. (5.1), phase matching in the x direction, where k′x = 0, can be achieved when

 = -. Phase matching in the y direction, meaning k′y = 0, is only achieved at an optimum
excitation wavelength that can be found as

opt  2n a  cos  cos  

(5.2)

A simple illustration is shown as the vectors between point A and B in Fig. 5.1 (b). When

= -= 0, phase matching can be achieved at

opt  4n a

(5.3)

For excitation wavelengths shorter than opt, phase matching can still be achieved by
increasing  and  according to Eq. (5.2). However, for excitation wavelengths longer than opt,
there is no solution to  and  in Eq. (5.2), which means there is no perfect phase matching for
those longer wavelengths.
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Figure 5.1 (a) Illustration of the periodic structure with elementary lattice vectors (a,0) and (0,a); The red and green
arrows represent the wave vector of fundamental and SHG kfundamental, kSHG; (b) the corresponding k space
diagram with elementary reciprocal vector (0,2/a) and (2/a, 0); The red, green and purple arrows
between A, B dots illustrate fundamental, SHG wave vector k1, k2 and the backward phase mismatch k.

5.2.2

Theoretical background of the SHG in collagen simulation
In order to describe the dependence of SHG intensity on phase mismatch quantitatively, a

solution to the SHG intensity is needed. The SHG intensity in a periodic nonlinear material can
be solved by the plane wave expansion method [89]. In this method, the electrical fields and the
dielectric function are expanded as Fourier series in the spatial frequency domain. Maxwell’s
equation is solved algebraically by formulating an eigenvalue problem in the spatial frequency
domain. After the fundamental field is solved, it is substituted into the Green’s function to obtain
the expression of SHG intensity. We only quote the key results that are related with the
simulation and experiments in here. More detailed derivation and validation steps are recorded in
Appendix B. The SHG intensity in a periodic structure is expressed as [89].
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The last two function terms in Eq. (5.4) describe the interaction of SHG waves from
neighboring cylinders. The Nx and Ny represent the number of cylinders along the lateral and
depth direction in the focal volume. When perfect phase matching in the lateral or depth
direction is satisfied, meaning k′x or k′y equal to 0, those terms reduce to Nx2 or Ny2,
respectively. The Ek2 (r) term describes the distribution of the SHG field in the space. The
F(k1,k2) function term can be considered as an effective nonlinear susceptibility with respect to
the fundamental and SHG fields within a unit cell. It can be expressed as

F  k1 , k2  

1
V0



dr '   u*k  r '  uk1  r ' uk1  r '  exp  ik x x '  exp ik y y ' 
2

V0

2

(5.5)

Here V0 denotes the volume of the unit cell. The uk1(r′) and uk2(r′) are periodic functions
with period a expressing the normalized distribution of the excitation and SHG field,
respectively. Next, we focus on the phase matching related terms and simplify Eq. (5.4) into Eq.
(5.6) and (5.7).
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(5.6)

(5.7)

In collagen tissues, the collagen fibrils only occupy part of the tissue in a periodic
distribution. Single fibrils are considered as unit cells generating SHG. The SHG intensity
generated by a single fibril is calculated by integrating over a unit cell, which is represented by
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the F(k1,k2) function term. The total SHG is the coherent summation of SHG from all the unit
cells within the focal length, which is represented by the S(Nx(y), k′ ) function terms.

5.3
5.3.1

Simulations
Effect of lattice structure and angle tilting on phase matching for backward SHG
By Eq. (5.2), the optimized excitation and emission angles for achieving perfect phase

matching can be obtained for a certain wavelength range. When the angle condition cannot be
satisfied or the wavelength is beyond the range, perfect phase matching cannot be achieved and
thus the SHG intensity decreases. How does the SHG intensity vary with the angles and
wavelength can be simulated according to Eq. (5.1) and (5.6).
In the following simulation, we will investigate the perfect phase matching and nonperfect phase matching scenarios for two excitation wavelengths, 800 and 900 nm. To study the
effect of multiple fibrils, the effective nonlinear susceptibility F(k1,k2) for a unit cell is simplified
to be equal to unity. Other simulation parameters are selected asn= n2= 1.45, spacing a = 150
nm is chosen according to an average diameter for mouse tail tendon reported in Ref. [90, 91], Nx
= 4 and Ny = 10 are selected based on a focal depth of ~1500 nm and focal width of ~600 nm for
a typical 40X objective with NA = 0.8.
Fig. 5.2 shows the phase mismatch and SHG intensity as a function of  and
excitation wavelength. Figs. 5.2 (a) and 5.2 (b) show the 2D contour map of phase mismatch k′x
and k′y as a function of  and  at 800 nm excitation wavelength. For the purpose of
normalization, the k′x and k′y are multiplied by spacing a. The range of  is selected from 0 to
35° because the largest incidence angle provided by a NA = 0.8 objective lens is ~37°. When 
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= -, phase matching in the lateral direction with k′x = 0 is satisfied, which is shown as a dark
blue band marked by the arrow in Fig. 5.2 (a). According to Eq. (5.3), the longest wavelength
that can achieve perfect phase matching is opt= 4na = 870 nm. For a fundamental wavelength
shorter than 870 nm such as 800 nm, two opposite angles can satisfy k′y = 0 for each ,
which is illustrated as the “left opened half circle” dark blue band marked by black arrow in Fig.
5.2 (b). Fig. 5.2 (c) shows the 2D contour map for SHG intensity as a function of  and . In Fig.
5.2 (c), the highest SHG intensity happens at the crossing point of these two bands, where perfect
phase matching with k′x = k′y = 0 are satisfied simultaneously. The optimized  and  pair for
achieving phase matching at ext = 800 nm are  = 23.4° and  = -23.4°, indicated by the arrow,
which can also be verified by Eq. (5.2).
Figs. 5.2 (d) - (f) plot the same contour maps for ext = 900 nm. Fig. 5.2 (d) shows that
phase matching in the lateral direction with k′x = 0 is satisfied when  = -. However, there is
no selection of  and pair that can satisfy perfect phase matching in the y direction because
this ext is longer than 870 nm. In Fig 5.2 (e), k′y is always larger than zero, and the minimum
k′y appears at  =  = 0° and its value increases as  increases. In Fig. 5.2 (f), the highest SHG
intensity happens  =  = 0°, and this SHG intensity is lower than that in Fig. 5.2 (c) because of
the phase mismatch.
From the above results, when the ext is shorter than 4na, perfect phase matching can be
achieved with an optimized selection of  and given by Eq. (5.2). However, if ext is longer
than 4na, there is no perfect phase matching along the depth direction and the optimized  and

 values are 0°.
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Figure 5.2 The contour map of k′x , k′x and SHG intensity depends on fundamental excitation angle  and SHG
emission angle  for 800 nm excitation wavelength (a)-(c) and 900 nm excitation wavelength (d)-(f). (g)
For  = - = 0°and 23.4°, the corresponding SHG intensity from 750 nm to 950 nm. The structure is Nx =
4, Ny = 10 and a = 150 nm.
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Fig. 5.2 (g) draws the excitation spectrum when  =  = 0°and  = - = 23.4°, which
shows the intensity variation for wavelength other than 800 and 900 nm in the above two cases.
As we have already discussed, the optimum excitation wavelength for these two angle sets are

opt = 870 and 800 nm respectively. From the figure, the half intensity bandwidth is
approximately 40 nm.
From Eq. (5.4), the SHG intensity is approximately proportional to Nx2Ny2 for small phase
mismatch. Less number of fibrils in the focal volume results in lower SHG intensity but also
flattens dependence on k′x and k′y, which means broader bandwidth of the SHG excitation
spectrum. Our model is based on the grating effect in a periodic structure for achieving phase
matching. Less number of fibrils reduces the grating effect and eventually violates the
assumption for the model. Validation on this issue is not investigated in this chapter and will be
studied in the future. In previous literature such as in Ref. 54, longer excitation wavelengths have
been used in SHG imaging. To address the phase matching condition at longer wavelengths,
modifications to the model will be needed, such as considering some randomness of the periodic
structure and different orientations of the wave vectors of the photons in the SHG process.

5.3.2

Effect of single fibril and excitation beam focusing on backward SHG excitation

spectrum
As discussed in Section 5.2, the F(k1,k2) function describes the SHG intensity from a unit
cell consisting of a single fibril. The integration is over a relatively short length of a single fibril
diameter, which is comparable with the coherence length of backward SHG. Thus, considerable
backward SHG can be generated from the single fibrils. Furthermore, when the fibril spacing and
the wavelength satisfy certain relationship, the SHG from individual fibrils can sum up
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constructively, resulting in a strong backward SHG. Therefore, the backward SHG generated
from a periodic structure can be much stronger than a bulk material with the same total length.
For example, if we apply the Eq. (5.5) to two fibrils with diameter 140 nm (average collagen
fibrils) and 1500 nm (representing the whole focal volume is occupied by collagen) respectively,
their intensity difference is as large as three orders of magnitude. Considering the coherent
summation over multiple layers in the focal volume, the intensity increment provided by the
periodic structure is even more. This quick estimation demonstrates the importance of periodic
structure in backward SHG enhancement.
The combined effect of single unit and periodic structure on the SHG excitation spectrum
is demonstrated in Fig. 5.3. Since the wavelength dependence of the (2) is not clear yet, we
ignore its wavelength dependency. We choose fibril diameter d = 140 nm and spacing a = 150
nm to simulate 70% packing ratio in regular tail tendon tissues [92, 93]. The solid green curve
represents a plane wave incidence at 0° for the fibril structure Nx = 4, Ny = 10. The  angle is
kept at 0°. It is found that the impact of single fibril on its peak wavelength is negligible as the
peak wavelength for 140 nm diameter fibril keeps as 870 nm. It is because the single fibril’s
phase matching variation F(k1,k2)2 is moderate as shown in dash dot purple in the wavelength
range.
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Figure 5.3 The normalized SHG excitation spectrum for fibril diameter d = 140 nm, structure Nx = 4, Ny = 10,
without (solid green) and with (dash cyan) focusing. In the non-focusing case,  = 0°.The focused beam
effect is simulated through summing up the excitation spectrum generated by plane waves with incidence
angles vary from 0 to 35°. The wavelength dependence of F(k1,k2)2 function is plotted in dash dot purple,
which shows the impact of single fibril on excitation spectrum.

In multiphoton microscopy using high NA objectives, the excitation light is focused into
a light cone which covers a range of incident angles  To simulate the excitation spectrum
excited by a focused beam, the SHG amplitude A(r,z) under different incident angles is
integrated, where the excitation light is assumed of a Gaussian distribution
A  r, z  



A
r2
exp   2

1  2iz / b
 0 1  2iz / b  

(5.8)

A0 is the amplitude at origin. The incident angle  is determined by arctan (r/z), where r and z are
radial and height parameters of the cylindrical coordinate system. In the microscopy
configuration, z equals to focal length of the objective lens. The dash cyan curve represents the
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normalized excitation spectrum under focused incident light. Confocal parameter b = 2 m (at
800 nm) and focal spot width 0 = 0.5 m take typical values of a 40X objective with NA = 0.8.
The integration range for is fromto° with 5° integration step size.
As discussed in Section 5.3.1, for this fibril structure, perfect phase matching at 0°
happens at 870 nm wavelength. For wavelength longer than 870 nm, 0° is also preferred
although no perfect phase matching is obtained. Since Gaussian beam has highest intensity at

0°, the optimized excitation wavelength does not shift under the focusing condition and the
excitation spectrum with and without focusing match closely from the peak position towards
longer wavelength. For wavelength shorter than 870 nm, the incident angle can be increased
to maintain perfect phase matching. Therefore, the excitation spectrum with focusing shows
higher SHG intensity because of the multiple incident angles provided by the focused Gaussian
beam. The half intensity bandwidth increases from 70 nm to 100 nm under focusing. With
focused beam incidence, the Gaussian distribution of the intensity among various angle
components may alter the  angle that generates the strongest SHG intensity slightly because of
a compromise between phase matching and excitation intensity distribution.

5.4
5.4.1

Experiment
Experiment setup and preparation
From the above theoretical and simulation studies,  fibril spacing a, and excitation

wavelength ext all affect the phase matching and SHG intensity. Next, we will investigate their
effects in experiment. The multiphoton microscopy system has been reported previously in
Chapter 3. In order to control the excitation and emission angles, a few sets of rings with
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different radii have been designed as shown in Fig. 5.4. The rings can be added in the excitation
path, or the emission path, or both to control the excitation and emission angle respectively. The
excitation and emission angles can be calculated by arctan (r/f), in which r is the radius of the
ring and f is the focal length. The objective (LUMPLFLN, Olympus, USA) is water-immersion
40× and has NA = 0.8, focal length f = 4.5 mm, and radius of back aperture of 3.2 mm.

Figure 5.4 Pictures of the ring filters and schematics of their positioning in the beam path for different experiment
conditions: (a) filtering the excitation path; (b) filtering the emission path and (c) filtering both excitation
and emission path. (d) illustration of SHG excitation spectrum. The solid curve are the SHG emission
spectra for different excitation wavelengths from 750 to 950 nm. The dashed line is the SHG excitation
spectrum.
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Two sets of ring filters are used in this experiment: a larger ring filter set B1 with four
concentric rings whose center radii are 1.45, 2.45, 3.45 and 4.45 mm respectively, and the width
of the rings is 0.9 mm. For clear and simple denotation, the four rings’ radius ranges are
described as 1~2, 2~3, 3~4 and 4~5 mm in the following. A smaller ring filter set B2 with four
concentric rings whose center radii are 1.2, 1.7, 2.2 and 2.7 mm respectively, and the width of
the rings is 0.4 mm. In the same way, the rings’ radius ranges are denoted as 1~1.5, 1.5~2, 2~2.5
and 2.5~3 mm. The width of the blocking part between the rings is 0.1 mm. Both ring filters
have a 1 mm radius circular hole in the center, which selects the excitation or emission beam
near the 0° angle. The ring filters are fabricated by Agile (Uxbridge, ON) using ultra high
resolution 3D printing. Light can be selected to pass a particular ring by blocking the other rings
with silicone gel temporarily. The substrate of the ring filters and the silicone gel have been
examined to not pass light in the fundamental and SHG wavelength bands.
In Fig. 5.4 (a), filter B1 is placed in the excitation path before the dichroic beam splitter
(DM) and objective. The center hole is with radius 1 mm (= 0° to 11°) and the two rings on B1
are used with center radii 1.45 mm (=12° to 22°) and 2.45 mm (= 23° to 32°). In Fig. 5.4 (b),
filter B2 is placed in the emission path. The center hole is with radius 1 mm (-= 0° to 11°) and
the four rings are used with center radii 1.2 mm (-= 12° to 17°), 1.7 mm (-= 18° to 22°), 2.2
mm (-= 24° to 28°) and 2.7 mm (-= 29° to 33°). In Fig. 5.4 (c), two B1 are placed in the
excitation and emission path simultaneously in order to perform angle selection in both
excitation and emission directions with center radii 1.45 mm (= -= 12° to 22°) and 2.45 mm
(= -= 23° to 32°).
91

Fig. 5. 4 (d) shows how an SHG excitation spectrum is obtained. In the experiments, the
excitation laser wavelength is tuned from 750 to 950 nm at 10 nm step size. An SHG emission
spectrum (shown as solid curves) is recorded by a spectrometer for each excitation wavelength.
The SHG emission wavelength is at exactly half of the excitation wavelength. When the
excitation wavelength is tuned, the value of the SHG emission intensity is extracted (marked as
solid circles) and plotted as a function of the excitation wavelength. The SHG emission intensity
as a function of the excitation wavelength is defined as the SHG excitation spectrum (shown in
dashed line). The peak wavelength of the excitation spectrum is the excitation wavelength that
produces the strongest SHG intensity. In order to fairly compare the SHG intensity at different
excitation wavelength, the calibration procedures described in Chapter 3 are conducted, where
the laser excitation power, pulse width, and polarization are maintained to be the same, and the
transmission coefficients are calibrated at different wavelength.
The tissue samples are mouse tail tendon from two freshly sacrificed mice. In each
mouse, three pieces of thick tissue samples were excised and further sliced into 10 m thick
sections to exclude the scattering effect. In order to reduce the possibility of damaging the tissue,
the power shed on the tissue is less than 20 mW. Each measurement at one sample location is
repeated three times and the results are averaged. The backward SHG excitation spectrum can
vary with tissue samples and locations because of the intrinsic collagen microstructure.
Therefore, the excitation spectra shown below are some typical spectra which help with
clarifying the concepts and carrying out discussions. Although the excitation spectrum varies
from location to location, the variation of the excitation spectrum excited or collected by
different rings still show some consistent trend.
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We also compare the experiment results with simulations. The tail tendon is simulated by
a = 150 nm and d = 140 nm. Fibril numbers Nx = 4, Ny = 10 and refractive index n= n2= 1.45
are the same as the parameters in Fig. 5.2. To simulate the angle selection on the excitation
and/or emission light by the ring filters, only the light that passing through the angle range
defined by the corresponding rings is integrated.

5.4.2

Manipulating the excitation beam angle
The filter setup in Fig. 5.4 (a) is applied to control the excitation beam angle. Fig. 5.5

shows the SHG excitation spectrum from tail tendon excited by the beam without passing the
spatial filter, and passing the filter through the center hole ( is 0° to 11°), and two rings of B1
with radius from 1 ~ 2 mm, 2 ~ 3 mm ( is 12° to 22° and 23° to 32°), respectively. To
demonstrate the peak wavelength change clearly, the normalized spectra are first shown in Fig.
5.5 (a). In Fig. 5.5 (a), The spectrum without any filtering (black) and the spectrum excited by
normal incidence beam from the center hole (green) share similar peak wavelength because the
dominant excitation power is from the center hole. The red and blue curves represent the spectra
excited by the inner and outer rings of B1 and the peak excitation wavelength shift is clear. Since
the beam entering from a larger radius ring has a larger  angle, its peak excitation wavelength
shifts to a shorter one. Fig. 5.5 (b) plots the actual intensities of the excitation spectra. It shows a
decrease of SHG intensity when spatial filters are applied, and the SHG intensity drops more
significantly with a larger ring. It also demonstrates that the signal from center hole constitutes a
large portion of the total intensity. Since the SHG intensities are excited at different angles, the
emitted SHG signals do not overlap spatially and thus they sum up incoherently. The SHG
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intensity drop is caused by the energy decrease at a larger incidence angle of the excitation beam
which has a Gaussian distribution.
In Fig. 5.5 (c), the SHG excitation spectrum with different excitation angles is simulated.
A similar trend of the peak wavelength shifting with increasing excitation angle is obtained.
In bulk SHG crystal, angle tuning is another mechanism of achieving phase matching in
forward SHG, when the crystal angle is tuned, the peak excitation wavelength that can generate
strong SHG also shifts. However, the angle tuning mechanism may not be able to provide
sufficient momentum compensation in backward SHG, where the amount of phase mismatch is
dramatic. Meanwhile, the quasi-phase matching mechanism can provide a large amount of
momentum compensation in backward SHG due to the virtual momentum from a periodic
structure, where the virtual momentum can come from the photonic crystal structure of the
collagen fibrils.
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Figure 5.5 (a) The normalized and (b) actual average excitation spectrum of mouse tail tendon with the excitation
path filtered by ring filter B1; The results are averaged over three measurements at the same location and
the error bar shows the standard deviation. The allowed  angles are 12° to 22° and 23° to 32°. (c)
Simulation results with a = 150 nm, d = 140 nm and fibril numbers Nx = 4, Ny = 10 for the above angled
excitation beams.
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5.4.3

Manipulating the emission beam angle
The setup in Fig. 5.4 (b) is used to control the emission beam angle. Figs. 5.6 (a) and (b)

plot the normalized and actual SHG excitation spectrum, respectively, from tail tendon when
filtering the emission beam angle. In Fig. 5.6 (a), the spectrum shape and peak wavelength from
the center hole is similar to the spectrum without any filtering. As expected, from the inner most
ring with radius from 1 ~ 1.5 mm (- is 12° to 17°) to the outer most ring with radius from 2.5 ~
3 mm (- is 29° to 33°), the peak wavelengths of the excitation spectrum shift from 860 nm to
800 nm. By examining ten slices of tissue sections from different parts of the two mice, the
average peak wavelength shift is ~70 ± 20 nm. In Fig. 5.6 (b), the actual intensity is shown to
drop from inner to outer rings. When the emission angle -is increased by applying the rings, the
corresponding incident angle that satisfies phase matching also increases according to -
Thus, the SHG intensity drop is also caused by the increase of the incident angle of the excitation
beam.
In Fig. 5.6 (d), the SHG excitation spectrum with different emission angles is simulated.
A similar shift of the peak wavelength with increasing emission angle is obtained. The shift is
from 860 nm to 800 nm which is close to the experimental average shift. The excitation focusing
beam is simulated through the method explained in Section 5.3.2. The collection of the emission
signal by different rings is simulated by integrating the emitted SHG at different angles over the
area of the rings.
Another regularly observed spectrum pattern has a falling down trend as shown in Fig.
5.6 (c), where the SHG intensity drops down as the excitation wavelength increases, which has
already been reported in Chapter 3. The dropping down trend is more significant for larger radius
ring. This pattern may have resulted from an irregularity of the fibril structure in the focal
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volume. With fewer numbers of fibrils in the depth or lateral direction, the excitation spectrum is
broadened because phase matching condition is relaxed. One of the supporting proves is the
relatively lower actual intensity for this pattern than the other type of spectrum. Another
possibility is that the peak excitation wavelength may be shorter than 750 nm due to fibril
spacing variation. The existence of different patterns of excitation spectra in tail tendon shows
the complexity of collagen structures in tissues, which deserves further investigation.

Figure 5.6 One typical type of the (a) normalized and (b) actual average excitation spectrum of mouse tail tendon
with the emission path filtered by ring filter B2; (c) another typical type of the normalized excitation
spectrum; (d) simulation for the experiment results in (a) with a = 150 nm, d = 140 nm and fibril numbers
Nx = 4, Ny = 10 for focused excitation beam. When the emission path is filtered, the allowed - angles are 0°
to 11°, 12° to 17°, 18° to 22°, 24° to 28° and 29° to 33°.
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5.4.4

The impact of different fibril diameter
Achilles tendon that has a different fibril diameter is also investigated. Fig. 5.7 (a) and (b)

plot the excitation spectrum from Achilles tendon filtered the same way as Fig. 5.6. The major
result difference between the two types of tissues is the spread of the excitation spectra’s peak
wavelengths with emission angle increasing. Unlike in tail tendon, the peak wavelengths shift
from 840 to 800 nm with the same ring radius increasing in Achilles tendon. The average peak
wavelengths shift is 40 ± 11 nm by measuring ten slices of samples, but the shift is 70 ± 20 nm
for tail tendon.
In Fig. 5.6 (d) and Fig. 5.7 (c), the shift of peak wavelengths with increasing emission
angle is simulated for the two types of tendons respectively. The simulated peak wavelength shift
is from 860 nm to 800 nm in tail tendon and is from 800 to 760 nm in Achilles tendon. The
narrower shift for Achilles tendon is explained as follows. According to Eq. (5.2) and Eq. (5.3),
for a smaller d = 110 nm representing Achilles tendon, the optimized excitation wavelength is
shorter than the 750 nm [92]. Therefore, the bump appears in the wavelength range longer than
750 nm in the experiment may appear to be the first side lobe in the simulated excitation
spectrum. Hence, the  angle providing optimized phase matching selection for the side lobe is
not as strict as the main peak. As a result, the optimized excitation wavelength from different
emission angles does not vary much for a smaller spacing a.
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Figure 5.7 (a) Normalized and (b) actual average excitation spectrum of mouse Achilles tendon with the emission
path filtered by ring filter B2; (c) simulation for the experiment results in (a) with a = 120 nm, d = 110 nm
and fibril numbers Nx =4, Ny =10. When the emission path is filtered, the allowed  angles are 12° to 17°,
18° to 22°, 24° to 28° and 29° to 33°.
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5.4.5

Manipulating both the excitation and emission angle
Lastly, we follow the setup in Fig. 5.4 (c) and use two B1 filters in the excitation and

emission path respectively to measure the excitation spectrum of the tail tendon samples. The
center hole of B1 is not used. In emission and excitation, we use the same radii rings with radius
from 1 ~ 2 mm, 2 ~ 3 mm ( is 12° to 22° and 23° to 32°) at the same time in order to confine
the excitation and emission angle to be the same. In Fig. 5.8 (a), the two excitation spectra
obtained from the two rings are observed to peak at 810 and 850 nm, respectively. Since the
excitation and collection angles are the same, the phase matching condition in this experiment is
tentatively explained by Eq. (5.2). In order to verify which angle component is the source of the
collected emission signal, we also measure the spectrum by removing the excitation filter but
keep the emission filter. The results are shown in solid curves in Fig. 5.8 (a). After removing the
excitation filter, the peak wavelength of the SHG excitation spectrum is still at 810 and 860 nm,
respectively, except that the bandwidth is slightly broadened. The similar SHG excitation
spectrum with and without the spatial filtering in the excitation path indicates that the main
contributing angle component in the excitation comes from -. This result shows that angle
components in the focused beam contribute to the phase matching for certain excitation
wavelength.
Fig. 5.8 (b) shows the simulation results under a similar condition as in the experiment
where the spatial filtering is applied or removed in the excitation beam path. The unchanged
peak wavelength as well as the effect of bandwidth broadening due to the removal of B1 filter in
the excitation path is very similar as the experiment results.
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Figure 5.8 (a) Experimental results of the normalized excitation spectrum comparison with different filtering setups
for mouse tail tendon; (b) Simulation results with (dash) and without (solid) excitation path filtering. a =
150 nm and d = 140 nm with fibril numbers Nx = 4, Ny = 10. When the excitation beam is filtered by the
rings, the allowed  angles are 12° to 22° and 23° to 32°.

5.5

Conclusions
In this chapter, we present a theoretical framework aiming at explaining the mechanism

of backward SHG in collagen tissues. It is based on the assumption that the phase matching in
the backward direction can be assisted by the virtue momentum provided by the lattice structure
consisted of the collagen fibrils. By tilting the fundamental and SHG wave vector angles,
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optimized phase matching can be achieved for particular excitation wavelengths. A larger angle
corresponds to a shorter optimized excitation wavelength. Using plane wave expansion method,
the backward SHG intensity in a periodic structure like collagen is solved so that the effect of
angle tilting on phase matching is quantitatively evaluated. Besides lattice structure, the effect of
focusing excitation on backward SHG is also analyzed. The excitation spectrum with focusing
shows higher SHG intensity at wavelength shorter than peak wavelength because of the multiple
incident angles provided by the focused Gaussian beam. In experiment, through filtering the
incident and emission angle of the excitation or emission beam by concentric rings, the relation
among the incident, emission angles, and peak excitation wavelength is validated. The variations
of excitation spectrum with excitation and emission angles are well explained by our theoretical
model and numerical simulations.
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Chapter 6: Summaries and future work

6.1

Summaries
SHG microscopy is a powerful tool to image collagen tissues. Both forward and

backward detection configurations have been utilized. For imaging thick issues and tissues in
vivo, the backward detection configuration is particularly necessary. However, currently there is
a lack of understanding about the mechanism of the backward SHG in collagen tissues. In this
work, we study the SHG in collagen tissues. Its optic characteristics and backward phase
matching mechanism are investigated.
We investigate the phase matching mechanism of backward SHG in collagen in a
framework of quasi-phase matching. As supportive evidences to this, wavelength dependence of
backward SHG and its scattering properties are studied. Quantifying the scattered and generated
SHG in the backward direction shows the necessity of carrying out investigations on the
mechanism of generating backward SHG. The wavelength dependence spectrum measurement
provides a tool to analyze the phase matching issue.
The wavelength dependence of SHG is an important optic characteristic. A typical SHG
excitation spectrum shows a single peak shape. Our measurement results for mouse tail tendon
and Achilles tendon show a different peak wavelength range between them. Another frequently
observed pattern is the monotonic decreasing intensity, which may originate from local
microstructure variation. The wavelength dependence measurement is a useful tool to analyze
the backward phase matching of SHG. For example, the optimized excitation wavelength in
Chapter 5 is determined according to the peak wavelength of the excitation spectrum. Since there
are many system factors that affect the measurements, calibration procedures are necessary.
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Factors that are affected by wavelength include the focal volume, laser power and pulse duration,
and transmission of the optic components. The accuracy of the calibration procedure is proved
by measuring the SHG wavelength dependence in a BBO crystal. The agreement between theory
and experiment for the BBO crystal demonstrates that our proposed method can be used as a
validation method when investigating the wavelength dependence of SHG from biological
tissues.
In order to differentiate the proportion of backward scattered (BS-SHG) and backward
generated SHG (BG-SHG) among the total collected SHG in the backward direction, we use a
pinhole method to investigate the scattering properties of SHG in the mouse tail tendon and
Achilles tendon based on confocal multiphoton microscopy. Our Monte Carlo simulation proves
that the two types of backward SHG contrast, e.g. BG-SHG and BS-SHG can be modeled as
Gaussian distribution and uniform distribution respectively in the pinhole detection plane.
Following this model, the spot width and the relative intensity of the two types of SHG are
obtained in experiment. This pinhole method is noninvasive and requires little sample
preparation. It is found that in a 300 m thick tissue, BS-SHG accounts for 15% and 60% of the
total backward SHG in the tail tendon and Achilles tendon respectively. This difference between
the two types of collagen tissues is qualitatively explained by the scattering coefficient and F/B
intensity ratio of the two tissues.
To understand the strong backward SHG observed in SHG microcopy, we propose a
theoretical framework aiming at explaining the generation mechanism of backward SHG. We
demonstrate in principle that the phase matching in the backward direction can be assisted by the
virtue momentum provided by the lattice structure. Through tilting the fundamental and SHG
wave vector angles, optimized phase matching is achieved. By plane wave expansion method,
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the backward SHG intensity in a periodic structure is solved so that the effect of angle tilting is
quantitatively discussed in the perfect phase matching and non-perfect phase matching
conditions. Besides lattice structure, the effect of fibril size is also analyzed, whose general
characteristic is similar to bulk material. In order to verify the phase matching and angle tilting
effect, experiments are carried out using spatial filters. It is found that when the excitation or
emission path is filtered, the optimized excitation wavelength of the emitted SHG signal shifts to
shorter wavelength when the collection ring radius increases. Through comparing the optimized
excitation wavelength with and without emission path filtering, it is validated that angled
components of the focused beam is the source of emitted SHG at certain wavelength. These
results validate our hypothesis about the backward phase matching in a periodic structure such as
collagen. Our investigation towards phase matching of backward SHG provides a possible
explanation about the efficient backward SHG in collagen.
Potential biological and medical application of the work relies on the hypothesis that we
can find a link between the variations of collagen structure and some consistent optical
measurement. Understanding the mechanism of the backward SHG phase matching is the first
step of relating the fibril properties such as its diameter with backward SHG signal properties.
Through this work, we have built a connection between fibril diameter and peak wavelength of
the wavelength dependence curve in preliminary.

6.2

Future work
One limitation of the current study is that the information about the collagen

microstructure in the focal volume is not measured directly. For the time being, we use different
types of tissues to obtain different fibril diameters and spacing for the investigation of phase
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matching. The average values of the fibril diameter and spacing are obtained from literature.
However, the exact fibril diameter and local fibril packing organization are not known, which
can also vary from location to location. Building a clear connection between the SHG signal
properties and fibril microstructure properties requires two issues to be solved. One issue is to be
able to acquire more accurate information about the fibril microstructure, especially from the
same location where SHG is characterized. The other issue is to be able to control the fibrils to
obtain different diameters in a more accurate and consistent way.
Electron microscopy can be used to obtain a more accurate spacing or fibril thickness.
Currently, there has been reports that correlative confocal or SHG microscopy with electron
microscopy is applied on fibril imaging so that fibrils can be visualized by the two contrasts at
the same time [94]. Acquiring SHG and electron microscopy simultaneously will help improve
the correlation between the SHG properties and collagen microstructure more accurately.
Additionally, it has been reported that immersing collagen in sodium chloride (NaCl) solution
can change the fibril thickness and further affect the F/B intensity ratio [52]. It is predicted that
the solution ionic strength introduces a variation of the shell thickness of the fibril. Through
precisely varying the fibril thickness or spacing, the investigation of the phase matching problem
can be investigated more thoroughly.
The refractive index and nonlinear coefficient are other key factors that contribute to the
wavelength dependent SHG excitation spectrum [95, 96]. Currently, we assume that the
refractive index in the collagen fibrils and the interspace between fibrils are the same. The
nonlinear coefficients are also assumed to be constant over a wide wavelength range. The
theoretical and simulation work can be improved if these parameters can be treated more

106

accurately. Better understanding about SHG can be obtained if those optical properties can be
further quantified experimentally.
In Chapter 5, we demonstrate that the backward generated SHG is angle dependent by
using rings with different radius to differentiate the signal emitted from different angles.
However, the achievable dimension of the spatial ring filter is limited by the 3D printing, where
the rings can’t be printed to be very thin. The positioning of the ring filter is manually controlled
by a micrometer and its relative position with the center of the beam may not be very accurate.
Better design and manufacture of the spatial filters, and controlling of the position of the filters
will improve the accuracy and sensitive of the angle depended SHG measurement. This type of
angle dependent SHG measurement could open a new possibility of probing the collagen
microstructure.
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Appendices

Appendix A Monte Carlo method for simulating photon transportation
In Chapter 4, we describe a method of quantify the scattering of forward generated SHG
in the backward direction. The Monte Carlo (MC) method is applied to investigate the
distribution of the SHG photons in the tissue sample and is an essential part of that research. The
MC method for photon propagation in tissues is based on simulating a large number of
individual photons propagating through tissue [97]. It involves with building of a stochastic
model in which the expected value of a random variable is determined. This expected value is
estimated by measuring many independent events according to random numbers describing the
distribution of some of the variables. The following description is by no means a complete
description about MC, but it serves as the purpose of a preliminary introduction.
The flowchart for typical photon propagation through tissue is shown in Fig. A.1.This
method was first introduced by Wang et al. [98, 99]. The photon’s position and direction is first
specified by the Cartesian coordinates. Each photon starts with a weight of unity and
subsequently loses weight as it goes through procedures such as absorption, reflection and
transmission.
The propagation step size s of the photon is determined from the optical properties of the
sample and a sampling of the probability distribution as
s

 ln  

t

(A.1)

t is the interaction coefficient comprising of absorption coefficient a and scattering coefficient
s. is a random number. Once the step size s is specified, the photon new position can be
115

updated and a fraction of the photon’s weight is lost. When the photon is scattered, there is a
deflection angle  ranging from 0 to  and an azimuthal angle  ranging between 0 and 2. They
are going to be sampled statistically. The choice of cos and an azimuthal angle  can be
expressed as a function of the random number ,
2
 1 
 1  g 2  
2
 1  g  
 if
cos   2 g 
1  g  2 g  




2  1 if g  0


g 0

  2

(A.2)

(A.3)

g is the anisotropy and has a value between -1 and 1. A value of 0 indicates isotropic scattering
and a value near 1 indicates forward directed scattering. Value of g is ~ 0.9 for tissues in the
visible spectrum. Once the deflection angle and azimuthal angle are chosen, the new direction of
photon can be calculated. When the photon hits the boundary, it may either escape the medium
or be reflected by the boundary. The probability of a photon being reflected depends on the angle
of incidence i. Snell’s law determines the angle of transmission t according to nisini = ntsint.
ni and nt are the refractive index of the medium. Furthermore, the average of the internal
reflectance for orthogonal polarization directions R(i) is
2
2
1  sin  i   t  tan  i   t  
R  i    2


2  sin  i   t  tan 2  i   t  

(A.4)

Whether the photon is internally reflected or escaped depends on the comparison of a
random number with the internal reflectance. If a photon step size s is large enough to hit the
interface and remaining step size ahead of the interface is s1, it is first moved to the interface
without interactions and the remaining step size is s-s1. The probability of following reflection or
transmission is according to Fresnel’s law mentioned previously.
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If the Photon is neither reflected nor transmitted, it keeps propagating unless it is
absorbed. Any photon with low weight is to be removed so that the simulation ends in a
reasonable amount of time. When photons are absorbed, or exit the media due to transmission or
reflection, it is recorded at where it exits or is absorbed.

Figure A. 1 Flowchart for Monte Carlo simulation of photon propagation in tissues. From © V. Periyasamy and M.
Pramanik, “Monte Carlo simulation of light transport in tissue for optimizing light delivery in photoacoustic
imaging of the sentinel lymph node”. Journal of biomedical optics, 2013. 18(10): p. 106008-106008 [100]. Page 3.
By permission from publisher.
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Appendix B Plane wave expansion method
We use the plane wave expansion method to solve the electrical field satisfying Maxwell
equation in a periodic structure in Chapter 5. For the completeness of our discussions, the key
derivation steps and equations from Ref. [89] are quoted here. In a periodic structure, the partial
differential equation for a field component Ez that is parallel with the long axis of the collagen
cylinder (z axis) is,

1  2 2 
2


 E  r   2 Ez  r   0
  r   x 2 y 2  z
c

(B.1)

the solutions to Eq.(B.1) can be written in the form

 

Ez  r   u  r  exp ikr

(B.2)

u(r) is a periodic function with period a and exp (ikr) is the propagation part of the electrical
field. In plane wave expansion, we need the reciprocal lattice vectors G (m,n)=md1+nd2, to
expand a periodic function into a Fourier series. The u(r) is expanded as,
u r   
G

  exp iGr
 
k G

Ak G

(B.3)

With the reciprocal dielectric constant 1/ also expanded by G vectors, we substitute the
expression of electrical field and reciprocal dielectric function into Eq. (B.1),

 k  G k  G '  G  G ' Ak G '   Ak G



c2
G



  

2

 

(B.4)

This eigenvalue equation Eq. (B.4) can be explicitly written in the form as
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(B.5)

These are matrix eigenvalue equations describing the dispersion relation of the electrical
filed, of the form
M̂A 

2
c2

(B.6)

A

Each element of the matrix M is



M ij   k  Gi k  G j   Gi  G j





(B.7)

The M matrix size is 187 by 187.The number of reciprocal lattice vectors G are chosen to
ensure that all of the reciprocal lattice vectors up to a given length were included. This is
analogous to choosing both positive and negative frequencies up to a cutoff frequency in a
Fourier expansion. The eigenvectors Ak are the expansion coefficient of the fields in Eq. (B.4)
and /c are the eigenfrequency corresponding to the wave vector. Substituting Ak into Eq. (B.2)
and (B.3), the electrical field Ez in the structure is obtained, given excitation wave vector k1 and
frequency .
The following band diagram illustrates the multiple eigenfrequencies for a single k
vector. We repeated the calculation in Fig. 2.4 of the Ref. [89] to verify the band calculations.
Symbols , X, M in the horizontal axis represent wave vectors of (0, 0), (0, /a), and (/a, /a).
They are special points in the k wave space because they are on the edge of the first Brillouin
zone, which is formed by the shortest lines between reciprocal lattice points. Corresponding to a
single wave vector, there are multiple normalized frequencies given by a/2c because adding
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an integer times of /a along kx or ky direction is considered as a same k in a periodic structure.
The similarity for the first few band curves between our results and the text book results
demonstrate that our solving of the eigenfunction is correct.
The field patterns of the first band are shown in Fig. B. 2 (a) and (b). The simulation
parameters are a = 150 nm, d = 140 nm, ncylinder = 1.4, nmedium = 1.3. For patterns at 800 nm and
400 nm excitation wavelength, the intensity is concentrated in the higher index cylinder, which is
split into four pieces at the corner of the figures. This can be observed more obviously with the
field pattern for d = 30 nm in Fig. B. 2 (c). The intensity contrast between high and low
refractive index is larger for the 400 nm excitation because the wavelength is closer to the
dimension of the cylinders and spacing between them.
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Figure B. 1 Comparison of (top) our calculated photonic band structure of a 2D square lattice composed of circular
cylinders with the (bottom) results given in text book. The parameters used are the same. From © K.
Sakoda, “Optical properties of photonic crystals”. Vol. 80. 2004: Springer Science & Business Media. Page
29. By permission from publisher.
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Figure B. 2 Electrical fields inside a unit square array of dielectric cylinders in medium. The color indicates the
amplitude of the electrical field. The parameter simulations are a = 150 nm, d = 140 nm, ncylinder = 1.4,
nmedium = 1.3 with excitation wavelength at 800 (a) and 400 nm (b). In (c), the excitation wavelength is 800
nm and d = 30 nm.

With a fundamental field incidence, if each cylinder responds by generating SHG field,
the SHG field function satisfies
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(B.8)

in which E2 and E are complex SHG and fundamental fields. By applying Green’s function

E2

4i 2  2 

V
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 E r  
K

K

V
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(B.9)

The subscript K and k differentiate E2 from Eby propagation wave vector. According
to Eq. (B.3), the integral in Eq. (B.9) is
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(B.10)
The F(k, K) function term can be considered as an effective nonlinear susceptibility with
respect to the fundamental and SHG fields within a unit cell which is expressed in Eq, (B.11).

F k, K  

1
V0



V0

dr '   uK*  r '  uk  r ' uk  r '  exp  ik x x '  exp ik y y ' 
2

(B.11)

Here V0 denotes the volume of the unit cell. The Nx and Ny represent the number of cylinders
along the lateral and depth direction in the focal volume. Physically, it describes the number of
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cylinders in the focal volume. In this way, the integral of electrical fields in the whole space is
simplified to the integral in a unit volume. Substituting K = k2 and k = k1, the SHG intensity in a
periodic structure is expressed as

E2

2

 a 
 16 4 

 2 c 

2

c

 vg

sin  aN y k y / 2 

2
2 sin  aN x k x / 2 
 Ek2  r  F  k1 , k2 
sin  ak x / 2 
sin  ak y / 2 

2

2

2

(B.12)

Assuming that  is real and matrix M is then a Hermitian matrix, the group velocity vg is
calculated by Hellmann-Feynman theorem as

Akt*  G 

M  k 
  k2  2k
Ak  G  
vg   , k 
 
k y
k y  c 2  c 2

(B.13)

where t denotes the transposed matrix and
'

k G
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(B.14)

The group velocity can be readily evaluated once the eigenvector and eigenfrequncy are obtained
by the band calculation.
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