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ABSTRACT OF THE DISSERTATION

Two Photon Absorption and

Third Harmonic Generation Micro-spectroscopy

 in Hemoglobin and Other Compounds

by

Gabriel Omar Clay

Doctor of Philosophy in Physics/Biophysics

Professor David Kleinfeld, Chair

We report on third harmonic generation (THG), two photon absorption

(TPA), and two-photon excited fluorescence (TPEF) micro-spectroscopy studies

performed on solutions of hemoglobin, bovine serum albumin, water, benzene, and

several dyes. We use focussed, ultrafast, ~2 nano-joule laser pulses at selected

center wavelengths between 760- 1000 nm. We find evidence of one, two, and

three photon resonances in these materials.



xiv

Previous nonlinear spectroscopy work with solution phase bio-molecules

has been largely limited to fluorescent compounds. We substantially extend these

studies and report on use of THG as a general means of investigating the

nonlinear properties of non-fluorescent molecules.

At physiologically relevant concentrations, hemoglobin solutions are found

to have large resonant TPA cross-sections, σTPA ~ 150 GM. This finding confirms

theoretical predictions that the highly conjugated cyclic structure of porphryns may

lead to cross-sections of such magnitudes. At some wavelengths we find a

significant differences between the nonlinear properties of hemoglobin in different

ligand binding states. This suggests that the nonlinear optical properties of

hemoglobin may be used as a functional contrast mechanism to report blood

oxygenation in nonlinear laser scanning microscopy.

Our spectral measurements on THG in water and benzene are found to be

in good agreement with previous single wavelength studies. Our two-photon

absorption spectra of rhodamine B and 6G are in excellent agreement with

previous single wavelength TPA cross-sections studies performed on these dyes at

similar concentrations. We show that large discrepancies in TPEF based cross-

section studies on these dyes is largely due to concentration effects.
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Introduction

Chapter Organization

The body of this work is a report on some nonlinear optical micro-

spectroscopy investigations of hemoglobin and several other molecules in

solution phase. Specifically we study two photon absorption and third harmonic

generation induced in these samples by exposure to high intensity focused

irradiation with ultrafast ( ~100-200 fs in duration) laser pulses at selected center

wavelengths in the range of 760-1000 nm. Chapter II and III address the details

of these experiments. Each chapter is free-standing and can be read

independently.

Chapter II. Third harmonic generation (THG) is a coherent process in

which three photons incident on a nonlinear material are transformed into a

single photon at 3 times the energy. This process can be resonantly enhanced

when the nonlinear material has energetic states near the first, second, or third

harmonic of the incident light. In Chapter II we report on the use of THG micro-

spectroscopy in a manner easily adapted to nonlinear microscopes as a means

to investigate multiphoton resonances in non-fluorescent materials. We report on

the THG spectra of oxy, deoxy, and carboxy- hemoglobin, bovine serum albumin,

water, benzene, Fura-2, and rhodamine B [1].
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Chapter III. Two-photon absorption (TPA) is the simultaneous absorption

of two photons. This process allows the study of electronic states not accessible

with standard one-photon absorption spectroscopy. Clearly TPA is also

fundamental to the operation of two-photon excited flurorescence (TPEF)

scanning microscopy. Although TPA is a likely source of photo-damage in

biological samples [2], TPA studies in bio-molecules have been largely confined

to fluorescent compounds [3]. This is in large part due to the difficulty in

measuring TPA directly [4]. We use an extremely sensitive pump-probe

technique to report on ultrafast TPA and TPEF spectroscopy measurements on

oxy and carboxy- hemoglobin, rhodamine B, rhodamine 6G, and fluorescein[5].

 Chapter I. However humble and meager in impact, these studies

nevertheless rest in the context of, and contribute to, the tremendous ongoing

historical scientific investigation into the interaction of light and matter. They also

occur amid a range of exciting developments at the cross-roads of nonlinear

optics, biological imaging, medicine, and chemistry. The relevance of basic

science investigations, such as the nonlinear spectroscopy work presented here,

may be best appreciated with a broad perspective where the incremental

progress of individual studies sum to recognizable significance. In recognition of

this and in acknowledgement of a significant readership pool in the non-physical

science community, Section 1 of this chapter is a general and necessarily

incomplete introduction to the historical development of optics, microscopy, and

spectroscopy. Section 2 provides a brief, elementary introduction to the basic

mathematics of nonlinear optics, and Section 3 addresses the current scientific

context and specific motivations that compelled us in the research that make up
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the bulk of this dissertation. The author imagines that most of Chapter 1 is

accessible to college level readers, whereas the following chapters are directed

towards research scientists with some familiarity with the field of nonlinear optics.

Historical Brief: through the looking glass

From the capacity of the cornea and eye-lens to form an image on the retina and

the different spectral response curves of the photoreceptors lining it, to the size

of the optic nerve and visual cortex, the interaction of light and matter lies at the

heart of human understanding. In turn, our understanding of optical phenomenon

has extended our vision (literally) and opened new windows into the material

world. In this introduction we briefly consider some of the important roles that

optical phenomenon and technology has played in our society and our scientific

worldview and in the process introduce the historical roots of nonlinear micro-

spectroscopy.

Refractive Optics. Abu Ali Hasn Ibn Al Harthan (commonly known as Al

Hazain) laid out the basic principles of optical refraction in the 11th century and

the use of eyeglasses for vision correction is reported to have occurred at least

as early as the late 1200's in Italy. However lens-crafting technology informed by

an understanding of refractive optics is not believed to have been developed until

much later [6]. Galileo Galilei's innovations in these areas are reported to be in

part responsible for his telescopic investigations of the moons of Jupiter (~1610)

notorious for refuting the then powerful paradigm of a geocentric solar system.

Skill in lens crafting was also instrumental to Anton van Leeuwenhoek and his

pioneering microscopy studies from ~1660-1723 [7]. Van Leeuwenhoek was the



4

first to describe bacteria in saliva, the teeming life in a drop of water, and the

circulation of red blood corpuscles in capillaries, which he estimated to be,

"25,000 times smaller than a fine grain of sand" [8, 9]. These early microscopy

studies laid the foundations of cellular biology.

Figure 1.1. A. Woodcarving circa 1700, depicting Charles Sheiner's ray tracing
technique (~1619) to illustrate focussing by the human eye [10]. B. Replication of
Leeuwenhoek 's early microscopy studies. A single lens image of red blood cells
[9, 11]. C. Reprint of a sketch of the photoreceptors lining the retina. Circa 1895
by S. Ramon Y Cajol [12].
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Microscopy. It wasn't until many decades later that lens design and

production allowed compound microscopes to out perform Leeuwenhoek's single

lens systems [9]. But by the end of the 19'th century microscopes were

performing at near the optical diffraction limits discovered by Ernst Abbe and the

manufacture of achromatic lenses had begun [13]. By 1900 microcopists were

using staining techniques to better visualize samples, had observed cellular

division, and had originated the medical study of the microbial origin of disease

[14]. Among the many early implications of this work was the abandonment of the

previously widespread practice of letting blood to cure ailments [15] and the

general acceptance of the neuron doctrine of brain architecture.

Twentieth century advancements in microscopy include the development

of phase contrast by F. Zernike (~1933) and fluorescent microscopy. Fluorescent

stains were used at least as early as 1911, but were not extended to live cell

imaging until the 1980's [16, 17]. Recent advances in photodetectors, accessible

lasers, and probe chemistry, have contributed to the rapid growth of popularity of

this technique in biological and medical imaging [17-19].

Spectroscopy. Although known to the ancients, Isaac Newton apparently

coined the term spectrum around 1700 to refer to the rainbow of colors that white

light could be divided into using a prism. In 1801, the spectrum was shown to

extend beyond the visible colors. William Herschel discovered infrared light

through the use of a prism and thermometers (see Fig. 1.2A) and in the same

year Johann Ritter discovered ultraviolet light through the use of a prism and a

plate of silver chloride[14].
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The quantitative study of spectroscopy is usually associated with Joseph

von Fraunhofer who introduced a precision spectrosocope and the use of

diffraction gratings in his extensive study of over 570 dark lines in solar spectrum

between 1814-1823 (Fig. 1.2B.) He hypothesized that the dark lines were caused

by the absence of certain wavelengths of light but died before he understood

their physical origins [14]. Later these absorbtion lines would serve to identify

elements present in the earths atmosphere and the outer layers of the sun.

Fraunhofer's studies inspired many others. Of particular note is the work of

Gustav Kirchhoff and Robert Bunsen who constructed an accurate flame

spectrophotometer which they used to prove that every substance introduced

into the flame emitted light that had its own unique pattern of spectral lines. In

1861, within months after publishing their results, they discovered the elements

cesium and rubidium through spectroscopy, thus solidifying the spectroscopic

method of chemical analysis [20]. Spectral absorption was also investigated.  By

1881 W. Abney and E. R. Festing had photographed absorption spectra for 52

compounds and correlated absorption bands with the presence of certain organic

groups in the molecule. This early work demonstrated that the most unique

physical property of a compound may be its infrared spectra, and that certain

chemical groups, even when they when incorporated into different molecules,

produce absorption bands at approximately the same wavelengths.

Through the 1940's, tungsten glow lamps, prisms, gratings, filters, and

light detectors largely limited spectroscopists to a narrow band from ~500-700

nm. Early commercial spectrometers were difficult to use and concentration
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measurements were often made by eye through the comparison of two visual

fields next to each other. Nonetheless, by 1940 there were over 800 publications

on the determination of concentration of clinically relevant components in the

blood and other bodily fluids [21].

Figure 1.2. A. Diagram depicting William Herschel's (1738-1822) discovery of
infrared light. Herschel placed thermometers along the spectral bands dispersed
by a prism. He found greater heating in an invisible region beyond red light. The
dotted curve represents the approximate spectral response of the human eye,
the dark curve represents Herschel's heating results [22]. B. Kirchhoff and
Bunsen's Flame spectrometer (circa 1860) [23]. C. Discrete absorption lines in
the solar spectrum as recorded by Fraunhoeffer (circa 1820.) Red light is to the
right and blue is to the left. The solid line shows the approximate sensitivity of the
human eye (as reported by Schmidt 2005 [21].)
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Quantum Spectroscopy. Beyond providing an extremely powerful tool

for the discovery and identification of molecules, spectroscopy also provided the

data that sparked a fundamental shift in the scientific understanding of light and

matter, the quantum revolution. Spectral observations were instrumental to the

development of the quantum theory, the idea that energy comes in very small

discrete units called quanta, in at least two important ways. First, in 1900 Max

Plank reluctantly suggested a restricted version of the quantum notion in order to

account for the discrepancy between classical theoretical predictions and

experimental observations of the spectral profile of light emitted from hot objects.

Secondly, the discrete absorption and emission lines observed in elemental

gases was interpreted by Bohr in 1913 as evidence that the electrons circulating

around atoms do so in distinct well defined orbits, and that there is a discrete

exchange of energy necessary for an electron to move between orbits [24].

Because light of a particular frequency is associated with a photon of a particular

energy, Bohr's postulates were tantamount to a mathematical statement that

atoms will only absorb light energy (i.e. photons) at certain wavelengths and that

those wavelengths depend on the atoms unique electronic structure. This

elementary quantum theory was enormously successful in accounting for the

absorption and emission spectra of simple atoms, such as hydrogen, where it

was feasible to calculate the allowed electron orbits.

Quantum Nonlinearity. In 1931, Maria Goeppert-Mayer used a much

more sophisticated quantum theory to predict that an atom might simultaneously

absorb two photons. She predicted that this absorption process would not require

that the atom have an intermediate electronic state, such that a single photon of
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the same wavelength could be absorbed. Instead she described an interaction

between two photons and an atom that proceeds via a virtual electronic state that

can be described as a superposition of all the electronic states intermediate to

the ground and the two photon excited state. It is in honor of Maria Goppet-

Mayer that the units of the two-photon cross section are now referred to as

Goppert-Mayers, 1GM = 10-50 cm4s /(photon molecule). She also noted that the

probability that two photons would be simultaneously absorbed in a molecule

would depend on the square of the excitation light intensity rather than the linear

dependence on light intensity seen in the case of one photon absorption. Also, as

each photon carries a unit of angular momentum, the electronic states accessible

with two-photon absorption are of different parity than those accessible with one

photon absorption. This implies that, in spite of the enormous amount of work in

spectroscopy that had occurred by that time, there would be additional spectral

absorption and emission lines in the elemental gases that had not been

previously observed. However this lack of experimental verification was not

considered a problem as the two-photon event would be extremely improbable

and would require a very high density of photons [25]. Its observation would in

fact await the development of the laser.

Nonlinear Optics. In 1960, the first flash-lamp pumped ruby laser was

developed by Ted Maiman. It was capable of producing ~1 ms in duration, 3 joule

laser pulses at ~694 nm [26]. In August of 1961, second harmonic generation

was reported by Franken et al [27]. Several months later two-photon excited

fluorescence (TPEF) was observed by Kaiser and Garret [28], who reported the

TPEF efficiency to be ~1/107. In December of 1961, third harmonic generation
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(THG) was detected by Terhune et al [29], who report the production of ~ 1 THG

photon for every 106 incident on a calcite crystal. 1961 also saw the first medical

application of lasers, when Koester and Campbell successfully used ruby laser

pulse to photo-coagulate a retinal tumor in a human patient [30]. New nonlinear

effects were being discovered at a rapid rate up through 1965 and by 1970 much

of theoretical foundation for nonlinear quantum optics had been laid [31].

Figure 1.3. A. Howard Hughes Research Laboratories publicity photo: Ted
Maiman posed with a mock up of his ruby laser, the first laser ever to be
developed (1960) [32]. B. An actual image of Maiman's early laser- note the size
difference. The publicist was not the only one less than enthusiastic about the
new laser. Maiman's publication was turned down by Physical Review Letters
(PRL) before its publication in Nature [32]. Some skepticism of his work also
arose from those outside of the laboratory on the basis that no one reported
seeing a glowing beam of light associated with the laser [33]. C. Schematic of the
apparatus used by Franken et al to detect second harmonic light [31]. D. The
published image of Franken et al.s photographic plate 1961 [27]. An image of the
second harmonic generation should appear as indicated. The image was so faint,
that the editors at PRL removed it as an undesirable smudge. No erratum ever
appeared [34].
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Figure 1.4. Jabolinski diagrams: Cartoon illustrating some linear and nonlinear
optical transitions with respect to the energy states of a molecule. Horizontal
lines represent energy levels of the molecule, with those near the top
representing higher energy states. Each vertical arrow represents an energetic
transition due to the absorption or emission of a photon. A. One photon
absorption from a ground state to an excited state. B. One-photon absorption,
followed by intermolecular relaxation and de-excitation to the ground state via
fluorescence. C. Non-resonant two photon absorption. Two photon absorption
may also be followed with fluorescent emission. The dotted energy level
represents a virtual state (see text.) D. Non-resonant third harmonic generation.
Three photons interact with a molecule and transform into a single third harmonic
photon without involving any real energy states. Resonant third harmonic
generation involving real states is discussed in Chapter II.

Nonlinear Spectroscopy. From 1970 onward advancements in nonlinear

optics has continued to be largely tied to the development of lasers with shorter

pulse durations, greater wavelength tunability, accessibility, longevity, and

commercial availability. Shorter pulses allow peak powers to remain high while

lowering the average power on a sample, which is an important consideration in

photo-damage [35]. In addition, different physical processes can be recruited by

different pulse durations. For instance electronic polarization occurs on the the

femto-second time-scale, while molecular orientation is believed to take a pico-
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second or longer, and thermal effects typically manifest at a time-scale closer to

a millisecond [36].

The narrow tuning range and high maintenance required for many early

lasers is one of the reasons that most of the early measurements of nonlinear

cross-sections are at one or two wavelengths [37]. Nonetheless as early as 1972,

Bradley et al [38] and Ducing et al [39] used ps in duration laser pulses to make

TPEF based measurements of the two-photon cross-section in xanthene dyes at

1060 and 690 nm. The first quantitative two photon investigation of a bio-

molecule may be Birge et al's 1978 report on TPEF in the visual chromophore all-

trans-Retinol. In this pioneering experiment they tuned a 4mJ pulsed dye laser

over the range of 620 -740nm [40]. By 1997, a relatively extensive review of

quantitative nonlinear spectroscopy [3] was able to point to ~17 TPEF based

studies of bio-molecules including phenylananine, tyrosine, tryptophan [41],

nicotinamide adenine dinucleotide, retinal, chlorophyll, and several nucleotides.

 In 1990 an transmission based 'Z-scan' technique was developed [42]

that could allow absolute TPA cross-sections to be measured in non-fluorescent

materials with sufficiently high cross-sections. Recent advances in this technique

have allowed a direct transmission measurement of the TPA cross-section in

tryptophan at 532nm and the nonlinear index of refraction to be evaluated in

amino acid solutions at 775nm  [43, 44]. Also in the 1990's, the introduction of a

turn-key, tunable (700-1000 nm), ~100 fs pulse duration, commercial titanium

sapphire laser system provided an excellent platform for multi-photon scanning

microscopy and near infrared ultrafast nonlinear spectroscopy [45, 46].
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Figure 1.5. Illustration of focussed laser light. Light enters from the left and exits
at the right. Linear processes can be driven throughout much of the focussing
cone, however nonlinear processes are localized to a small focal volume where
there exists a high intensity photon flux. This process allows nonlinear imaging to
section samples in three dimensions.

Nonlinear Microscopy. With roots in fluorescent confocal microscopy

and a SHG microscope built in 1974, Denk et al demonstrated a TPEF laser

microsocope in 1990 [46, 47]. They used sub-picosecond, 700 nm, focused laser

pulses to excite TPEF in fluorescent (or flourescently labled) samples. Scan

mirrors were used to raster the laser across the sample and photo-multiplier tube

detection system was used to collect the TPEF. The short pulse duration allowed

higher peak to average power ratios and thus minimized photo-damage to

biological specimens and photo-bleaching of fluorophores. A primary feature of

this approach is intrinsic optical sectioning due to the fact that TPEF requires a

large photon flux. The incident laser is only sufficiently intense to drive TPEF at

the focus (see Fig.1.5.) Thus the system can resolve objects on the scale of

diffraction limited focal volume. In addition because the beam can be focused
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inside of samples, this technique allows for 3-dimensional imaging. The concept

of using nonlinlinear contrast for 3-dimensional optical imaging has also been

extended to include three-photon excited fluorescence [48], as well as

second[49]  and third harmonic generation microscopy [50]. An additional facet of

nonlinear excitation is the possibility of using it to locally perturb the sample. For

instance Denk et al's 1990 patent mentions that, "focused pulses also provide

three-dimensional spatially resolved photo-chemistry which is particularly useful

in photolytic release of caged effector molecules" [46]. Thus these techniques

can be used to both observe and to perturb samples. Nonlinear microscopes

have been used to great effect since their introduction. In Section 3. we review

some of the applications of nonlinear microscopy most relevant to this

dissertation.

Essential Physics

In this section we introduce the nonlinear polarizability and heuristically

illustrate how harmonic generation can occur. We simplify our discussion in

several ways that will be made clear as we proceed.

In conventional or linear optics, the induced macroscopic polarization

field, ie. the dipole moment per unit volume, P, set up in a material in response to

an applied electric field, E, is proportional to that field, in a manner that can often

be described by:

(1) Pi(ω) = Σj Χ
(1)

ij(ω) Ej(ω)
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where ΧΧΧΧ(1)(ω) is the linear susceptibility tensor of the material, the indices i and j

signify the cartesian coordinates, the sum is over j =x, y, z. For simplicity, we

have taken the material's response to be instantaneous and suppressed any

spatial dependence. ΧΧΧΧ(1)(ω) has 9 components. In an isotropic medium, such as

the solution phase materials studied in later chapters, Eq. 1 can be written as:

(2) P(ω) = Χ(1)(ω) E(ω)

In general the real part of Χ(1)(ω) is related to the index of refraction, i.e

n(ω) = ( )(1)
1 4 �

R
π+ Χ  and the imaginary component is proportional to the linear

absorption coefficient, i.e α(ω) = 4πωImΧ(1)(ω)/(n(ω)c)[51]. The quantum

mechanical interpretation associated with the above equations is that every

photon molecule interaction involves a single photon.

In most environments, this model works famously, thus for instance the

phenomenal success of the superposition principle in electromagnetism.

However as was first implied by Goppert-Mayer the expressions given for the

polarization field above can be considered as the first term in a power series

expansion. Thus a more complete accounting of the polarization field of a

homogeneous medium in the presence of a monochromatic uniformly polarized

electric field is given by [36]:

(3) P(ω''') = Χ(1)(ω) E(ω) + Χ(2)(ω) E(ω')E(ω) + Χ(3)(ω'') E(ω)E(ω)E(ω) + ...

= P(1)(ω) + P(2)(ω') + P(3)(ω'')+ ...
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where in general Χ(2)(ω) is a second rank tensor and Χ(3)(ω) is a third rank tensor,

and P(1)(ω) and P(1)(ω) are known as the second and third-order nonlinear

polarization, respectively. The frequency arguments now carry primes to denote

that they may not be equal to the fundamental.

 As these nonlinearities are imagined to be electronic in origin the n'th

susceptiblity tensor can be expected to be approximately the same order of

magnitude as the n-1st tensor when the applied electric field is of the same order

as the electronic field due to the atom. Thus the magnitude of Χ(2) ~ Χ(1)/Eatom. In

practice, if an external field of the same magnitude as that of the atomic field was

applied to a molecule not only would the perturbation expansion in Eq. 3 fail but

the molecule would likely photo-ionize. Even at the peak of the pulse, the laser

intensities we use here have electric fields orders of magnitude smaller than

those internal to the atom.

Other than for its mention here we will not address the second-order

nonlinearity for the remainder of this work. Χ(2)(ω) vanishes in centro-symmetric

molecules and in homogeneous media such as the solution phase samples

studied here. In general Χ(2)(ω) is responsible for sum and difference frequency

generation and optical rectification. Second harmonic generation is the special

case of sum frequency generation under monochromatic excitation.

Χ(3)(ω) is associated with third harmonic generation, two photon

absorption, and the nonlinear index of refraction. The experimental studies
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discussed in later chapters are forms of Χ(3)(ω) spectroscopy. If we substitute a

monochromatic plane wave E(ω)= (Aeiωt + A*e-iωt) into the expression for the third

order polarizability we get:

(4) P(3)(ω') = Χ(3)(ω') (Aeiωt + A*e-iωt)3

= Χ(3)(ω') (A3ei3ωt + A*3e-i3ωt) + AA*(Aeiωt + A*e-iωt)

Thus the first term of P(3)(ω') in Eq. 4 has a frequency component at 3ω,

thrice the incident frequency of ω. This term is third harmonic generation, the

topic of chapter II. The frequency component at ω is associated with the

nonlinear index of refraction, n2(ω), where n2(ω) = 3πReΧ(3)(ω)/n [36]. Although

we do not study n2 it arises as a possible confound in the nonlinear transmission

measurements reported in Chapter III.

The imaginary component of Χ(3)(ω) is proportional to the two-photon

absorption coefficient β(ω) [51]:

(5)  β(ω) = 48π3ImΧ  (3)(ω')/(n2(ω)λc).

This term is directly related to the two-photon absorption cross-section (Eq. 3.2)

which is the primary topic of interest in chapter III.
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Nonlinear Microscopy and Beyond:

 Probing and Perturbing Cortical Blood Flow

A continuos noninvasive means of monitoring blood oxygenation is of

fundamental interest to clinicians and research scientists. Clinically, blood

oxygenation can reveal the presence of tumors and other pathologies. The near

infrared region of the spectrum (700- 1000 nm) is particularly attractive to optical

approaches to this problem, as in this spectral region, water demonstrates

relatively low absorption, and hemoglobin remains as one of the primary tissue

chromophores [52]. Many optical techniques capable of monitoring blood

oxygenation have been developed, but their spatial resolution is typically low [53-

58].

Understanding the microscopic details of cortical blood supply is critical

both to clinical progress in the treatment of stroke and neurovascular disease,

and to building a more comprehensive interpretation of blood flow based brain-

imaging techniques, such as blood-oxygen-level-dependent functional magnetic

resonance imaging (BOLD fMRI.) Multiphoton microscopy allows micro-vascular

morphology to be mapped and blood flow dynamics visualized in live rat [59].

Furthermore micro-vascular disruption and stroke can be induced and monitored

through the use of nonlinear optical excitation [60, 61]. These studies provide the

immediate context of this dissertation, where we investigate the potential of

nonlinear optics to query the oxygenation state of hemoglobin [1, 5].



19

Figure 1.6. A. Schematic of the apparatus used for in vivo TPEF imaging and
photo-disruption of rat cortical vasculature [62]. B. Projection of a TPLSM image
stack of fluorescently labeled blood plasma in the cortical vasculature of rat [61].

Dynamic blood flow measurements in rat, in vivo can be accomplished by

performing a craniotomy and inserting a window in the animal's skull [63] (see Fig

1.6A.) Blood flow, on the level of individual capillaries can then be imaged by

labeling the plasma with a fluorescent dye [64]. As red blood cells do not take up

the dye they stand out as dark spots against the labeled plasma. This allows flow

velocities to be monitored in real time. This approach has been used to

quantitatively compare stimulus induced changes in blood flow versus those

driven by basal motion [59, 65, 66].
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Figure 1.7. A. Dynamic blood flow imaging in vivo through TPEF. The blow up of
a single capillary on the right hand side shows a time series of the indicated
capillary [67]. The dark shadows moving through the capillary are due to red
blood cells. B. Cartoon illustrating several levels of vascular insult initiated
through photo-disruption of the vessel lumen by amplified laser light at 800 nm
[60, 68].  



21

Blood flow changes resulting from vascular insult can also be investigated

using multi-photon methods [60, 61]. Blockages can be induced without the use

of any exogenous agent through the use of focused amplified 800nm laser

pulses [60, 68]. As the absorption of ultrafast pulses in the vessel lumen is a

highly nonlinear process, localized damage can be produced up to ~500 um

below the surface of the brain. Adjusting the amplified laser intensity between .1

–5 uJ allows the formation of vascular insults ranging in severity from blood

plasma extravasation, i.e. small hemorrhages, and ischemic clots, to gross

hemorrhages. Concurrent TPEF imaging allows the consequences of these

defects to be monitored for hours afterwards. For the case of single point

ischemic clots in surface vessels, related work has shown reestablishment of

flow at the first downstream branch point due to flow reversal in one of the

branches [67, 69] (see Fig. 1.7B.) Although reestablished flow is, on average,

50% of its initial flux, it is likely to be sufficient to maintain tissue oxygenation at

physiologically viable levels. This work is ongoing but has already confirmed

suggestions that a highly interconnected vascular network is robust to multiple

blockages [70].

Nonlinear excitation also has the potential advantage of probing and

perturbing the optical properties of endogenous molecules. The bulk of this

dissertation is an investigation of the nonlinear optical properties of hemoglobin.

Hemoglobin's optical properties depend on its oxygenation (ligand binding) state

and thus may be a source of functional contrast. As a primary tissue

chromophore it may also be a pathway to photo-damage.
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Third Harmonic Spectroscopy:

Multi-photon resonances in model compounds

 and ligated hemoglobin

Abstract

We use third harmonic generation light generated from the interface of

biomolecular solutions and a glass substrate as a means to probe resonant

contributions to their nonlinear absorption spectra that could serve as contrast

mechanisms for functional imaging. Our source was near-infrared, 100-fs laser

pulses whose center wavelength was varied from 760 to 1000 nm.  These infrared

pulses undergo coherent conversion to pulses of ultraviolet light, parameterized by

the third-order susceptibility χ(3) ≡ χ(3)(3ω, ω, ω, ω), in a manner that depends on the

electronic structure of the fluid.  Our measurements yield the ratio of the third-order

susceptibility of a sample relative to that of glass, i.e., 
 
χ

sample
(3) (3ω ) χ

glass
(3) (3ω ) , where

past results claim that 
 
χ

glass
(3) (3ω )  is approximately constant over our range of

frequencies.  A comparison of 
 
χ

sample
(3) (3ω ) χ

glass
(3)  with linear absorption spectra and

two-photon action spectra reveals both even and odd parity absorption features that

resonantly enhance third harmonic generation (THG).  We find evidence of a two-

photon resonance in the 
 
χ

sample
(3) (3ω ) χ

glass
(3) spectrum for aqueous solutions of

rhodamine B, Fura-2, and hemoglobin, and a three-photon resonance in the

 
χ

sample
(3) (3ω ) χ

glass
(3)  spectrum for solutions of bovine serum albumin (BSA).  Consistent
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with past work, we find evidence of a one-photon resonance for the 
 
χ

sample
(3) (3ω ) χ

glass
(3)

spectrum for water, while confirming a lack of resonant enhancement for the

(3) (3)
sample glass

 (3 )ωχ χ spectrum for benzene.  At physiological concentrations, hemoglobin

in different in ligand binding states could be distinguished based on features of their

THG spectrum.

Introduction

The nonlinear spectroscopy of fluids has assumed new relevance with the

advent and proliferation of nonlinear microscopies1.  In these techniques, an

ultrashort pulse of laser light is tightly focused into a material so that optical

excitation is confined to a focus where the photon flux is highest.  This provides

intrinsic three-dimensional optical sectioning for two-photon laser scanning

microscopy2-4, second harmonic generation5, three-photon laser scanning

microscopy6-9, and third harmonic generation10-14 (THG).  While contrast in two-

photon and three-photon scanning microscopy is typically achieved through the use

of fluorescent indicators, contrast in harmonic generation relies on optical interfaces

and intrinsic chromophores.  A priori, THG will depend directly on one-, two-, and

three-photon absorption resonances15 and thus may be expected to report changes

in the function properties of biologically active molecules.  An understanding of the

nonlinear resonant properties of endogenous molecules is of further importance as a

means to indicate pathways for phototoxicity and shadowing by multiphoton

absorption.
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Under tight focusing conditions, the extent of THG increases dramatically

when the focus spans an interface between two optically different materials10, 16.

This allows imaging based on THG to resolve otherwise transparent interfaces and

inhomogeneities within the resolution of the confocal parameter and without the use

of dyes11, 13, 17-19.  Mitochondria20, red blood cells21, 22, embryonic development18, 23,

neurons13, plasma flows24, 25, muscle fibers26, and skin biopsy samples27 have been

visualized in this manner. Third harmonic imaging contrast has also been linked to

the density of optical solids24, the aggregation state of polymers28-30, and the

concentration of intracellular [Ca2+] in cultured human glial cells31.  Finally, a near-

field THG scanning imaging study of a dried red blood cell by Schaller et al 22

qualitatively showed that their image contrast was best when their excitation beam

was spectrally tuned near an anticipated three-photon resonance in hemoglobin.

This past work motivates the need for a systematic study of possible functional THG

signals.

Beyond issues of imaging, nonlinear optical spectroscopy per se provides

insight into the structure and electronic properties of materials that is complimentary

to that provided by linear spectroscopy32-38.  Over the last two decades, third

harmonic generation has emerged as a useful nonlinear spectroscopy tool39-43 that

has been widely used to identify two and three-photon resonances in solids and thin

films29, 35, 37, 38, 44-48 and indicate a sensitive THG dependence on the molecular

structures and interactions of solutes and solvents49-51.

Here we report on THG at the solution/glass interface as a means to explore

the contribution of electronic resonances to THG spectra of solution phase bio-
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compounds.  We first consider several model solutions with known one- and two-

photon absorption spectra as a means to calibrate our methodology52-55.  We then

focus on physiological solutions of bovine serum albumin (BSA) as well as different

ligation states of hemoglobin, i.e., oxyhemoglobin, carboxyhemoglobin, and

deoxyhemoglobin.  Serum albumin and hemoglobin are the primary constituents of

blood plasma and red blood cells, respectively and have been the subjects of

extensive study.  Hemoglobin also has distinct changes in its linear spectrum

between ligated and nonligated states56 that are expected to be reflected in THG.

Theory

Third harmonic generation is the coherent conversion of light with frequency ω

to light with frequency 3ω, i.e., wavelength λ/3, in a material that undergoes intense

irradiation.  It involves the absorption of three identical photons of energy ��ω and

the emission a single photon of energy 3��ω within the temporal uncertainty interval

of ω-1
 ~ 10-16

 s.  The resultant light propagates in the forward dimension.  A material’s

susceptibility to a given nonlinear conversion process is described by the

susceptibility tensors, χ(n), that relate the polarization field, denoted P, induced in the

material to the electric field, denoted E, of the incident photon.  Of the eighty-one

independent elements included in the third-order nonlinear susceptibility

tensor
  
χ

ijkl
(3)

(ω
i
,  ω

j
, ω

k
, ω

l
) , we are only interested in the terms associated with a

uniformly polarized, single frequency excitation field, i.e., ωj = ωk = ωl.  This allows

the fourth-rank tensor status of the susceptibility tensor to be suppressed and the

THG polarization field P(3)(3ω) to be expressed as

(1) P(3)(3ω) = χ(3)(3ω) E3(ω) .
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In a solution or other isotropic media, the measured value for χ(3)(3ω) is

averaged over orientation and equal to ( ) ( ) ( )(3) (3) (3)1
xxxx yyyy zzzz3  3 3 3ω ω ωχ χ χ� �

� �
+ + .  The

susceptibility χ(3)(3ω) is the term we seek to measure.

Resonant Enhancement

The underlying molecules that facilitate THG need not have real states

available whose excitation energy corresponds at the incident photon energy or any

multiple thereof.  However, the THG process is resonantly enhanced if real energy

levels are present at the fundamental (ω), second harmonic (2ω), or third harmonic

(3ω) frequency.  Thus the third-order susceptibility tensor may be dominated by

either resonant or non-resonant mechanisms, which makes it convenient to write

(2)
 
χ

Total
(3) (3ω)  ≡   χ

non-resonant
(3) (3ω) +  χ

resonant
(3) (3ω) .

Under the assumption that all molecules are in the electronic ground state

prior to excitation, the resonance term generated in a perturbation expansion is57

(3)   
( )

( ) ( ) ( )
3 0l lk kj j0

resonant 3lkj
l0 l0 k0 k0 j0 j0

 
(3 )   

3 2

N

i i i

µ µ µ µ
ω

ω ω γ ω ω γ ω ω γ
χ =

− − − − − −
�
�

where N is the number of molecules and the indices refer to different

electronic states.  Thus 
 

µ
j0

is the electric dipole transition moment between the j-th

state and the ground state, 
 
γ

j0
, is the phenomenological damping coefficient that is

inversely proportional to the decay rate from the j-th state to the ground state, and

��ωj0 is the energy difference between the j-th state and the ground state.  The

intermediate states are those closest to multiples of the incident photon energy, ��ω,

and the energies of the various states satisfy the relation ��ωl0 � ��ωk0 � ��ωj0.
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Resonance occurs as ωl0 → ω, ωk0 → 2ω, or ωj0 → 3ω (Eq. 2), corresponding to one-,

two-, and three-photon resonance, respectively, and can significantly increase the

magnitude of the susceptibility17, 57.  Implicit in this formalism is the notion that all

photons in the excitation field have the same polarization, or parity, as well as

energy.

One- and three-photon resonance.  The selection rules, based on

conservation of parity, for enhancement by a single photon resonance also apply to

enhancement by a three-photon resonance.  Thus the presence of peaks in the

linear absorption spectrum of the solution, at frequencies ω and 3ω, is a good

indication of whether such resonances are likely to be involved in THG (Eq. 3).  It is

important to note that such resonant enhancement may be self-limiting in thick

samples.  When one- and three-photon resonances are strong, one- and three-

photon absorption by the material will deplete the incoming fundamental and

outgoing third harmonic wave, respectively.

Two-photon resonance.  Two-photon absorption is an even-parity process

while, as above, linear absorption is as odd-parity process. Thus, although, parity

selection rules relax in non-centrosymmetric molecules58 two-photon resonant

absorption does not always correspond with peaks in the linear absorption spectra at

frequency 2ω. As two-photon absorption does not involve energy levels that have

allowed single photon transitions with the ground state, two-photon resonance can

lead to enhancements of the susceptibility without a significant loss of optical power.
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Further, two-photon resonance is not likely to affect the index of refraction and thus

the phase-matching of a given nonlinear process17.

Non-resonant contributions.  In the case that the non-resonant component

of Χ(3)(3ω) is dominant, several semi-empirical scaling laws have been proposed to

account for the spectral dependence of χ(3)(3ω)57, 59-61.  Miller’s rule has been found

to account for much of the spectral dependence of ionic crystals, for which

(4)
 
χnon-resonant

(3) 3ω( ) ∝ 
 
χ (1) 3ω( ) χ (1) ω( )�

��
�
��

3
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�
� n2 (ω )-1�
�

�
�

3
 .

Wang’s rule60 has been found to account for much of the spectral dependence

of gasses, for which

(5)
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Lastly, Boling’s rule62 includes local field effects and should be more generally

valid in the fluid phase, i.e.,

(6) 
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Microspectroscopy

The third harmonic intensity that is generated from an axially symmetric

material with susceptibility χ(3)(3ω) when irradiated by a tightly focused Gaussian

beam, denoted P(3ω), is10

(7) P(3ω) = 
( )

κφ ω φ
ω ω φ ω

φ

χ∞
∆

∞�

2
(3)

b 3

2-

(3 , )
C( ) b( ) d  P ( )

1+ 2

ie
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where C(ω) is a formulation of pre-factors that depends on the geometry and

efficiency of the collection system but are independent of the sample, P(ω) is the

incident power, b(ω) is the confocal parameter, and the integration is over the

normalized distance φ = z/b with the focus at φ = 0.  In diffraction-limited geometries

the confocal parameter is given by

(8) b(ω) = ( )ωπ
λ

2
o2 n

w
 = 

( ) ( )ω λ

π

ω� �
� �

2 2

2

-NA2n

NA

n

where n(ω) is the index of refraction and wo is the radius of the beam waist at

the focal plane, expressed in terms of the numerical aperture (NA) of the objective.

Lastly, the wave-vector mismatch between the excitation and emitted third harmonic

field, denoted, ∆κ, is57

 (9) ∆κ =
 
6π

n(ω ) − n(3ω )

λ
.

Significant generation of THG in the far field occurs when the fundamental

field can constructively drive the third harmonic field. Under tight focussing conditions

this  corresponds to the case where  values of the product b∆κ  are close to unity.

Since the elements of the nonlinear susceptibility are generally small in

magnitude, e.g., χ(3)(3ω) ~ 10-14
 esu for many solutions and χ(3)(3ω) ~ 10-17 esu for

gases, THG signals from bulk samples tend to be small15, 57, i.e., P(3ω)/P(ω) ~ 10-8

for incident irradiance of ~1010 W/cm2.  More significantly, in an isotropic medium, the

Gouy phase-shift encountered as a light wave traverses the focus causes the THG

produced on one side of a focus to destructively interfere with THG produced on the

other side and thus cancel the third harmonic wave in the far field63.  However the
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cancellation will be imperfect if the optical properties of the sample, i.e., the index of

refraction and the nonlinear susceptibility, differ across the focal volume10, 15.

Tsang16 and Barad10 have shown that the far field third harmonic intensity can be

increased by many orders of magnitude when the focus spans an interface between

two optically different materials.  This renders THG microscopy particularly sensitive

to optical interfaces and inhomogeneities on the spatial scale of the focal volume11, 13,

17-19.

It follows from equation 7 that the THG intensity from a Gaussian beam

focused on a flat interface between two infinite homogeneous slabs of material is

(10)    
ωω

ω

κ κχ χ∆ − ∆

1 2

1 1 1 1 2 2 2 2

3

Slab /Slab

2
(3) (3)

Slab Slab Slab Slab Slab Slab Slab Slab ( )) P

P(3 ) = 

         C(  b J(b )   b J(b ) 

where we have neglected reflection and absorption and make use of the

dimensionless phase matching integral, J(b∆κ), defined as

(11) J(b∆κ) ≡

  

dφ  
e

ib∆κφ

1+i2φ( )
20

∞

� .

An absolute measurement of χ(3)(3ω) is complicated by the need to determine

the factors in C(ω)64, 65.  Yet a relative value of χ(3)(3ω) is often of sufficient utility.  In

particular, the value of χ(3)(3ω) for a solution is measured relative to the glass

substrate, typically fused silica, that forms the sample container15, 52, 54, 66.  This

paradigm is implemented by collecting third harmonic light from both the interface

between the sample solution and the glass, with intensity P(3ω)solution/glass, and from

the interface between the glass and air, with intensity P(3ω)glass/air.  It follows from

equation 10 that the ratio of these measurements is
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Noting that 
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Solving for the susceptibilities leads to

(14)   
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The resolution of the sign ambiguity requires additional information that is

gathered through consideration of resonances or, as will be discussed in the Results

section, are obtained by comparative measurements.  The general validity of this

approach was examined by Barille et al.52, who demonstrated remarkable

consistency between their femtosecond measurements at an excitation wavelength

of 1.5 µm and previous picosecond measurements52, 53, 67 at an excitation wavelength

of 1.9 µm.

In the case of a solution composed of a solute and a solvent, the different

components may contribute to equation 14 with opposite signs.  The correct value of

the susceptibility ratio of the hydrated solute, defined as 
 
χ

solute

(3) (3ω ) χ
glass

(3) (3ω ) , may be

determined from the measured power ratio of the solution, denoted

 
P(3ω )

solution/glass
P(3ω )

glass/air
, given knowledge of both the power ratio and the susceptibility
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ratio of the solvent, i.e., 
 
P(3ω )

solvent/glass
P(3ω )

glass/air
and 

 
χ

solvent

(3) (3ω ) χ
glass

(3) (3ω ) respectively.  In the

case where the solute and solvent occur with solvated volume fractions of υ and 1 -

 υ, respectively, the measured power ratio of the dissolved solute is
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Note that the sign of the solvent term has been taken to be negative (Results)

and the index and dispersion of the dissolved solute is correctly taken to be the same

as the solution, as these are properties of the bulk.  The remaining sign ambiguity

must be resolved independently.

Methods

Imaging

Our imaging apparatus consists of a laser scanning microscope68 with the

collection of transmitted light for THG imaging and epi-emitted light for simultaneous

two-photon excited fluorescence laser scanning microscopy (Fig. 2.1).  The

excitation source for imaging was a locally constructed 1.054 µm Nd:glass oscillator

with an 80-MHz repetition rate and ~100-fs duration pulses.  We used a 40x 0.65-NA

Zeiss excitation objective (f = 4 mm) and a fused-silica collection lens (f = 6 mm).

The detectors were Hamamatsu R6357 photomultipliers (PMTs) with quartz windows

that were connected to a resistive load and amplified.  Colored glass filters (Corning

UG-11) were used to block all but the third harmonic light from reaching the

photomultiplier tube.  For two-photon excited fluorescence, bandpass (550 ± 25-nm)

and colored glass filters (Corning BG-39) were used to block extraneous light.
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Microspectroscopy

Apparatus and materials.  Spectroscopic measurements were performed

without the use of the x-y scan mirrors (Fig. 2.1).  The excitation source was a

Ti:Sapphire oscillator (Mira 900-F with 10-W Verdi pump, Coherent Inc., Santa Clara,

CA) with a 76 MHz repetition rate and ~ 100-fs duration; this source was tuned over

a wavelength range of 760 to 1000 nm.  We used 40x 0.65 and 0.75 NA Zeiss

excitation objectives.  The detector was a Hamamatsu R6353 PMT with quartz

windows that was connected to a resistive load and amplified.  As with imaging,

colored glass filters (Corning UG-11) were used to block all but the third harmonic

light from reaching the photomultiplier tube. For fundamental wavelengths below

810 nm, the colored glass filters were supplemented with a 265-nm bandpass filter.

Our sample containers were micro-cuvettes (3520; Vitrocom, Mountain Lakes,

NJ) with flat 200-µm thick glass walls (Duran 8340) and a 500-µm wide chamber to

hold the solution.  The Duran 8340 glass has optical properties similar to those of

fused silica (Appendix B).

Our samples consisted of deionized water, neat benzene (BX0212-6; Omni

Solv, Charlotte, NC), and aqueous solutions of 1 mM rhodamine B chloride (R-6626;

Sigma-Aldrich, St. Louis, MO), 0.5 mM solution of Fura-2 pentasodium salt (F-6799;

Molecular Probes, Eugene, OR) with 3.3 mM EGTA (E-478; Fisher Scientific,

Pittsburgh, PA), 0.5 mM Cascade-Blue trisodium salt (C-687; Molecular Probes),

0.75mM BSA (81-066-1; Miles Scientific, Naperville, IL), and hemoglobin.  The
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hemoglobin solutions are at physiological concentrations 2 mM (~ 17 g/dL) and

represent three different ligand binding states.  These include a 98 % (v/v) oxy-

hemoglobin (HbO2) solution (300881R0; Instrumentation Laboratories, Lexington,

MA), a mixed 60 % (v/v) carboxylated and 40 % (v/v) oxygenated,

carboxyhemoglobin (HbCO) solution (300879R0; Instrumentation Laboratories), and

a deoxygenated (Hb) solution (> 80 % based on spectroscopic measurements) that

was formed by bubbling N2 through the oxyhemoglobin solution.

Figure 2.1  Multi-photon imaging and THG spectroscopy apparatus. Images were
collected using a 1.054-µm, 100-fs Nd:Glass pulsed laser. Spectroscopic
measurements were made using a Ti:Sapphire laser with 100 fs pulses and
wavelengths between 760 and 1000 nm.
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Figure 2.2 The third harmonic spectroscopic measurement procedure applied to de-
ionized water. (A) Close up of the sample and apparatus. Third harmonic generated
light is collected from both the sample/vessel interface and the vessel/air interface
and their ratio is used to infer sample properties. (B) A THG signal is generated as
an interface is scanned through the focus of the beam. The peak of the THG
intensity profile is measured for different incident laser powers. The half-width at half-
maximum is proportional to the confocal parameter b. (C) The THG intensity from
both the sample/vessel interface and the vessel/air interface demonstrate the
anticipated cubic dependence on laser power.

THG measurement.  We seek to derive the third-order susceptibility ratio of

our solution relative to glass, 
 
χ

solution

(3) (3ω ) χ
glass

(3) (3ω ) , by measuring the ratio of THG power

from the solution/glass and glass/air interfaces, i.e., 
 
P(3ω)

solution
P(3ω)

glass/air
.

Measurements were made in a manner similar to the method employed by Barille et

al.52.  We scanned through the solution-filled micro-cuvette along the propagation
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axis of the incident beam and collected third harmonic light from both the

solution/glass and glass/air interface (Fig. 2.2A).  The third harmonic power, P(3ω),

traces out two bell shaped profiles as the focus is swept across the two interfaces

(Fig. 2.2B).  The peak of the profile centered on the lower solution/glass interface

corresponds to P(3ω)solution/glass and the peak of the profile centered on the bottom of

the glass side corresponds to P(3ω)glass/air (Fig. 2.2B).  The half-widths at half-

maximum of each profile indicates the extent of the confocal parameter (Eq. 8)10.

The THG signal was averaged over ~ 20 such sweeps.  The maximum incident

irradiance at the sample was ~ 1010 W/cm2 and the maximum THG efficiency was

P(3ω)/P(ω) ~ 5 x 10-7.

The measurement of peak third harmonic power was repeated at different

incident powers to form graphs of Psolution/glass(3ω) and Pglass/air(3ω) versus the incident

power P(ω) (Fig. 2.2C).  The relation between the two measured third harmonic

powers was fit as a cubic function of incident power, i.e., Psolution/glass(3ω) =

αsolution/glassP(ω)3 + Pdark and Pglass/air(3ω) = αglass/airP(ω)3 + Pdark, where αsolution/glass,

αglass/air, and Pdark are the fit coefficients.  The parameter Pdark was fit to the two

interfaces simultaneously and corrected for dark noise in the PMT.  This procedure,

as opposed to a measurement of THG at a single incident power, increases the

signal-to-noise of our measurement.  It further minimizes potentially confounding

effects that have non-cubic scaling with the incident power, such as excited state

absorption and the nonlinear refraction59.
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Data Reduction

Prior to additional corrections, the ratio of third harmonic powers is given by

RTHG(ω) = 
 
α

solution/glass
ω( ) α

glass/air
ω( ).  This ratio must be corrected for reflection

at interfaces and linear absorption by the glass cuvette.

Linear absorption.  Linear absorption and transmission spectra, between 250

and 1000 nm of all model solutions were obtained with a Cary 50 (Varian, Palo Alto,

CA) spectrophotometer.  Those for the different ligation states of hemoglobin are

taken from published measurements56 (Fig. 2.7A).  The near-infrared absorption

spectra of water was further culled from the literature69.  Duran glass measurements

are from manufactures literature (Vitrocom) and corrected to account for reflection at

normal incidence using the Fresnel equation for the reflectivity, r(ω), i.e.,

(16)
  

r(ω )
SiO2/solution

 = 
n

glass
(ω ) − n

solution
(ω )

n
solution

(ω ) + n
glass

(ω )
,

and measurements for benzene (Fig. 2.10B) are a composite of data taken

over wavelengths that ranged from 0.78 to 1.25 µm70 and 1.33 to 1.8 µm71.

Reflection coefficients.  To account for the different third harmonic and

fundamental powers transmitted through each interface, the reflection coefficients

r(ω) and r(3ω) were calculated using the Fresnel equation (Eq. 16).  The absorptivity

a(ω) of the glass substrate was extracted from linear transmission measurements,

t(ω), with use of the calculated reflection coefficients, r(ω), and the formula a(ω) =

{[1 - r(ω)]2 - t(ω)}/[1 - r(ω)]2.
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Linear dispersion.  Calculation of the reflection coefficients, r(ω), the

diffraction limited confocal parameter, b(ω) (Eq. 8), and the wave-vector mismatch,

∆κ(ω) (Eq. 9), depends on prior knowledge of the dispersion of the linear refractive

index, n(ω).  Unfortunately, precise refractive index measurements and models do

not exist for many materials.  This is especially notable at wavelengths shorter than

400 nm, which are important in estimations of ∆κ ω( ) and r(3ω).  The uncertainty in

∆κ(ω) is graphically illustrated in the case of benzene (Fig. 2.3A), where we plot the

results from two dispersion models for benzene (Appendix A), each of which fit all

available dispersion data equally well at visible wavelengths, but which significantly

diverge for ultraviolet wavelengths.

Confocal parameter.  The confocal parameter, b(ω), can be measured

directly from the axial extent of the THG profile (Fig. 2.2B)10 as noted above.  In

diffraction limited geometries, where the linear dispersion of the sample is known, the

confocal parameter can be calculated with equation 8.  We use both approaches and

note that diffraction limited THG measurements can simultaneously be used as a

means to independently measure the linear index through this correspondence.

Typical confocal parameters for this experiment were between 5 and 7 µm.

Volume fractions.  Calculation of the susceptibility ratio (Eq. 15) for the case

of solutions requires an estimate of the hydrated volume fraction of the solute under

study.  The volume of the hydrated complex is relevant because the electronic

interaction between solute and solvent is integral to the solution’s nonlinear optical
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properties49, 50, 72-74.  Thus we are essentially interested in measuring the

susceptibility of the solvated complex.

As a means to estimate the hydrodynamic volume of rhodamine B in water,

and thus the volume fraction of solvated rhodamine B chloride in a 1 mM aqueous

solution, we make use of the rotational relaxation time of rhodamine B in solution73

and approaches based on functional groups75, 76.  We note that close to 50 % (w/v) of

the rhodamine B may be dimerized at a concentration of 1 mM77, 78.  We use this

estimate for rhodamine B and the ratios of volume estimates from functional group

based approaches75, 76 to calculate the hydrated volume fraction of Fura-2 dye in a

0.5 mM aqueous solution.  Literature measurements also contribute to our volume

fraction estimates of BSA and hemoglobin solutions79, 80.

Corrected ratio of THG power

The corrected, fitted ratio of THG power is

 (17)
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This measure controls for linear absorption, reflections, some of the inter-

capillary and inter-sample variation, and mitigates drift in laser parameters and

sample orientation.  The susceptibility ratio for solvents (Eq. 14) is re-expressed as
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accounts for the possibility of changes in the confocal parameter of the glass

at the two interfaces due to aberrations and the coefficient

(20) ( )
( )
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glass/solution

glass/solution

2

2

3
1-

1- 3

r

r

ω

ω
ρ ω

� �
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accounts for reflections at the interfaces of the cuvette.  The former term is

typically unity but in some experiments was found to be close to 0.8 while the latter

term is greater than 0.9.  The phase integral J(b∆κ) (Eq. 11) can be numerically

evaluated25, 52 as a function of the product b∆κ (Fig. 2.3B).  Lastly, for the case of a

solution, the corrected susceptibility expression (Eq. 15) is

(21)
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with β(ω) and ρ(ω) given above (Eqs. 19 and 20).

Experimental Results

We consider first the image formation characteristics of THG solely as

motivation for our spectroscopic studies.  We then consider a systematic study of

model solutions, i.e., water, benzene, rhodamine B, Fura-2, and bovine serum

albumin solutions, followed by different functions states of hemoglobin in solution,

i.e., oxy-, carboxy-, and deoxy-hemoglobin solutions.  In all cases, the above

theoretical framework is used to interpret our measurements of THG intensity, P(3ω),

in terms of the third-order nonlinear susceptibility χ(3)(3ω).
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Figure 2.3  (A) Theoretical curves of the confocal parameter times the wave vector

mismatch, b∆κ.  Curves are calculated from linear dispersion models for water,
benzene, and Duran glass in the case of diffraction limited geometry.  The band
representing benzene is bounded by the curves predicted by two different models of

dispersion32, 87.  (B) The phase-matching integral25, J(b∆κ).

THG Imaging

The enhancement of THG at an interface is illustrated through a comparison

two-photon excited fluorescence and THG imaging of 10-µm diameter fluorescein-

labeled microspheres versus equally sized unlabeled glass beads that sit in a drop of

water on a glass coverslip (Fig. 2.4A).  The microspheres are readily resolved in

entirety with two-photon fluorescence, while only the interfaces normal to the incident

beam, either at the microsphere/water or water/glass interface, yield third harmonic

light (Fig. 2.4A).  The elongation of images for either modality is a consequence of

the difference in axial resolution (zo = 5.0 µm) compared to lateral resolution

(ro = 1.0 µm).  The top surfaces of the beads appear dark as a result of the

absorption of the third harmonic light by the fluorescent beads.  The shadowing on

the glass surface results from distortion of the excitation beam as it passes through
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the bead.  Critically, there is no fluorescent signal for the case of imaging glass

beads, yet THG at the water/glass interface leads to an image of the top and bottom

surfaces of the beads (Fig. 2.4A).

As motivation for our studies on the THG by hemoglobin, we applied THG

imaging to human red blood cells in solution without the use of dyes.  A maximal

projection through a 5 µm stack of unprocessed images leads to the well known view

of red blood cells as concave disks (Fig. 2.4B).

Microspectroscopy

We now turn to quantitative spectroscopy of model compounds and

hemoglobin in solution.  We report our measurements in terms of the corrected and

fitted ratio of third harmonic power at the solution/glass interface relative to that at

the glass/air interface (Eq. 17).  These are used, when appropriate, to derive the

corresponding ratio of susceptibilities (Eqs. 18 and 19).  A discussion of the

uncertainty in all terms is presented toward the end of this section.
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Figure 2.4.  Two-photon excited fluorescence and THG imaging.  (A) A comparison
of two-photon excited fluorescence and THG images.  Unlike two-photon excited
fluorescence, THG can be collected from both fluorescent and non-fluorescent
beads.  Third harmonic generation can be seen to be primarily produced at
interfaces perpendicular to the excitation beam including the coverslip beneath the
fluorescent samples.  In this case a shadow of the beads is cast on the coverslip due
to the distortion of the excitation beam.  (B) Third harmonic image showing the high
contrast of red blood cells in solution without the use of dyes.

Model solvents.  Measurements of THG at the water/glass interface relative

to the glass/air interface show that RTHG(ω), the ratio of third harmonic powers

(Eq. 17), decreased as a monotonic function of wavelength (Fig. 2.5A).  The sign

ambiguity in the susceptibility ratio 
2

(3) (3)
H O glass

 (3 )ωχ χ  (Eqs. 18 to 20) is resolved by

considering the spectral trend in RTHG(ω) to be related to a one-photon resonance

near a wavelength of 970 nm (Fig. 2.5A’).  The errors bars in figures 2.5A and 2.5A’

capture an ~ 11 % uncertainty in the measurement of RTHG(ω), while the additional

systematic uncertainty in 
 

χ
H

2
O

(3) (3ω ) χ
glass
(3)  is expected to be less than 4 %.
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Figure 2.5.  Third harmonic spectra of water and benzene; each datum is the

mean ± SE.  Linear absorption spectra between 250 to 1000 nm were obtained with

a Cary 50 spectrophotometer.  (A) The third harmonic intensity ratio, RTHG(ω), of

deionized water.  The term RTHG(ω) is the ratio of the cubic fit coefficients of the
sample/vessel interface to that of the vessel/air interface and is related to the ratio of
the third-order susceptibility ratio by equation 18.  (A’) We show the derived third-

order susceptibility ratio of water and glass,
 
χ

H2O
(3) (3ω ) χ

glass
(3) , and the linear absorption

of water at the fundamental wavelength.  The correspondence between the THG and
linear absorption spectrum indicates a one-photon resonant enhancement. The
energy diagram in the inset illustrates a one photon resonance. Arrows direct the
reader to the appropriate vertical scale for the two graphs. (B) The third harmonic

intensity ratio, RTHG(ω), of neat benzene.  (B’) The calculated third-order
susceptibility ratio of benzene and glass is relatively constant suggesting that the

dominant contribution to χ(3)(3ω) of benzene is non-resonant. The energy diagram in
the inset illustrates a lack of resonant enchancement.
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The third harmonic spectrum of benzene is essentially constant over the range

of measured wavelengths (Figs. 2.5B and 2.5B’), consistent with an absence of one-

and two-photon resonances over the range of our measurements.  The third

harmonic spectrum does not reflect the long wavelength tail of the ultraviolet

absorption band in benzene that, in principle, could contribute to a three-photon

resonance; this suggests that the dominant contribution to χ(3)(3ω) of benzene is

non-resonant.  The sign ambiguity in the estimate of 
 
χ

benzine
(3) (3ω ) χ

glass
(3)  (Eqs. 18 and

19) is resolved to be positive based on two considerations.  First, the

hyperpolarizabilities associated with double bonds between carbon atoms in

benzene are anticipated to lead to a much larger χ(3)(3ω) values for this molecule

than for distilled water51, 81, 82.  Second, a choice of the negative root in equation 14

leads to comparable values for χ(3)(3ω) in water and benzene over the range of 875

to 950 nm.  The systematic uncertainty in the susceptibility ratio of benzene is

~ 17 %.

Aqueous solutions.  The third harmonic spectrum of a 1 mM solution of

rhodamine B chloride shows a sharp decrease with increasing wavelength, with a

break in the slope near 850 nm (Figs. 2.6A and 2.6A’).  The sign ambiguity in the

estimate of 
 
χ

rhodamine
(3) (3ω ) χ

glass
(3)  (Eqs. 19 to 21) is easily resolved if we assume that

the susceptibility of the rhodamine B solution is greater than that of pure water.  We

use equation 21 through 18 to find 
 
χ

rhodamine
(3) (3ω ) χ

glass
(3) and note that it mirrors the
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two-photon excited fluorescent cross-section measurements83 in rhodamine B; this

suggests the presence of a strong two-photon resonance (Fig. 2.6A’).  The

systematic error introduced into 
 
χ

rhodamine
(3) (3ω ) χ

glass
(3) by our estimate of the volume

fraction, υ = 0.0004, is ~ 50 % (Eq. 15).

The third harmonic spectrum of a solution of 0.5 mM Fura-2 pentasodium salt

and 3.3 mM EGTA shows a sharp decrease with increasing wavelength with a break

in the slope at a wavelength of 800 nm (Fig. 2.5C).  Unlike the case of rhodamine B,

the RTHG(ω) solvent background is a 3.3 mM EGTA solution (data not shown).  The

sign ambiguity in the estimate of 
 
χ

Fura-2
(3) (3ω ) χ

glass
(3)  (Eq. 21) is resolved by assuming

that the susceptibility of the dye solution is greater than that of water alone.  Our

estimate of the volume fraction of the hydrated Fura-2 complex at ~ 0.07 %

introduces an ~ 70 % systematic error in our derived value of
 
χ

Fura-2
(3) (3ω ) χ

glass
(3) .  The

susceptibility ratio, 
 
χ

Fura-2
(3) (3ω ) χ

glass
(3)  shows a spectral profile very similar to the

measured84-86 two-photon excited fluorescent cross-section of Fura-2 (Fig. 2.6B’).

This suggests a strong two-photon resonance.
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Figure 2.6.  Third harmonic spectrum of rhodamine B, Fura-2, and BSA; each datum

is the mean ± SE. The primed figures include an energy diagram in the inset
illustrating the resonant enhancement mode and arrows direct the reader to the
appropriate vertical scale for the two graphs.(A) We show the third harmonic

intensity ratio, RTHG(ω), of an aqueous solution of 1 mM rhodamine B.  (A’) We show

the derived third-order susceptibility ratio of rhodamine B,
 
χ

rhodamine
(3) (3ω ) χ

glass
(3) , and

the two-photon action cross-section83.  The correspondence between the THG and
two-photon action indicates a strong two-photon resonant enhancement in

rhodamine B below 850 nm.  (B) The third harmonic intensity ratio, RTHG(ω), of an
aqueous solution of 0.5 mM Fura-2.  (B’) The third-order susceptibility ratio of Fura-

2,
 
χ

Fura-2
(3) (3ω ) χ

glass
(3) , and the two-photon action cross-section84-86 track each other

indicating a two-photon resonant enhancement.   
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Figure 2.6 (continued). (C) The third harmonic intensity ratio, RTHG(ω), of a 0.75 mM
solution of BSA.  (C’) The calculated third-order susceptibility ratio of BSA and glass,

 
χ

BSA
(3) (3ω ) χ

glass
(3)  suggests that χ(3)(3ω) for BSA has a three-photon resonant

enhancement from 750 to 850 nm.  We display the linear absorption of BSA over the
region relevant to three-photon resonance.

The THG spectrum of a 0.75 mM solution of BSA also shows a decrease with

increasing wavelength (Fig. 2.6C).  The sign ambiguity in the estimate of

 
χ

BSA
(3) (3ω ) χ

glass
(3)  (Eq. 21) is resolved if we assume that the susceptibility of the

albumin is enhanced by a three-photon resonance in the linear absorption spectrum

of albumin (Fig. 2.6C’).  Dispersion and volume fraction uncertainties result in a less

than 12 % systematic uncertainty in our value for 
 
Χ

BSA
(3) (3ω ) Χ

glass
(3) .

Hemoglobin solutions.  The linear absorption spectrum of hemoglobin

shows a prominent Soret absorption band that peaks near a wavelength of 420 nm

(Fig. 2.7A; central gray).  The corresponding dip in the measured value of RTHG(ω) of

these solutions (Fig. 2.8) is highly suggestive of a two-photon resonance.  We use

this correspondence to resolve the sign ambiguity in equation 21.  We use the
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refractive index estimate of oxyhemoglobin (Fig. 2.7B; see Appendix A for derivation)

to estimate the wave-vector mismatch (Eq. 9).  We estimate that the volume fraction

of hemoglobin in a 2 mM solution to be ~ 12 % for the various hemoglobin

solutions79, 80 and estimate that this introduces a systematic error of ~ 6.5 % in our

susceptibility ratios 
 

χ
O2-Hb
(3) (3ω ) χ

glass
(3) .  An unaccounted for feature at long

wavelengths may reflect the additional involvement of a three-photon resonance

(left-hand gray band in figure 2.7A) or the solvent.

Figure 2.7. (A) The linear absorption spectrum of oxy-, deoxy-, and
carboxyhemoglobin56.  The wavelength bands corresponding to potential one-
photon, two-photon, and three-photon resonances are highlighted and labeled.  (B)
The estimated refractive index of oxyhemoglobin (Appendix A) and point index
measurements taken by Orttung et al.118 (500 to 650 nm), Arosio et al.80 (750 nm)
and Faber et al.80 (800 nm).
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Figure 2.8.  Third harmonic spectrum of oxy-, carboxy-, and deoxyhemoglobin
solutions (this work) together with linear absorption measurements56; each datum is

the mean ± SE. The primed figures include an energy diagram in the inset illustrating
two-photon resonant enhancement and arrows direct the reader to the appropriate

vertical scale for the two graphs. (A) The third harmonic intensity ratio, RTHG(ω), of a
2 mM oxyhemoglobin solution.  (A’) The correspondence between the derived third-

order susceptibility ratio of oxyhemoglobin, 
 
χ

HbO2

(3) (3ω ) χ
glass
(3) , and the linear

absorption from 375 to 500 nm indicates a two-photon resonant enhancement.  (B)

We show the third harmonic intensity ratio, RTHG(ω), of a 2 mM, 60 % (v/v)
carboxylated hemoglobin solution.  (B’) The derived third-order susceptibility ratio of

60 % (v/v) carboxyhemoglobin,
 
χ

HbCO
(3) (3ω ) χ

glass
(3) , and the linear absorption in the two-

photon resonance range suggests a two-photon resonant enhancement.
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Figure 2.8. (Continued.) (C) The third harmonic intensity ratio, RTHG(ω), of a 2 mM,
~ 95 % (v/v) deoxygenated hemoglobin solution.  (C’) The calculated third-order

susceptibility ratio of deoxyhemoglobin and glass, 
 
χ

Hb
(3) (3ω ) χ

glass
(3)  and the linear

absorption of deoxyhemoglobin in the two-photon absorption regime.

Uncertainty.  The standard deviation of the measured peak THG power was

between 1.5 and 5.5 % of the peak value across the wavelength range of 760 to

1000 nm, with the exact percentage dependent upon the incident power, the

interface, and the sample.  The uncertainties in the cubic fits of the peak THG power

led to uncertainties as high as 6 % in the value of RTHG(ω) (Eq. 17) within the same

session.  Measurements of the same substance on different days could lead to

variations as large as 13 % in the values of RTHG(ω).  The experimental errors are

represented as standard errors of the mean (SE) in the graphs of RTHG(ω) and

 
χ

solution
(3) (3ω ) χ

glass
(3)  (Figs. 2.5, 2.6 and 2.8).  They result from an average over two to

five estimates of RTHG(ω), where we recall that each estimate involves the ratio of

cubic equations fit through 6 to 10 data points for both solution/glass and glass/air

interfaces (Fig. 2.2C).  The standard errors are on the same order as uncertainties in

absolute measurements of the susceptibility in glass65.
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Additional, systematic uncertainties in the susceptibility ratios (Tables 2.1 and

2.2) result from the propagation of uncertainty in the dispersion of relevant materials.

The dipersion of Duran 8340 glass (Eq. A1), benzene87 (Eqs. A2 and A3), water88

(Eq. A4), BSA (Eq. A5), rhodamine B, Fura-2, and hemoglobin (Fig. 2.7B) are

approximated by numerical formulas (Appendix A).  The uncertainty in the values of

the susceptibility ratio introduced by these approximations are maximal at the blue

side of the spectrum, where there are few published measurements of the refractive

index to constrain models (Appendix A).  At an excitation wavelength of 750 nm, we

estimate that the uncertainty in 
 
χ

solution
(3) (3ω ) χ

glass
(3) (3ω )  that results from uncertainty in

the linear dispersion is < 3 %, ~ 17 %, < 1 %, < 5 %, and < 5 % for Duran 8340,

benzene, water, BSA, and hemoglobin respectively (Table 2.1).

A second source of uncertainty in the susceptibility ratios concerns the volume

of solution (Eqs. 15 and 21) occupied by the solvated form of rhodamine B, Fura-2,

BSA, and hemoglobin in 1 mM, 0.5 mM, 0.75 mM, and 2 mM solutions is estimated

to be 0.04 %, 0.07 %, 7 %, and 12 % respectively.  Uncertainties in the volume

fraction estimates dominate the systematic uncertainty in the derived susceptibility

ratios for these solutions (Table 2).  This large uncertainty in values gleaned from the

literature is due in part to the presence of a substrate where adsorption may play a

role72, 90-94.
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Table 2.1: Dispersion Estimates and Uncertainties at λ λ λ λ = 250 and 750 nm

n(3ω)

 

δ n(3ω )

n(3ω )

n(ω)

 

δ n(ω )

n(ω )

Uncertainty

in 

 

Χ
solute
(3) (3ω )

Χ
glass
(3) (3ω )

Duran glass* 1.530 < 0.2 % 1.469 < 0.1 % < 3 %

Benzene87 1.610 1.7 % 1.480  0.4 %  17 %

Water89 1.379 < 0.01 % 1.329 < 0.001% < 1 %

Dyes89 1.384 2 % 1.332 1 % ~ 30 %

BSA* 1.390 < 1 % 1.337 < 0.5 % < 5 %

Hemoglobin* 1.410 < 1 % 1.360 < 0.05 % < 5 %

λ= 250 nm λ = 750 nm λ = 750 nm

����: Appendix

Table 2.2: Volume Fraction Estimates and Uncertainties of Solutes in Solution

Hydro-

Dynamic

radius

Conc-

entration

Volume

Fraction, υ

Uncertainty

in υ

Uncertainty

in 

 

Χ
solute
(3) (3ω )

Χ
glass
(3) (3ω )

Rhod. B73, 76 0.5 nm 1.0 M 0.04 % 45 % 50 %

Fura273, 76 0.7 nm 0.5 mM 0.07 % 50 % 70 %

BSA79, 80 3.14 nm 0.75 mM 7 % 20 % 7.5 %

Hemoglobin79, 80 2.96 nm 2.0 mM 12 % 11 % 6.5 %
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Spectral discrimination of hemoglobin ligand states.  The final issue

concerns the ability to discriminate among the three ligation states of hemoglobin

based on their relative THG spectra, RTHG(ω).  In principle, this can be accomplished

wherever the spectra do not intercept.  However, for the signal-to-noise ratios

achieved in our measurements, we could distinguish among all three states (95 %

confidence level) in a 20-nm wide band only near a center wavelength of 960 nm

(Fig. 2.9).  At other center wavelengths two of the three possible states could be

distinguished (Fig. 2.9).

Figure 2.9.  The third harmonic intensity ratio of hemoglobin in different oxidation
states averaged over 20-nm bands.  Error bars represent two standard errors;
significance at the 95 % confidence level is indicated by a bar.
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Discussion

We confirm that far field THG is significantly enhanced when the focal volume

is bisected by an optical interface11, 13, 17-19 (Fig. 2.4).  We use this phenomenon to

investigate the nonlinear spectra of solutions over the wavelength range of 750 to

1000 nm by collecting THG from the interface of sample solutions and their glass

containers52, 54  (Fig. 2.2).  The susceptibility ratio of pure solutions, 
 
χ

solution
(3) (3ω ) χ

glass
(3)

(Eq. 16) is inferred from power dependent measurements of the THG from the

solution/glass and glass/air interfaces11, 52, 54.  This calculation requires sample

specific models of linear dispersion (Fig. 2.7B), which we generate and collate in

Appendix A.  We further derive the susceptibility ratios of hydrated solutes

 
χ

solute
(3) (3ω ) χ

glass
(3)  from THG measurements on solutions, by ‘subtracting’ the THG

due to the solvent from the total THG from the solution (Eqs. 15 and 21).  Miller’s rule

(Eq. 4) indicates that the nonlinear susceptibility,
 
χ

glass
(3) of the glass substrate is

approximately constant over the 750 to 1000 nm range of wavelengths, which

implies that spectral features in the susceptibility ratio 
 
χ

sample
(3) (3ω ) χ

glass
(3)  reflects

features in the susceptibility, χ(3)
sample(3ω), of the sample (Appendix B).

To evaluate the accuracy of our spectroscopic approach in pure solutions, we

compare our measured values of the nonlinear susceptibility ratio of de-ionized water

and benzene to measurements in the literature52, 54, 55, 66, 67 (Fig. 2.10).  Most

literature measurements are made relative to fused silica (SiO2), so an accurate

comparison with our results requires that we first scale our results by the ratio of the

susceptibility of our Duran glass to that of SiO2.  This scaling factor is achieved by
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applying Miller’s rule (Eq. 4) and indicates that the glass/SiO2 susceptibility ratio is

~ 1.17 (Appendix B).

The scaled values of 
 

χ
sample
(3) (3ω ) χ

SiO
2

(3)  for benzene and water found here

(Fig. 2.10) are in good correspondence with those measured at different wavelengths

and with different approaches.  Literature values are plotted with the measurements

made here and error bars are included whenever they are available.  Systematic

errors in our values are not accounted for in the figure (Tables 1 and 2).  The close

agreement among measurements made with pulse-widths ranging from 30 ns to

40 fs supports the understanding of THG as a purely electronic effect, not unduly

modulated by the nonlinear index of refraction or short time scale solvation

processes95-98.

The microspectroscopy approach52, 54, 99 adopted here relies on tightly focused

~ 100 fs pulse-width, ~ 1 nJ laser pulses to sample ~ 50 µm3 volumes of solution.  It

can be performed with exactly the same pulse shape100-102, energy, and duration

used in laser scanning nonlinear imaging.  Previous spectroscopic studies based on

the Maker fringe technique relied on softly focused 10 ns or longer, ~ 1 mJ laser

pulses to sample much larger volumes39, 53, 66, 103.  While the Maker fringe technique

yields third harmonic phase information, which is discarded in the present technique,

both approaches appear to have similar experimental errors.
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Figure 2.10.  Comparison of THG and linear absorption spectra with semi-empirical
rules, and linear absorption spectra.  The data from THG measurements made here
have been shifted by the ratio of Miller’s rules for Duran glass and SiO2 in order to
compare with values reported in the literature (this factor is ~ 1.17, Appendix B). An
arrow directs the reader to the right hand side vertical scale for linear absorption
measurements. (A) Benzene: The THG measurement at 1.06 µm used 13 ns pulses
and a maker-fringes technique66 while the 1.9 µm measurement used ~ 30 ns pulses
and a triple wedge technique53, 67.  Linear absorption measurements in benzene are
piecewise composed from measurements over wavelengths of 0.78 to 1.25 µm70 and
1.33 and 1.8 µm71.  Linear absorption values for the Duran glass are based on
transmission measurements and are corrected to account for reflection using the
Fresnel equations (Eq. 15).  (B) Water: the THG measurement at 780 nm used
100 fs pulses and a variant of the Maker-fringes approach16, those at 1.25 and
1.5 µm used 40 to 130 fs pulses and an experimental protocol similar to that used
here52, 54, while the measurement at 1.06 µm used 13 ns pulses and a Maker-fringes
technique66.  Linear absorption measurements are due to Segelstein69.

We also compare the various semi-empirical rules for calculating χ(3)(3ω)

values (Eqs. 4 to 6) with those found here and in the literature for the cases of

benzene and water (Fig. 2.10).  These formulations are not expected to perform well

in solutions or near resonance.  However Wang’s rule60 (Eq. 5) and to a lesser extent

Boling’s rule59, 62 (Eq. 6) predict the relatively flat spectrum of benzene (Fig. 2.10A),

which may indicate a broader utility for use with non-resonant solutions.



65

Nonlinear Spectra

Comparisons between linear and nonlinear spectra show common features

and demonstrate one-, two-, and three-photon resonances in THG spectra that

correspond with linear absorption features at the fundamental, second, and third

harmonic of the excitation beam as well as two-photon absorption resonances.  We

find evidence of a one-photon resonance in the χ(3)(3ω) spectra of water (Figs. 2.5A’

and 2.10B); a two-photon resonance in the χ(3)(3ω) of rhodamine B, Fura-2, and

hemoglobin (Figs. 2.6A’, 2.6B’ and 2.7’), a three-photon resonance in the χ(3)(3ω) of

BSA (Fig. 2.6C’), and no resonance in benzene (Fig. 2.5B). The two-photon

resonances in the rhodamine B and Fura-2 spectra are identified by comparison with

two-photon excited fluorescence cross-sections spectra (Figs. 2.6A’ and 2.6B’) and

confirm that THG may be used as a probe of two-photon excited states that are not

accessible with linear absorption measurements86.

The degree of modulation in χ(3)(3ω) associated with a resonant enhancement

varies dramatically between compounds.  For example, Fura-2 shows a greater than

20-fold increase in χ(3)(3ω) associated with 10- to 102-times increase in its two-

photon action σ(ω), while rhodamine B shows an ~ 3-fold increase in χ(3)(3ω)

associated with an ~102-fold increase in the σ(ω) (Fig. 2.6’). In part, these differences

follow from the variable contribution of non-resonant terms to the susceptibility

(Eq. 2) as the resonant modulation 
 
χresonant

(3) χnon-resonant
(3) (3ω )  is most appreciable for

compounds such as oxy-hemoglobin and Fura-2, where the non-resonant value is

relatively low.
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Potential application to Imaging

The ratio of THG powers, RTHG(ω), represents image luminosity as collected in

a THG microscope.  RTHG(ω) is not directly proportional to the nonlinear susceptibility

(Eq. 18), as a result resonance enhancements may appear as an increase or a

decrease in THG luminosity (Figs. 2.5A, 2.5A’ and 2.6).  Nonetheless RTHG(ω)

spectra can be used to distinguish different solutions.  We also find that at

physiological concentrations (~ 2 mM), hemoglobin solutions consisting of 98 % (v/v)

oxy-hemoglobin, 60 % (v/v) carboxy- and 40 % (v/v) oxy-hemoglobin (corresponding

with heavy smoke inhalation), or 90 % (v/v) deoxyhemoglobin show significant

differences in their RTHG(ω) spectra when averaged over 20-nm spectral bands

(Fig. 2.9).

Additional factors are needed to enhance the signal-to-noise ratio before THG

can be used to determine the oxidation state of hemoglobin in flowing red blood

cells. This appears to be the case, even though distinguishing oxiation states would

only require that differences in THG contrast be imaged and no corrections for index,

absorption, or reflections would be necessary. It is possibe that THG from red blood

cells may provide a higher contrast then the hemoglobin solution/glass interface92,

104, though such measurements would require a tight focus so as to minimize the

orientation effects of the cell.  It is also possible that successive single-power

measurements might be more useful for discriminating between oxidation states.

Acquisition of repeated measurements at the same power has the advantage

allowing rapid comparisons across cells while surrendering the potential to extract
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accurate absolute values for the third-order susceptibility.  Finally, simultaneous laser

trapping and THG spectroscopy may provide the acquisition time necessary to

distinguish between oxidation states in vivo.

The two-photon absorption resonance in the THG spectrum of hemoglobin

(Figs. 2.8A’, B’ and C’) does not lead to a significantly larger value for the nonlinear

susceptibility than the value found for BSA (Fig. 2.6C’).  This suggests that damage

induced under nonlinear excitation will not be preferentially driven in either

compound.  In capillaries with diameters on the order of a few confocal parameters,

hemoglobins two-photon resonace implies, that provided the fluorescent dye used to

label the plasma does not also have strong local spectral features, 820 nm is an

optimal wavelength for visualizing red blood cell shadows105, 106.  . Conversely

irradiating at 880 nm would  be best the best way to  minimize photodamage to

hemoglobin.

The large two-photon resonance in the rhodamine B and Fura-2 indicates that

common fluorescent dyes used for two-photon microscopy may have a latent

information channel available in THG.  In all cases the THG channel will

preferentially probe dyes in the vicinity of interfaces effectively creating a

complimentary contrast mechanism.
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Appendix A

Dispersion.  We discuss the derivation and application of the

phenomenological formulae used to calculate the refractive indices of silicone

dioxide, Duran 8340 glass, benzene, water, and solutions of Rhodamine B, Fura-2,

BSA, and Hemoglobin.

SiO2 and Duran Glass.  The dispersion of SiO2 is fit by a well known

formula107, while that for Duran 8340 glass is approximated by this dispersion

equation to fit reported index values in the visible range108.  We have:

(A1) nSiO2 or Duran(λ) = 
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where the common parameters are n1 = 0.897479, λ1 = 3145.816 nm,

n2 = 0.4079426, and λ2 = 340.9419 nm.  For  SiO2, n3 = 0.6961663 and

λ3 = 261.5422 nm,
 while for Duran glass, n4 = 0.7376285665 and

λ4 = 279.6276303 nm.

Benzene.  Significant differences in the value of ∆κ  arise when comparing

refractive index models for benzene constructed in the visible wavelength32, 87

(Fig. 2.2A).  Comparison of the model calculation with existing refractive index

measurements does not allow for a clear choice between models109.  We use the

average index of the two models.  The first is87
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(A2) nbenzene(λ) = 
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with n0 = 1.21501 and λ0  = 76.56803 nm, and the second is
32

(A3) nbenzene(λ) = 
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with n0 = 1.205, n1 = 0.501, and λ1 = 170 nm.

Water.  Models of the refractive index, n(ω) of water as in the case of

benzene, exhibit significant divergence at wavelengths in the ultraviolet part of the

spectrum32, 110.  Our choice of models89 is dictated by favorable comparison with

reported measurements across the full 250 to 750 nm range of wavelengths.  We

use110

(A4)

nwater(λ,S,T) = 
  

n
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+ n
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where S is salinity in parts per thousand, T is temperature in Celsius, λ is in

nanometers, and the parameter values are n0 = 1.31405, n1 = 1.779x10-4,

n2 = -1.05x10-6, n3 = 1.60x10-6, n4 = 2.02x10-6, n5 = 15.868, n6 = 1.155x10-2,

n7 = -4.23x10-2, n8 = 66.20, and n9 = 103.681.

Dye solutions.  The wavelength dependence of the index of the dye solutions

is approximated by scaling the dispersion curve of salt-water89 (Eq. A4) to match an

existing measurement111 of the concentration dependent index increment, dn(ω)/dc
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of rhodamine B solutions at a wavelength of 780 nm.  This gives an effective salinity

of 2 % (v/v) (S = 20) for 1 mM solutions of rhodamine B; the same index increment

was used for a 0.5 mM solution of Fura2.

BSA.  We use existing measurements of dn(ω)/dc at various wavelengths112-

114 (see Table 3) to construct a concentration dependent dispersion increment model

for BSA

(A5)

2

BSA 0.056

118

15000
- 162

dn ( )

dc
 

λ

λ
λ

λ 	 

� �

 �

+ + +=

where λ is in nanometers.

Table 2.3: Linear Dispersion Increment of Bovine Serum Albumin

Wavelength 436 nm 488 nm 546 nm 578 nm 1060 nm

dn(ω)/dc   [ml/g] 0.1924 0.12 0.1854 0.1901 0.181

Reference 114 113 114 112 113

Hemoglobin.  We estimate the dispersion of oxy-hemoglobin solutions with a

Taylor expansion of the Kramers-Kronig integral that relates the real and imaginary

components of the complex refractive index115 nc(ω)= n(ω) + i n’(ω).  The imaginary

component of the refractive index is related to the molar absorption coefficient

 
ε(ω ) by116

(A6) n’(ω) = ( )
( )

10
2

cln
ωε

ω
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where c is the speed of light and ω = 2πc/λ.  We approximate the local

dispersion features of oxy-hemoglobin by fitting the  
n'(ω ) absorption spectra in the

250 to 1000 nm wavelength range, with r Gaussians representing r absorption

bands, such that  n'(ω )  can be expressed as the sum

(A7) n’(ω) = 
  

A
r
e

−
(Ω

r
−ω )

2σ
r

2

2

r

�

where σr(ω) ≡ 
  
(Ω

r
− ω

1/2
) 2ln(2) , 

 
Ω

r
 is the resonance angular frequency,

 
ω

1/2  is the frequency at half of the peak height, and Ar is the maximum value of

 
n'(ω ) for the r’-th absorption band.  Variations in the index due to local absorption

bands can then be expressed as117

(A8) ∆n(ω) = 
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The results of this approach are then scaled and provided with a linear offset

to fit existing measurements of dn(ω)/dc in oxy-hemoglobin over the 450 to 800 nm

wavelength range80, 115, 118 (Table 4; Fig. 2.7B).

Table 2.4: Linear Dispersion Increment of Oxyhemoglobin

Wavelength 500 nm 650 nm 750 nm 800 nm

dn(ω)/dc     [ml/g] 0.198 0.1900 0.170±0.01 0.143±0.02

Reference 118 118 80 115
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Appendix B

Schott’s Duran 8340 glass, also designated as Corning 7740 Pyrex, is a

borosilicate glass (81 % SiO2, 13 % B2O3, and 4 % AlO3) with very similar optical

properties (nν = 1.474 and Abbe number of 65.7) to pure fused SiO2 (nν = 1.458 and

Abbe number of 67.8)108.  Boron is added primarily to reduce the melting

temperature and is not thought to change the nonlinear properties of the glass119.

Nonetheless, according to Miller’s rule (Eq. 4) the third-order susceptibility of the

Duran glass is 17.9 to 17.2 % larger than the value of χ(3)(3ω) for fused SiO2 over the

750 to 1000 nm wavelength range.  Measurements of χ(3)(3ω) in glasses of different

indices support the magnitude of this estimate119-121, although the difference in

χ(3)(3ω) values59, 61 may be as large as 100 %.  Miller’s rule also indicates that the

value of χ(3)(3ω) for either glass will smoothly decrease by about 10 % over the same

range of wavelengths.  This has been generally supported by measurements in

fused SiO2 and borosilicate glass at wavelengths ranging from 1.064 to 2.1 µm,

which show a less than 20 % change (with 7 to 15 % variation) in the value χ(3)(3ω)

for a given glass59, 65.
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Ultrafast Two Photon Absorption Spectroscopy:

 Hemoglobin and Xanthene dyes

Abstract

Two-photon absorption (TPA) spectroscopy was performed on solutions of

hemoglobin and xanthene dyes. We used a variant of the pump-probe technique

capable of reaching a fractional sensitivity of 3 x 10-6 to directly detect the change

in transmission induced by TPA, at selected wavelengths between 780 and

880 nm. Hemoglobin was found to have a TPA cross-section with a peak value of

σσσσTPA ~ 150 GM at 825 nm, near a Soret band related resonance. This confirms

theoretical claims that the highly conjugated cyclic structure of porphryns leads to

unusually large cross-sections. We also found a significant difference in the cross-

section of carboxy- versus oxy-hemoglobin; e.g., σσσσTPA = 61 GM versus

σσσσTPA = 18 GM, respectively, at 850 nm. Our measurements of the TPA cross-

sections for the dyes rhodamine 6G and B, i.e., σσσσTPA = 13.5 GM and σσσσTPA = 21 GM

respectively at 800 nm, are consistent with previously reported values. We also

report on TPA and fluorescence measurements on these dyes and fluorescein at

other wavelengths. We use a concentration scaling argument to compare these

values with previous fluorescence based TPA derivations.
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Introduction

Two-photon absorption (TPA) provides both a means to measure even

parity electronic transitions that cannot be studied with one-photon processes1 and,

with advent of nonlinear laser scanning microscopy, a basis for contrast in

biological imaging2. Interest in TPA is also motivated by applications in optical

power limiters3, photolithography4, photodynamic therapy5, and three-dimensional

optical data storage6. Two-photon excited fluorescence (TPEF) is the primary

means of investigating solution-phase TPA that is driven by ultrafast, i.e., ~ 100 fs,

duration laser pulses. These approaches require assumptions about the TPEF

fluorescent yield and are clearly limited to use with fluorescent materials. TPA in

non-fluorescent biomolecules is of interest theoretically and of importance to the

understanding of cellular photo-damage7, 8, targeted photo-disruption9,

photodynamic therapy10, 11, and contrast in quantitative nonlinear imaging of

biological samples12, 13. However TPEF studies make use of the spectral

separation between the excitation beam and fluorescence emission rendering them

far more accessible than direct measurements of TPA14.

In vivo TPEF laser scanning microscopy studies have imaged cortical blood

flow with fluorescently labeled blood plasma15, 16. Two-photon absorption by

hemoglobin is considered both a possible route for photo-damage and a potential

contrast mechanism to report blood oxygenation.  Two-photon absorption in

hemoglobin is also of theoretical relevance as calculations on porphyrins predict

that a number of the Soret band states have two-photon cross-sections that

exceed 100 GM17.
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Here, we performed nonlinear transmission measurements on hemoglobin in

solution at the physiologically relevant concentration of 2-mM, i.e., ~ 17-g/dL,

which corresponds to the average concentration in blood; the concentration in red

blood cells is about two-times higher.  We measured TPA in a 98 % (v/v) oxy-

hemoglobin (HbO2) solution and a mixed 60 % (v/v) carboxy- / oxy-hemoglobin

(HbCO) solution (nos. 300881R0 and 300879R0 respectively; Instrumentation

Laboratories).

 We also investigated TPA and TPEF in solutions of rhodamine 6G

(no. R4127-100G; Sigma-Aldrich) and rhodamine B chloride (no. R-6626; Sigma-

Aldrich) in methanol and solutions of fluorescein () in ethanol. These xanthene

dyes have been well studied and their TPEF spectra have been published over the

wavelength range of interest (see Appendix III.A & B.) There are also several

previously published nonlinear transmission measurements on rhodamine B and

6G which measure TPA directly and can serve as a basis of comparison for the

measurements made here.

Experimental

Pump-Probe Spectroscopy: The nonlinear optical properties of a sample

allow optical mixing to occur between two beams (the pump and the probe) that

are co-focussed on the sample. If the beams are frequency tagged (f1 and f2) and

overlapped in space and time, optical mixing at the sample will result in sum and

difference frequency modulations in the transmitted beams.
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We used a "double modulation" variant of pump probe spectroscopy similar

to that described by Frolov and Vardeny18 as a means to directly detect TPA in

solution phase material. This approach, which actually involves three modulation

frequencies in its implementation here, enhances the signal-to-noise ratio of

traditional pump-probe techniques by upconverting the optical signal to radio

frequencies (~0.62 MHz) where ~1/f laser noise is minimal. After the probe light is

collected with a photodiode, the signal is electronically downconverted to audio

frequencies (7.6 kHz) in order to enable the use of an audio frequency (AF) lock-in

amplifier which has a superior signal to noise than those operating at radio

frequencies.

  Apparatus: Our laser source was a variable wavelength Ti:Sapphire

oscillator (Mira 900-F with 10-W Verdi pump; Coherent Inc.) with a 76-MHz

repetition rate.  The laser beam was divided into a pump and a probe beam.  An

acoustic optical modulator (AOM) (no. 1205C-2; Isomet) was used to impose a

0.62-MHz modulation to the pump beam, a dual beam mechanical chopper

(no. 3501; New Focus) imparted an additional 3.2-kHz modulation to the pump and

a 4.5-kHz modulation to the probe beam (Fig 3.1.)  Auto-correlation of both beams

revealed a temporally Gaussian pulse profile.  The duration of the probe pulse was

~ 100 fs while that of the pump was stretched by dispersion in the AOM to ~ 200 fs.

The beams were co-focused (0.3 NA 10-X Neofluar; Zeiss) in the sample and

collected independently with a pair of reverse biased photodiodes (Det210;

Thorlabs).  After collection, the probe signal is down-converted electronically

(no. ZP3 Mixer; MiniCircuits) at 0.62 MHz and phase-sensitive detection

(no. SR530; Stanford Research Systems) is used to phase-lock to the (AF) sum-
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frequency signal at 7.6 kHz. This process sensitively detected modulations in the

probe beam that were caused by optical mixing with the pump beam.

Samples were mounted on a stage and could be translated along the optical

axis of the objective (Z-scanned). In all cases, our sample containers were micro-

cuvettes (no. 3520; Vitrocom) with flat, 200-µm thick glass (Duran type 8340) walls

and a 200-µm wide internal chamber. Room temperature was maintained at 21C.

Figure 3.1.  Double Modulation TPA and TPEF Spectroscope. BS = Beam Splitter;
C = dual channel Chopper; AOM= Acoustic Optical Modulator; Osc = Oscillator;
OD = neutral optical density filter wheel; PD = Photodiode; PMT = Photomultiplier
tube. The pump and probe beam lines are depicted in thick black. The delay line
(shown in grey) is used to adjust pump beam pulses to be coincident or lagging in
time relative to the probe beam pulses at the focus. The chopper and AOM are
used to frequency tag the probe and pump beams at f2, and both f1 and f3,
respectively. The pump power can be adjusted by a optical density filter wheel
(OD) and is monitored by a photodiode (PD) (see power section in grey). The
sample is mounted on a stage that can be Z-scanned through the focus. TPEF can
be collected via a long pass dichroic, an infrared blocking filter, and a PMT (see
fluorescence section in grey). Photodiodes collect both beams. Electronic lines are
depicted in thin grey with arrows indicating the direction of signal and frequency
markers where appropriate. The mixer downconverts the detected signal at the
AOM modulation frequency f3. The signal is then detected at the chopper sum
frequency f1 + f2. The linear spectrophotometer is a Carey 50. Unterminated
photodioces and PMT can also be routed through the mixer and the lock-in.
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Measurement of TPA: Typical TPA measurements were performed by

positioning the sample at the center of the focus and recording the difference in the

sum-frequency signal when the beams were temporally overlapped and when the

pump pulse lagged the probe in time by about ~10 ps, to generate a background

signal.  Differencing in this way controlled for background offset in the detection

scheme. The measurement was performed at various pump powers and the

resulting differential sum-frequency signal verses pump power data were fit with a

line. In our hands, this approach provided better sensitivity than using a dual

channel differential lock-in to continually difference the sum frequency signal

between two co-focused probe beams (collected independently with matched

photodiodes) where one beam was coincident in time with the pump and the other

temporally offset.

The sum-frequency signal represents multi-photon absorption events in

which at least one photon is absorbed from each of the pump and the probe

pulses.  The sum-frequency signal is proportional to TPA events provided that,

first, all of the transmitted probe light is collected to avoid systematic complications

that stem from the nonlinear index and, second, that the excitation power is limited

such that excited state absorption and higher-order nonlinearities are not

significantly recruited.  Under these conditions, the sum-frequency signal increases

linearly with the optical power in the pump beam (Fig. 3.2).
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Calibration: A thin plate of gallium phosphide (GaP) was used for absolute

calibration of the transmission change measured with the pump-probe technique.

The fractional intensity loss of the transmitted probe beam induced by mixing with

the pump beam, denoted ∆T/T, can be directly measured in GaP.  Measurements

of ∆T/T in GaP were typically in the range of 1.5 x 10-3 to 8 x 10-3 for a for focal

pump power, denoted Pref, in the range of  20 to 50 mW.  This allowed us to

equate the power dependent slope of the differenced sum-frequency signal from

GaP, denoted VGaP, to the absolute change in transmission of the probe beam,

∆T/TGaP, thereby providing absolute calibration.  The fractional intensity loss of

each sample at pump power Pref, denoted ∆T/Tsample, was then be determined by

taking the ratio of the measured power dependent slope of the sum-frequency

signal from the sample, denoted Vsample, to that of GaP, denoted VGaP, and then

multiplying by ∆T/TGaP, i.e., ∆T/Tsample = (Vsample/VGaP) x ∆T/TGaP.  In this manner we

routinely measured fractional sensitivities of ∆T/T ~ 5x10-6.

Figure 3.2.  A single-trial TPA measurement on rhodamine B (8.3-mM in methanol)
at 880 nm shows the linearity of the sum-frequency signal with the pump beam
power.  Control data was collected with the rhodamine sample placed in the beam
path but outside of the focal region. All experiments were performed at 21C.
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Analysis

Optical absorption proceeds according the relation

(1)
 

dI

dz   =   
α  I + β  I2 ,

where I is the incident intensity, z is the optical path length, α is the one

photon absorption coefficient and β is the two-photon absorption coefficient.  The

two–photon cross-section, denoted σσσσTPA, is proportional to the two-photon

absorption coefficient, i.e.,

(2) σσσσTPA  =  
� 

hω
N

 β
,

where �ω is the energy of the excitation photon and N is the number density

of scatterers.

 The two-photon cross-section is further related to the fractional change in

transmission ∆T/T of the probe induced by the pump, under the conditions of our

apparatus, by19

(3) σσσσTPA  =  
� 

hω
N

 
1+ η

2 η
 
A

L
 

1

Pref

 
∆T

T ,
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where η  � 0.69 is the ratio of the cross-sectional areas of the pump to the probe

beams, L is the axial length of the overlap of the co-focused beams, and A is an

effective cross-sectional area of the overlap volume of the beams at the focus. L

was estimated by collecting the TPEF profile of a fluorescent sample while Z-

scanning, thus at full width half maximum L ~ 94 µm (Appendix III.A.) The area A is

estimated in two ways. First, through the relation A = λοb/(2n), where λο is the

center wavelength of the pulse and b is the confocal parameter of a single beam;

the parameter b is also measured through TPEF Z-scanning while electronically

phase locking onto the beam of interest.  Second, the parameter A is estimated

through the relation A = (λο
2 / π)(1 - NA2

eff)/NA2
eff, where NAeff = NA x (beam

size) / (back aperture size) and NA is the stated numerical aperture of the air

objective.  The relations for A were evaluated by measuring the ratio of the beam

areas at the back aperture of the excitation objective with the area of the back

aperture.  We use the average of the two methods to find A/L ~ 5 ± 1 µm.

Theoretical Limit: It is of interest to compare the ratio of the experimental

σσσσTPA value with theoretical predictions. There is a particular interest in

understanding what molecular structures lead to large cross-sections20. For this

reason it has been suggested that the measured values σσσσTPA  be compared with

the maximum off-resonance TPA cross-section theoretically possible for the

measured molecule21, 22. This maximum value of σσσσTPA  is given by22:

(4) σσσσTPA_MAX = 

4
22

2 20 10 ef

52
20 10 10

N1 2
64.1E 2

E E3 E

n

n
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where n is the index of refraction of the solution, E is the incident photon energy in

eV, E10 and E20 are the energies (in eV) between the ground state and the first and

second excited states respectively, �10 and �20 are the associated excited state

linewidths, and Nef is the effective number of π bond electrons which are believed

to be the primary participants in nonlinear excitation. Nef = 
1/2

N
ii

� �
� �� �
  where Ni is the

number of electrons involved in double and triple bonds and the sum is over

'submolecules.' Submolecules are mutually exclusive electronic domains within a

molecule internally connected through conjugated bonds22.

In the case of hemoglobin the four heme centers are the optically active

sites. Each heme has a conjugated cycle consisting of 11 double bonds (22

electrons) and two side appendages each with one double bond (see Appendix

III.B), thus the effective number of π bond electrons at heme sites is Nef = (4x(222 +

2x22)).5 = 44.4. The relevant one-photon and two-photon excited state energies E10

and E20 are approximately 2.2eV and 3eV corresponding to absorption peaks at

578 nm and 418 nm. We estimate the line widths (the full width half maximum) of

the primary absorption peaks to be �10 = .08 and  �20 =.3 eV respectively. Over the

range of excitation wavelengths of interest the index of refraction of hemoglobin is

~1.356 (Appendix IIA.) These parameters and Eq. 4 provide a theoretical estimate

of the maximum TPA cross-section, σσσσTPA_MAX, that varies linearly from ~1260 to

1600 GM over the wavelength range of 880 to 780nm.
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Results and Conclusions

Rhodamine Dyes. Our measurements of the TPA cross-section in

rhodamine 6G and B at 800 nm, i.e., σσσσTPA = 13.4 GM and σσσσTPA = 21 GM

respectively, are in excellent correspondence with previous work23-25 at similar

concentrations (see Fig. 3.3). We measured TPA in R6G solutions at

concentrations ranging from 4- 30 mM and found little evidence that the TPA cross-

section was a function of concentration under these circumstances. Lower

concentrations could not be resolved.

Figure 3.3.  The TPA cross-sections (Eq. 3) of 8.3-mM solutions of rhodamine 6G
(panel A) and rhodamine B (panel B) in methanol are shown along with previously
measured values by Segupta et al. (10-mM)23, Tian and Warren (30-mM)24, and
Oulianov et al. (20 and 23-mM, respectively)25.  Error bars in our data only capture
random uncertainties.  In panel B, the curve represents two-photon enhanced THG
from a 1-mM aqueous solution of rhodamine B26. The THG curve has been
amplitude scaled.
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We also measured TPA in these dyes at other wavelengths between 780 nm

and 880 nm (Fig. 3.3, 3.5.) Third harmonic generation (THG) micro-spectroscopy

studies26 on an aqueous solution of rhodamine B demonstrates a TPA resonance

with a similar, though not exactly conforming, spectral profile to what we find here

(black line in figure 3.3B).  Naive comparisons with existing TPEF measurements

made with solutions of rhodamine, typically at concentrations of 100 µM or less,

are inappropriate in light of the complex concentration dependence of the optical

properties of these dyes27-29 (See Appendix III.A. for a detailed discussion of this

issue.)

Hemoglobin. For hemoglobin, the TPA spectra roughly tracks the linear

absorption at half the wavelength (Fig. 3.3), as might be expected for two-photon

absorption.  Hemoglobin has a spectral peak in TPA absorption at 825 nm, with

σσσσTPA = 150 GM.  The two-photon peak corresponds to a one-photon absorption

peak at ~420 nm (Figs. 3.3A and 3.3B), which is assigned to the Soret band.

The approximately 15 nm blue shift in the measured TPA peak compared to the

location expected from the position of the linear absorption peak at half the

wavelength is also detected in TPA resonance enhanced THG spectra of the same

solutions (gray curves in figures 3A and 3B)26.  Similar shifts in TPA peaks have

been observed in TPEF measurements of auto-fluorescent proteins30.
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Figure 3.4.  The TPA cross-sections (Eq. 3) of HbO2 (panel A) and HbCO (panel
B) are plotted (left-hand scale) along with the linear absorption coefficient (gray
lines, right hand scale) at twice the incident photon energy (upper wavelength
scale).  A statistically significant difference in the TPA cross-section of HbO2 and

HbCO is found at λ = 850 nm.  Systematic uncertainties are not included in the
error bars.  The dark lines represent amplitude scaled, TPA resonance enhanced
THG spectra of these same solutions26.  The THG curves have been amplitude
scaled.

The cross-section of hemoglobin is substantial, even off of resonance, e.g.,

σσσσTPA ~ 20 to 60 GM. As mentioned above it has been suggested that a fruitful

means of evaluating TPA efficiency in a molecule is by normalizing the measured

value of σσσσTPA  by the theoretical maximum value, σσσσTPA_MAX (Eq. 4.) This procedure

has been applied to several studies of over dozens of conjugated organic chains

where the value of σσσσTPA  has thus far always found to be less than 2% (.15% on

average) of the quantum mechanically allowed limit 22, 31. The off resonance ratio
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σσσσTPA /σσσσTPA_MAX of hemoglobin as measured and calculated here (with an ~50%

systematic uncertainty), varies between 2- 4% On resonance, at 825 nm, the

measured value of σσσσTPA is ~10% of the theoretical maximum. These results

suggest TPA conversion efficiency in heme, perhaps due to its cyclic structure, is

substantially greater than in conjugated organic chains.

Our data confirms theoretical expectations of large TPA cross-sections in

porphyrins as a result of Soret band states17. The TPA resonance appears less

prominent than its one-photon counterpart, a feature which is also noticed in the

third harmonic studies26.  The two ligand states HbO2 and HbCO have significantly

different TPA cross-sections near the edge of the resonance band that is centered

at 850 nm. This difference confirms the results of previous THG work that shows

that the nonlinear optical properties of hemoglobin may be used to distinguish

among oxidation states26.

The large TPA cross-section and relatively high concentration of hemoglobin

in red blood cells, ~ 4-mM, supports the contention that these cells may be good

candidates for nonlinear imaging and spectroscopy studies in vivo.  On resonance,

λ = 825 nm, and at the highest imaging powers, I ~ 5x1011 W/cm2, the energy

deposition in a red blood cell at the focus that results from TPA in hemoglobin

approaches that due to one photon absorption, i.e., β I / α ~ 1 (Eq. 1). This

suggests that under focussed high intensity illumination, TPA in hemoglobin may

provide a basis for imaging contrast that rivals that of linear processes.
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Appendix A

TPA Spectroscopy: Nonlinear Transmission vs TPEF

Introduction

The reported values of the TPA cross-section, σσσσTPA, of rhodamine B and 6G,

derived through ultrafast TPEF spectroscopy are substantially larger than those

values found through nonlinear transmission approaches23, 32. The σσσσTPA values

found here are in excellent agreement with single wavelength literature values

produced by nonlinear transmission (Fig. 3.3) thus they are not typically in good

agreement with TPEF derived values as reported (Fig. 3.5.) It has been variously

suggested that the difference in the values measured between techniques is either

due to the corruption of nonlinear transmission measurements by confounding

effects from other nonlinear processes25 or to incorrect assumptions regarding the

fluorescent quantum yield in TPEF based derivations14. In fact, substantial

differences in the reported σσσσTPA of rhodamine 6G and B are apparent even when

only comparing TPEF based measurements. The two most extensive ultrafast

TPEF studies of rhodamine B (RB) in this spectral range33, 34 report values for σσσσTPA

that differ on average by ~400 GM. (Fig. 3.5A.) Similarly, ultrafast TPEF

spectroscopy studies34, 35 on rhodamine 6G (R6G) have, on average, a large

difference, δσσσσTPA ~165 GM (Fig. 3.5B). TPEF studies of fluorescein, another

xanthene, are more consistent, with only the largest δσσσσTPA  values across four

studies33-36 exceeding 100 GM (Fig. 3.5C.) Resolving these apparently large
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discrepancies in measured values of σσσσTPA is important to quantitative TPEF

microscopy and nonlinear spectroscopy.

Figure. 3.5.  Ultrafast TPEF based TPA measurements and this work show similar
spectral profiles but significant differences in absolute values. A. TPEF studies on
rhodamine B in methanol by Fischer et al34 at .01-mM, Xu et al33 at .1-mM, and this
work at 8.3-mM. B. TPEF studies on rhodamine 6G by Fischer et al34 at .01-mM,
Albota et al35 at .11-mM, Kapoor et al32 at .031-mM, Oulianov et al at .04-mM and
this work at 8.3-mM. The solvent was methanol in all cases except Kapoor et al32

which used ethanol. C. TPEF studies on Fluorescein by Fischer et al34 at .01-mM,
Xu et al33 at .1-mM, Albota et al35 at .11-mM, Song et al36 at .001-mM and this work
at 10-mM. The solvent was buffered water (pH 11) in all cases except this work
used ethanol. Song et al36 used a dextran-fluorescein.



103

A consistent confound in comparing TPEF and TPA measurements on RB

and R6G across the literature is dye concentration (Fig 3.5.) Nonlinear

transmission studies depend on directly detecting the ~ 1/106 photons lost due to

TPA, thus these experiments tend to involve dye concentrations ranging from ~10-

30 mM (Fig. 3.3.) TPEF studies make use of the spectral separation between the

excitation beam and fluorescence emission and are thus typically applied to dye

concentrations ranging between ~.001-.1 mM (Fig 3.5.)

Concentration and temperature dependent changes in the linear absorption

spectrum of xanthenes was reported as early as the 1920's37. Renewed interest in

these effects accompanied the use of rhodamine dyes as a laser medium38, 39.

Proposed mechanisms for the influence of concentration on linear absorption and

one-photon induced fluorescence include dimerization38 and higher order

aggregation40 (trimerization41 etc), conformational states of the monomer42-45 and

dimer46, 47, interactions between these molecular states48, 49, and solvation effects

39, 42-46. Non-monotonic concentration dependence of TPA has been observed in

R6G using ~10ns long laser pulses to induced photoacoustic29 and thermal

lensing50 effects. Concentration dependence in the TPEF spectral features of RB

has been noticed in ultrafast TPEF spectroscopy28, and one set of investigators

has reported σσσσTPA as a function of concentration at 435 and 600 nm27.
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In this report we measure the concentration dependence of TPEF in these

molecules at several wavelengths. We show that concentration related quenching

can account for the bulk of the discrepancies in the reported values for σσσσTPA.

TPEF Measurement

8.3 mM solutions of R6G and RB in methanol and a 10 mM solution of

Fluorescein in ethanol were diluted by factors of 10, 100, and 1000. TPEF was

collected from these solutions at 800, 850, and 880 nm. TPEF was collected on the

transmission side of the beam path (see the fluorescence block in Fig. 3.1.) A long

pass dichroic reflected the TPEF through a colored glass infrared blocking filter

and onto a PMT. With the probe beam blocked the pump frequency modulation in

the PMT voltage served to report TPEF power.

The TPEF power, denoted PTPEF was measured as a function of incident

pump power, denoted P. Two parameter power law fits to the TPEF power

dependent data (Fig 3.6) confirmed its quadratic dependence on power, i.e. PTPEF =

εP2, typically to within 5% across wavelengths and samples. The quadratic fit

parameters, denoted ε, are related to the two-photon cross section, σσσσTPA in the

following way.

(5)    ε = kC φ σσσσTPA 

where k is a constant of proportionality that includes geometric factors, C is the

concentration of the fluorophore, and φ is the fluorescence quantum efficiency.

Both the quantum yield φ and the TPA cross-section σσσσTPA may demonstrate
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concentration dependence, for this reason and in order to avoid making

assumptions about φ  we introduce the TPEF cross-section:

(6)          σσσσTPEF = φ σσσσTPA =  =  =  = ε/(kC)

The ratio of the TPEF cross-sections measured at two different concentrations, ie.

σσσσTPEF(C1)/σσσσTPEF(C2)  =  =  =  = (ε( C1)C2)/(ε(C2)C1) is useful as a probe of the concentration

dependence of the quantum yield and TPA.

Figure. 3.6.  TPEF from a 8.3mM solution of rhodamine B at 850 nm. The close fit
to a quadratic demonstrates the anticipated power dependence. Pump Power is
measured at the back aperature of the focussing objective. All studies were
performed at 21 C.

Results

TPEF in xanthene dyes was found to vary with concentration over the

range of .008-10mM, confirming previous results. A plot of σσσσTPEF(C)/σσσσTPEF(CMax),

where CMax is 8.3 mM for the rhodamines and 10 mM for fluorescein shows that

over this range of concentrations, σσσσTPEF varies by over an order of magnitude (Fig.

3.7). These concentration effects tend to differ across wavelength and show some

indication that they may be non-monotonic with concentration which confirms and

extends previous findings27, 28 29, 50.
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Figure. 3.7.  TPEF Quenching: The TPEF cross-section ratio σσσσTPEF, measured in
the xanthene dyes, rhodamine 6G, rhodamine B, and fluorescein as a function of
concentration. The yields are normalized by the yield of the maximum
concentration measured, i.e. 8.3mM in methanol for the rhodamine dyes and
10mM in ethanol for fluorescein. Curves are two parameter exponential fits and are
intended only to guide the eye. At 800 and 850 nm the 8.3mM measurement on
rhodamine 6G is obscured by rhodamine B symbol.
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Concentration Scaling

 The TPEF cross-section ratio data shown in Fig 3.7 can be used to provide

a rough scaling between TPEF based literature measurements of σσσσTPA taken at

different concentrations, i.e σσσσTPA (C1) = [σσσσTPEF(C1)/σσσσTPEF(C2)] x σσσσTPA(C2). We scale

previous ultrafast TPEF spectroscopy studies of σσσσTPA  in RB and R6G to a

concentration of 8.3-mM, the same concentration as our TPA samples. For

example, the value of the two photon cross section, σσσσTPA ~440 GM, reported for a

.01-mM solution of RB at 800 nm by Fischer et al is multiplied by the TPEF ratio;

σσσσTPEF(8.3-mM) /σσσσTPEF(.001-mM) ~30 (Fig. 3.5A),  this results in an estimate of the

TPA cross-section, σσσσTPA  ~22 GM, at a concentration of 8.3-mM. In this case the

estimated value lies quite close to our measured value, σσσσTPA  ~20 GM. We extend

this concentration scaling to wavelengths other than 800, 850, and 880 nm and to

measurements made at concentrations intermediate to our measurements through

piece-wise linear approximation.

Rhodamine B. In RB, the average absolute difference in the cross-section

data of Fischer et al.34 data measured at ~.01-mM and that of Xu et al.33 measured

at ~.1-mM is ~500 GM (Fig 3.6A.) After both data sets are scaled to 8.3-mM their

average difference in absolute cross-section, denoted δσσσσTPA, is ~15 GM (Fig 3.6B.)

The average reduction in the relative magnitudes of the two measurements,

σσσσTPA(.01mM)/σσσσTPA(.1mM), due to scaling is a more modest 10%. The most dramatic

reductions in absolute and relative magnitudes due to scaling in RB is the

difference between literature values and the measurements made here. The

average absolute difference between the σσσσTPA  values measured here and that of
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Fischer et al.34 is reduced from ~500 GM to ~3 GM in the scaled data, while the

average ratio of the cross-sectional values measured by the two studies was

reduced from σσσσTPA (.01mM)/σσσσTPA (8.3mM) ~40 to ~1. Scaling the cross section

values of Xu et al.33 from .1mM to 8.3mM also reduced the average differences

with the σσσσTPA values measured here; in this case scaling reduced δσσσσTPA from ~83

GM to ~8 GM, and the average cross-section ratio σσσσTPA(.1mM)/σσσσTPA (8.3mM) from

~7 to ~1/3.

Figure. 3.8. Comparison of ultrafast TPEF based TPA measurements scaled to
8.3-mM shows improved correspondance between most studies. A. The
concentration scaled TPEF studies on rhodamine B in methanol by Fischer et al34

at .01-mM, Xu et al at .1-mM, are plotted along with this work at 8.3-mM. B. The
concentration scaled TPEF studies on rhodamine 6G by Fischer et al34 at .01-mM,
Albota et al35 at .11-mM, Kapoor et al32 at .031-mM, Oulianov et al at .04-mM
shown with this work at 8.3-mM. The solvent was methanol in all cases except
Kapoor et al32 which used ethanol.
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Rhodamine 6G. In R6G, the average absolute difference in the cross-

section data of Fischer et al.34 data measured at ~.01-mM and that of Albota et al.33

measured at .11-mM is ~200 GM (Fig 3.6A.) After both data sets are scaled to 8.3-

mM their average difference in absolute cross-section, denoted δσσσσTPA, is ~10 GM

(Fig 3.6B.) The average relative magnitudes of the two measurements,

σσσσTPA(.01mM)/σσσσTPA(.1mM), drops from ~6 to ~3.6. As with RB, the most dramatic

reductions in absolute and relative magnitudes due to scaling in R6G is the

difference between literature values and the measurements made here. The

average absolute difference between the σσσσTPA  values measured here and that of

Fischer et al.34 is reduced from ~210 GM to ~6 GM in the scaled data, while the

average ratio of the cross-sectional values measured by the two studies was

reduced from σσσσTPA (.01mM)/σσσσTPA (8.3mM) ~23 to ~1.7. Scaling the cross section

values of Albota et al.33 from .1mM to 8.3mM slightly reduced the average absolute

difference δσσσσTPA  from 14 GM to 9.5 GM, but the average cross-section ratio

σσσσTPA(.1mM)/σσσσTPA (8.3mM) actually increased from ~3 to ~6.6.

Fluorescein. Fluorescein in ethanol shows little or no quenching of TPEF

with concentrations from .01- 1mM, above 1mM the TPEF yield actually increases.

The TPEF measurements on fluorescein are also much closer in value across

studies and concentrations than are the rhodamines. They also stand in good

agreement with the measurements made here at 850 and 880nm. (Fig 3.5.) The

use of different renders it impossible to apply the concentration dependent TPEF

measurements here to the bulk of the literature.
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Conclusion

Significant differences exist in the reported values of the two photon cross-

section of the xanthene dyes rhodamine B, 6G, and Fluorescein. A clear resolution

of these differences is important to the development of quantitative TPEF

microscopy and spectroscopy.

We construct a crude empirically generated concentration scaling function

to facilitate comparisons between measurements on the two-photon cross-section,

σσσσTPA performed at different dye concentrations. We find that the disparity between

the values of the absolute TPA cross-section of rhodamine dyes found in previous

studies is largely an effect of concentration. In particular the σσσσTPA  values generated

through direct nonlinear transmission measurements and those generated by

TPEF are shown to be relatively consistent (typically within estimated errors) after

scaling the data to a common concentration. These results do not assist in the

identification of fluorescence quenching mechanisms but do demonstrate that

much of the previous inconsistency between cross-section measurements is a

material property and not due to experimental or methodological errors.
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Appendix B

Chemical Structures of Xanthene Dyes and Heme

Figure. 3.9. Chemical structures of xanthene dyes and heme51. A. Rhodamine B.
B. Rhodamine 6G C. Fluorescein D. Heme.
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