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1 INTRODUCTION  

The process of instantaneous two-photon absorption (2PA) was first predicted 
by Maria Goeppert-Mayer in 1931 [3], who theoretically considered quantum-
mechanical probability of a transition from ground electronic state to an excited 
electronic state via simultaneous absorption of two photons, where the transition 
energy equals the combined energy of the two photons. Her pioneering work 
provided an estimate of the peak 2PA cross section of a typical optical absorber, 
2PA = 10-50 cm4 s photon-1. This value is now broadly adopted as a convenient 
unit (GM) of the 2PA efficiency in organic chromophores as many common 
organic molecules have a 2PA cross-section in the range of 0.1-10 GM. 
Molecules specifically designed to be highly efficient two-photon absorbers can 
present considerably higher values, typically in the 103-105 GM range such as 
dendrimers[4] and squaraines [5]. In contrast to one-photon absorption (1PA), 
where the transition probability scales linearly with the photon flux (number of 
incident photons per unit area per unit time), the rate of 2PA increases as the 
square of the photon flux. Because 2PA is generally rather small, in order to 
achieve practical efficiency, i.e. a two-photon transition rate comparable to that 
of 1PA, one would need a high photon flux, on the order of 1030 photon cm-2 s-1. 
Regular photon-emitters such as incandescent lamps have relatively low 
irradiance. The capability to produce sufficiently high optical intensity became 
available only after the invention of the laser. For this reason, the first 
observation of 2PA was reported only in 1961 by W. Kaiser and C. G. Garret 
[6], who used a pulsed ruby laser to illuminate a crystal of CaF2 containing 
luminescent Eu2+ ions. This pioneering experiment also confirmed the so-called 
parity selection rule, according to which, in systems with inversion symmetry, 
two-photon transitions are allowed only between states of equal parity. This 
property is now widely used to investigate excited levels that are forbidden in 
one-photon absorption.  

Due to proliferation of high-intensity lasers, especially wavelength-tunable 
femtosecond lasers, which became broadly available about 25 years ago, the 
utility of 2PA has grown from a mere scientific curiosity into a thriving field of 
research and applications, covering as diverse areas as biological microscopy [7-
15], two-photon photodynamic therapy [16-24] and photonic materials 
processing e.g. three-dimensional (3D) ultrahigh density optical data storage 
[25-29], 3D microfabrication [34-39], optical power limiting [35-38].  

Driven by expanding uses of 2PA, many new molecular systems performing 
2PA with increasing efficiency were designed and tested [39-40]. However, 
quantitative characterization of the molecular 2PA and its dependence on the 
excitation laser wavelength is still posing practical issues. This is because 
accurate determination of 2PA requires precise knowledge of the photon flux, 
which is prone to considerable experimental uncertainty in pulsed laser. 
Consequently, the residual experimental errors in 2PA spectroscopy remain 



 
 

  

12 

large, often exceeding 20-50 %. There are also lingering discrepancies between 
results reported by different laboratories and/or using different measurement 
techniques. These problems are exacerbated in situations where the excitation 
photon wavelength needs to be varied in broad range of wavelengths, such as in 
the case of local electric field measurement [41-42]. A convenient solution, for 
at least some of these issues, consists in referencing the 2PA measurements with 
respect to so-called reference standards, where the 2PA spectra have been 
previously accurately characterized. Such “calibration” reduces the technical 
cost associated with often tedious laser characterization, thus reducing 
variability in the 2PA measurements and potentially opening up 2PA 
measurement abilities for labs with even simple laser equipment. The idea of 
two-photon standards emerged in 1996 [43] by Xu et al., then was resumed in 
2008 by Makarov et al. [44], who established absolute two-photon cross-section 
spectra for 15 different fluorescent systems with estimated accuracy of ~ 20% . 
However, this level of accuracy is often inadequate and our goal is to improve 
the 2PA standards in term of accuracy and choice of fluorophores, e.g. more 
stable in a larger concentration range. 

Improving the accuracy of two-photon standards will lead to better agreement 
between 2PA measurement results obtained from experiments performed under 
different conditions, as well as more effective calibration of fluorophores in 
multi-photon microscopy. Higher accuracy is perhaps most critical in the 
emerging field of quantitative 2PA spectroscopy, which has the potential of 
measuring the strength of intra- and intermolecular electric fields, by taking 
advantage of the relation between 2PA and the change of permanent electric 
dipole moment upon transition from the ground state to an excited states [42]. 
Furthermore, to verify different models that express 2PA in terms of molecular 
parameters, accurate quantitative measurements are a necessity. 

In this thesis, we aim to establish calibrated absolute reference standards for 
2PA with improved accuracy, better than 10%, by careful characterization of the 
photon flux that effectively excites the sample, estimate the number of 
molecules excited and the efficiency of the fluorescence detection. Once this is 
accomplished, one can measure the 2PA of any other chromophore by 
comparison with one suitable standard. The thesis follows almost the 
chronological order of the past 4 years of work. 

In section 2, we introduce the main concepts of 2PA. We will derive formulas 
that relate the 2PA cross-section of a chromophore to its molecular parameters. 
We highlight few practical advantages of 2PA and how they are used in the 
emerging applications of two-photon absorption. We will discuss what can be 
achieved in term of two-photon standards and which experimental methodology 
is the most suitable for our objectives. After the experimental methodology 
selection, we establish the theoretical bases of our experimental set-up and 
review the current state of the art of 2PA reference standards. 
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Section 3 summarizes our motivation and lays out the approach that we have 
taken in this project. 

In section 4, we present our set of 10 fluorescent standards, covering the 680 – 
1050 nm excitation range and with fluorescence in the visible region. We will 
describe our experimental set-up and the methodology for carrying-out an 
absolute two-photon experiment. We will explain how to optimize the 
experiments, in term of solution concentration, tracking the quadraticity of the 
2PA fluorescence signal, and how we treated the data to gain in precision.  We 
will point out how we post-confirmed our absolute cross-section spectra by 
cross-checking our data. 

In section 5 we analyze some of the measured 2PA in term of permanent dipole 
change and also, as an example of application of the standards, we determine the 
2PA cross-section spectrum of a fluorescent probe, which can replace guanine in 
DNA. 
  



 
 

  

14 

2 THEORETICAL CONSIDERATIONS 

2.1 Main concepts of one and multiphoton absorption 

From a microscopic point of view, an atom or a molecule can be excited through 
the absorption of light. In one-photon absorption (1PA), the photon energy, with 
frequency  (and wavelength ), matches the energy difference between the 
ground state and the excited state, 

 , (1) 

where h is the Plank’s constant, c is the velocity of light and E is the transition 
energy. 

The excitation may also occur by simultaneous absorption of multiple photons, 
whose energy adds up to the energy of the excited compound 

 ∑ , (2) 

For instance, in case of two-photon absorption (2PA): 

 . (3) 

In a degenerate case with a pure monochromatic source, the two photons have 
the exact same frequency , 

 2 . (4) 

Comparison between 1PA transition (blue arrow) and degenerate 2PA transition 
(two red arrows) from the ground state S0 to the first excited state S1 is shown in 
Figure 1. Note that here we assume that the molecule has no inversion 
symmetry, and thus the same state can be reached by 1PA and 2PA. 

  

Figure 1: Scheme of 1PA (blue vertical arrow) and 2PA (red vertical arrows) in an 
energetic description of a molecule. Grey lines correspond to vibrational levels 
associated with a pure electronic level (black line). Dashed line – virtual intermediate 
state. 
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The 2PA is a simultaneous or instantaneous event in the sense that there are 
no real intermediate energy levels that are populated in this process. This effect 
is to be distinguished from stepwise absorption, in which case there are real 
intermediate levels involved that are populated at some point in time. The 2PA 
takes place through a so-called virtual intermediate level [45], exact meaning of 
which will be elucidated later in this thesis. Since there is no real intermediate 
eigenstates involved, the law of energy conservation seems violated. However, 
Heisenberg’s principle states that uncertainty in the energy of the virtual state 
∆  can be very large during a very short time interval : ∆ , so that 
the law of energy conservation is relaxed during very short times. In fact, we 
may estimate the lifetime of the virtual state from the energy mismatch, ∆ , 
between the transition energy and the photon energy. For example, if the lowest 
transition energy is 3.1 eV, and the absorbed photon energy is 1.55 eV, with the 
corresponding wavelength 800 nm, then the energy mismatch is ∆ 1.55	  
corresponding to a virtual state lifetime 4 10 s, which is on the order 
of one wave oscillation period. During that short time, which is sometimes 
associated with the lifetime of the virtual state, a second photon can be absorbed 
to satisfy energy conservation. 

 

From a macroscopic point of view, the attenuation of a monochromatic light 
beam propagating through an absorbing medium can be described by a 
phenomenological expansion series, 

 Φ Φ Φ ⋯, (5) 

where Φ  is the photon flux through the sample (number of photons per unit area 
and time), z is the propagation distance in the medium, σ

nPA is the degenerated 

absorption of n photons cross section, and Ng is the population density in the 
ground state (number of molecules per unit of volume). 

 

Figure 2: Propagation of a collimated monochromatic beam through an absorbing 
solution in an optical cuvette. 
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The first term of the expansion series correspond to the 1PA process, the 
second term to the 2PA, the third term to the 3PA etc. 

In most cases, these different absorption processes occur at different 
wavelengths, which mean that, for the photon flux, each term of the expansion 
series can be treated separately. The first term gives the equation: 

 Φ , (6) 

and leads to the well-known Beer-Lambert’s law of linear extinction 

 Φ Φ , (7) 

where Φ  is the incoming collimated photon flux, i.e. before the beam enters the 
absorbing solution as shown in Figure 2. The 1PA cross-section characterizes 
the molecule’s ability to absorb one photon, with angular frequency  at a time 
and is related to the so called molecular extinction coefficient 1PA through 

 10 , (8) 

where Na is the Avogadro constant. For example, typical organic fluorophores 
such as a coumarin or a rhodamine dye possess peak extinction coefficient 
values, 1PA ~ 10,000 cm-1 M-1 and ~100,000 cm-1 M-1, respectively, which 
translates into corresponding peak absorption cross sections of, 1PA=10-20 cm2 
and 10-19 cm2.  

The second term in (5) leads to the equation: 

 Φ . (9) 

The 2PA cross-section is expressed in cm4 s photon-1 and is rather small so the 
value are usually presented in GM unit, where 1 GM = 10-50 cm4 s photon-1. For 
instance, coumarin dyes typically present maximum value for 2PA cross-section 
on the order of, 2PA ~ 10 GM, while 2PA maximum in rhodamines may be an 
order of magnitude larger, 2PA ~ 100 GM. Some specially designed 2-photon 
enhanced chromophores such as squaraines [5], conjugated dendrimers [4] and 
some tetrapyrroles [46] may reach 2PA ~ 103 - 105 GM. But even so, to achieve 
a 2PA transition probability that is comparable to that of 1PA transition 
probability, one needs a very high photon flux 

 0 1PA/2PA 1028 - 1030 photon cm-2 s-1
. (10) 

Currently, the most practical way to reach such high photon flux values is by 
using mode-locked lasers producing ultrashort pulses. For example, consider a 
femtosecond mode-locked Ti:Sapphire laser operating at 800 nm wavelength 
that has pulse duration 100 fs, and pulse repetition rate of 100 MHz. If the beam 
is focused to a nearly diffraction-limited spot of 1 m in diameter, then average 
power of 10 mW will produce photon flux on the order of 1027 photon cm-2 s-1, 
which roughly corresponds to the excitation parameters  typically used in two-
photon microscopes [7, 15]. 
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Solution of Equation (9) gives the following expression for the photon flux as 
a function of the propagation distance z 

 Φ . (11) 

Because beam attenuation caused by 2PA is usually quite small, Equation (11) 
can be in turn expanded in a series as: 

 Φ Φ Φ . (12) 

Another alternative way to describe 2PA strength used in literature is in terms 
of so-called the 2PA coefficient  which is related to our definition of the 
absorption cross section as 

 , (13) 

2.2 Relation between absorption cross-section and molecular dipole 
moments 

2.2.1  Semi-classical approach 

Here we are going to derive relations that express the absorption cross-section in 
terms of microscopic parameters, such as molecular transition frequencies and 
molecular dipole moments. We will be using semi-classical theory of light-
matter interaction, where the medium is composed of atoms or molecules, which 
is described by the theory of quantum mechanics, while the light is described by 
the classical Maxwell theory.  This approach is commonly applied to a variety of 
non-linear optical phenomena, and is also used in this thesis to describe the 
properties of 2PA transitions in organic chromophores.  

Let H  represent the stationary Hamiltonian operator of the unperturbed, 
isolated molecule. Stationary energy eigenfunctions , satisfy the equation,  

 H , (14) 

where, , is the nth eigenstate energy and 	 s the corresponding 
angular frequency. Functions  form a complete set of orthonormal 
solutions. 

For the type of organic chromophores considered here, the by far largest 
contribution to the interaction energy between light and the absorber stems from 
the electric component of the oscillating field and the electric dipole of the 
chromophore. All higher-order interaction terms, such as electric quadrupole and 
magnetic dipole are much smaller in value, and will be neglected. For simplicity, 
we consider a monochromatic plane-polarized wave, propagating in positive z-
axis direction. The amplitude of the electric field is: 

 cos kz ω , (15) 
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where k is the propagation constant,  is the unit polarization vector ( ∙ 1), 
is angular frequency and E the amplitude. For a planar wave in a non-
magnetic medium, the electric polarization vector  and magnetic polarization 
vector  are mutually perpendicular, and are also perpendicular with respect to 
the propagation vector: 

 cos kz ω  and . (16) 

The amplitude of the magnetic component is related to that of the amplitude of 
the electric field by 

	
, where 

	
 is the phase velocity of light in the 

medium of refractive index . A momentary snapshot of the wave, presenting 
spatial dependence of both E and B, is shown in Figure 3.  

  

Figure 3: Schematic of a vertically linearly polarized electromagnetic wave propagating 
in free space in the  direction, at a time t. The evolution of the electric field  with the 

propagating distance is represented in green and evolution of the magnetic field  is in 
blue. 

The energy flux carried by a monochromatic beam is given by Poynting vector: 

 ⋀ cos kz ω , (17) 

where the vacuum permeability μ0 = 4π × 10-7 kg m A-2 s-2. 

The irradiance or power per unit area (sometimes called illumination intensity) I 
is given by the absolute value of Poynting vector, averaged over at least one 
oscillation period 

 〈 〉 . (18) 

Therefore, in SI unit, the photon flux corresponding to a monochromatic linearly 
polarized plane wave of angular frequency  and amplitude E is 

 Φ
	

, (19) 
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where  is the vacuum permittivity (linked with vacuum permeability through 
the relation μ0 c2 = 1). 

A chromophore positioned at z = 0, in an external electromagnetic field  is 
described by the following Hamiltonian H: 

 H H V , (20) 

where V  is the interaction energy between the atom and the applied 
electromagnetic field, 

 V ∙ , (21) 

where  is the electric dipole moment of the molecule. The absolute value of the 
interaction energy is in most cases very small compared to the unperturbed 
energy, and may be thus considered as a small perturbation of H . 

In the time-dependent perturbation calculation, we will assume that the 
electric field is switched on at time t = 0, and vanished at t < 0. The perturbed 
wavefunction, Ψ , , must satisfy the time-dependent Schrödinger equation 

 

 HΨ , H V Ψ , Ψ , . (22) 

To solve this equation, we represent  as a linear superposition of unperturbed 
eigenfunctions 

 Ψ , ∑ , (23) 

where  is the probability amplitude of finding the molecule at the nth 
energy level at the time t. When multiplied from left with ∗ (i.e. complex 
conjugate of ) and integrated over r-coordinate, Equation (21) leads to a 
system of coupled differential equations for the determination of the time-
dependent coefficients  (n = 1, 2, 3, …k,…): 

 

  
2

∙ e  

 
….. 

 

2
∙ 	  

 
… 

(24) 

where  is the dipole moment matrix element between kth and nth level, 

 | | ∭ ∗ ∙ ∙ . (25) 
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If, as we have already assumed, the perturbation alters the probability 
amplitudes only by a very small amount, then the coefficients  can be 
represented as a series in powers of the interaction energy: 

 …,  (26) 

where the first term corresponds to the 0-th approximation, 2nd term corresponds 
to 1st approximation etc. Initially, i.e. at t < 0, the molecule is considered to be in 
the lowest-energy (ground) state that we will recognize with the subscript g,  

 1 ; …; 0 ; … (27) 

The perturbation is small, such that 1 and	 ≪ . Then we may 
assume that every higher order term in the series (26) is much smaller than the 
preceding lower order term.  

2.2.2  1PA probability, transition dipole moment and oscillator strength 

The second term in the Equation (25) corresponds to the first order of 
approximation, and gives the probability that, at time t > 0, the molecule can be 
found in the state f: 

 ∙ , (28) 

where . 

The solution of this differential equation, with the initial condition 0 0 
for  leads to 

 ∙ , (29) 

If the transition occurs from a lower-energy state to a higher-energy state, i.e. 
fg > 0, then for positive frequency, > 0, the first term in the bracket becomes 
resonant and predominates when, ~ fg. This situation corresponds to the one-
photon absorption. The second term, which would predominate if fg < 0, i.e. 
transition from higher-energy initial state to a lower-energy final state, 
corresponds to stimulated one-photon emission. Stimulated emission is not 
relevant to the experiments described in this thesis, so in what follows, we retain 
the first term in Equation (29) and will discard the second term [52]. The 
corresponding probability of finding the system in the excited state, at a time 
t>0, is given by 

 → ∙ . (30) 
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In the limit, where t tends to infinity, the function enclosed in square brackets 
becomes very narrow, with a high peak value, and may be represented by a 
Dirac delta function, 2 . Thus, for large t, the probability of finding 
the molecule in the excited state becomes: 

 
→ → ∙ . (31) 

This relation, known as Fermi’s Golden Rule, satisfies energy conservation 
between photon frequency and the energy change of the system, .  
However, in practical spectroscopy, where transitions occur not only between 
well-defined electronic states, but may involve a large number of other degrees 
of freedom, such as vibrations, rotations etc, organic chromophores often exhibit 
rather broad-band absorption spectra, which are difficult to reconcile with the 
Dirac -delta function presented in Equation (31). To accommodate the 
inevitable line-broadening, we replace the -function with a normalized 
continuous distribution. For instance, an absorption transition of organic 
chromophores often exhibits Gaussian-like bands, and in this case 

 ω
	

	∆
∆ , (32) 

where ∆  is the full width at half maximum (FWHM) of the distribution 
centered at frequency . The normalization condition reads, 

 1. (33) 

The appropriately amended Equation (31) becomes 

 → ∙ . (34) 

The rate of transition, → , is defined as the fraction of molecules that 
are excited to the final state during unit time. The transition rate corresponding 
to probability (34) is expressed as 

 → ∙ . (35) 

In order to evaluate the absorption cross section, we consider again a beam 
propagating through the sample, as shown in Figure 2. The number of photons 
absorbed in a thin layer of thickness z per unit area and per unit time is  

 ∆Φ Φ ∆  . (36) 

On the other hand, since each absorbed photon produces one excited molecule, 

 ∆Φ ∆ → ∆ ∙ , (37) 

Combining (35) and (36), and taking into account the definition of photon flux 
(18), leads to the expression of the 1PA cross-section in SI unit 

 ∙ . (38) 
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So far we have assumed that the transition dipole moment vector is oriented 
in the same direction for all chromophores contained in the sample. In reality, 
the orientations of solvated molecules is random, and in liquid phase, also 
constantly changing. To take this random orientation into account, the scalar 
product in Equation (38) needs to be averaged over all possible orientations of 

vector with respect to the excitation polarization. The isotropic averaging 
gives 

 
〈 ∙ 〉 ∙ , 

〈 ∙ 	 〉 , 
(39) 

where andare the Euler angles defined in the following Figure 4. 

 

Figure 4: Direction of the electric polarization  and the transition dipole moment  
in the laboratory reference, where X, Y, and Z are the frame axes. andare the 
Euler angles that relate the dipole moment direction. A rotational average integrates 
over the full ranges of andto account for the range of molecule orientations in a 
bulk sample. 

Therefore, for randomly-oriented chromophores, the one-photon absorption 
cross section is given by the expression  

 . (40) 

The transition dipole moment, which is a measure of the transition strength, may 
be obtained by integrating the 1PA cross-section over the transition line shape: 

 . (41) 

This formula can be also rewritten in term of extinction coefficient thanks to 
Equation (8), 
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 . (42) 

2.2.3  2PA probability and permanent dipole moment 

Once the expression for the 1st order term, , is known, we insert it into the 
equation for the second-order term. The second order probability amplitude of 
finding the systems in the final state f if, at t = 0, the system is the state g arises 
from the equation: 

 

∑ ∙ 	 , 

∑
∙ ∙

, 

(43) 

where  and . 

Here the state m plays the role of an intermediate state, which system may or 
may not populate on its way from g to f. Because we are looking only for 
instantaneous transition from a lower-energy state g to a higher-energy state f, 
and disregard transitions related to stimulated emission, we keep in the right-
hand side of the Equation (43) only the term corresponding to 2PA, 

∑
∙ ∙

. (44) 

Integrating over time, gives the following solution 

 ∑
∙ ∙

. (45) 

The probability →  of finding the molecule at the final level f is 

→ ∑
∙ ∙

. (46) 

The function enclosed on brackets has a sharp maximum if 	2 . 
Again, as in the case of 1-photon transition discussed above, in the limit of long 
observation time, the sharply peaked function turns into Dirac -function, 
reflecting the law of conservation of energy: 

→ → ∑
∙ ∙

2 . (47) 
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This Equation (47) shows that in the second-order transition, the molecule gains 
energy equal to 2 , which corresponds to the absorption of two photons of 
identical energy. If we now assume that the energy of a single photon is far 
detuned from resonances due to any of the states m, | |, then one-
photon transition, if we choose to talk about such process under current 
circumstances, may occur only over a very short time interval, ~-1, and is, 
therefore, of vanishing significance. Nevertheless, the probability (47) contains a 
sum over all such potential intermediate (one-photon absorbing) states, which 
amounts to what is called virtual intermediate level, shown as horizontal dashed 
line in Figure 1. We underline that the virtual energy level is a mathematical 
construct only, and does not correspond to any real eigenstate energy of the 
system.    

As previously mentioned, absorbers with line-broadened absorption profiles 
cannot be fitted with a Dirac-delta function, so we shall use again the normalized 
line shape function in the Equation (47) 

→ ∑
∙ ∙

2 , (48) 

where the normalization condition reads 

 2 1, (49) 

The corresponding transition rate is 

→ ∑
∙ ∙

2 . (50) 

From Figure 2, the number of photons absorbed in a thin layer of thickness z 
per unit area and per unit time is  

 ∆Φ Φ ∆  . (51) 

Since two photons absorbed produce one excited state, then there are 
∆

  

molecules excited, 

  
∆Φ

∆
→

2  . (52) 

Combining Equations (50), (51), (52) and using the definition of photon flux 
(18) leads to the expression of the 2PA cross-section: 

2 2 〈 ∑
∙ ∙

〉 2 , (53) 

where  is the fine-structure constant and  is the electron charge. This 

last expression is in SI unit, the conversion with GM unit follows the rule 1 GM 
= 10-50 cm4 s photon-1. The isotropic average considers all possible orientations 
of transition dipole moment with respect to the excitation polarization in the 
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volume investigated and will be evaluated for a few practical cases considered 
below. 

2.2.4  Parity selection rule for one- and two-photon transition 

If a molecule is centrosymmetric, i.e. if its structure displays inversion center, 
then its electronic states can be classified according to parity as g (gerade) or u 
(ungerade). Spectroscopic selection rule called Laporte rule specifies that 
allowed one-photon transitions in such molecules must involve a change in 
parity, either g → u or u → g. Consequently, if a molecule is centrosymmetric, 
then linear absorption spectrum is dominated by parity-changing transitions, 
whereas those between same parity states are forbidden. The symmetry notation 
u and g refers to the operation of inversion, which requires starting at an 
arbitrary point in the molecule, travelling straight through the center, and then 
continuing outwards an equal distance from the center. This operation of 
inversion is represented by an arrow in Figure 5 depicting simple molecular 
orbitals. The orbital is designated g (for gerade or even) if the phase is the same, 
and u (for ungerade, uneven) if the phase changes sign in an inversion operation. 

 

Figure 5: Simplest molecular orbitals (named 1and 1) for a diatomic molecule where 
positive phase of the orbital is colored in blue, whereas magenta color stands for a 
negative phase.  

2.2.4.1 Laporte rule for one-photon transitions 

Mathematically speaking, Laporte rule originates from transformation properties 
of the transition matrix elements of the form 

 〈 | ∙ | 〉, (54) 

where i and j are two arbitrary states. Since the dipole moment operator is odd 
upon inversion of all three Cartesian coordinates, the value of the matrix element 
must vanish if i and j are of the same parity. By extension, matrix elements 
describing permanent electric dipole moment 〈 | ∙ | 〉, vanish for all states that 
have definite parity. 
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In the context of organic chromophores, if they possess inversion symmetry, 
then purely electronic transitions between opposite parity states have dominant 
electronic transition dipole moments and large extinction coefficient, whereas 
those between same parity states are weak or unobservable. Also, organic 
molecules with centrosymmetric structure cannot have permanent electric dipole 
moments. However, forbidden transitions can become allowed if the center of 
symmetry is disrupted, i.e. if the inversion symmetry is broken. In such cases, 
nominally forbidden transitions, including permanent dipoles, gain in strength, 
often in proportion to the degree by which the symmetry is broken. Disruption of 
the center of inversion symmetry occurs for various reasons, and serves as an 
important spectroscopic indicator of molecular environment. 

2.2.4.2 Parity selection rule for two-photon transitions  

The sum in the expression for the 2PA cross-section can be re-written in terms 
of transition matrix elements 

 
〈 | ∙ | 〉〈 | ∙ | 〉

. (55) 

Let us assume that all involved eigenstates possess either g or u parity. It is 
then easy to observe that if the initial state and final state are of different parity, 
then the whole sum vanishes. Indeed, for the →  transition matrix element to 
be different from zero, m must be of opposite parity with respect to g. But then, 
m and f must be of the same parity, which means that the product of the two 
matrix elements in the numerator vanishes. This leads directly to extension of 
Laporte parity rule to two-photon transitions, stating that allowed two-photon 
transitions occur in systems with inversion symmetry only between states with 
the same parity. 

Thus, in molecules with an inversion center, transitions that are one-photon 
allowed are two-photon forbidden and vice-versa – two-photon allowed 
transitions should be forbidden in one-photon absorption. This is so-called 
alternative parity selection rule, and it can be extended to include any higher-
order multi-photon transitions as well.  

2.3 Sum-over-states (SOS) versus few-essential-states (FES) model 

Equation (53) represents a sum-over-states (SOS) consisting of infinite number 
of terms, which includes values of transition dipole moments, their interferences 
and transition frequencies for all excited electronic states. It requires calculating 
both ground and excited-states eigenfunction and the transition dipole moments 
between them. Various quantum computational methods aim to calculate the 
2PA cross-section from Equation (53). In practice, only a small fraction of the 
information required in SOS is available from experiments; higher energy states 
are particularly difficult to fully characterize. Although the two-photon cross-
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section consists of contributions from all eigenstates, in many practical 
situations, 2PA spectra description are reasonably well described by considering 
only few lowest energy states. Resort to the few essential states models provide 
useful clues for structural optimization in the chromophore design for particular 
applications. 

2.3.1  Dipolar contribution to SOS  

To gain better insight into the inner workings of the 2PA cross section, let us 
note that the sum in SOS expression includes all states, i.e. counting also the 
initial and final states. Let us re-write the sum in way that separates out the terms 
corresponding to the matrix elements  and : 

 

2 2 〈
∙ ∙ ∙ ∙

∑
∙ ∙

, 〉 2 . 
(56) 

The first two terms, containing to the permanent dipole moments of the 
initial- and final states, can be further combined into one term if we assume that 

for the lowest energy transition ≅ : 
∙ ∙ ∙ ∙

≅
∙ ∆ ∙

, (57) 

where ∆  is the change of the permanent electric dipole moment 
upon transition between g and f. In the context of centrosymmetric 
chromophores, where permanent dipole moments all vanish, this contribution 
has no consequence. However, in systems with no inversion symmetry, and, 
especially in those chromophores with inherently large permanent dipole 
moments (so-called dipolar chromophores), the above dipole term can have a 
strong or even dominant contribution to the 2PA cross-section [54]. 

2.3.2  Origin of permanent electric dipole moment in organic chromophores 

An electric dipole moment is a measure of the separation of positive and 
negative electrical charges within a system. In molecules, it originates from the 
electron density distribution regarding to the nuclei, which is manifested as a 
separation between the centers of positive and negative charges. With Coumarin 
153 (C153) as an example, Figure 6 shows the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), where one 
electron occupying that orbital is likely to be found. It is possible to see 
displacement of the electron probability density from the central aromatic ring in 
HOMO to the left ring with the trifluoromethyl group in LUMO, which means 
that upon excitation of one electron, the electron probability density changes 
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along the axis of the molecule and, as a consequence, the dipole moment 
changes from ground to the excited state. 

This change of the dipole moment upon electronic excitation has often a large 
influence on solvation dynamics, especially in polar solvents, which is largely 
governed by the interactions of solute and solvent dipole moments. Hence, 
understanding how the molecular dipole moments behave in the ground and 
excited states is critical for optimizing solvent-dependent properties of materials, 
including absorption and fluorescence spectra as well photo-initiated charge 
separation [1]. Also, the conformations of flexible biomolecules like peptides 
depend on the relative orientations of the backbone dipole moments, the α-helix 
being the consequence of aligned microscopic dipole moments of the peptide 
bonds [56]. The conformations might be subjected to geometry changes upon the 
changed dipole-dipole interactions between the different moieties after 
electronic excitation.  

  

Figure 6: Comparing the molecular orbitals HOMO and LUMO for C153, calculated 
with by DFT B3LYP/6-31G(d). Form A. Leniak, Polish Academy of Sciences, Warsaw, 
Poland [102]. 

The values of molecular dipole moments are usually expressed in Debye 
units, where 1 D = 3.33564 × 10-30 C m. The permanent dipole moments of 
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organic chromophores generally lie between 0 and 30 D. 1 D roughly 
corresponds to the value of the product of elementary charge e with a typical 
charge separation of about 10-8 cm. There are various techniques of determining 
molecular dipole moment like solvatochromism of absorption and fluorescent 
bands [56] and vibrational Stark spectroscopy [101] to name a few. It is natural 
that each of the methods possesses its advantages and disadvantages.  

Solvatochromism is caused by differential solvation of the ground and first 
excited state chromophore. If the chromophore is more stabilized in the ground 
state than in the excited state with increasing solvent polarity, a blue shift in the 
absorption and fluorescence spectra will result; whereas larger stabilization in 
the first excited state relative to that in the ground state, with increasing polarity, 
will lead to a red shift. The Lippert-Mataga equation describes the Stoke shift, 
between absorption peak A and emission peak em, in terms of change in dipole 
moment, based on the Onsager model for solvation, where the point dipole is in 
a spherical cavity cut from a dielectric medium. Unfortunately, this method is 
approximate and contains many assumptions. The fluorophore is supposed to 
have no specific interaction with the solvent, ignoring hence hydrogen bonding 
or charge transfer interaction to name a few. The polarizability of the 
fluorophore is also ignored and the ground and excited state dipole moments are 
assumed to point in the same direction. Finally, no clear prescription for the 
selection of the cavity radius a can be found in the literature. Therefore the 
solvatochromism method is valid only for a limited range of rigid systems [1], 
whereas larger non-spherical chromophores would need more complex 
expressions that describe the chromophore shape in adequate detail. 

Stark spectroscopy measures the changes of an isolated absorption band of a 
frozen sample (i.e. immobilized) in the presence of an externally applied electric 
field, due to the dependence of ground and excited energy levels and transition 
dipoles on the local electric field  [101] 

∆ ≅ ∆ ∙ ∆ ∙ , (58) 

where ∆  is the change of molecular polarizability from ground to excited 
state, where the polarizability  refers to the redistribution of a molecule’s 
electron density due to an electric field. In the first order, the shift of the 
transition angular frequency ∆  is proportional to the dipole moment change 
and the local electric field . Usually, this shift is much smaller than the 
bandwidth of the broad absorption bands. The extinction coefficient spectrum is 
affected by the presence of the external field and the dipole moment difference is 
then extracted from the decomposition of the derivative extinction coefficient 
spectrum [101]. Stark spectroscopy requires cooling of the samples to cryogenic 
temperatures in order to achieve narrow line shapes, thus limiting its versatility. 
The multi-parameter fitting of the extinction coefficient change, required in 
Stark spectroscopy, can be delicate. Finally, to our knowledge, no method has 
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been developed to determine the exact magnitude of the local electric field 
strength acting on by the molecule. 

Table 1: Literature values of the dipole moments of Coumarin 153 determined by 
different methods [49]. 

Reference Methodology fg 
(D)

Rechthaler et al. 
Solvatochromic shift 

for a cavity radius 4.76 Å 
 

6.5 

Maroncelli et al. 
Solvatochromic shift  

for a cavity radius 3.9 Å 
for a cavity radius 5.85 Å 

 
4.1 
7.5 

Peteanu et al. 
Stark effect  in toluene 
Stark effect in MeTHF 

5.8 
7.0 

As an example, Table 1 lists the determined change in dipole moment for 
Coumarin 153, reported in the literature and obtained using different techniques. 
The change in permanent dipole moment (fg), obtained by solvatochromism 
shift, varies from 4.1 to 7.5 D depending on the cavity radius used in the 
solvatochromism method. Values obtained by Stark spectroscopy are in the 6.0 – 
7.0 D range, depending on the solvent. 

2.3.3  FES model 

The SOS summarizes the contributions of transitions between all possible states. 
A quantitative description of the experimentally measured 2PA cross sections 
and 2PA spectra may be achieved by truncation of the SOS expression on the 
assumption that only a few excitation paths actually contribute the most. Under 
such assumption, the 2PA cross sections of the low-energy excited states may be 
described to be due to transitions from the ground state g directly to the final 
state f without interaction with any intermediate energy states (two level model), 
as shown in Figure 7 (a). The two-level model showing a 2PA resonance 
requires a permanent dipole moment difference between the ground and the first 
excited state. This model fails however, to describe centrosymmetrical 
molecules since they possess negligible permanent dipole moments. Including 
an intermediate state i, as shown in Figure 7 (b) is necessary to describe the 2PA 
behavior of a centrosymmetric chromophore. 
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Figure 7: Basic versions of few-essential energy levels model. a) Two-level model for 
non-centrosymmetric chromophore with non-zero permanent dipole moment difference. 
b) Three-level model for centrosymmetric chromophore with a zero permanent dipole 
moment difference. 

2.3.3.1 Two level model of 2PA 

According to the two-level model, the contribution of the intermediate states in 

SOS can be ignored for the lowest energy transition ≅ , 

            2 2 〈
∙ ∆ ∙

〉 2 . (59) 

This simplification of the summation is valid for chromophores whith permanent 
dipole moment changes upon excitation, hence for non-centrosymmetrical 
molecules. 

For randomly orientated molecules in a solvent, isotropic averaging yields 
the following expression: 
〈 ∙ 	 ∆ ∙ 〉 . ∆ ∙ , 

〈 ∙ ∆ ∙ 〉 ∆ , 
(60) 

where  is the angle between the transition dipole moment  and the change 
of static dipole moment ∆  in the body-fixed coordinate system as shown in 
Figure 8. The expression  depends on excitation polarization. For linearly 
polarized light =	 2	 1  whereas for circularly polarized light 

1/2 	 3 . 

Therefore, 

 2 2 ∆ 2 . (61) 
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Figure 8: Direction of the electric polarization  of the excitation beam, the transition 
dipole moment  and the dipole moment change ∆ 	in the laboratory reference, 
where X, Y, and Z are the frame axes. andare the Euler angles. A rotational 
average integrates over the full ranges of andto account for the range of 
molecule orientations in a bulk sample. 

For a pure electronic transition, the 1PA and 2PA line shapes coincide. Then 
we can combine to the Equation (40) with the Equation (61), which leads to 

 ∆ /2 , (62) 

where /2  is the peak 2PA cross-section and  is the peak 1PA 
cross-section at half the wavelength. 

Hence, comparing 1PA and 2PA, providing that the two-level model can be 
applied, is an all-optical method alternative to the standard techniques for the 
determination of permanent dipole moment change. 

For optical excitation of molecules in a solvent, the electric field acting on 
the molecule may differ from the applied electric one. This difference between 
externally applied and actual electric field strength is often accounted for so-
called local field factor L [2]: 	 . The most used expression is 

the Lorentz field factor given by the expression . It modifies Equation 

(62) as follows: 

 ∆ /2 . (63) 

2.3.3.2 Three level model for a centrosymmetric molecule  

If the chromophore possesses a center of inversion, then the inverse symmetry 
leads to two important properties which profoundly influence 2PA behavior. 
Firstly, electronic transitions between energy levels follow parity selection rules. 
Secondly, the static dipole moments are all equal to zero: 0. 
Simplest description for centrosymmetric molecules is by considering initial –
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gerade– ground state g, –gerade– final excited state f and the –ungerade–
intermediate one i. Taking into account isotropic averaging leads to 

2 2 2 , (64) 

where  is the angle between transition dipole moments  and  and P is the 
same function as in Equation (61). 

2.4 Emerging applications for two-photon absorption 

The main reason why 2PA process has become so popular recently in varied 
applications is because it exhibits not one, but several unique attributes that 
linear absorption phenomenon lacks. In what follows we briefly address some of 
these properties presented along with some illustrative examples. 

2.4.1  Possibility of tight 3D-localized excitation 

  

Figure 9: Comparison of 1PA and 2PA fluorescence with focused excitation beam. Both 
cuvettes contain Fluorescein solution. From Cornell University, Xu research group, 
Ithaca, USA [60]. 

Figure 9 shows the fluorescence emission arising from the illumination of two 
cuvettes containing identical Fluorescein solutions. In both cuvettes, the laser 
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was focused through a microscope objective to a tight spot in the focal plane of 
the objective. On the left side, the excitation wavelength is tuned to the one-
photon absorption peak of Fluorescein, while on the right side the wavelength is 
800 nm, which corresponds to a 2PA transitions. As the picture shows, 1PA-
induced fluorescence occurs along the whole path of the laser, whereas 2PA 
phenomenon is sharply located in a small volume ∼ λ3 at the focus, where the 
photon flux is the highest. This property is providing, for nearly diffraction-
limited 3D, confinement of the excitation volume in 2PA. 

An application that successfully exploits inherent 3D localization of 2PA is 
microfabrication by laser-induced polymerization. This fabrication method 
provides exceptional control and flexibility in producing 3D structures that 
cannot be manufactured by any other means, and has been used, for example, to 
construct miniature medical devices, including scaffolds for artificial tissue 
growth [30]. If one can use a resin that photopolymerizes under illumination 
with a focused ultrafast IR laser, then solid polymer can be formed at the focal 
point of an objective lens, usually aided by a special 2PA-active photoinitiator. 
By moving the focal point around in three-dimensional space to solidify the 
medium at different points, practically any micro-object with desired complex 
geometry can be created. Left side of Figure 10 sketches the basic principle of 
3D fabrication by 2PA. A 2PA photosensitive layer of resin is encapsulated 
between two glass-plates. The sample is mounted on a three-axis 
nanopositioning stage for controlled motion in all directions. The excitation 
beam, for inducing polymerization of the resin at the focal point, is projected 
into the sample with a microscope objective lens. 

           

Figure 10: (Left) Schematic of 3D fabrication method by 2PA. (Right) example of 3D 
microfabrication: microvalve designed to prohibit the reversal of blood flow in human 
veins. Only part of the valve cover was built to enable visualization of the interior. The 
dimensions of the valve can be changed by simply scaling the computer design to fit the 
patient’s vein’s diameter, and its fabrication takes only a few minutes. From Foundation 
for Research and Technology Hellas (FORTH), Greece [30]. 

Right panel of Figure 10 presents a 3D microfabrication of microvalves for 
biomedical application, made with a biocompatible silicon hybrid resin. The 
scale of the valve is on the order of 100 m with the smallest features as fine as 
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few m. The 2PA spectrum of the photoinitiator can be determined using 
reference standard in a direct method. Knowing the 2PA spectrum of the 
photoinitiator allows selecting the excitation wavelength and photoinitiator 
concentration in the sample to optimize the speed and quality of printing. 

2.4.2  Deeper tissue penetration due to lower scattering of near-infrared (NIR)  

Visible (VIS) wavelengths are widely used for microscopic imaging of thin 
biological samples such as tissue slices, but visible light is not well suited for 
thick samples or deep tissues, because the light is strongly absorbed and 
scattered by cells organelles. VIS and UV wavelengths can also cause various 
types of damages such as protein denaturation, leading to disorganization and 
even death of cells under study. Most importantly, strong tissue scattering, 
where the mean path length of VIS photons is only a few tens of m, obscures 
sharp images and creates detrimental background at the expense of desired 
signal such as fluorescence. In near-IR, especially in the so-called tissue 
transparency window, 750 – 1200 nm, the effect of absorption and tissue 
scattering is at least one order of magnitude less than in the VIS range, but, few 
fluorophores can be excited at such long wavelengths via 1PA. 

Two-photon excitation of fluorescence can take full advantage of the superior 
penetration ability of NIR light.  Because scattered photons have almost no 
probability of producing two-photon induced fluorescence, and also because of 
the large difference between excitation wavelength and the fluorescence 
emission wavelengths, scattered laser photons can be effectively rejected from 
the detector with efficient filters, such that 2PA fluorescence microscope images 
show almost no detrimental background. Besides, there is empirical evidence 
that reducing photon energy often provides better photostability of fluorescent 
proteins [41]. 

Combining the above with the 3D-localized excitation, multiphoton 
microscopy has revolutionized biological imaging, especially regarding study of 
deep tissues. Figure 11 shows a network of neurons in an intact mouse cortex 
expressing yellow fluorescent proteins. The image is reconstructed from in vivo 
conventional single photon microscopy (left) and two-photon microscopy 
(right). In single photon microscopy, only layers 200~300 m deep from the 
surface can be seen. The fine detail of tuft dendrites is hidden by noise arising 
from the background scattering. Better resolution is achieved by two-photon 
microscopy, which allows seeing clearly up to 600 m deep from the surface 
showing the whole parts of dendrites and cell bodies of neurons. 
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Figure 11: In vivo comparison of conventional single photon microscopy and two-
photon microscopy imaging the intact cortex of YFP-H line mouse, expressing yellow 
fluorescent proteins (YFPs) in many layer V pyramidal neurons. Scale bar, 100 m. 
From College of Korean Medicine, Seoul, Korea [61]. 

This example is using 2PA excitation of a fluorescent protein expressed in situ. 
To improve 2PA microscopy, it is important to develop fluorescent proteins with 
increased 2-photon brightness and higher photostability. These parameters can 
be quantitatively characterized by referencing relative to accurate 2PA reference 
standard, e.g. in order to identify useful mutations [41]. 

Another example which takes advantage of the deep penetration of NIR light is 
two-photon photodynamic therapy (PDT) as a local light-activated treatment to 
destroy tumor tissue. The key point of the technique is the use of photosensitizer 
with high 2PA cross-section which localizes with better affinity toward cancer 
cells and/or tumor tissue. After illumination of the region of interest, the 
photosensitizer is excited by 2PA generates toxic singlet oxygen by energy 
transfer, which attack tumor cells [16, 24]. 

2.4.3  Limiting maximum photon flux for eye- and sensor protection 

Proliferation of various types of lasers, including high power sources, in 
everyday- as well as in military-related applications presents significant hazards 
to the eyesight of military personnel, aircraft pilots or optical sensor. For 
instance, US and UK governments currently invest in the development of a laser 
weapon system whose power is estimated to be between 15 and 50 kW [62]. 
There is also myriad of accident yearly in laboratories resulting in severe tissue 
or eye damage to individuals due to exposure to high intensive light.  



 
 

  

37 

While it is possible to protect the human eye from a conventional laser pointer 
with a proper wavelength filter, static filters are not appropriate for frequency-
agile and pulsed lasers. Currently, the research is focused on the development of 
optical power limiting (OPL) materials that are transparent under ordinary 
ambient light conditions, but absorb or block intense laser light over a broad 
wavelength range extending into the NIR for specific time intervals.  For 
example, the maximum safe level allowed to enter an eye is estimated to be 
around 0.2 J in the VIS region for pulses less than 17 ms [63]. For a given 
sample thickness, the transmitted photon flux by 1PA is proportional to the 
incoming photon flux (see Equation (7)), whereas it decreases quadratically with 
the incoming photon flux in case of 2PA (see Equation (12)). Hence 2PA 
materials might offer a protection for high laser intensity and are under 
investigation.  

Figure 12 shows a comparison of energy transmitted by 1PA (line) and 2PA 
(triangle symbols) enhanced by excited state absorption (ESA) through 10 mm 
path-length cuvette of 4,4′-bis(di-n-butylamino)stilbene (BDBAS) in acetone, 
with a concentration of 0.14 M, using a 5 ns pulse Nd:YAG-pumped dye laser 
focused to 0.0025 cm2 near the exit window of the cuvette. The incident energy 
was modified with the help of neutral-density filters. Only 11% of input energy 
of 160 J is transmitted in the case of 2PA, and only 4% transmission was 
measured for 1000 J input energy pulses. In contrast, the energy transmitted is 
95% in 1PA, independently of the incoming energy. 1PA and 2PA transmittance 
curves converge at the origin. 

 

Figure 12:  Comparison between the OPL response (triangle) and linear transmission 
(line) for BDBAS in acetone at a concentration of 0.14 M in a 10 mm cell. Nonlinear 
transmission was performed at 600 nm with 5 ns laser pulses and an f/5 optical system.  
From Jet Propulsion Laboratory and Beckman Institute, California, USA [63]. 
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From this study, the effective cross-section was found to be 1.2 × 104 GM for 
BDBAS in acetone at 610 nm and 1.3 × 104 GM for 4,4'-bis(diphenylamino)-
stilbene (BDPAS) in toluene at 700 nm. Compared to our own measurements 
(see appendix H Figure H.3) this value is 70 times larger than the intrinsic 2PA 
cross-section for BDPAS in toluene (Figure H.3 in appendix H). The difference 
is due to excited-state absorption (ESA), which can be described by two steps 
during the pulse duration: an instantaneous 2PA step followed by a very fast 
relaxation to the lowest excited-state S1 and then the last step with ESA process 
to a higher level Sn>S1. ESA can also occur in the triplet states, if there is 
significant inter-system crossing. Figure 13 is a visual scheme of 2PA followed 
by ESA in the energy level diagram. 

Because of the participation of ESA, the cross-section measured in this 
experiment is said to be an effective cross-section, and its value depends upon 
experimental conditions, especially upon the pulse width and laser intensity. 
Approximately, the so called 2PA effective cross-section , for a given pulse 
duration, is found to increase linearly with the photon flux [72] 

2 Φ, (65) 

where u is a constant, related to the concentration and pulse duration, and  is 
the excited state one-photon cross-section. 

 

  

Figure 13: Jablonsky diagram of and 2PA followed by ESA. Grey lines correspond to 
higher order of vibrational levels corresponding to the pure electronic transition. Grey 
lines correspond to vibrational levels associated with a pure electronic level (black line).  

There is still much improvement and research needed to optimize the 
efficiency of OPL materials. For instance, from Figure 12, with input energy 
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larger than 50 J, the nonlinear transmitted energy slowly increases from 10 J, 
which is far beyond allowed limits for eye safety [63]. Hence, using reference 
standard to track the changes in 2PA efficiency is an important tool in the 
developing of improved compounds for OPL. 

2.5 Overview of experimental techniques for measuring absolute 
2PA cross section in organic chromophores 

There are two principal techniques for measuring the value of 2PA. Direct 
methods observe the number of transmitted photons, and calculate 2PA using the 
relative change of the photon flux before and after passing through the 2PA 
medium.  Indirect methods infer 2PA by measuring secondary effects induced by 
2PA, such as luminescence emission, generation of heat, generation of sound 
etc. In the following section we will present a brief description of different 
experimental approaches that aim to measure the absolute two-photon cross-
section. We will discuss how each method is reflected in the choice of 
experimental conditions and how the experimental observables of interest are 
related to the 2PA cross-section. 

2.5.1   Direct Methods 

When a beam of light travels through an absorbing sample, the corresponding 
sample transmittance function, T, is defined as the ratio between the number of 
photons at the output vs. the number of photons at the input, 

 . (66) 

As long as absorption saturation and other side-effects may be neglected, the 
2PA transmittance decreases with increasing incident photon flux, as described 
by Equation (11). If this dependence is known from an experiment, then, 
provided that the incident photon flux and other relevant parameters such as 
chromophore concentration and sample thickness are also known, one can use 
the nonlinear transmittance directly to determine 2PA. The main advantage of 
the direct measurement is that it is broadly applicable to a variety of nonlinear 
absorbers, including liquids, solids, thin films etc. However, there are also some 
fundamental as well as practical limitations. One of the fundamental limitation 
stems from the fact that if the chromophores can undergo excited state 
absorption from the states created initially through 2PA, then that may create 
artifacts that are difficult to distinguish from “true” 2PA. Main practical 
limitation stems from the fact that the transmittance is not a zero-background 
measurement, meaning that if the change of the transmittance is small, T<<1%, 
then utmost care must be taken to achieve sufficient accuracy of the experiment. 
Typical change of transmittance in direct 2PA experiments is on the order of a 
few percent, ∆ 	~ 1 - 5%. To determine 2PA with, say, 20% accuracy, one 
would need to measure the transmittance itself with an accuracy of at least	~ 
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1%. This accuracy should be compared with typical accuracy provided by 
commercial optical power meters and other photodetectors, which is also ~	1%.  
As an example, let us estimate the maximum transmittance change in a generic 
direct 2PA experiment. According to Equation (12), the maximum change of the 
transmittance is determined by the product, 2PANg l. Assuming, 2PA = 100 
GM, chromophore concentration 100 mM and path length l = 1 mm, we can 
estimate that to achieve 1% maximum transmittance change, the peak photon 
flux must be on the order of,  ~ 2×1027 photon cm-2 s-1. The photon energy at 
wavelength 800 nm is, h = 2.5×10-19 J, which means that the minimum  
irradiance needed to observe 1% transmittance change under current conditions 
would be about, I ~ 4×108 W cm-2. Achieving this high irradiance typically 
requires ultrashort laser pulses with duration ~100 fs or less, but may also 
require focusing of the beam to a small spot to further increase the photon flux. 
On the other hand, minimum focus spot size (beam waist), w0, is limited by the 
requirement that the sample thickness should be larger than the diffraction length 
(Rayleigh length) of the focus, which for a Gaussian beam leads to a relation 

 . (67) 

For example, at 800 nm, the smallest beam waist, in 1 mm thick sample, is about 
w0 ~ 16 m. Using this value, and a 2PA cross-section of 2PA = 100 GM, we can 
estimate the required average laser power, CW or pulsed, to induce 1% changes 
for different concentrations. Estimations are presented in Table 2. 

Table 2: Example of order of magnitude of sample concentration, photon flux and 
average laser power required to detect a transmittance change of 1% with a collimated 
beam of 16 m diameter set at 800 nm passing through 1 mm of sample thickness whose 
2PA cross-section is 2PA ~ 100 GM.  

 
(M) 


(photon cm-2 s-1) 

I  
(W cm-2) 

CW 
laser 

power 
 (W) 

Pulsed 
laser 

power 
(W) 

100fs 
76 MHz 

10-6  1032 1014 1010 105 
10-3 1029 1011 107 102 

1 1026 108 104 10-1 
100 1024 106 102 10-3 

Considering that the femtosecond laser doesn’t exceed 1W at output in the 
whole wavelength range, then the concentration minimum threshold is mM 
(Table 2), therefore direct method requires molecules with high solubility. 

Another practical issue that may limit tight focusing is an optical damage to 
materials, including damage of glass walls of the cuvette containing the sample, 
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which, for femtosecond laser pulses, typically occurs at I > 100 GW cm-2. 
Successful direct 2PA measurement must deal with these various limitations and 
two main approaches are described below.  

2.5.1.1 Open-aperture Z-scan 

The popular so-called open aperture z-scan technique was first introduced in 
1989 by Shaik-Bahae et al. [68], where the photon flux is varied by moving the 
sample along the propagation direction (z-direction) of a focused laser beam. 
Figure 14 presents a scheme of this technique: a pulse laser is tightly focused by 
a ~ 20 cm focal length lens. A thin sample mounted on a moving stage can 
translate along the beam path over ~ 20 mm distance through the focal point. 
The transmitted light power is collected by a photodetector PD2. To compare 
with the excitation beam power, a small portion of the excitation light is 
reflected on a glass plate and collected with a photodetector PD1. 

  

Figure 14: Schematic of Z-scan set-up for determining two-photon cross-section.  

For a given pulse energy, the spot size changes along z-direction, with the 
highest photon flux occurring at the focal plane z = 0. If the spatial intensity 
profile of the beam is known, then the flux-dependent transmittance function 
may be determined by moving the sample to different z-positions, and 
measuring the corresponding pulse energy before and after the sample. 
Typically, this measurement is performed symmetrically using both positive- 
and negative z-displacements, because any significant deviations from a 
symmetric result relative to the focal plane may indicate potential artifacts e.g. 
thermal lensing, sample bleaching, etc. The resulting transmittance function, 
T(z), also known as absorptive z-scan signature or trace, has a characteristic  
symmetric shape with a single minimum at z = 0. The 2PA cross section is 
obtained by comparing the experimental z-scan signature with appropriate 
model, which, in general, represents a nonlinear fitting function (see below).  

Figure 15 shows the 2PA data, of a z-scan experiment, of Rhodamine 6G in 
methanol in a 1 mm thick sample measured by an open-aperture Z-scan 
technique using a 76-MHz pulse repetition rate mode-locked Ti:Sapphire 
femtosecond oscillator [69]. Figure 15 a) shows the z-scan trace (circles) at 806 
nm, where the beam waist was w0 = 17 m at focal plan; red line represents the 
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nonlinear fit. Maximum transmittance change achieved in this case is about 
25%. Figure 15 b) shows the 2PA spectrum, where the 2PA values are extracted 
from z-scan measurements at different wavelengths. 

Most implementations of z-scan techniques, including the example in Figure 15, 
rely on a non-linear fit based on the assumption that the excitation laser beam 
has spatial and temporal intensity profile that can be accurately described by 
Gaussian functions. 

A difficulty with this approach is that, even if the transmission change is 
quite clearly imprinted in the z-scan trace, 2PA remains subject to significant 
experimental uncertainty. This is because the experimental curve fitting model is  
a nonlinear function of the fitting parameter(s), the accuracy of the fit depends 
crucially on the quality of the experimental data, much more than in case of a 
linear fit. This is manifest in the 2PA spectrum, where data points at different 
wavelengths display a substantial scatter, especially when compared to our 2PA 
spectrum for the same chromophore (Figure H.10 of appendix H) obtained with 
another technique explained and detailed in this thesis. 

 

Figure 15: a) Absorptive Z-scan signature of Rhodamine 6G in methanol at 806 nm 
(black circles) and it best fit (red line). b) Comparison of 2PA spectrum (connected 
squares) and 1PA spectrum (solid line, Y scale not shown) for Rhodamine 6G in 
methanol, plotted in arbitrary scale at the same y -axis, of Rhodamine 6G in methanol. 
At the x -axis, the 2PA spectrum is plotted against half the excitation wavelength value to 
allow comparison of the transition wavelengths for the 1PA and 2PA. From Indian 
Institute of Technology, Kanpur [69]. 

Fitting of z-scan traces suffers further problems in conditions, where the 
transmittance change is small, experimental data is noisy or where the actual 
beam intensity profile deviates from the assumed model (or both). If the beam 
shape is not perfectly Gaussian, or if the beam parameters are not known, then 
an alternative approach to evaluate z-scan data could be used based on reference 
standards [99]. In this case, the measurement at each wavelength is performed 
twice, with the sample under study and with a known sample with well-



 
 

  

43 

characterized 2PA value. This could alleviate some experimental errors, and may 
even relax the requirement for short sample path length. However, because the 
fitting of the reference the sample data is still essentially nonlinear, the reference 
standard-based approach has so far not been widely adopted in z-scan 
experiments. Nevertheless, because the z-scan is, at least conceptually, rather 
straightforward, this direct measurement techniques remain popular among 
many researchers.  

2.5.1.2 Nonlinear transmission (NLT) 

Limitations of z-scan method become most apparent if the maximum attainable 
change of the sample transmittance is small, e.g. less than 1%. Under such 
conditions, it would be an advantage if instead of nonlinear fitting one could 
derive 2PA value by applying linear fit to the experimental data. This approach 
is exploited in the so-called nonlinear transmission (NLT) measurement, where 
the beam size passing through the sample is fixed, while the incident photon flux 
is varied, e.g. by using a variable filter or attenuator. Figure 16 presents a 
scheme of this technique: a collimated pulse laser is directed through the sample. 
A variable neutral density filter modulates the incoming photon flux. The 
transmitted laser power is measured with a photodetector PD2 and compared to 
the incoming laser power, which is measured by reflecting a portion of the 
incoming photon flux through a reference photodetector PD1. 

 

Figure 16: Schematic of NLT set-up for determining two-photon cross-section.  

Let us assume that the beam incident on the sample is nearly collimated and that 
the maximum change of the transmittance is small, ∆ 1%. Then from 
Equation (12) we can express the transmittance function through a sample of 
thickness l as follows 

 ∆ ≅ , (68) 

where ∭Φ  is the total number of incident photons per pulse and 
 is a shape factor that depends only on the laser beam intensity profiles, 

 
∭

∭
, (69) 

As long as the transmittance function is linear with the number of incident 
photons or incident pulse energy, the slope of this dependence is proportional to 
the 2PA cross-section. Figure 17 shows the “raw” dependence of the 
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transmittance, for L-tryptophan in H2O on the incident pulse energy at different 
laser excitation wavelengths. Because the 2PA cross section of tryptophan is 
low,2PA < 1 GM (see publication III in appendix L), maximum change of the 
transmittance does not exceed 0.5%. This allows to use linear fit function 
(dashed lines), which is least susceptible to scatter of experimental data. 

 

Figure 17: Example of NLT measurement of L-tryptophan in H2O solution using 
wavelength-tunable femtosecond optical parametric amplifier (OPA). Dependence of the 
sample transmittance on the incident pulse energy is plotted as squared, where each 
color refers to an excitation wavelength. Linear fit functions to experimental data are 
shown by dashed lines. Data from A. Rebane group, Montana State University, 
unpublished.   

Deriving2PA value from the measured slope of the transmittance function 
using Equation (68) requires knowledge not only of the total number of incident 
photons, P0, but also of the spatial and temporal distribution shape factor, gP. 
Especially in the case of high pulse energy tunable femtosecond lasers utilizing 
optical parametric amplification (OPA), the beam shape is often far from 
Gaussian, and varies considerably from one OPA tuning wavelength to another. 
Therefore, rather than reshaping the beam profile or measuring the beam 
parameters at every wavelength, it is more convenient to relay on reference 
standards. Assuming that the temporal and spatial profile of laser intensity do 
not change in the course of the measurement, one can determine the 
transmittance change of a known two-photon standard, Tref, under the same 
illumination conditions. Knowing the absolute 2PA spectrum, 2PA,ref and the 
concentration of the reference, Ng,ref one can define an experimental correction 
function 

 , (70) 
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where subscript ref stands for reference standard. 

The correction function is then used to correct or normalize the “raw” slopes of 
the sample under study, according to the equation 

 ≅ . (71) 

Figure 18 shows the uncorrected “raw” data arising from NLT slopes of L-
tryptophane (black squares) and the correction function obtained with 9-
Chloroanthacene in methylene chloride as reference (blue dots) [44]. The final 
corrected 2PA spectrum of L-tryptophan is obtained by multiplying the “raw” 
spectrum with the correction function (red circles) and is shown in publication 
III (appendix L). 

 

Figure 18: Example of NLT measurement of L-tryptophan in H2O solution using 
wavelength-tunable femtosecond optical parametric amplifier (OPA). Uncorrected 
“raw” (black squares) NLT slopes, correction function relative to 9-Chloroanthacene in 
methylene chloride (blue dots) and corrected 2PA spectrum of l-tryptophan (red circles). 
Data from A. Rebane group, Montana State University, unpublished.   

It should be underlined that Equation (68) is valid only if the maximum 
transmittance change is relatively low. The maximum allowed transmittance 
change, Tmax, depends critically on the actual beam shape.  In general, the more 
smooth and Gaussian-like the beam shape is, the higher is the value of Tmax. In 
the above experiment, the sample thickness was 10 cm and the beam spot size 
was accordingly increased, w0 > 200 m, to accommodate the diffraction 
Equation (67). If sufficient laser pulse energy is available, the NLT method 
allows measuring samples with long optical path length, which may be an 
advantage if the 2PA cross section or sample concentration (or both) is low. The 
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key, of course, is the ability to accurately detect very small changes in the 
transmittance, on the order of 0.1% or less, as illustrated in Figure 17. 

2.5.2  Indirect Methods 

An indirect method relies on the recording of the signal produced by the 
molecule as a result of 2PA excitation and in turn is potentially background-free. 
After absorbing two photons, a molecule is promoted to an excited electronic 
state and after an initial relaxation to the lowest excitation level S1, according to 
Kasha-Vavilov rule, the remaining energy can be released to the  environment 
through one or more physical processes, like luminescence (shown in green in 
Figure 19), and detected with the appropriate detector. Excitation signal is 
detected with a photodetector PD1, via the reflection of a portion of the 
incoming photon flux, and the induced energy released is detected by the 
appropriate detector Det. 

 

Figure 19: Generic indirect measurement method for determining two-photon cross-
section. Excitation power can be monitored by a photodetector PD1 which collects a 
portion of the incident photon flux reflected from a glass-plate. The signal generated by 
2PA is collected by an appropriate detector Det. 

The most common indirect method for measuring absolute 2PA cross-section is 
the two-photon induced fluorescence (2PIF). This method takes advantages of 
fact that the number of emitted fluorescence photons is proportional to the 
number of molecules Nf excited by 2PA. 

 ηQ , (72) 

where F2PA is the number of the fluorescence photons detected,  is the detection 
efficiency, Q the chromophore quantum yield in the selected solvent and Nf the 
number of molecules excited by 2PA. If the fraction of molecules excited is low 
and the beam is approximately collimated over throughout the thickness l of the 
sample, then we can neglect the dependence of the intensity on z, and we can 
deduce, from Equation (12), that: 

 

∭ Φ Φ , 

	 ≅ ∭Φ . 
(73) 
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Since the signal detected is background-free, more diluted solution or lower 
laser power can be used as long as the signal is above the threshold of the 
detector. By monitoring the number of fluorescence photon emitted, it is 
possible to obtain relative or absolute 2PA spectra, knowing the photon flux and 
the detection efficiency over the wavelength range studied. Again, by the use of 
reference standards, the tedious laser and detection system characterization can 
be alleviated by applying a correction function obtained with the standard under 
the exact same conditions as the sample under study. 

 , 

 , 
(74) 

where subscript ref stands for reference standard. 

This technique can only be applied to fluorescent molecules with appreciable 
quantum yield efficiency. Disadvantages include problems of reabsorption that 
may influence fluorescence studies of molecules that display small Stokes shifts.  

2.6 Selection of an experimental technique for measuring absolute 
cross-section with higher precision 

2.6.1  Comparison of the experimental technique to optimize control of the 
2PA phenomena 

The measurement of 2PA cross-section still poses a number of experimental 
problems and experimental uncertainties of the most recent standards are above 
20% [44]. We will compare different techniques and select the optimal one. The 
technique chosen must be sensitive to 2PA and ensure a control that 2PA is the 
only process being measured. Furthermore, the 2PA cross-section must be 
extracted from the measured data without the reliance of complicated fitting 
models or assumptions. The following Table 3 summarizes some the advantages 
and drawbacks of the different techniques presented in the previous section. 

Direct methods are simpler than indirect method in the set-up design. One 
major drawback is that NLT or Z-scan need high excitation power and high 
concentration of the solutions under investigation, which can lead to other 
nonlinear phenomena and to saturation (see appendix A). For instance, in 2000, 
Oulianov and al [103] studied 4 fluorophores, Rhodamine 6G and B in 
methanol, (4-[N-(2-hydroxyethyl)-N- (methyl)amino phenyl]-49-(6-
hydroxyhexyl) stilbene in methanol and N,N,N-tris[4-{2-/4-{5-[4-/tert-
butyl)phenyl]-1,3,4-oxidiazol-2yl}phenyl)-1-propyl}phenyl]-amine in 
dichloromethane, for which two different techniques of 2PA measurements were 
compared. Namely, the absolute nonlinear transmission method (NLT) and the 
two-photon induced fluorescence (2PIF) using Rhodamine B as standard and 
following Equation (74). The laser system emitted at 802 nm pulses with 1.2 ps 
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duration, 700 J energy and 100 Hz repetition rate. The incident laser was 
focused with a waist estimated at 44 m. The 2PA cross-sections measured by 
NLT for some of the molecules were 7 to 11 times smaller compared to the ones 
obtained by the 2PIF method. They suggested that one has to be very careful 
using NLT methods for 2PA cross-sections as other nonlinear effects come into 
play, and that substantially smaller values measured by NLT might be due to 
stimulated emission or scattering processes. 

Another limitation in the direct method is the difficulty to distinguish 2PA 
from ESA, which reduces the accuracy of the determined 2PA. In the case of the 
2PIF method, the number of molecules excited is measured via fluorescence 
signal. Hence the quadratic dependency of the number of photons emitted versus 
the number of excitation photons is a practical tool to assure that 2PA is the 
unique phenomena occurring.  

Table 3: Main advantages and drawbacks of the different techniques for measuring 2PA 
cross-section. 

Method Advantages Drawbacks 

direct 

 Simplicity of the technique 

Applicable to any 2PA 
absorber 

Not selective for 2PA 
process only. Favour ESA 
process 

Requires accurate 
measurement in a small 
dynamic range (T<1%)  

Needs highly soluble 
molecules 

Low signal-to-noise ratio 

Z-scan  Nonlinear fitting model and 
its optimization 

NLT Linear fitting  

indirect 

 Selective for 2PA process 

High dynamic range 

 

Labour and time 
consuming 

Need calibration of the 
detection channel 

2PIF Background-free signal Needs high fluorescence 
yield QY>0.01 
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Direct method must measure small changes in the transmittance signal. 
Accurate measurement in a small dynamic range can be difficult regarding 
detector error margin as well as the impact scattering may have in the highly 
concentrated solution, which can contribute to the background signal. In that 
regard, 2PIF method is background free, in a sense that a measured fluorescence 
signal occurs only via 2PA, which offers a high dynamic range. 

Therefore, 2PIF method is selected, because it offers greater specificity and 
accuracy in the measurements, although this approach does place more 
constraints on the samples being investigated, e.g. the sample must be soluble 
and fluorescent with high quantum yield.  

2.6.2  Absolute 2PA cross-section determination using a modified 2PIF 
method 

The fluorescence excitation method offers high sensitivity for the 2PA detection 
but relies on careful characterization of the excitation laser pulse properties, the 
knowledge of the number of molecules excited in the process and efficiency of 
the detection system. A direct comparison with 1PA emission allows the 
calibration of the efficiency of the detection channel and fluorescence quantum 
yield. The subscript f for the final excited state will be replaced by the subscripts 
2PA and 1PA for the physical parameters that may encounter ambiguity. Using 
this notation, the number of fluorophore excited by one laser pulse from 
Equation (73) rewrites 

 
1

2
∬ Φ . (75) 

In the absence of ground-state depletion and photobleaching, the density of 
molecules in the ground state Ng is constant. To extract the value of the 2PA 
cross-section  from Equation (75), one needs the explicit spatial and 
temporal characteristics of the excitation photon flux. For a laser pulse defined 
by a Gaussian spatial and temporal shape, the photon flux is 

Φ Φ exp exp

exp , 
(76) 

where Φ  is the peak value at coordinates {xc, yc, tc},  and  are the 
beam waist and is the pulse temporal width at which the photon flux drop to 
1/e2 of the peak value. The corresponding full widths at half maximum are given 
by, respectively: ∆ √ 4, ∆ √ 4 and ∆ √ 4. 

The peak photon flux is related to the average laser power (in W) by a power 
meter: 

〈∬ Φ 〉 , (77) 
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											 Φ
/
∆ ∆ ∆ , 

where f is the pulse repetition rate (in Hz). 

Once the laser source photon flux is determined, the integral in Equation (75) 
becomes 

 √2
2 /

∆ ∆ ∆
. (78) 

Next, let us evaluate the average fluorescence signal, with an integration time 
T larger than the pulse duration, detected within an emission window centered 
on the registration wavelength , 

  , (79) 

where η  is the differential detection efficiency and  is the 
differential fluorescence quantum yield: 

 
η , 

and , 
(80) 

Combining Equation (78) and (79) we can see that the 2PA cross-section 
spectrum is proportional to the 2PIF signal, corrected to excitation laser 
parameters 

 
K

∆ ∆ ∆ , (81) 

where K is a constant factor depending on the system fluorescence quantum 
yield, the detection efficiency and the laser repetition rate:  

 
/ /

√
. (82) 

As we have already seen, so far, measurement of 2PA is a multi-step process. 
If one strives, as we do here, towards ultimate accuracy of the 2PA 
measurement, then it is imperative to critically analyze each and every 
compound that makes up the combined measurements. From this perspective, it 
is practical to address separately the measurement of the 2PA spectral profile 
function (relative 2PA spectrum) and absolute value of 2PA. In fact, best results 
are achieved if these two measurements are performed in two dedicated 
experiments. 

To obtain the 2PA spectral shape, the factor K can be set to normalize the 
2PA spectrum and is then referred to K , 

 
. K

∆ ∆ ∆ . (83) 
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By measuring the intensity of the fluorescence, F2PA, the average power, W2PA, 
the pulse duration t, and the beam size, x and y, all as a function of 
wavelength, one can obtain the corrected 2PA spectrum in relative units. As the 
second step, the 2PA spectral shape is rescaled by at least one wavelength point, 
where the absolute 2PA cross-section is measured with sufficient accuracy. To 
obtain the absolute 2-photon cross section, we need to know the value of K in 
Equation (81). If the Kasha-Vavilov rule is obeyed, then we are allowed to 
assume that the fluorescence spectrum and the quantum efficiency are 
independent of the excitation wavelength. This allows the number of molecules 
excited through 2PA process  to be evaluated based on the relative signal of 
the 1PA and 2PA excited fluorescence, provided that the registration is carried 
out under exactly the same conditions. After been excited with a pulse laser set 
at 	to promote 2PA, the same region is excited with a continuous beam set 
at  to promote 1PA, leaving all other conditions exactly the same. In case of 
1PA, 

 , (84) 

where N1PA is deduced from the Beer-Lambert law (Equation (7)): 

 1 , (85) 

where W1PA is the average beam power for 1PA. 
By combining Equations (81), (84) and (85) the 2PA cross-section for 
fluorescent chromophores is 

 
√

/
∆ ∆ ∆ . (86) 

By comparing both single and two-photon absorption, it is possible to determine 
the absolute 2PA cross-section of a molecule  for a given wavelength . 

2.6.3  Determining 2PA cross-section of an unknown fluorophore using 2PIF 
reference standard method 

A suitable reference standard should be selected, such that it has sufficiently 
overlapping absorption and emission wavelength range with the sample under 
study: the larger is the overlap of their fluorescence spectra, the smaller is the 
potential measurement error caused by limited dynamic range of the detector. 
Since relative 2PA cross-section, with reference standard, aims to alleviate the 
excitation beam and detection system characterization, the following 
methodology is not restricted to our 2PIF method and can be applied to any 2PIF 
measurement, for example where the photon flux is focused. 

If the excitation wavelengths, the photon flux, the beam parameters and the 
fluorescence detection conditions for the sample and the standard are the same, 
then the ratio between the corresponding cross sections derived from Equation 
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(86) leads to the expression for the sample 2PA cross-section with respect to the 
standard: 

 , (87) 

The known cross-section of the standard and its measured fluorescence signal 
substitutes to the excitation photon flux characterization in Equation (81): 

 ∆ ∆ ∆ . (88) 

The fluorescence signal is integrated over a narrow wavelength interval reg, 
typically 1-5 nm or less, such as the detection spectral efficiency can be 
considered as nearly constant and therefore cancels out in the quotient. This 
implies as well that even though different spectrometer may be used for the 2PA 
experiment and the determination of the relative quantum yield, the detector 

response cancels out in both ratios  and . Thus the ratio 

between the quantum efficiencies can be obtained using a spectrofluorimeter in 
1PA excitation mode [74] set at the same registration wavelength reg than the 
2PA experiment and with the exact same bandwidth, while using sufficiently 
diluted solutions controlled by their optical density OD (ODmax < 0.5) according 
to the formula: 

 , (89) 

This implies that reference standard and the sample must overlap sufficiently in 
their 1PA spectra to provide a suitable common excitation wavelength, . 
Refractive index of the solvent does not appear in this formula because it cancels 
out in the relative cross-section expression (87). 

In the case of the determination of the 2PA spectral shape function of the 
sample, then under the same condition mentioned earlier, Equation (87) 
simplified into: 

 , K , (90) 

This relation shows that a corrected 2PA spectral change is obtained by means of 
comparison between the fluorescence excitation spectra of the sample with the 
one of the standard, obtained under the same conditions.  

2.7 Current state of the art of 2PA reference standards 

Most, if not all, applications of 2PA rely on the on knowledge of the 2PA value. 
In many cases, one also needs to know the 2PA spectrum over a broad range of 
wavelengths. Knowing the 2PA spectra of biological markers will allow, for 
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example, selecting a common 2PA excitation wavelength for usable 
fluorescence signals in a multi-labelled 2PA microscopy. Monitoring the 2PA 
spectrum of a chromophore aids in the design of derivative compounds with 
extended uses and increased efficiency, especially for imaging or 
microfabrication, or with broader 2PA spectrum as required for optical power 
limiting. As in any kind of advanced spectroscopy, extracting useful information 
from the observed features requires correct interpretation of the measured 2PA 
cross-section spectra with enough accuracy. Quantitative 2PA spectroscopy with 
the help of FES model is used for establishing structure-properties relations for 
various organic and inorganic chromophores and is a key for designing of new 
efficient 2PA. The comparison of 2PA cross-section 2PA   results from different 
techniques is not always straightforward and experimental conditions employed 
may vary significantly. One major issue is the characterization of the excitation 
photon flux which sometimes has a complex dependence of laser alignment etc. 

Therefore, in 1996 Xu and Webb [43] proposed the use of 2PA standards that 
can be used to avoid photon flux characterization of the excitation beam. In this 
pioneering work, they used a ~80-MHz pulse repetition rate mode-locked 
Ti:Sapphire femtosecond laser to measure the absolute 2PA cross-section using 
the 2PIF method for eleven common fluorophores. The 2PA cross section 
measurements were performed in the excitation wavelength range 690 - 1050 nm 
by exciting fluorescence in fluorophore solution with a tightly focussed laser 
beam. The evaluation of the absolute 2PA cross-section relied on the 
quantitative evaluation of the fluorescence signal collection efficiency, which 
was estimated to be ~30% reliable. Also, the spatial distribution of the incident 
light was not directly measured but assumed to be the point-spread function for 
diffraction-limited focus, perhaps leading to another substantial error. Finally, 
the determination of the absolute cross-section required the knowledge of 
fluorescence quantum yield, accurate value of which is not always available. 
Therefore absolute cross-section spectra were determined for only three of the 
eleven fluorophores, and only so-called two-photon action cross-section was 
estimated for the other fluorophores, which consists of the product of the 2PA 
cross-section with the fluorescence quantum yield. Nevertheless, this work has 
served as a main benchmark for comparison of 2PA spectra after it was 
published. 

Important improvements in the absolute measurement of 2PA were made in 
2008 by Makarov et al. [44]. In their case, the excitation beam was only slightly 
focussed, which allowed for direct measurement of the beam spatial profile. 
They carried out measurements of a set of 15 standards using 1 kHz pulse 
repetition rate femtosecond optical parametric amplifier (OPA), tunable over the 
range of wavelengths 550-1600 nm. They first characterized the spectral shape 
correction function, which relies on the laser spatial profile and temporal profile, 
dependent on the wavelength. However, poor day-to-day reproducibility of the 
beam parameters at the low pulse repetition rate adversely affected the 
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correction function of the 2PA spectral shapes, leading to substantial degree of 
discrepancy. The 2PA fluorescence signal was calibrated relative to 1PA 
fluorescence in the same sample, which gave more reliable 2PA values, 
compared to Xu and Webb method, with estimated accuracy of 20 - 30%. 

Absolute two-photon cross-section determination poses the problem of 
reliability in the excitation beam and in the number of excited molecules 
characterization. In the emerging area of quantitative two-photon spectroscopy, 
higher accuracy 2PA cross-sections spectra of reference standards are necessary 
to determine the strength of intra- and intermolecular electric fields. There are at 
least three possible ways, in which the current 2PA reference standards should 
be improved. Firstly, the choice of the standards must be screened. The selected 
standards must be photostable, they must be free of any chemical equilibrium 
over a broad range of concentration to be applied in indirect as well as direct 
methods. In addition, they must cover a broad range of visible and near IR 
wavelength regions. Secondly, the 2PA spectra shape, in an arbitrary scale, must 
be smooth and precise. This requires the knowledge of the excitation photon flux 
parameters and assurance that no other nonlinear phenomena are in competition. 
Thirdly, the absolute cross-section at the maximum of two-photon absorption for 
each standard must be measured with higher accuracy, in order to rescale the 
corresponding 2PA shape spectrum. This last implies, among other 
requirements, more constraints regarding the precision in the determination of 
the number of molecules excited by 2PA. To reach this objective, the 2PIF 
method allows controlling and optimizing every critical parameter involved in 
the determination of absolute two-photon cross-section as well as determining 
the final error bar. 

To achieve higher accuracy and fidelity, two independent measurements were 
performed, one focusing on improving the 2PA spectral shape, the other 
specifically devoted to the improvement of the absolute 2PA cross-section 2PA 
accuracy. The 2PA shape functions were measured by A. Rebane group at 
Montana State University, whereas the work on absolute cross sections was 
performed at the Estonian National Institute of Chemical Physics and 
Biophysics. As a preliminary result, Figure 20 below shows the comparison of 
the 2PA cross-section spectrum for Fluorescein in water buffer pH11 obtained 
by Xu et al. [43], Makarov et al. [44] and in this study. The shape presented in 
this study is much smoother than previous results. The absolute 2PA cross-
section is smaller, but as we will see, we reached a measured accuracy of 8%. 
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Figure 20: Absolute 2PA cross-section spectrum for Fluorescein in water buffer pH 11. 
Blue triangles are the first data obtained by Xu et al. [43]. Red squares are the data 
obtained by Makarov et al. [44] and black circles are the improved data obtained in this 
study. 

3 AIM OF THE STUDY 

This thesis is focused on absolute 2PA cross-section 2PA determination and 
aims to: 

1. Finding suitable standards for 2PA in the visible-near IR region; 

2. Develop an experimental set-up and protocol in order to measure the 
value of 2PA with a precision better than 10%, preferably 5%; 

3. Verify the 2PA spectral shape function determined independently, in a 
different experiment (not part of this thesis). 
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4 ESTABLISHING TWO-PHOTON ABSORPTION 
STANDARDS IN THE 680 - 1050 NM 
RANGEEXPERIMENTAL SET-UP FOR 
MEASURING ABSOLUTE 2PA CROSS-SECTION 
USING 2PIF METHOD 

Schematic of the setup is shown in Figure 21. The laser system comprises a 76-
MHz pulse repetition rate mode-locked Ti:Sapphire femtosecond oscillator 
(Coherent Mira 900F) pumped by 10 W cw frequency-doubled Nd:YVO4 laser 
(Coherent Verdi V-10). Potential residual short-wavelength pump emissions 
emanating from the laser output were cut off by a color glass long-pass filter 
(LPF1).  This laser has a spatial TEM00 mode well described by two-axis 
Gaussian function (see Equation (77)). A series of diaphragms were used to 
align the laser beam such that it passed near the center of all the optical 
elements.  

The femtosecond laser wavelength was tuned manually in the range 690 - 
960 nm with the average output power varying in the range 0.5 – 1.5 W. The 
fundamental laser spectrum was measured with a diffraction grating 
spectrometer (OceanOptics USB4000) to which a weak reflection was conveyed 
through an optical fiber. 

A combination of focusing and collimating lenses (L1, 500 mm and L3, 150 
mm) positioned at a distance ~ 800 mm from each other acted as an inverted 
telescope to reduce beam diameter up to ~ 0.3 mm at the sample location, while 
maintaining a nearly constant profile along the sample thickness of interest, set 
at l = 2 mm. 

The spatial profile of the fundamental wavelength beam at the sample 
location (sample removed) was measured with the CCD-camera based beam 
profiler (Thorlabs BC106-VIS). The camera and the focusing lens L4 (150 mm) 
are placed after the sample location, in an arrangement to image the beam at the 
sample location with a magnification of ~ 3. The calibration of the magnification 
factor was performed using a calibrated micrometer scale with 50 µm division 
(Thorlabs R1L3S1P), positioned at the sample holder (see appendix C). The 
incident beam on the camera was attenuated by an integrated 20 dB absorbing 
filter. A continuously variable neutral density filter wheel ND2 (Thorlabs NDC-
100C-4) was placed in front of the camera to further adjust the laser power to 
avoid CCD saturation. The power reflected by the glass plate GP4 was 
sufficiently weak to minimize any thermal lensing in the beam profile imaging 
path.  
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Figure 21: (Up) Picture of the experimental set-up mounted on an optical table. (Down) 
Schematic of the experimental set-up; L  – focusing lenses; ND – neutral density filter 
wheel; SPF – short-pass glass filter; LPF – long-pass glass filter; GP – glass plate; PM 
– photomultiplier; PD - photodetector; Pol - Glan-Taylor polarizer; GP – glass plate. 
Red line stands for the fundamental beam path; blue line stands for the generated SHG 
beam path. Green lines show the fluorescence detection beam path.  
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To generate the 1PA excitation beam, single reflection (~ 4%) off a glass 
plate (GP1) was focused on a Type I phase matched BBO crystal of 6 mm 
thickness that generated second harmonic (blue) light. A /2 plate in front of the 
SHG crystal rotated the pump beam polarization to horizontal direction in order 
to assure that SHG had the same (vertical) polarization as the fundamental beam. 
Therefore the 1PA excitation occurs at half the wavelength of the 2PA 

excitation: . Residuals of the fundamental wavelength (red) were 

cut off by glass short-pass filter (SPF1) placed after the BBO crystal. At short 
wavelengths, ~700 nm, the glass plate was replaced by a flip mirror to 
compensate for decrease in the laser output power. After GP2 the two beams 
followed the same path and were incident on the same spot at the sample. A 
focusing lens (L2, 125 mm) which combines with L3 and a diaphragm place 
before L3 were used to shape the blue beam such as to have the same or smaller 
spot size as the red beam at the sample location over the measured path length. 
The exact collimation of the blue beam regarding red beam was ensure by their 
center coincidence on the CCD-camera profiler. 

Figure 22 shows the side view of fluorescence of a solution of Fluorescein 
along 1PA and 2PA excitation paths. Blue laser for 1PA excitation was shifted 
slightly off center to allow the comparison. Both beams display roughly constant 
emission intensity along the path which suggests a constant beam profile 
throughout the sample. Although the blue beam shows a fluorescence induced 
emission arising from a larger volume in Figure 22, this excitation can be further 
reduced thanks to the iris in front of L3 to better match the red beam diameter. 

 

Figure 22: Example of fluorescence signal excited simultaneously by 1PA and 2PA in a 
Fluorescein solution. The two excitation beams are represented with blue line for 1PA 
and red line for 2PA. For the purpose of this photo, 1PA excitation beam was shifted 
down below the 2PA excitation beam.  
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Fluorescence signal was collected from the first 2 mm section of the sample 
solution at 90o from the excitation direction. The rest of the solution 
fluorescence was masked by a sheet of thick black paper. The 2 mm horizontal 
fluorescence track was imaged with ~1:1 magnification on the entrance slit of a 
scanning diffraction grating spectrometer (LOMO MDR-12). The height of the 
vertical spectrometer slit is much larger than the fluorescence image. Scattered 
laser light was additionally suppressed by a stack of short-pass color glass filters 
(SPF2). Inside the spectrometer, the spectral dispersion occurs in the horizontal 
plane by diffraction on a 1200 lines mm-1 grating. The combination of the 
rotating grating and adjusting the exit slit, typically set at 2 mm, permits the 
selection of a small 6 nm portion of the fluorescence spectrum centered on reg, 
which was detected with a photon counting module (Hamamatsu H6240-01) 
coupled to a frequency counter with PC readout. By selecting a small spectral 
width around the maximum, we measured a stable signal with reduced 
background signal. 

The red beam power at the sample was varied manually rotating a /2 plate 
that was positioned in front of a Glan-Taylor linear polarizer (GL10-B Thorlabs) 
(Pol). The relative average power of the fundamental beam at the sample was 
monitored by reflecting a portion of the incident beam to integrating sphere 
silicon photodetector (Thorlabs S140C) coupled to optical power meter 
(Thorlabs PM100A). The signal from the integrated sphere detector was 
compared to that obtained with another optical power meter (Coherent 
FieldMate) with thermoelectric probe (Coherent Powermax PM10) placed 
directly in front of the sample with the /2 plate rotated to a position where the 
signal is at maximum. 

Absolute blue beam power for 1PA was measured with integrating sphere 
silicon photodetector (Thorlabs S140C) or with standard silicon photodetector 
(Thorlabs S120VC) placed directly in front of the sample. 

A flip mirror MF (Figure 21) was redirecting the laser to a modified second 
harmonic auto-correlator (INRAD 5-14A). The eventual broadening of the pulse 
through the optical elements from GP1 to sample is below 0.5% (see appendix 
B). Figure 23 shows a scheme (left) and a picture of the auto-correlator used for 
the determination of the temporal width of the excitation laser pulse. Briefly, a 
variable delay was produced by rotating glass plates (glass thickness 1 mm) and 
non-collinear second harmonic generation was produced in 0.1 mm BBO crystal, 
SHG signal was measured by the use of a photo-detector connected to Keysight 
oscilloscope (DSOS404A). Further details about the auto-correlator calibration 
are presented in appendix D. 
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Figure 23: Schematic (left) and photo (right) of the SHG auto-corellator, modified by A. 
Rebane. L – focusing lens; GP – glass plate; CM – corner mirror; SPF – short-path 
filter. 

To minimize potential detrimental effect of thermal lensing (refraction of 
light due to change of index of refraction with temperature) in the sample 
solution, especially for tetrahydrofuran (THF) and methanol solutions, the beam 
profile was also recorded after passing through the sample, while stirring the 
solution. If the thermal distortions were still observed to change the beam 
diameters by 5 - 10% or more, then the average laser power was reduced by 
factor 10 using a 100 Hz optical chopper (Thorlabs MC2000) that was inserted 
before the lens L3, where the spot size was at the minimum. As an example, 
Figure 24 shows how the beam profile tends to lens due to thermal effect in the 
solvent. Figure 24 a) is the beam profile recorded for the excitation beam and 
Figure 24 b) is the reduced beam profile after installing a cuvette filled with 
MetOH in the sample holder. Stirring the solution helps to dissipate the local 
heat, but in case of MetOH it wasn’t enough to restitute perfectly the beam 
profile onto the camera, underlying that some distortion are still present. While 
using the optical chopper, we can see in Figure 24 d) that distortion is absent. 
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Figure 24: Beam profile image in a color scale of a) the excitation beam; b) the 
excitation beam after crossing a 10 mm cuvette filled with MetOH; c) the excitation 
beam after crossing a 10 mm cuvette filled with MetOH stirred and d) the excitation 
beam after crossing a 10 mm cuvette filled with MetOH while the average power is 
reduced with the use of the chopper. 

4.1 Evaluation and selection of fluorophore/solvent systems suitable 
as 2PA standards  

Standards should be selected such as to facilitate their use, i.e. they should be 
commercially available, or at least can be synthetized without any major 
difficulties. They must preferably show a sufficiently large 2PA cross-section in 
the selected range of excitation wavelengths. The standards should be well 
soluble under ambient conditions up to mM concentration (minimal aggregation) 
and the solutions should be stable both in the dark as well as under stringent 
illumination conditions. The set of standard should cover a sufficiently large 
emission wavelengths range as explained in paragraph 2.7.3. Because in our 
method we determine the 2PA cross-section by direct comparison of the 2PA 
fluorescence emission and 1PA fluorescence emission, our standard must 
present enough strength for 1PA and 2PA for the same transition in the visible 
region. 

Fluorescein dianion in water buffer pH11 was proposed as a standard by Xu 
et al. [43] and Makarov et al. [44]. It offers high quantum yield of fluorescence 
~0.9 and a relatively large peak 2PA cross-section ~ 40 GM, accompanied by 
high photostability and excellent solubility. On the other hand, Rhodamine B 
(Rhodamine 610), which was also proposed previously, appeared in different 
solvents as a mixture of at least three different forms: (a) intensely colored 
protonated cation form; (b) zwitterion and (c) colorless lactone [83-85]. In water, 
the equilibrium between zwitterion and lactone form has a reported value of pKa 
= 8.3 whereas in methanol the equilibrium between zwitterionic and cationic 
form has pKa =3.1. We observed that, in deuterated water, zwitterionic form 
tends to aggregate at concentrations as low as 10-5 M as manifested by a distinct 
change of the 1PA spectrum with the rise of the dimer absorbance peak at 523 
nm as shown in Figure 25. According to literature, this effect appears in slightly 
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more concentrated solution in pure water [85]. Our estimation is that 1% of 
molecules are dimer at 10-5 M and up to 40% at 10-4 M concentration. 

  

Figure 25: Changes observed in the shape of absorbance spectrum of Rhodamine B in 
deuterated water with concentration ranging from 10- 6 M to 10-4 M. With increasing 
concentration, the absorption band of the dimer centered on 523 nm becomes more 
prominent. 

  
Figure 26: a) Bathochromic shift of 2 nm for the maximum absorption peak for Rhodamine B in 
methanol, when raising the concentration from 1.0 × 10-5 M to 2.1 × 10-5 M, b) Hypsochromic 
shift of the peak corresponding a higher transition when raising the concentration from 2.2 × 
10-5 M to 2.2 × 10-4 M. 

We found that in methanol, with increasing concentration, the equilibrium is displaced 
toward the cationic form due to increases of the acidity and is visible in the 1PA 
spectrum for concentration as low as 10-5 M by a bathochromic shift of the maximum 
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peak and more noticeable hypochromic shift of a higher electronic transition band at 
355 nm as shown in Figure 26. 

Therefore water or heavy water solutions of Rhodamine B can be considered as 
transition systems between solutions of monomers and aggregates in the whole range 
of usual studies. Because the different monomers and aggregates might have different 
optical properties, and their proportion is subject to change depending on the exact 
concentration, we excluded Rhodamine B as a viable high accuracy standard. In 
contrast, Rhodamine 6G has a unique form and doesn’t suffer from aggregation, at 
least up to 1 mM concentration. Therefore Rhodamine 6G in methanol is preferred in 
our set of standards. 

Perylene, Lucifer yellow and Chloroanthacenes from Makarov et al. [44], Cascade 
Blue, DiI, Indo-1, DAPY and Dansyl hydrazine from Xu et al. [43] are all covering 
essentially the same region <750 nm with relatively low 2PA cross section peak, 2PA 
< 10 GM. Because some of the biological markers absorb in the near-UV region, we 
must propose at least one standard in this region. We kept 9-Chloroanthacene in this 
study since it offers the highest cross-section, among the fluorophores cited before, 
and presents great stability, more than a month. We also include, as an alternative, 
4,4’-bis-(diphenylamino)stilbene (BDPAS) proposed by Makarov et al. [44], which 
has low stability in solution, about 1 week, but has a relatively high 2PA cross-section, 
up to ~ 150 GM. 

7,7',7''-(1,3,5-triazine-2,4,6-triyl)tris[9,9-didecyl-N,N-diphenyl 9H-Fluoren-2-
amine CAS Registry Number, 517874-02-13 (AF455) was synthetized by Kannan et 
al. [89] and present a large 2PA cross-section maximum of ~ 200 GM, which is highly 
desired for accurate measurements. Therefore, for the intermediate wavelengths 
region, 720 – 1050 nm, we focused our interest on Prodan, Coumarin 153 and AF455. 
These 3 dyes also present red shift solvatochromism, more pronounced in their 
fluorescence than in their absorbance spectra, with increasing the solvent polarity. The 
solvatochromism shifts observed for Prodan and C153, when the solvent changes 
from toluene to dimethylsulfoxide (DMSO), and for AF455, when the solvent changes 
from toluene to tetrahydrofuran (THF), are presented in the following Table 4.  

Table 4: Solvatochromism shift with increasing the solvent polarity. Initial solvent is 
toluene for all the chromophores. Data are deduced from our measurements shown in 
Appendix H. 

Comp. 1PA shift (nm) em shift (nm) Solvent polarity 
increase  

Prodan 9 45 0.345 

C153 19 72 0.345 

AF455 4 51 0.129 

Solvatochromism can be used as an advantage when applied to 2PA spectroscopy 
using a reference standard. Indeed, if Prodan, C153 or AF455 is chosen because of its 
good 1PA spectrum overlapping with the sample, one can tune the fluorescence with 
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the right ratio of toluene and either DMSO or THF in order that the fluorescence 
emission spectra of the standard match better the one of the sample. The new 
proposed reference fluorophores set comprises both commercial organic dyes 
such as 9-Chloroanthacene in DCM, Prodan in toluene, Prodan in DMSO, 
Coumarin 153 (C153) in toluene, C153 in DMSO, Fluorescein dianion in water 
buffer pH 11 and Rhodamine 6G (Rh 6G) in methanol (MetOH), but also 
custom-synthesized compounds such as BDPAS in DCM, AF455 in toluene, 
AF455 in THF. This set covers 680 - 1050 nm excitation wavelength range in 
2PA. The molecular structure of these chromophores is presented in appendix F. 
Their combined fluorescence emission spectra, shown in Figure 27, cover the 
375 – 600 nm range. 

 

Figure 27: Normalized fluorescence spectra of the selected standards. 
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4.2 Protocol for higher accuracy measurements of the absolute 2PA 
cross-section 

The determination of the 2PA cross-section needs precise measurement of 9 
parameters which are: 

 The 2PA excitation beam temporal profile and the pulse duration t, 

 The 2PA excitation beam spatial profile and the vertical and horizontal 
spot size x and y, 

 The sample concentration, Ng, and its extinction coefficient spectrum in 
the solvent used, 

 The 2-photon excited fluorescence signal F2PA and the corresponding 
average excitation power W2PA, 

 The 1-photon excited fluorescence signal F1PA and the corresponding 
excitation power W1PA. 

4.2.1  Sample preparation and procedure for extinction coefficient 
determination 

Prodan, Coumarin 153 (C153), Fluorescein, 9-Chloroanthacene (9-ChlA) and 
Rhodamine 6G (Rh 6G) were obtained from Aldrich and were used as received. 
4,4'-Bis(diphenylamino)-stilbene (BDPAS) was custom-synthesized by K. 
Schanze group (U of Florida) as described in [86]. AF455 was provided by Dr. 
S. Tan from the Air Force Research Laboratory. The synthesis of AF455 is 
described in [87-88]. All solvents were purchased from Sigma-Aldrich and were 
used without further purification.  

Stock solutions were prepared by mixing 10 mL of solvent with 1 - 3 mg of 
dry dye, weighted with 1% precision, using Mettler-Toledo Model AT2611 
analytical balance.  

A set of daughter solutions with maximum absorbance in the range OD = 0.5 - 
1.5 were prepared from the stock solution. This range provides most reliable 
measurements of OD with the spectrophotometer (Shimadzu UV-3600Plus).  

Linear absorption spectra were obtained with Shimadzu UV-3600Plus 
spectrophotometer in a dual beam configuration, using pure solvent as reference. 
The sample and the reference were contained in 10 mm quartz cuvettes. To 
ensure that no impurities were added in the solutions during the dilution step and 
to exclude possible dimerization or aggregation of the dye in the solution, the 
normalized spectrum for each daughter solution where compared. When the 
normalized spectra did superimpose perfectly, then the absorption value at the 
peak versus the concentration was fitted with a linear model as shown in Figure 
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28. The slope of the fit is the molar extinction coefficient in M-1 cm-1 at the 
maximum of the absorption band.  

 

 

Figure 28: Molar extinction coefficient determination for AF455 in THF at the 
absorption peak 415 nm. Each set of solution arising from the same stock solution share 
the same color representation. Square symbols represent the absorbance measured for 
the corresponded concentration whereas straight line is the best fit.  

Because a potential error may arise from the weighting of the dry dye, the 
procedure was repeated two times, by preparing 2 more stock solutions, which 
allowed us to check the reproducibility of the determined extinction coefficient 
and to estimate the error made in this measurement. Average extinction 
coefficients determined at the maximum of the absorption band along with the 
associated estimated error are presented in Table 5. The average extinction value 
determined at the maximum was used to rescale the normalized spectrum, thus 
providing the molar extinction coefficient spectrum of the standard. The 
standard extinction coefficient spectra are presented in Appendix H.  
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Table 5: Molar extinction coefficient values determined at the absorption peak. 

Comp. Solvent 
1PA (1PA) 

M-1 cm-1 (nm) 

Error 

% 

BDPAS DCM 5.26 104 (388) 2% 

Prodan toluene 1.98 104 (349) 4% 

Prodan DMSO 1.75 104 (358) 1% 

C153 toluene 2.00 104 (408) 6% 

C153 DMSO 1.85 104 (427) 6% 

AF455 toluene 1.17 105 (419) 2% 

AF455 THF 1.06 105 (415) 1% 

Fluorescein H2O pH11 8.86 104 (491) 6% 

Rh 6G MetOH 1.22 105 (528) 6% 

9-ChlA DCM 8.02 103 (570) 4% 

 

To determine the absolute 2PA cross-section, the standard linear absorbance 

at the excitation wavelength , must be well below OD = 0.2 to 

limit primary inner filter effect, i.e. to ensure a relatively constant fluorescence 
signal along the beam path through the sample. This OD corresponds to a 
depletion of less than 10% in the 1PA excitation photon flux over the 2 mm 
pathlength for which the fluorescence is detected. Samples were prepared by 
dissolving dry dye in the solvent. The normalized spectrum was compared with 
the normalized extinction coefficient spectrum to make sure that the dye was 
completely dissolved and that no impurities were added. Then the ratio of the 
absorbance and the extinction coefficient spectra give the concentration value 
thought the Beer-Lambert’s law: 

 . (91) 

In practice, best estimation of the sample concentration is obtained by averaging 
the determined concentration from Equation (91) at different wavelength, where 
the absorbance is in the 0.05 - 1.5 range. The standard deviation of the 
concentrations estimated is this manner, usually below 5%, will be included in 
the final error calculation of the 2PA cross-section. 
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4.2.2  Procedure for evaluating the excitation beam parameters 

The 2PA excitation beam profile was measured in the absence of sample. 

 

Figure 29: Example of beam profile (red matrix) and its asymmetrical Gaussian fit for 
=812 nm presented in a topographic (left) and 3D (right) view using Mathematica 
program. 

 Figure 29 shows the contour plot (left) and 3D rendering (right) of the beam 
profile at a selected wavelength, 812 nm. The x and y axis are scaled according 
to known camera pixel size (6.45 µm) and also by taking into account the 
magnification factor. The beam profile is elliptic, slightly rotated from 
horizontal direction, and may show some asymmetry. Thus, the best fit to the 
experimental profile was obtained with an asymmetric Gaussian function which 
is shown in red lines in Figure 29. 

In Appendix E, we collected some example of beam profiles at different 
wavelengths and determined on different days. Figure 30 summarize the full-
width at half maximum values on the main elongation direction. The data shows 
little reproducibility of the beam profile at a single wavelength. The laser spatial 
beam profile varied as a function of wavelength but also changed from day to 
day depending on the alignment of the laser. The beam size, on average, 
increases up to 50% when changing the wavelength from 680 nm to 950 nm. 
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Figure 30: Full width at half maximum of the beam profile measured at different 
wavelengths and different days. 

The beam diameter lies within 0.02 – 0.04 cm. Neglecting the wavelength 
dependence of the beam diameter can result in a 2PA cross-section error as large 
as 200%. The beam ellipticity (e =1 − Dmin/ Dmax) changes from 0.28 to 037. 
Ignoring this ellipticity could result in up to 50% error in the 2PA cross- section. 

Since we used asymmetric Gaussian fit, the product xy of the full-width at 
half maximum in Equations (83) and (86) was amended by a shape correction 
factor, gp, which was evaluated based on the asymmetric Gaussian fit model as 

 
∬

∬
. (92) 

Maximum error of the beam shape measurement was estimated by relative 
quadratic mean between the image and the fit and taking into account 2% due to 
the estimated accuracy of the magnification factor, 

 
∆ ∬

∬ ,
. 

(93) 

Maximum error was found to be around 7% which constitutes the largest 
contribution to the overall error bar of the absolute 2PA value. One large 
contribution to this error is due to the poorly defined background. The 
background does not contribute to 2PA, consequently if 2PA measurements 
show good reproducibility, then we would be allowed to reduce the final error 
bar. 

The pulse temporal intensity profile was also obtained for each wavelength. 
Figure 31 shows in blue symbols the oscilloscope trace of the SHG auto-
correlation function measured at 786 nm rescaled according to the delay induced 
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in the auto-correlator. The resulting signal was well fitted with a Gaussian 
function, showed in red line. We estimated a maximum experimental error of the 
pulse temporal full-width at half maximumt to be about 2 %, this error may 
result from beam misalignment and detector response nonlinearity in the auto-
correlator. 

 

Figure 31: Example of auto-correlation function (blue dot) and its Gaussian fit (red line) 
for =786 nm with Chi-square exceeding 0.999 using Origin program. 

The pulse duration taken at different days versus wavelength is presented in 
Figure 32. The pulse duration has a global tendency to decrease by about 40% 
from 200 fs below 700 nm to 120 fs close to 980 nm. As in the case of the beam 
profile measurement, the day-to-day data points show a substantial spread. 
Because of the absence of reproducibility, the pulse duration was measured 
every time for each day and wavelength. 

Another useful indicator, for the pulse characterization, is the time-bandwidth 
product, which shows how close is the pulse to the transform limit set by its 
spectral width. The minimum value for a Gaussian profile is 0.441. The 
theoretical pulse duration estimated from laser spectral width are represented in 
magenta crosses in Figure 32 and have a smaller value than the measured one 
represented in black symbols and show a decrease from 200 fs at 680 nm to 100 
fs close to 980 nm. Determining the pulse duration from the spectral bandwidth 
could result in above ~11% and up to 40% error in the 2PA cross- section. We 
note that if the wavelength dependence of the pulse duration would be neglected, 
by assuming the overall pulse duration of 100 fs, given by the manufacturer, 
then it results in up to 50% error in the 2PA cross-section determination. 
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Figure 32: Pulse duration at different wavelength and at different days of measurements. 
Black symbols are the measured pulse duration via the auto-correlator. Magenta crosses 
are the estimated minimum pulse duration ∆  deduced from the measured spectral 
bandwidth. 

The calculated time-bandwidth product is randomly spread over the 
wavelength range as shown in Figure 33 a). Its distribution, in Figure 33 b), 
shows a peak at ~0.49 and a mean value of ~0.51. This indicates that the pulses 
are slightly chirped: 

 ∆ ∆
∆

, (94) 

where ∆  is the chirp-free duration of the transform limited pulse and  the 
linear chirp coefficient [90]. 
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Figure 33: Time-bandwidth product calculated from the pulse duration fit and spectral 
fit with Gaussian functions. a) Time-bandwidth value versus the wavelength. b) 
Distribution of all the time-bandwidth value.  

As long as the 2PA cross-section does not depend on the pulse duration, the 
presence of a chirp may be neglected. Comparison with two-photon shape from 
independent set-up, carried out below, will indicate if the chirp has any 
detrimental effect or not. 

4.2.3  Procedure for 1PA and 2PA fluorescence signals determination 

 

Figure 34: Example of fundamental laser spectrum (black circles) set at 811 nm with a 
full width at half maximum of 9.4 nm fitted with a Gaussian function (red line) using 
Origin program. 
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During the 1PA and 2PA fluorescence acquisition, the position laser spectrum, 
as shown in Figure 34, was carefully tracked to not deviate more than 0.2 nm 
from the set position. If the deviation is larger than 0.2 nm, the 2PA dependency 
on the excitation signal shift from quadratic dependence, but most importantly 
the wavelength conversion in the BBO decreases in efficiency and the 1-photon 
excitation fluorescence would not correspond to the prior measured excitation 
beam power, leading to an increased error in the determined absolute 2PA cross-
section. 

At each acquisition, to guarantee the quadratic power dependence of the 2PIF 
signal on the excitation power, the power is gradually attenuated by rotating the 
/2 plate in front of the Glan-Taylor polarizer. The average fluorescent signal 
F2PA and average power W2PA were measured simultaneously with 1s integration 
time and averaged over 100 acquisitions. The log-log dependence of the 
resulting average 2PIF signal F2PA on the average power W2PA was fitted with a 
linear function using bivariate York method, which iteratively minimizes the 
distance between data points and the fitted line in the x- and y-direction. York 
method may be considered a more precise fitting method than the least-square 
fitting, which doesn’t include uncertainties in the x-values. 

 

Figure 35: Example of the quadratic power dependence using log-log linear fit of F2PA 
vs. W2PA  recorded for Coumarin 153 in toluene at 816 nm. Experimental data (black 
squares) are fitted with linear regression using York method (red line) existing in Origin 
program and show a power law coefficient of 2.00. 
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Figure 35 Shows, in black symbols with x- and y- error bars, an exemplary 
power dependence of the measured fluorescent signal for Coumarin 153 in 
toluene at 816 nm excitation wavelength. Solid red line stands for the York fit. 
Using York method, we measured a 2PIF signal dependence on the power of 

2.003 0.004 and a deduced ratio 98365 	0.5%.

Most of our measurements showed a power law coefficient in the 1.98 - 2.02 
range. We accepted measurements with a power law coefficient in the 1.96 - 
2.04 range. Figure 36 shows a compilation of the power law coefficient arising 
from York fitting for all the measurements performed. They appear to be 
randomly distributed around the central value 2.00 with a deviation, which 
doesn’t exceed 0.02. This ensured that 2PA was not accompanied by other 
spurious phenomena such as residual linear absorption, thermal lensing and 
saturation. 

 

Figure 36: Power law coefficient of the 2PIF signal on the excitation power at different 
wavelength with different standard sample. Data points are cumulative over all the 
experiments performed. 

To provide increased accuracy, in Equations (83), for the determination the 
2PA shape function, and in Equation (86), for the determination of the absolute 
2PA cross-section, the intercept of the fit (intercept2 in Figure 35) to the power 
of 10 was used in the place of the quotient: 
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 10 . (95) 

The standard error given by the fit (Figure 35) was included in the final cross-
section error estimation. 

The 1-photon excitation beam power was adjusted by using continuously 
variable metal-coated filter wheel (ND1). The power W1PA was measured 
immediately before the start of the fluorescence signal acquisition F1PA to 
minimize possible laser power drift. Both average power W1PA and average 
fluorescent signal F1PA were measured with an integration time of 1 s and 
averaged over 100 acquisitions. The resulting F1PA signal vs. incoming power 
W1PA was fitted with a linear function using York method to verify the linear 
relation. Figure 37 shows, in black symbols, average fluorescence signal F1PA 
versus the average power W1PA for Coumarin 153 in toluene at 816 nm excitation 
wavelength, with the same solution and geometry as for the 2PA fluorescence 
detection (Figure 35). Blue line stands for the best York fit. 

   

Figure 37: Example of the linear dependence of the fluorescence signal F1PA vs. the blue 
beam power W1PA  after 1-photon absorption recorded for Coumarin 153 in toluene at 
816 nm. Experimental data (black point with error bars) are fitted with linear regression 
using York method (red line) existing in Origin program with R-squared of 0.999. 

For increased accuracy in the absolute 2PA cross-section determination, the 
slope of the fit (slope1 in Figure 37) was used in Equations (86) in the place of 
the quotient: 
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The standard deviation given by the fit was included for the 2PA cross-section 
error bar estimation. 

4.3 Verification of 2PA spectral shape obtained from an 
independent experiment 

As we pointed out earlier, the reference standards developed here comprise two 
different set-up data: (a) 2PA spectral shape and (b) absolute value of 2PA at 
selected wavelength. High accuracy spectral shape were obtained in a series of 
independent experiments performed at Montana State University (MSU) as 
described in paper I in appendix J. In this thesis we focus on the absolute 2PA, 
however, we also performed, to some degree, spectral shape measurements 
exploiting Equation (83) to verify the results obtained at MSU. 

Figure 38 presents the 2PA shape function of Fluorescein in a water buffer pH 
11 measured by two complimentary experiments, where the red data points stand 
for the measurements performed in this thesis (KBFI) and the grey open circles 
stand for the measurements performed in MSU.  

 

Figure 38: Comparison between independent 2PIF measurement techniques for the 
determination of 2PA shape function for Fluorescein in water buffer pH 11. Grey circles 
- with scanning laser set-up,  red symbols - with manually tuned laser. 
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2PA shape functions for other standards are presented in Appendix G. We 
focus mainly on Fluorescein in water buffer pH 11 and Rhodamine 6G in 
MetOH because these 2 dyes present an absorption spectrum with at least 2 
absorption peaks, as shown in Figure 38, hence 2PA shape showing high 
dynamic variations is the better choice to confront results. One might expect that 
different measurement systems behave slightly differently, especially regarding 
excitation photon flux parameters, leading to deviation outcome. Nevertheless, 
we achieve a good agreement between the two totally independent 
measurements, which serve as a confirmation of the high accuracy of both 
experiments. 

The cumulative deviation error, over all wavelengths, estimated of our 
relative 2PA measurement compared to the one obtained in MSU is presented in 
Figure 39. The deviation error is symmetrically spread around the mean value– 
0.1% with a standard deviation of 3.9%. This allows us to estimate that the 
overall uncertainty of the 2PA shape functions presented here is about 5%, in 
accordance with the estimation provided in paper I in appendix J. Since the two 
experiments were truly independent, we conclude that the relative accuracy of 
the photon flux measurement and, accordingly, the relative beam spatial and 
temporal profiles accuracy, was also about 5% or better. As a consequence, it 
also attests that the observed pulse chirp has no significant consequence and that 
the determined error on the shape correction factor can be reduced (Equation 
(93)).  

Figure 39: Discrepancy in the determination of the 2PA shape function .  between 
the two independent set up cumulated from all the experiments performed. a) presents 
the error in % versus the laser tuning wavelength. b) presents the histogram of the error 
distribution obtained. 
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4.4 Determination of the maximum absolute cross-section for each 
standards 

In the case of the absolute cross section measurement, there is an additional 
uncertainty due to the measurement of the 1-photon excited fluorescence. 
Firstly, for this measurement, the 1-photon excitation beam should be aligned to 
illuminate the exact same sample volume, or smaller, as the 2PIF excitation 
beam. If the beams are even slightly misaligned, then the two fluorescence 
signals may no longer be collected from the exact same sample volume. 
Secondly the maxima of the 2-photon and 1-photon spectra do not always 
coincide. When we tune the 2-photon excitation wavelength near the peak of the 
2PA spectrum, then the corresponding 1-photon excitation wavelength may be 
located where the linear absorbance is very low or changes abruptly, thus 
making it difficult to accurately determine how many photons are absorbed in 
the sample. In this last case, any fluctuation of the laser away from the settled 
wavelength may have a significant impact on the accuracy of the determined 
fluorescence yield. To minimize this potential error we made sure that the laser 
peak wavelength remains constant during the measurements by tracking its 
spectral distribution continuously. 

The main difficulty for Fluorescein in water buffer pH 11 and Rh6G in 
methanol stems from the fact that in their corresponding 1PA and 2PA spectral 
shapes do not match (see Appendix H, Figure H.7 and H.10). As a consequence, 
it is a challenge to find a concentration of the solution suitable simultaneously 
for one-photon and two-photon measurements. On one hand, the OD, at half the 
wavelength value for the 2PA peak, must be in the range of 0.05 to 0.2 in the 
350 nm region such that 2PIF measurement is in accordance to our experimental 
conditions. On the other hand, it corresponds then to a high concentration 
leading to a saturated 1PA spectrum, even in 1 mm cuvette, thus hampering 
exact spectrophotometric evaluation of the concentration. As a consequence, our 
reported absolute 2PA for Fluorescein in paper I (Appendix J) was ~6% 
overestimated, essentially because of erroneous concentration estimation. 
Correction was made on the consideration of portion of the 1PA spectrum, 
which were perfectly superimposed with the extinction coefficient spectrum and 
by rejecting the range below 360 nm, where the solvent start absorbing as well.  

 The quadratic error in the 2PA cross-section, 2PA, is calculated based on 
the standard deviation obtained for the linear fit for 1PA and 2PA excitation 
fluorescence relative to the excitation power, the standard deviation of the 
average concentration based on the comparison of OD and extinction coefficient 
spectra, an estimated accuracy of 2% for the temporal profile and the cumulative 
relative quadratic mean deviation of the beam spatial profile, 

∆ ∆ ∆ ∆ ∆
2% , (97) 
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where  and . We can point out that, with our 

methodology, where we use shape correction factor and the ratio of fluorescence 
signal with respect to the excitation power, 5 parameters out of the 9 separated 
measurements are required for the absolute 2PA cross-section determination and 
the corresponding estimated error, hence improving the accuracy of the result. 

As mentioned earlier, the determined error of the beam profile, due to the 
background contribution, gives the biggest contribution to the final error of 
about 7% whereas our 2PA shape function, including beam profile error, is 
estimated to be 5% maximum. Since we repeated at least twice the cross-section 
determination, then by evaluating the mean value, the final error was reduced as 
well and stayed below 8% for all the standards as shown in Table 6. 

Table 6: 2PA and 2PA values are obtained by averaging over all measurements 
performed. 

 
Comp. Solvent 

2PA(2) 

GM (nm) 

2PA 

±% 

1 BDPAS DCM 175 (690) 

138 (700) 

8 

8 

2 Prodan toluene 19 (700) 6 

3 Prodan DMSO 20 (723) 8 

4 C153 toluene 17 (816) 5 

5 C153 DMSO 17 (851) 7 

6 AF455 toluene 404 (784)  7 

7 AF455 THF 392 (784) 6 

8 Fluorescein H2O 
pH11 

24 (785) 

6.0 (858) 

5 

8 

9 Rh 6G MetOH 79 (812) 

202 (692) 

8 

8 

10 9-Chloroanthacene DCM 0.043 (740) 8 

The peak cross section value for BDPAS in DCM is2PA = 175 ± 14 GM, is less 
than was reported earlier [44], which we attribute to relatively rapid photo-
degradation and low dark stability of the solution [92] leading to an 
underestimation of the 1PA fluorescence signal. These side effects were avoided 
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in current experiments. The 2PA spectrum rapidly drops to 20 GM at 750 nm 
and falls below 1 GM at longer wavelength. The solvatochromic shift is ~ 23 nm 
for Prodan with increasing the solvent polarity from toluene to DMSO, but the 
maximum value for the cross-section is practically the same, 19 GM. Same 
effect is to be noticed for C153 with a 2PA cross-section peak of ~17 GM 
independently of the solvent, but with a shift of 35 nm while increasing solvent 
polarity from toluene to DMSO.  Remarkable feature is that the 2PA and 1PA 
profiles practically coincide in the range 2PA = 740 - 1000 nm for C153 and 
Prodan. The peak cross section of Fluorescein in water buffer pH 11 is 2PA = 24 
± 1.2 GM at 780 nm. This is again about factor 2 less than the earlier reported 
value [44], most likely because, in previous experiment, this wavelength 
coincides with degeneracy of the OPA, where the beam parameters may 
deteriorate. In our current measurement this issue did not occur. 

Rh 6G in MetOH cross section at 810 nm is 2PA = 79 ± 6 GM, and correlates 
well with the value reported in [44] and is shown in Figure H.10 from appendix 
H. Both the absolute value and the shape function are higher at 690 nm 
compared to the value reported previously. This discrepancy is most likely 
caused by the narrow spectral band, at 2PA = 680 - 710 nm. The spectral FWHM 
of the excitation pulses in that particular wavelength range was measured to be 
2PA = 3 - 4 nm, i.e. is comparable to the half-width of the named band. For 
comparison, in the earlier measurements the pulses were spectrally about factor 
of two broader, which may explain why the spectral feature appears more 
pronounced in the current data. Below 700 nm, the laser average power was low 
leading to a small fluorescence signal but also the laser was less stable. Hence 
the 2PA cross-section spectrum was rescaled preferably with the absolute cross-
section determined at 812 nm. Finally 9-Chloroanthacene in dichloromethane 
presents a cross-section of 0.043 ± 0.004 GM at 740 nm, which is about 1.5 less 
than the value published in [44]. In our case, we concentrate the solution for the 
2PA fluorescence recording and the registration wavelength was set at the 
second peak of emission to alleviate secondary inner filter effect from 1-photon 
excitation. If such care is not taken, the resulting absolute 2PA cross-section 
might be overestimated. 

4.5 Confirmation of the fidelity of the established standard 2PA 
cross-section spectra 

In the previous section, we estimated the maximum error of the absolute 2PA 
cross-section value to be about 8%. However, experimental errors exceeding that 
margin may still be present. Our goal here is to minimize the probability of such 
accidental experimental errors. Because this task is still practically difficult, we 
propose, instead of repeating the absolute measurements, to verify the fidelity of 
the current best characterized data set by carrying out a pair-wise comparison 
between different standards under identical excitation and detection conditions.   
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The general idea is to use the reference technique, described in 2.6.3, where one 
standard is considered as a “sample” for which the cross-section has to be 
determined with respect to another suitable “standard” taken from the rest of the 
set using Equation (87). By doing so, we can verify the correspondence between 
the absolute 2PA cross-section and the relative 2PA cross-section, thus revealing 
potential discrepancies. 

We note that since the 2PIF detection is typically performed in a different setup 
from the differential quantum yield measurement, potential systematic errors 
may occur from erroneous differential quantum yield measurements due to 
mismatch in the wavelength calibration of different spectrometers, light source 
correction functions etc. However, since our 2PA shape was already verified 
with a substantially smaller maximum error of 5 %, and then as long as the 
difference between the absolute cross-section and relative cross-section 
determination is sufficiently small, e.g. less than 8%, this additional error 
contribution may be neglected.  

Our next step is to pair up each of the 10 standards from previous chapter 
with a matching partner from the same set, such that 2PA and fluorescence 
emission spectra have sufficient overlap. We have all together 10 of such 
matching pairs. Figure 40 shows the 2PA and 1PA spectra, along with the 
fluorescence emission spectra for selected 9 pairs (out of 10 pairs studied) that 
allows a comparison via the reference technique: (a) 9-Chloroanthacene in DCM 
vs. Prodan in toluene, (b) 9-Chloroanthacene in DCM vs. BDPAS in DCM, (c) 
BDPAS in DCM vs. Prodan in in DMSO, (d) BDPAS in DCM vs. C153 in 
toluene, (e) Prodan in DMSO vs. C153 in toluene, (f) C153 in toluene vs. AF455 
in THF, (g) C153 in toluene vs. AF455 in toluene, (h) C153 in DMSO vs. 
Rhodamine 6G in MetOH and (i) C153 in DMSO vs. Fluorescein in water buffer 
pH 11. As already mentioned, one of the criteria for choosing the particular pairs 
was sufficient overlap between their respective absorption spectra (solid lines). 
The second criterion was overlap between the fluorescence spectra (dash lines). 
Common fluorescence detection wavelength is indicated by a vertical straight 
line. For all these pairs, one system is considered as “sample” and the other one 
is considered as “standard”. We then determined the 2PA cross-section of the 
“sample” relative to the “standard” at the same wavelength, where we performed 
absolute 2PA cross-section determination, for a direct comparison of our 
measurements. We did as well measurements at some other wavelengths to 
confirm the 2PA shape as long as the 1PA and 2PA overlap of the pair allowed 
it. 
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Figure 40: Normalized 1PA spectra (line, right and top axis), normalized fluorescence 
spectra (dash, right and top axis) and 2PA spectra (circle, bottom and left axis) of: (a) 
9-Chloroanthacene in DCM (blue) vs. Prodan in toluene (red); (b) 9-Chloroanthacene 
in DCM (blue) vs. BDPAS in DCM (red); (c) BDPAS in DCM (blue) vs. Prodan in in 
DMSO (red); (d) BDPAS in DCM (blue) vs. Coumarin 153 in toluene (red); (e) Prodan 
in DMSO (blue) vs. C153 in toluene (red); (f) AF455 in THF (blue) vs. C153 in toluene 
(red); (g) AF455 in toluene (blue) vs. C153 in toluene (red); (h) C153 in DMSO vs. 
Fluorescein in water buffer pH 11 (red); (i) 153 in DMSO (blue) vs. Rhodamine 6G in 
methanol (red). The common chosen fluorescence detection wavelength reg for each 
pair is also indicated. Note that we had to enhance 10 times the 2PA spectrum of 9-
Chloroanthacene in DCM in (a) and in (b) for a better visualization. 

Figure 41 summarizes the results of the pair-wise comparison experiments. The 
absolute 2PA spectra from previous section are shown in circles using a unique 
color for each standard. The relative 2PA cross-sections are indicated with 
square symbols, where the color refers to the used reference standard. The pair-
wise relative 2PA was then compared with the ratio between the absolute 2PA 
values for the same excitation wavelength. The discrepancy between the two 
ratios values at selected wavelengths expressed in % terms is presented in 
appendix I. 
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Figure 41: Comparison of sample relative 2PA cross-section calculated with the 
reference compared to its absolute value for the same wavelength. Each color stands for 
a standard as explained in the legend (a).  

 

For BDPAS in DCM, there is relatively poor overlap with the absorption and 
fluorescence of Prodan in toluene, which may be responsible for some marked 
deviations. Indeed, their 1PA absorption maxima are displaced by ~40 nm 
making it difficult to find a suitable common excitation wavelength, and their 
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corresponding fluorescent maxima are also shifted by 30 nm, leading to a 
difficult choice of the common reg. With our choice reg = 457 nm, we found a 
deviation of –17.1% at 701 nm and –28.7% at 750 nm excitation. Thus, this may 
be revealing some additional uncertainty, especially regarding the spectral 
mismatch. Relative to Prodan in DMSO the fluorescence registration wavelength 
was 14 nm away for the maximum of the emission for BDPAS in DCM, but still 
a relatively flat region (Figure 40 (c)). The deviation from the absolute value is 
+1.0 % at 700 nm. With 4 selected wavelengths in the 720 - 740 nm region, the 
deviations are in the range from 0.3 % relatively to Prodan in toluene at 723 nm, 
to 8.1 % relatively to C153 in toluene at 725 nm, while the registration occurred 
10 – 15 nm away from the emission peak of BDPAS in DCM. Figure 41 d) 
shows also a good correlation between the relative 2PA cross-section and the 
absolute spectrum.  Therefore our absolute 2PA cross-section value for BDPAS 
in dichloromethane is as well validated.  

C153 in toluene cross-section was measured relatively to 4 other standards 
and is shown in Figure 41 e).The fluorescence detection wavelength was close to 
its maximum at 468 nm when compared to BDPAS in DCM (Figure 40 (d)), 
Prodan in DMSO (Figure 40 (e)) and AF455 in toluene (Figure 40 (g)). In 
contrast, the fluorescence detection wavelength was 22 nm away to longer 
wavelength from the fluorescence peak, when compared to AF455 in THF 
(Figure 40 (f)). Nevertheless, since the fluorescence spectrum of C153 in toluene 
is broad, the fluorescence spectrum is still nearly flat in this region, thus limiting 
the relative differential quantum yield error. The discrepancy ranges from –7.5 
% to +5.3 % for all the measurements and one can see from Figure 41 e) that the 
2PA relative spectrum does well reproduce the absolute one in the 720 - 820 nm 
range. At the 2PA peak, 2PA = 816 nm, we report a deviation of –4 % relatively 
to Prodan in DMSO, -1.8% relatively to AF455 in THF and –7.2 % relatively to 
AF455 in toluene which might suggest that the absolute cross-section is slightly 
lower than the one reported in  Table 6 . However, this deviation is still less than 
8 %, thus confirming our previous absolute two-photon cross-sections for C153 
in toluene and in turn validates the accuracy of its whole 2PA spectrum. 

Conversely, assuming that the absolute 2-photon cross-section spectra for 
Coumarin 153 in toluene and BDPAS in DCM are exact, then using those two 
standards, we found for Prodan in DMSO a deviation of –0.9% at its 2PA peak 
at 700 nm. Otherwise, the deviation does not exceed 4.6 % for the 6 points 
covering the 700 – 816 nm range, which is almost the whole range of the 
spectrum as shown in Figure 41 b). Hence we can affirm that this standard, as 
reported in Table 6, is accurate also within 8%. AF455 in THF and in toluene 
were both compared to C153 in toluene and showed at their 2PA peak a 
deviation of –0.3% for AF455 in toluene and -5.0 % for AF455 in THF. Since 
we trust our 2PA shape, the good agreement with only 2 points, as shown in 
Figure 41 c) and 41 d) is enough to attest the validity of the whole 2PA absolute 
spectra for these dyes. 
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Comparison of 9-Chloroanthacene in DCM to BDPAS in DCM at 740 nm 
gave a deviation of –6.3% while the recording wavelength 442 nm correspond to 
the 3rd emission peak for 9-Chloroanthacene in DCM and main peak for BDPAS 
in DCM as shown in Figure 40 (b). Relative to Prodan in toluene the deviation 
was +3.9 % at 740 nm and +13.6% at 750 nm while the registration was set to 
the common maximum peak ~417 nm of these two dyes as shown in Figure 40 
(a) . We have to point out that the 2PA shape for 9-Chloroanthacene is slightly 
noisy for longer wavelength and therefore is responsible for the resulting 
deviation is higher at 750 nm. The good agreement found at 740 nm confirmed 
our absolute measurement for 9-Chloroanthacene at this wavelength. 
Conversely, the relative cross-section determined for Prodan in toluene with 
respect to 9-Chloroanthacene in DCM is 3.7 % off compared to the absolute 
value, therefore we are allowed to assert that the larger deviation found for 
Prodan in toluene relatively to BDPAS in DCM is the consequence of the poor 
overlap in their emission spectra and that the absolute 2PA spectrum determined 
for Prodan in toluene is sufficiently accurate as state above.  

Based on the pair-wise comparison of Fluorescein in buffer pH11 and C153 
in DMSO, we firstly noticed a deviation of ~12% at the 2PA peak for 
Fluorescein. It is originated from an overestimation of the absolute 2-photon 
cross-section for Fluorescein because of an inaccurate evaluation of the 
Fluorescein concentration. After correction of the absolute 2PA 2PA, 
Fluorescein showed a deviation at its 2PA peak of +4.6% relatively to C153 in 
DMSO, while the fluorescence is recorded at the Fluorescein emission peak, 
which is slightly away to longer wavelength from C153 in DMSO peak, as 
shown in Figure 40 (h). We also measured the cross-section at the first minimum 
of Fluorescein at 851 nm and found a deviation of -5.8%. Using the same 
reference standard, Rhodamine 6G in MetOH showed a deviation at its 2PA 
peak of +3.8% while the registration wavelength occurred in between the 
fluorescence peak of these two dyes as shown in Figure 40 (i). Conversely, C153 
in DMSO gave at 851 nm a deviation +6.1% relatively to Fluorescein in water 
buffer pH11 and –3.7% relatively to Rhodamine 6G. Therefore, this trio cross-
comparison presents 2PA cross-section deviations smaller than the 8% compared 
to their absolute one as shown in Figure 41 b), c) and f). It confirms the accuracy 
to our absolute measurements presented in Table 6.  
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5 SOME APPLICATIONS OF THE NEW STANDARDS 

In previous chapters, we have established the 2PA spectra and 2PA cross-
section of a series of fluorophores with record-breaking accuracy. In this 
chapter, we are going to apply this new information to find answers to some 
interesting questions in molecular physics, such as the permanent dipole moment 
change in the lowest-energy dipole-allowed transition and measuring the 2PA 
spectrum of a fluorescent analog of a DNA base.  

5.1 Estimation of the permanent dipole moment change in the 
lowest-energy electronic transition 

The standards selected presumably possess a non-zero permanent dipole moment 
difference between the ground and excited state. Nevertheless, we might be 
tempted to analyze the 1PA and 2PA spectra of the systems in term of 
permanent dipole moment using the two-level model described in section 2.3.3. 
From Equation (63) with vertical polarization, and supposing that the two vector 

	and ∆  are parallel (e.g. =0), the difference in permanent dipole moment 
from the ground to the excited state can be evaluated simply by comparison of 
the 2PA and 1PA cross-section spectra: 

 

∆ , 

∆ 4.55 10 , 

(98) 

with the 2PA cross-section 2PA expressed in GM, extinction coefficient 1PA in 
M cm-1 and the wavelength  in nm. Note that this equation is known to be 
empirically valid only if the 1PA and 2PA shape coincide, considering the 
lowest transition S0 → S1, at least for the pure electronic transition (0-0). The 
calculated difference in dipole moments, where 1PA and 2PA shape coincide in 
the long wavelength range, is shown in green points superposed to the 
absorption spectra for all standards in appendix H.  

We see in Appendix H that Prodan and C153 dyes show a similar shape for 
1PA and 2PA spectra extending across the whole band, including vibronic 
components (Figure H.2, H.5, H.6 and H.9). For instance, Figure 42 shows the 
example of C153 in DMSO, where the extinction coefficient spectrum and the 

two-photon cross-section are scaled such as they superimpose. The ratio  

is constant over the whole S0 → S1 transition band, which allows determining the 
permanent dipole moment difference with Equation (98) for the whole band, 
without any distinction of the vibrational bands, which compose it. 
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Figure 42: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state for Coumarin 
153 in DMSO. 

Table 7: Experimental values of transition dipole moment and change in dipole moment 
for C153 obtained in this study and obtained in literature with Stark effect or 
solvatochromism shift methods, where the estimated cavity radius is also indicated. 

Solvent 
 

D 

 

D 
Method. ref. 

Toluene 8.0 5.6 All optical This study 

DMSO 8.3 5.7 All optical This study 

- - 
 

6.5 

Solvatochromic shift 

a=4.76 Å 
[107] 

- - 

 

4.1 

7.5 

Solvatochromic shift 

a=3.9 Å 

a=5.85 Å 

[108] 

toluene - 5.8 Stark effect [49] 

MeTHF - 7.0 Stark effect [49] 
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The resulting average transition dipole and permanent dipole moment difference 
for S0 → S1 transition for Prodan and C153 are listed in Table 7 and 8. For both 
dyes, the effect of increasing solvent polarity leads to a small increase in the 
permanent dipole moment difference. 

On the overall, in the case of C153, we found a good agreement with both 
Stark effect spectroscopy and solvatochromism methodology. This supposes that 
considering pure solvent dielectric response or completely ignoring specific 
solute-solvent interaction are equally successful at predicting the dipole moment 
change. 

Table 8: Experimental values of transition dipole moment and change in dipole moment 
for Prodan obtained in this study and obtained in literature with Stark effect or 
solvatochromism shift methods, where the estimated cavity radius is also indicated. 

Solvent 
 

D 

 

D 
Method. ref. 

Toluene 8.0 6.2 All optical This study 

DMSO 8.2 7.0 All optical This study 

- - 8.0 Solvatochromic shift, a=4.2 Å [104] 

- - 7.0 Solvatochromic shift, a=4.7 Å  [105] 

- - 
4.3 

4.9 

Solvatochromic shift, a=4.2 Å 

Solvatochromic shift, a=4.6 Å 
[106] 

cyclohexane - 12.7 Stark effect [58] 

1,4-dioxane - 14.0 Stark effect [58] 

 

Compared to literature values, the values of permanent dipole moment 
difference for Prodan lies between the one obtained by solvatochromism and the 
one obtain by Stark spectroscopy. Solvatochromism measurements depend on 
the appreciation for the cavity radius. With a radius of 4.7 Å, the intrinsic 
permanent dipole moment difference matches our estimation for C153 in 
DMSO, but there is no argument stating that this radius value is more valid than 
another. Values obtained by Stark spectroscopy are about twice our determined 
one, but rely on different solvents. 

For the other standards, we note that the 1PA and the 2PA are very different 
at short wavelengths. In particular, the wavelength corresponding to the 2PA 
peak is not, as one could expect, the double of the wavelength corresponding to 
the1PA peak, but is shorter instead. In such case, Equation (98) is restricted to 
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lowest-energy vibronic transition 0-0 located at the longest-wavelength part of 

both 1PA and 2PA spectra. Indeed, if we calculate the ratio  from our 

experimental data, then the ratio appears more or less constant in the longest-
wavelength part, which indicates that both 1PA and 2PA are due to the same 0-0 
transition. The permanent dipole moment difference values, calculated with 
Equation (98) in this restricted region, are shown in Table 9.  

9-Chloroantracene signal was too weak and a bit noisy in the long 
wavelength range, so we can only obtain upper value estimate ~ 0.4 D.  

Table 9: Experimental values of the change in dipole moment of the pure electronic 
transition (0-0) with its estimated central wavelength and the transition dipole 
moment over the whole electronic transition S0 → S1. 

Comp. Solvent 
 

D 

 

D 



nm

BDPAS DCM 13.5 5.7 410 

AF455 toluene 12.4 7.0 420 

AF455 THF 13.0 5.6 426 

Fluorescein H2O pH11 12.6 1.4 491 

Rh 6G MetOH 13.7 1.7 529 

5.2 Determination of 6MI dipole moment change by measuring its 
2PA cross-section using reference standards  

The pteridine nucleoside analog 6-methylisoxanthopterin (6MI) is a fluorescent 
analog to DNA base guanine with the fluorescence emission in the 450 nm 
region with high quantum yield (~0.7) and 1PA peak at 343 nm. It has found use 
as promising fluorophore probe for monitoring DNA and RNA conformations. 
Because living cells absorb light in the ranges from 200 - 360 nm overlapping 
with the 6MI spectrum, it is of increasing interest to explore the 2-photon 
absorption properties of this system [97][98] in the so-called tissue transparency 
window (750 nm-1200 nm), where tissue scattering[1, 32, 33] and photo-damage 
to cells [7] are both greatly reduced. 
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Figure 43: Chemical structure of 6MI 

The chemical structure of 6MI in Figure 43 shows that 6MI resembles to 
guanosine. 6MI was purchased from Fidelity Systems, Inc. and was dissolved in 
1 M phosphate buffer pH 7. This solvent was chosen to simulate human cell 
environment but also to avoid ionization of the N3 proton of 6MI whose pKa is 
approximately 8.3. The peak extinction coefficient at 344 nm was estimated to 
be 1PA ~ 1.00 × 104 M-1 cm-1. From our set of standards, BDPAS and 9-
Choroantracene present a good 1PA and fluorescence spectra overlap with 6MI. 
Figure 44 presents the comparison of normalized 1-photon absorption and 
fluorescence spectra between 6MI in phosphate buffer pH=7 and this two chosen 
standards. 6MI and BDPAS share the same wavelength 442 nm for their 
fluorescence peak, while it corresponds to the 3rd peak for 9-Chloroanthacene. 
The absorption peak of 6MI lies in a flat absorption region in BDPAS in DCM 
spectrum, which makes this standard very suitable for relative cross-section 
determination. For 9-Chloroantracene, the 3rd absorption peak is quite close to 
6MI maximum absorption. Therefore, the fluorescence registration wavelength 
was set at 442 nm, the 6MI peak. As was explained in section 2.6.3, the linear 
fluorescence was excited at different wavelength, where the absorption spectra 
are close to constant. To compare with BDPAS, we illuminated both samples at 
295 nm, 307 nm, 310 nm, 329 nm, 343 nm, 350 nm and 353 nm and found a 
differential quantum yield for 6MI relative to BDPAS of 0.92 0.06. The same 
procedure with excitation at 335 nm, 343 nm, 349 nm, 352 nm, and 359 nm, 
corresponding to the extrema of 9-Chloroanthacene absorption spectrum, 
resulted in a differential quantum yield for 6MI relative to 9-Chloroanthacene of 
3.6 0.2. 
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Figure 44: Normalized 1-photon absorption (solid line) and fluorescence spectra (dash 
line) of 6MI in phosphate buffer pH7 (blue), BDPAS in DCM (upper panel, black) and 9-
chloroanthecene in DCM (lower panel, red). 

Figure 45 shows, for the first time, the 2PA spectrum of 6MI in water pH7 in the 
770-750 nm range. Grey circles correspond to the measurement of relative 
shape, according to Equation (83), which was then scaled according to the 2PA 
cross-section measured at few selected wavelength with respect to BDPAS in 
DCM (black points) and 9-Chloroanthacene in DCM (red point) standards. The 
maximum value determined is 2PA ~ 1.5 GM at the short wavelength edge of the 
laser tuning range ~700 nm.  Since the 6MI cross-section determined with both 
standards do overlap well, one can interpret it as another proof of the accuracy 
and reliability of our standard absolute two-photon cross-section spectra.  

Main advantage of the relative 2PA cross-section determination is the time 
saving to get results, and the separation in two sub-tasks, which can be 
optimized independently: the relative fluorescence efficiency determination and 
the relative 2PIF signal acquisition. This last one can be enhanced by using more 
concentrated solutions, giving rise to increased signal and better signal-to-noise 
ratio. The only consideration is to record the fluorescence signal away from the 
absorption band to avoid inner-filter effect. 
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Figure 45: rescaled 2PA shape spectrum (grey circles, left and bottom axis) and 
extinction coefficient spectrum (blue line, right and top axis) of 6MI in phosphate buffer 
pH=7. Relative cross-section with respect to BDPAS in DCM (black) and to 9-
Chloroanthacene in DCM (red). Difference in permanent dipole moment (green squares) 
from ground to excited state. 

6-MI is sensitive to its nearest neighbors and base stacking, making it a very 
useful real-time probe of DNA conformation. The fluorescence quenching by 
base stacking is not well understood, hence tracking the 2PA and evaluating the 
dipole moment change evolution upon the stacking dynamic of double strand 
DNA might give some first clues. Indeed, since the determination of the 2PA 
cross-section relative to a standard is faster compared to the absolute 
determination, one can follow the fluorescence signal change due to DNA base 
pairing, if the excitation conditions remain constant. 

Our measured 2PA spectral shape in Figure 45 appears to follow closely the 
shape of the 1PA spectrum. Using the same approach as in the previous section, 
we evaluated the ratio between the 2PA and 1PA, from which we estimated the 
change of permanent electric dipole moment in the S0 → S1 transition (green 
symbols in Figure 45. The mean value is|∆ | 2.7 0.2D which is close to 
the value of 3.2 D obtained by Kodali et al. [109] using Stark spectroscopy in 
frozen LiCl glasses at 77K. 
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CONCLUSION 

We established a set of reference standards for the 2PA measurements in the 680 
to 1050 nm wavelength range with unprecedently high accuracy of 8% using an 
improved femtosecond fluorescent excitation method. The standards were 
carefully selected such as they offer a great solubility, photostability and the 
solutions do not manifest presence of multiple forms of the fluorophores. 

We designed a set-up for measuring 2PA cross-section based on the indirect 
fluorescence excitation method, which uses comparison to 1-photon excitation 
fluorescence to evaluate the number of molecules excited by 2PA. We 
performed precise measurements of the laser parameters, including temporal and 
spatial profile. The final quadratic error was calculated based on the standard 
deviation determined for each parameter involved in the absolute 2PA cross-
section determination. 

We checked the reliability of our standard by pair-wise comparison among them 
using the relative method and confirmed the 8% accuracy limit. 

As an example of application of the standards, we estimate the change of 
permanent electric dipole moment upon excited state transition in the 
fluorophores studied and also measure, for the first time, the 2PA cross-section 
spectrum of a fluorescent DNA base analog. 

Improved accuracy of the reference standard might provide reproducible 
determination of the relative two-photon cross-section of a sample, 
independently of the method employed. Most especially, it is crucial for 
quantitative spectroscopy for determining the dipole moment change upon 
excitation of a 2PA absorbing solvated molecule. To improve the accuracy 
below 8%, one possible and tedious next step would be, in order to draw some 
statistic, to repeat the same measurement multiple times.  

 In the future, if the dipole moment properties of a chromophore are well known, 
then local electric field in a biological process can be probed with 2PA. For 
instance it is theoretically predicted that proteins comprising charged group may 
generate large local electrostatic field 10 10  V cm-1. Also DNA 
binding involves change of the local electrostatic field and quantitative 2PA 
spectroscopy with high accuracy of fluorescent-labeled DNA would be able to 
measure and interpret the binding processes. 
  



 
 

  

94 

ABSTRACT 

This dissertation describes nonlinear-optical experiments, where we have 
measured, with a record-breaking accuracy, the absolute femtosecond two-
photon absorption cross-section and -spectra of a selected series of organic 
fluorophores dissolved in organic solvents. The accuracy of this data, which 
covers the two-photon excitation wavelength range 680 – 1050 nm, is estimated 
to be better than 8% , and was confirmed by meticulous measurement of all key 
experimental parameters involved, including the temporal pulse shape of the 
femtosecond laser, spatial laser beam profile, fluorophore concentration etc. The 
accuracy of the data set was also verified by pair-wise cross-checking between 
10 different standards thus further reducing potential experimental errors. As a 
result, the data presented here serves a valuable technical benchmark or 
reference standard, that other researcher will be able to effectively apply in their 
research, e.g. to calibrate multi-photon absorption measurements and related 
nonlinear-optical experiments. In particular, by using these standards one is able 
to largely circumvent tedious characterization of the complex photon flux 
functions, which otherwise constitute a major source of experimental errors in 
contemporary ultrafast multi-photon spectroscopy and nonlinear optics.  We 
anticipate that this work is going to facilitate development of new and improved 
two-photon active chromophores for a broad range of applications including but 
not limited to multi-photon microscopy, microfabrication, and optical limiting.  
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KOKKUVÕTE 

Käesolevas väitekirjas on teostatud eksperimendid mittelineaarse optika vallas, 
kus on muu hulgas rekordilise täpsusega mõõdetud rea orgaaniliste fluorofooride 
kahe footoni neeldumise absoluutne ristlõige ja selle sõltuvus ergastava valguse 
lainepikkusest ehk kahe footoni neeldumise spekter. Saadud spektrite täpsus on 
hinnanguliselt parem kui 8%, kusjuures need spektrid katavad summarselt laia 
kahe footoni ergastuse rakendusele enim huvi pakkuvat lainepikkuste 
vahemikku 680–1050 nm. Nimetatud mõõtmistäpsuse kinnituseks on läbi viidud 
kõigi eksperimendis oluliste parameetrite üksikasjalik uuring, sh 
femtosekundlaseri impulsi ajalise kestvuse ja ergastava valguskimbu footonite 
ruumilise jaotuse mõõtmine, fluorofoori lahuse konsentratsiooni määramine jne. 
Lisaks on kahefotoonse neeldumise ristlõike numbrilise väärtuste juhusliku vea 
võimaluse vähendamiseks läbi viidud 10 erineva standardi omavaheline 
paariviisiline võrdlus, mis omakorda kinnitab 8% absoluutse täpsuse hinnagut. 
Nimetatud mõõtmiste tulemusena on loodud põhjalikult kontrollitud andmebaas, 
mis on omataoliste hulgas kõrge täpsuse ja usaldusväärsuse poolest unikaalne. 
Kasutades loodud andmebaasi, on võimalik oluliselt tõhustada mittelineaarse 
spektrosoopia eksperimente, s.h. femtosekundlaserite footonite voo omaduste 
määramist, mis on paljudel juhtudel mõõtmisvea peamine põhjus. Töö teine 
oluline praktiline tulem seisneb selles, et välja töötatud uudne metoodika 
tõhustab optimeeritud materjalide väljaarendamist mitmete mittelineerse optika 
rakenduste tarbeks. 
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APPENDIX A: Saturation effect in 2PA absorption
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When saturation in 2PA occurs, then the ground-state is depleted such as the 
population density Ng is not constant anymore. In general Ng is a function of 
time and space. When a fluorophore is promoted to an excited state, then, in 
general, it cannot absorb at the same wavelength unless it returns to the ground 
state.  

The rate of excitation from the ground state is governed by the equation: 

 2 Φ2, (A.1) 

where  is the ground state recovery time identified as fluorescence lifetime of 
the fluorophore. Note that Equation (A.1) neglects stimulated emission 
supposing that the number of molecules excited remains small. 

If we assume that the recovery is much faster than the time interval between 
two excitation pulses, 1/ , then each consecutive pulse encounters the 
medium, where all chromophores are in the ground state. For 76-MHz repetition 
rate, 1/ =13.2 ns, which exceeds typical value for fluorescence lifetime ~1 – 4 
ns, thus legitimizes this equation. In this situation, the material is in the same 
condition every time a new pulse arrives and the total number of photon 
absorbed is additive in the number of pulses. 

Table A.1: Typical of fluorescence lifetime values for a few solvated chromophores [1]. 

Chromophore Fluorescence lifetime 

Fluorescein in buffer pH=11 4.0 ns 

Prodan in water 1.4 ns 

Rhodamine 6G in water 4.1 ns 

Coumarin 6 in ethanol 2.5 ns 

On the other hand, laser pulse duration ∆ ~100 fs is much shorter than the 
recovery time so we can assume that no excited chromophore decays to the 
ground state within the pulse duration. We can therefore neglect the first term of 
Equation (A.1): 

 Φ , (A.2) 

with Φ Φ ∆  for a Gaussian photon flux. 

By integration over pulse duration, we find the fraction of population remaining 
in the ground state is: 

 
√

2 ∆ Φ0
2

. (A.3) 
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Assuming a constant pulse duration ∆ ~100 fs, the fraction of population in the 
ground depends on the peak of the photon flux as shown in Figure A.1. 

 

Figure A 1: Dependence of the relative population in the ground state as a function of 

the photon flux peak for different 2PA cross-section values. By setting of  99% the 

grey zone symbolizes the forbidden region. 

For a 2PA cross-section of 100 GM, maximum saturation at 0.1% is reached 
with a photon flux of 7.9 × 1029 photon cm-2 s-1. Considering a beam waist of ~ 
0.3 mm and wavelength 800 nm, this limit correspond to an average power of 
~104 W which is far above the maximum power ~1W used in our experiment. 
Because we are using diluted solution, then the variation of the density in the 
ground state  is negligible. This is not the case for direct method, where 
high concentration and more focus beam are used such as in the direct method.  
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APPENDIX B: Temporal pulse broadening through optics 
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The chromatic dispersion of optical materials causes an optical pulse to 
spread as it propagates through the material. The pulse spreading is 
produced by the dependence of the group velocity on the frequency. The 
effect is more dramatic for ultrashort pulses since they have great spectral 
width. 

1. Parameterization of the system 

1.1. Description of a pulse 

A pulse is an optical field of finite time duration and can be made by adding 
different monochromatic plane waves with different frequency. For a 
monochromatic wave and using the complex notation, the amplitude of the wave 
at the z=0 position can be expressed as 0, . 

Taking into account time dependence: 

 0, , 0, , (B.1) 

and adding up all waves, the pulse is then seen as a Fourier integral: 

 0, 0, , 0, . (B.2) 

The pulse envelop 0,  in the spectral domain appears to be the inverse 
Fourier integral of the initial temporal profile: 

 0, 0, . (B.3) 

A temporal Gaussian pulse, centered on the pulsation , is given by 

 0, , (B.4) 

where  represents the full width at half maximum duration of the intensity 
peak. For instance FigureB.1 represent such a pulse, considering real part of 
Equation (B.4), with a central angular frequency or pulsation 0=2.35 × 1015 rad 
s-1 corresponding to the wavelength 800	  and a duration 0 = 10-13 s. 
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Figure B.1: Example of a pulse with 2.35 rad fs-1 central pulsation and duration 100 fs 

The phase  can be time-dependent if the pulse is chirped.  In case of transform-
limited Gaussian pulse, it remains constant and with the adequate time origin can 
be put at 0. 

In the spectral domain, the calculation of the inverse Fourier (B.3) integral gives:  

 0, , (B.5) 

which is also a Gaussian centered on . The corresponding spectral intensity 

has a full width at half maximum   Δ  and is represented in Figure B.2. 

 

Figure B.2: Fourier transformation of pulse from Figure B.1 

In the case of a femtosecond laser = 100 fs centered on the wavelength 
800	  then: 
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Δ 5.5	10 rad s , 

	
2 10 rad s . 

(B.6) 

Therefore 0.02 ≪ 1, e.g. the pulse is narrowly concentrated in the 

neighborhood of  and move slowly compare to the vibration	 . 

1.2. Dispersive optics 

The temporal profile of a short optical pulse is altered as it travels through a 
dispersive optical system. This occurs because the spectral components that 
constitute the pulse are phase shifted by different retardation and/or attenuated. 

The transmission through a linear optical system can be characterized by a 
transfer function , , which is the factor that multiplies, in the spectral 
domain, the input pulse to generate the output pulse after crossing the distance z 
through the system 

 , , 0, . (B.7) 

A transparent medium is characterized by its refractive index  which 
depends on the light’s frequency. In case of there is no attenuation, the transfer 
function is only a phase filter: 

 , , (B.8) 

were  the wave vector. 

A transparent homogeneous isotropic non-magnetic medium can be described by 
its refractive index using the Sellemeier formula: 

 1 , (B.9) 

were the wavelength in vacuum  expressed in m. Figure B.3 presents such 
dependence on the example of BK7 glass. 
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Figure B 3: dependence of glass BK7 refractive index upon the wavelength over the 
range available by mode-locked Ti:Sapphire femtosecond oscillator (Coherent Mira 
900F). 

2. Pulse broadening calculation 

2.1. Exact calculation 

At the output of the medium with refractive index  and length , the 
resulting pulse is obtained by multiplying with the transfer function 
characterizing the medium 

 , , 0, . (B.10) 

In the time-domain, the pulse is given by Fourier transformation: 

 

, ,  

            . (B.11) 

Since the input pulse is centered on , we can do the transformation Ω
, thus: 

 , Ω. (B.12) 

Because this integral over Ω is restricted over the low-frequency band Δ ≪ , 
the pulse envelop will be slowly varying relatively to the period of the carrier 
	

. 

2.2. Approximation using group velocity 

With the condition that the envelope varies slowly, one can expand Ω  
to a Taylor series about the center optical frequency : 

 
	

Ω Ω Ω ⋯. (B.13) 
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Considering the system parameterization, Ω  is real and lead to the 

identification with the group velocity : 

 . (B.14) 

In the quadratic approximation, the derivative of order higher than 2 are 
neglected. The calculation of the integral (B.12) is then simplified: 

 

	
,

Ω, 
(B.15) 

were  the chirping factor. 

The integration can be carried out by using the “Siegman’s lemma” namely: 

 

	

/ ; 0, (B.16) 

After identification, it appears that the output pulse has the shape: 

 

	
,

	

	

	
	

, 

(B.17) 

The intensity of the pulse is therefore:  

 
, | , |

	

	
	

, 
(B.17) 

The output pulse is also Gaussian, delayed by  and with a full-width at half 

maximum duration 1  

2.3. Chirping factor a 

The chirping  is calculated from to the dependence of the refractive index  on 
the wavelength. 

The  group velocity can be calculated 
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, 

, 
(B.18) 

where  is the central wavelength defined by . 

Therefore: 

 

, 

. 
(B.19) 

The derivation of the refractive index can be calculated from the Sellmeier 
formula leads to: 

 

	  

2 2 2 2 2 2

4 1
/

8 10 2 8 10 2 8 10 2

2 1

 

(B.20) 

3. Application considering elements on the set-up 

3.1. Optical element 

The laser beam crosses different lenses, beam splitter, a half wave plate and - 
Glan-Taylor polarizer. Those transparent medium can attenuate the power and 
also broaden the pulse that reaches the sample. Only what matter are their length 
and their chemical composition. Hence focal of lenses is irrelevant for the 
phenomenon. Therefore the pulse duration measured by redirecting the beam 
from position MF may be underestimated. 

Regarding the schematics of the set-up in Figure 22, L1 and L5 are equivalent: 
they are both made of glass N-BK7 and have same thickness. Therefore, the 
possible pulse elongation due to L5 has the same effect that the one due L2 for 
reaching the sample. Therefore, the optical components that need to be discussed 
are GP2, GP5 and L3. 

3.2. Broadening through lens (L3) 

The lens has thickness 2.3 mm at its center and is made of N-BK7. Figure A.4 
presents the enlargement of the pulse after L3 depending on the wavelength. In 
any cases the enlargement is smaller than 0.01%, e.g. beyond even its detection. 
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Figure B.4: 100 fs pulse broadening through L3. 

3.3. Broadening through beam-splitter (BS2) 

Beam-splitter thickness is 4 mm, thus the distance crossed by the laser is  
~4√2 5.66	 . Its composition is N-BK7. 

 

Figure B. 5: 100 fs pulse broadening through GP2 considered made of N-BK7. 

From Figure B.5, one can see that the pulse elongation is negligible. Elongation 
through GP5 will give similar results.  

 

To conclude, pulse elongation through the optical elements is negligible. 
Therefore the pulse duration can be measured on the beam path, where it is 
physically convenient. 
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APPENDIX C: Determination of magnification factor 
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L4 position is adjusted such as the red beam passes through it center. Then the 
red beam is spread using a piece of white paper placed in front of the sample 
location. L4 position is further adjusted on the optical axis to image a 
micrometer ruler placed at the sample location. Figure C.1 shows the image of 
the microscale form on the camera. The image is sharp, testifying the good 
positioning of the lens.  

  

Figure C.1: Example of the ruler image after adjusting L4 lens position for red beam set 
at 692 nm. 

A chosen horizontal profile can be selected showing the intensity distribution, 
where each minimum stand for a line black marker from the microscale, as 
shown in Figure C.2. 

 

Figure C.2: Example of intensity profile from the 450th vertical position of the previous 
image C.1. 
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If we call min1 the position of the first minimum and min2 the position of the last 
minimum, N the number of markers from min1 to min2, since one pixel size is 
6.45 µm, then the magnification factor is given by:  

 
.

. (A.1) 

Position of min1 and min2 may be between two possible pixels. Minimizing min1 
for one pixel and maximizing min2 for 1 pixel gives a deviation of 2% which 
will be considered as a fixed error in this measurement.  
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APPENDIX D: Auto-correlator calibration for measuring the 
pulse temporal profile
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In the auto-correlator modified by A. Rebane, shown in Figure 22, every single 
pulse with envelope function I(t) was split in two identical copies on an uncoated 
glass plate GP5. The resulting beams were reflected back from corner mirrors 
(CM1, CM2) while passing on their way twice through 1 mm tick rotating glass 
plates (GP6, GP7) set at 60 degrees with respect to each other and acting as a 
variable delay between the two beams. The retro reflected beams were again 
recombined on GP5 and focused with lens L6 (60 mm) to a common spot in 0.1 
mm BBO crystal producing a non-collinear second harmonic generation beam.  

According to the Snell-Descartes’ law of refraction law and the fact the two 
glass plates are set at 60° relative to each other, the total time delay 
between the two beams is: 

∆ ∆ ∆ , 

∆
/ / /

/
, 

 

(D.1) 

where   is the rotational angle as illustrated on Figure D.1, n1 is the refractive 
index of the air set at unity and n2 is the refractive index of the glass. Refractive 
index depends on wavelength and can be described by Sellmeier equation. 

 

Figure C. 1: Profile scheme of the delay system made from two glass plate GP6 and 
GP7. 

The delayed two beams are parallel but slightly separated when they reach 
the lens L6, which refracts them along mutually converging path that cross in the 
type I second harmonic crystal BBO. An output second harmonic beam at half 
the laser wavelength appears after the crystal, traveling in a direction that bisects 
the angle between the two input beams. The SHG intensity as a function of time 
was detected with a photomultiplier (PM) and digitized with 4 GHz oscilloscope 
Keysight DSOS404A. A blue glass filter (SGF) was used to reject residual 
fundamental wavelength. Since the detector response is slow compared to the 
pulse envelope function, the integrated measured intensity is: 

 

 
∝ ∆ . (D.2) 
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An optical fork sensor detected the passage of GP7 edge, allowing the 
determination of the rotational speed and consequently the conversion of the 
oscilloscope time axis into . 

 

Figure 46: Example of the oscilloscope trace from the auto-correlator with the laser set 
at 786 nm. Blue line is the signal of the SHG and red line is the signal from the internal 
optical fork detecting the glass passage to the vertical position. 

One rotation of the glass plate occurs within 0.068 s. The oscilloscope is set with 
0.02s scanning speed and acquires 10000 points. Therefore: 

 
.

.
, (D.3) 

where i is the ith point of the acquisition. 

According Equation (D.2), the auto-correlator trace S is always symmetrical and 
therefore doesn’t reveal the exact shape of I(t). Nevertheless, maximum degree 
of pulse asymmetry can be identified as a deviation from exact Gaussian shape. 
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APPENDIX E: Beam profile at various wavelengths 
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APPENDIX F: Molecular structure of reference standards 
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Figure F.1 shows the chemical structures of the fluorophores chosen to be part of 
the 2PA reference standard set. These 7 chromophores are: 4,4'-
bis(diphenylamino)-stilbene (BDPAS), Prodan, Coumarin 153 (C153), 7,7',7''-
(1,3,5-triazine-2,4,6-triyl)tris[9,9-didecyl-N,N-diphenyl)9H-Fluoren-2-amine 
(AF455), Fluorescein dianion, Rhodamine 6G (Rh6G) and 9-Chloroanthacene.  

Figure F.1: chemical structure of the 7 chosen chromophores for the 2PA standards set. 

BDPAS and 9-Chloroanthacene were dissolved in dichloromethane (DCM), 
Fluorescein in water buffer pH 11 and Rh6G in methanol (MetOH). Prodan, 
C153 and AF455 were dissolved in toluene.  Taking advantage of a large 
solvatochromism shift, Prodan and C153 were also dissolved in 
dimethylsulfoxide (DMSO), whereas AF455 was also dissolved in 
tetrahydrofuran (THF). 
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APPENDIX G: 2PA shape function comparison between 
independent 2PIF measurements 

 





 

143 

Figures G.1–G.11 present the 2PA shape spectra of the 10 standards ordered by 
increasing fluorescence wavelength shown in Figure 27. Grey circles are the 
data obtained in Montana State University (MSU), where they focus on 
improved 2PA spectra shape, and red squares with error bars are our 
measurements (KBFI) obtained with the set-up developed in this thesis. 

 

Figure G.1: Comparison of 2PA shape function, obtained independently in MSU and 
KBFI, for BDPAS in DCM. 
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Figure G.2: Comparison of 2PA shape function, obtained independently in MSU and 
KBFI, for AF455 in toluene. 

 

Figure G.3: Comparison of 2PA shape function, obtained independently in MSU and 
KBFI, for Prodan in DMSO. 
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Figure G.4: Comparison of 2PA shape function, obtained independently in MSU and 
KBFI, for Coumarin 153 in toluene. 

 

Figure G.5: Comparison of 2PA shape function, obtained independently in MSU and 
KBFI, for AF455 in THF. 
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Figure G.6: Comparison of 2PA shape function, obtained independently in MSU and 
KBFI, for Coumarin 153 in DMSO. 

 

Figure G.7: Comparison of 2PA shape function, obtained independently in MSU and 
KBFI, for Rhodamine 6G in methanol. 
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APPENDIX H: Absorption spectra of reference standards
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Figures H.1–H.11 present the 2PA cross section (left vertical scale) and 
molar extinction (second right vertical axis) spectra, as well as permanent 
dipole moment change upon excitation (first right vertical axis) of the 10 
standards ordered by increasing fluorescence wavelength shown in Figure 
27. The bottom axis represents the transition wavelength (2PA 
wavelength), and the top axis represents the 1PA laser wavelength. 

   

Figure H.1: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar) and extinction coefficient (blue line) ground to 
excited state for 9-Chloroanthacene in DCM. Because of low and noisy value of the 2PA 
cross-section spectrum at longer wavelengths, only an upper estimate value for the 
permanent dipole moment for 0-0 transition of ~ 0.4 D was possible. 
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Figure H.2: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state for Prodan in 
toluene.  

    

Figure H.3: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state in the lowest-
energy transition 0-0 for BDPAS in DCM. 
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Figure H.4: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state in lowest-
energy transition 0-0 for AF455 in toluene. 

   

Figure H.5: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state for Prodan in 
DMSO. 
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Figure H.6: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state for Coumarin 
153 in toluene. 

 

Figure H.7: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state in the lowest-
energy transition 0-0 for Fluorescein in water pH 11. 
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Figure H.8: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state in the lowest-
energy transition 0-0, for AF455 in THF. 

 

Figure H.9: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state for Coumarin 
153 in DMSO. 
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Figure H.10: 2PA cross-section spectrum (black circles), absolute 2PA cross-section 
measured (red squares with error bar), extinction coefficient (blue line) and difference 
in permanent dipole moment (green squares) from ground to excited state on the lowest-
energy transition 0-0 transition for Rhodamine 6G in methanol. 
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APPENDIX I: Pair-wise comparison of 2PA cross-section 
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Table I.1: Deviation in % of the sample relative 2PA cross-section calculated with the 
reference compared to its absolute value for the same wavelength. Bold values 
correspond to the maximum of the 2PA spectrum. 
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Abstract: Degenerate two-photon absorption (2PA) of a series of organic 
fluorophores is measured using femtosecond fluorescence excitation 
method in the wavelength range, λ2PA = 680–1050 nm, and ~100 MHz pulse 
repetition rate. The function of relative 2PA spectral shape is obtained with 
estimated accuracy 5%, and the absolute 2PA cross section is measured at 
selected wavelengths with the accuracy 8%. Significant improvement of the 
accuracy is achieved by means of rigorous evaluation of the quadratic 
dependence of the fluorescence signal on the incident photon flux in the 
whole wavelength range, by comparing results obtained from two 
independent experiments, as well as due to meticulous evaluation of critical 
experimental parameters, including the excitation spatial- and temporal 
pulse shape, laser power and sample geometry. Application of the reference 
standards in nonlinear transmittance measurements is discussed. 
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1. Introduction 

Spectroscopic reference standards facilitate carrying out measurements of molecular 
absorption- and scattering cross sections, quantum yields, etc. under circumstances, where 
absolute methods are overly involved or inapplicable [1]. Reference standards are even more 
vital in nonlinear-optical spectroscopy [2], where accurate absolute determination of the 
nonlinear molecular parameters requires knowledge on the instantaneous photon flux, i.e. the 
number of photons incident on the sample per unit time and per unit area. For this, one would 
need to perform equally accurate measurements of the spatial- and temporal properties of the 
excitation beam in a broad range of wavelengths, which, given the notorious inconsistency of 
tunable lasers, may pose a challenging task. 

Degenerate 2-photon absorption (2PA) is a process where two photons of the same 
wavelength (frequency) and polarization are absorbed simultaneously [3]. The concept of 
reference standards in the 2PA spectroscopy is well established in the literature [4–7], and 
consists in calibrating the measurements performed with the sample under study with respect 
to the measurements performed with a suitable reference under identical conditions. In a 
generic 2-photon excited fluorescence (2PEF) experiment, one uses a reference standards 
whose 2PA spectral shape is known to find the so-called 2PA spectral shape correction 
function, which adjusts for the relative variation of the excitation photon flux in the 
wavelength range under study. In the second step, the absolute 2PA cross section value, σ2PA, 
is determined at select wavelengths using a reference standard, whose absolute σ2PA is known, 
and whose emission spectrum overlaps with that of the system under investigation. The final 
2PA spectrum is found by scaling the shape function according to the 2PA cross section. 
Reference standards are also increasingly used in nonlinear transmittance (NLT) experiments 
[8], including z-scan [9]. 

In [7] a set of 2PA fluorophores were characterized using a femtosecond optical 
parametric amplifier (OPA) operating at 1 kHz pulse repetition rate. However, because the 
OPA wavelength tuning was inherently discontinuous, and the excitation pulse parameters 
changed abruptly between the different tuning ranges, especially at the degeneracy point 
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around 800 nm, this previous data may contain sizable uncertainties. Experimental errors may 
also occur when multi-photon absorption exhibits dependence on the excitation pulse 
repetition rate. Since many applications use mode-locked femtosecond oscillators operating 
at, ~100 MHz, it is advisable that applicability of the 2PA values obtained at 1 kHz [7] is 
independently ascertained at higher pulse rates. Most importantly, using up to 5 orders of 
magnitude higher pulse repetition rates is usually accompanied by much lower peak photon 
flux, which, in turn, means that the relative magnitude one-photon excited fluorescence 
increases relative to 2PEF signal. This issue becomes most critical in case of potential overlap 
between the 1PA and 2PA spectra [10]. Nevertheless, due to lack of better alternatives, the 
data presented in [7] continues to be used under many different conditions, even if the 
consistency and reliability of the standards is not yet fully verified. 

In this work, we strive to substantially improve the accuracy of the reference standards, 
both in terms of the relative 2PA spectral shape as well as regarding the absolute cross section 
values. Augmented accuracy is most critical for calibration and optimization of fluorophores 
used in multi-photon microscopy [11–13], as well as in the emerging area of quantitative 2PA 
spectroscopy for measuring the strength of intra- and intermolecular electric fields [14] For 
this purpose, we have constructed two independent experimental setups, using different 76 – 
80 MHz pulse repetition rate femtosecond lasers, where one setup is optimized for the 
measurement of 2PA spectral shapes and the other is optimized for the absolute cross section 
measurement, and where we have increased the accuracy of characterization of all critical 
temporal-, spatial- and spectral parameters of the excitation beam. For the 2PA shape 
measurement, we use a ~80 MHz pulse repetition rate laser that is continuously tunable 
without gaps over the wavelength range of commonly-used mode-locked femtosecond 
sources, 680 – 1050 nm. The quadratic dependence is measured with high fidelity for each 
wavelength, thus minimizing potential artifacts. The new reference fluorophores set 
comprises both commercial organic dyes such as Prodan, Coumarin 153 (C153), Fluorescein 
and Rhodamine 590 (Rh 6G), but also two custom-synthesized compounds 4,4’-Bis-
(diphenylamino)-stilbene (BDPAS) and 7,7',7”-(1,3,5-triazine-2,4,6-triyl)tris[9,9-didecyl-
N,N-diphenyl 9H-Fluoren-2-amine CAS Registry Number, 517874-02-13 (AF455), were the 
latter two possess a superior peak 2PA value compared to the commercial counterparts. 
Perylene, Lucifer yellow and chloroanthracenes show relatively low peak 2PA cross section, 
σ2PA < 10 GM (1 GM = 10−50 cm4 s photon−1), and were therefore not considered in the 
present set. Solutions of Rhodamine 610 (Rhodamine B), on the other hand, even though 
showing a relative large peak σ2PA, exhibit undesired dependence of the absorbance on the 
concentration and temperature, most likely due to the presence of different equilibrium forms 
(protonated cation, zwitterion and lactone) [15,16], and were therefore excluded from current 
measurements. The fluorescence emission spectral range, 375 - 600 nm, is chosen to match 
the emission wavelengths of common fluorescent microscopy probes such as green 
fluorescent proteins. Finally, in order to cover a sufficiently broad wavelength range, we take 
advantage of large solvatochromic and fluorosolvatochromic shifts of the 1PA and 2PA 
spectra of some of the chromophores. 

2. Theoretical considerations

When a monochromatic beam of light propagates through a thin slab of 2-photon absorbing 
medium, then the difference between the input- and output photon flux (in photon cm−2 s−1) 
may be expressed as: 

2
2 2 2 ,PA PA c PAI N zIσΔ = − Δ (1)

where the σ2PA is in cm4 s photon−1, Nc is the 2-photon fluorophore concentration (in cm−3), Δz 
is the thickness (in cm) and I2PA is the incident photon flux. In most cases, the flux changes 
only by a relatively small amount, ΔI2PA << I2PA, which makes measurement of ΔI2PA, and, 
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accordingly, accurate determination σ2PA difficult. Alternatively, one can use the relation 
between the 2PA cross section and the corresponding 2-photon excitation rate, 

2
2 2 2

1
,

2PA PA PAn Iσ= (2)

where the latter is determined from experiment by detecting 2PEF emitted by the 
chromophores, whereas some other detection schemes involving e.g. phosphorescence [17], 
generation of heat [18] or acoustic waves [19], have also been demonstrated. 

Suppose that the 2PEF medium is excited by a periodic train of ultrashort pulses at the 
rate g (in Hz), and the wavelength, λ2PA. Then the average fluorescence signal may be 
expressed as: 

max

min

2

2 2 2 2 2 2 2

1
( ) ( ) ( , , ; ) ( ) ( ) ,

2
PA PA PA c PA PA PA PA em em emF t g N z I t x y dxdydt d

λ

λ

λ σ λ λ η λ φ λ λ= Δ Δ
  
     

  (3) 

where Δt2PA is the fluorescence detector integration time, φ(λem) is the differential quantum 
efficiency of fluorescence emission at the emission wavelength, λem, and η(λem) is the 
aggregate detection efficiency that accounts for the efficiency of fluorescence collection, 
spectrometer/diffraction grating through-put, efficiency of the detector, etc. The differential 
quantum efficiency is defined as, 

0

( ) ,d Qϕ λ λ
∞

′ ′ = (4)

where Q is the standard quantum yield, equal to the ratio of the radiative decay rate to the 
total decay rate of the S1 state. The quantity enclosed in the first square brackets in Eq. (3) 
stands for the average number of molecules excited per second, while the quantity inside the 
second square brackets accounts for the fluorescence signal that is detected within a finite 
wavelength interval. If the photon flux, I2PA(t, x, y;λem), and the parameters, η(λem) and φ(λem), 
were known, then the relation Eq. (3) could be immediately used to evaluate the cross section, 
σ2PA(λ2PA). As was pointed out above, this information is, however, rarely available. At this 
point it is convenient to present the photon flux as a product of four factors: 

2 2
2 2 2

( )
( , , ; ) ( ) ( , ) ( ),PA PA

PA PA time area corr PA
ave ave

P
I t x y f t f x y f

t S

λλ λ=  (5) 

where P2PA is the total number of photons in the excitation pulse, tave is the average pulse 
duration, Save is the average beam area, ftime and farea are the normalized functions describing, 
respectively, the temporal pulse shape and spatial beam profile and fcorr is the so-called 
wavelength-dependent correction function that quantifies the deviation of the pulse 
parameters from the average value as a function of λ2PA. 

If the Kasha-Vavilov rule is obeyed, then we are allowed to assume that the differential 
quantum efficiency is independent of the excitation wavelength, and the relative 2-photon 
absorption spectrum may be obtained then measuring F2PA as function of λ2PA: 

2 2
2 2 2 2

2 2 2

( )
( ) .

( ) ( )
rel PA PA
PA PA norm

PA PA corr PA

F
c

P f

λσ λ
λ λ

= (6)

Since we are dealing here only with the 2PA spectral shape, we can set the empirical 
normalization factor, cnorm, such that the peak value equals unity, max(σ2PA

rel) = 1. 
To obtain the absolute 2-photon cross section, we need to know the value of the quantity 

enclosed in the second square bracket in Eq. (3). If we excite the fluorescence by 1-photon 
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absorption in the same sample, using exact same experimental geometry and same 
fluorescence detection as in the 2-photon measurement, then the corresponding 1-photon 
excited fluorescence signal may be expressed as: 

max

min

1 1 1(1 10 ) ( , ) ( ) ( ) ,OD
PA PA PA em em emF t I x y dxdy d

λ

λ

η λ φ λ λ
∞

−

−∞

  
= Δ −   

    
   (7) 

where I1PA is the time-average photon flux, Δt1PA is the fluorescence signal integration time 
and OD = Ncσ1PAΔz is the optical density of the sample and σ1PA is the 1-photon absorption 
cross section at the 1-photon excitation wavelength. Here the quantity in the first square 
brackets represents the number of molecules excited per second, whereas the second term is 
the same as in Eq. (3). Note that the one-photon excitation rate depends neither on the beam 
spatial profile nor on its temporal structure. By combining Eqs. (3) and (7), we can express 
the absolute 2PA cross section as: 

1

2 1
2 2 2

1 1 2 2 22 2 2

2(1 10 ) ( , )
( )
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( ) ( ) ( )

( ) ( , )

OD
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PA ex PA
PA PA
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I x y dxdy
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F t P f
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t S
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σ λ

λ λ λ

∞
−

−∞

−
Δ
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Δ

Δ
 
 
 




(8) 

3. Experimental

3.1 Materials, linear spectroscopy and sample preparation 

Prodan, C153, Fluorescein and Rh 6G were obtained from Aldrich and were used as received. 
BDPAS was custom-synthesized by K. Schanze group (U of Florida) as described in [8]. 
AF455 was provided by Dr. S. Tan from the Air Force Research Laboratory. The synthesis of 
AF455 is described in [20, 21]. All solvents were purchased from Sigma-Aldrich and were 
used without further purification. Stock solutions were prepared by mixing the solvent with 1 
−3 mg of dry dye, where the latter was weighed using Mettler-Toledo Model AT2611 
analytical balance. Linear absorption spectra were obtained with Shimadzu UV-3600Plus 
spectrophotometer and corrected fluorescence spectra were measured with Perkin-Elmer 
Fluorimeter LS55. Extinction coefficients were determined by the dilution method, where a 
set of daughter solutions with maximum absorbance in the range OD = 0.5 - 1.5 were 
prepared from the stock solution. The samples were contained 1 cm quartz cuvettes. The 
chromophore concentration used in the 2PA and 1 PA measurements was in the range 10−6 - 
10−3 M. 

3.2 Measurement of relative 2PA spectral shape function 

Schematic of the 2PA spectral shape measurement setup is shown in Fig. 1(a). In this part of 
the experiment, we use 80-MHz repetition rate femtosecond laser (Spectra-Physics InSight 
DeepSee) continuously tunable in the 680-1300 nm wavelength range with average output 
power 0.6 – 1.5 W. The laser output was spatially-filtered by focusing the beam through a 50 
μm diameter pinhole. To avoid thermal lensing effects in the sample the average laser power 
was reduced by factor 10 using a 100 Hz chopper wheel. The collimated beam was focused 
with f = 400 mm achromatic lens (Thorlabs) and passed through a motorized variable 
transmittance circular neutral density filter (OD = 0.1 – 2.0). Beam reflected from a flat glass 
plate positioned in front of the sample was detected with a pyroelectric pulse energy probe 
(Molectron) and was used as reference. The variation of the responsivity of the reference 
detector at different wavelengths was calibrated relative to a thermoelectric probe (Ophir P1) 
and did not exceed +/− 2% in the 680 −1100 nm range. The focused beam intensity profile at 
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the sample was measured using a microscope objective and CCD camera (Allied Stingray) in 
the 680 −990 nm range and InGaAs SWIR camera (Xenics Bobcat 320) in the 970 – 1100 nm 
range. The measured spot size varied in the range 0.2 – 0.4 mm depending on the wavelength. 
The pulse duration was measured with custom-adapted auto-correlator using a scanning delay 
line (ODL-150, Clark MXR) and 0.1 mm thick BBO crystal set up for non-collinear SHG 
with computer-controlled phase matching angle adjustment. The laser spectrum was 
measured with a diffraction grating spectrometer (OceanOptics USB4000). The fluorescence 
from the sample was collected at 90° angle with respect to the propagation direction and 
vertical linear polarization of the excitation beam. The fluorescence was directed through a 
stack of short-pass filters to a photomultiplier (Hamamatsu R777) working in current 
detection mode. The output voltage from the photomultiplier and the reference detector were 
directed to respective A/D converters (National Instruments USB6009). The sample solutions 
were contained in 1-2 mm path length spectroscopic cuvettes to minimize effect of absorption 
by the solvent. Iris diaphragms were used to monitor alignment of the laser beam. 

The relative 2PA cross section spectra were measured by varying the laser wavelength 
with 2nm steps in the 680 – 1100 nm range and by measuring at each wavelength the 
dependence of the fluorescence signal on the incident photon flux by varying the 
transmittance through the OD filter in 20 discrete steps. The control of the laser wavelength, 
setting of the OD filter wheel and acquisition of the fluorescence- and reference signals was 
accomplished using PC via LabView program. The average time for tuning the laser and 
collecting the data was about 40 - 60 s per one wavelength step. 

3.3 Measurement of absolute 2PA cross sections 

Schematic of the setup is shown in Fig. 1(b). Here we used a 76-MHz pulse repetition rate 
mode-locked Ti:Sapphire femtosecond oscillator (Coherent Mira 900) pumped by 10 W cw 
frequency-doubled Nd:YVO4 laser (Coherent Verdi V-10). The femtosecond laser 
wavelength was tuned manually in the range 690 - 960 nm with the average output power 
varying in the range 0.5 – 1.5 W. 

The fundamental laser spectrum was measured with diffraction grating spectrometer 
(OceanOptics USB4000). The pulse temporal shape was measured with a modified optical 
auto-correlator (INRAD 5-14A), where the variable delay was produced by rotating glass 
plates (glass thickness 1 mm) and non-collinear second harmonic generation was produced in 
0.1 mm BBO crystal. The spatial beam profile at the sample location was measured with the 
CCD- camera based beam profiler (Thorlabs BC106-VIS) (the sample was removed for these 
measurements). 

To minimize detrimental effect of thermal lensing in the optical elements and in the 
sample, the average fundamental laser power was reduced by factor 10 using a 100 Hz optical 
chopper (Thorlabs MC2000). The fundamental power reaching the sample was further varied 
by manually rotating a λ/2 plate that was positioned in front of a Glan-Taylor polarizer 
(GL10-B Thorlabs) (Pol). The relative average power of the fundamental beam at the sample 
was monitored by reflecting a portion of the incident beam to integrating sphere silicon 
photodetector (Thorlabs S140C) coupled to optical power meter (Thorlabs PM100A). 
Absolute fundamental power was measured with optical power meter (Coherent FieldMate) 
with thermoelectric probe (Coherent Powermax PM10) placed directly in front of the sample. 
Single reflection (~4%) off a glass plate (GP1) was focused on a Type I phase matched BBO 
crystal that generated second harmonic (blue) light, which was then recombined with the 
main fundamental wavelength beam using the second glass plate (GP2). At short 
wavelengths, ~700 nm, the glass plate was replaced by a flipping mirror to compensate for 
drop in laser output power. A λ/2 plate in front of the SHG crystal rotated the pump beam 
polarization to the horizontal direction in order to assure that the second harmonic beam had 
the same (vertical) polarization as the fundamental beam, After GP2 the two beams followed 
the same path and were incident on the same spot at sample. The blue beam power was 
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adjusted by using continuously variable metallic-coated filter wheel (ND1), and the 
corresponding power was measured with integrating sphere silicon photodetector (Thorlabs 
S140C) or with standard silicon photodetector (Thorlabs S120VC) placed directly in front of 
the sample. 

A combination of focusing and collimating lenses (L1 - L3) were used to shape both 
beams so that they have approximately the same spot size, ~0.3 mm. A color glass long-pass 
filter (LPF1) was used to cut off residual short-wavelength pump laser light and a glass short-
pass filter (SPF1) was used to cut off residual fundamental wavelength after the SHG crystal. 

Fluorescence signal was collected in 90° geometry and focused on the entrance slit of a 
scanning diffraction grating spectrometer (LOMO MDR-12). Scattered laser light was 
additionally suppressed by a stack of short-pass color glass filters (SPF2). The fluorescence 
signal was detected with a photon counting module (Hamamatsu H6240-01) coupled to a 
frequency counter with PC readout. 

Fig. 1. Schematics of experimental set-ups; (a) Measurement of relative 2PA spectra; (b) 
Measurement of absolute 2PA cross section. SF – spatial filter; L1, L2, L3, L4 – focusing 
lenses; MO – microscope objective; ND – neutral density filter wheel; SPF – short-pass glass 
filter; LPF – long-pass glass filter; GP – glass plate; PM – photomultiplier; DAQ – data 
acquisition, A/D converters; Pol - Glan-Taylor polarizer; PD – photodetector. 
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The absolute cross-section was determined at a fixed wavelength by measuring the 
fluorescence signal on the incident photon flux in both 1PA and 2PA successively and all the 
laser characterization, e.g. spectral profile, beam profile and temporal profile. Average time 
needed to evaluate absolute 2PA cross section at 1 wavelength, including stabilizing the laser 
mode-locking, setting the laser wavelengths and performing the beam characterization 
measurements, was about 4 h. 

4. Results

The normalized fluorescence spectra are shown in Fig. 2. The corresponding peak- and 
min/max fluorescence wavelengths are listed in Table 1. 

Fig. 2. Corrected fluorescence spectra of (1) BDPAS in methylene chloride; (2) Prodan in 
toluene; (3) Prodan in DMSO; (4) C153 in toluene; (5) C153 in DMSO; (6) AF455 in toluene; 
(7) AF455 in THF; (8) Fluorescein in H2O pH11 buffer; (9) Rh 6G in Methanol. 

The 2PA spectral shapes are presented in Fig. 3 by black symbols, and the corresponding 
absolute cross section measurements are shown as red squares. The shape functions are scaled 
to give the best match with average absolute cross sections at the select wavelengths. The 
linear extinction spectra are shown by blue solid line. The two panels (left and right) present 
the same data in the linear and logarithmic vertical scales. The lower horizontal axis of the 
plots is calibrated in the wavelength of the 2-photon excitation (λ2PA), while the upper axis is 
calibrated in 1-photon absorption wavelength (λ1PA). The same data is presented in Table 2 in 
the Appendix. 

Key 2-photon data for all 9 standards, along with the peak molecular extinction 
coefficient, and estimated maximum fluorophore concentration and the solution stability 
assessment, is collected in Table 1. The peak cross section value for BDPAS in methylene 
chloride (1), σ2PA = 175 ± 14 GM, is less than was reported earlier [7], which we attribute to 
relatively rapid photo-degradation and low dark stability of the solution [8]. In our current 
measurements all precautions were taken by continuously monitoring the sample for signs of 
potential degradation. Note that BDPAS is especially useful in case of blue-emitting 
fluorophores, and in the wavelength range, λ2PA = 680 – 860 nm. At longer wavelengths, the 
cross section drops below 1 GM. Prodan in toluene (2) and in DMSO (3) have also relatively 
short wavelength fluorescence emission. These solutions showed no measurable degradation 
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over a period of several months, even though their peak cross section is also lower, σ2PA ~17 
GM. Remarkable feature of C153 in DMSO is that its 2PA and 1PA profiles practically 
coincide in the range λ2PA = 740 - 1000 nm. Physical background of this phenomenon was 
recently discussed in [14]. The peak cross section of Fluorescein (aqueous, pH11) (8) is σ2PA 
= 26 ± 1.2 GM at 780 nm. This is again about factor 2 less than the earlier reported value [7], 
most likely because this wavelength coincides with degeneracy of the OPA, where the beam 
parameters may deteriorate. In our current measurement this issue did not occur. We should 
note that relative 2-photon cross sections reported for Prodan and C153 in [14] were 
measured using the Fluorescein data from [7], which may have led to over-estimation of σ2PA. 
Rh 6G in methanol (9) absorbs and emits at the longest wavelengths, 
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Fig. 3. 2PA spectra of (1) BDPAS in methylene chloride; (2) Prodan in toluene; (3) Prodan in 
DMSO; (4) C153 in toluene; (5) C153 in DMSO; (6) AF455 in toluene; (7) AF455 in THF; (8) 
Fluorescein in H2O pH11 buffer; (9) Rh 6G in methanol. 
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compared to other fluorophores in the current set. The absolute cross section at 810 nm is, 
σ2PA = 79 ± 6 GM, and correlates well with the value reported in [5]. However, both the 
absolute value and the shape function are higher at 690 nm. This discrepancy is most likely 
caused by the narrow spectral band at, λ2PA = 680 - 710 nm. The spectral FWHM of the 
excitation pulses in that particular wavelength range was measured to be Δλ2PA = 3 - 4 nm, i.e. 
is comparable to the half-width of the named band. For comparison, in the earlier 
measurements the pulses were spectrally about factor of two broader [5], which may explain 
why the spectral feature appears more pronounced in the current data. We must underline 
that, 

Table 1. 1-photon and 2-photon photophysical properties of the systems studied. The σ2PA 
and Δσ2PA values are obtained by averaging over all measurements performed. 

Comp. Solvent 

ε (λ1PA) min λem–max λ em (peakλem) σ2PA(λ2PA) Δσ2PA 

M-1 cm-1 (nm) nm GM (nm) ±% 

1 BDPAS DCM 52.6x103 (388) 415 – 540 (443) 175 (690) 
138 (700) 

8 
8 

2 Prodan toluene 19.8x103 (349) 390 – 480 (414) 19 (700) 6 
3 Prodan DMSO 17.5x103 (358) 420 – 550 (459) 20 (723) 8 
4 C153 toluene 20.5x103 (408) 440 – 600 (468) 17 (816) 5 
5 C153 DMSO 18.5x103 (427) 480 – 650 (540) 17 (851) 7 
6 AF455 toluene 117x103 (419) 430 – 550 (453) 404 (784) 7 
7 AF455 THF 106x103 (415) 450 – 630 (504) 392 (784) 6 
8 Fluorescein H2O 

pH11 
88.6x103 (491) 
8.7x103 (322) 

490 – 580 (514) 26 (785) 
6.5(860) 

5 
8 

9 Rh 6G MetOH 122x103 (528) 
12.1x103 (347) 

580 – 630 (554) 79 (812) 
202 (692) 

8 
8 

contrary to 1-photon spectroscopy, where spectral retrieval via deconvolution can be quite 
effective, inherent nonlinear nature of the 2PA precludes application of such straightforward 
techniques [22]. 

5. Evaluation of experimental uncertainty

Main causes of experimental uncertainty in the relative spectral shape measurement are due to 
(a) deviation from the quadratic dependence of the 2PEF signal on the photon flux and (b) 
errors in the determination of the temporal- and spatial shape of the laser beam. The quadratic 
power dependence was ascertained at each wavelength by varying the average incident power 
over ~2 orders of magnitude, and by fitting the resulting 2PEF signal vs. power data, 
presented in double-logarithmic scale, with a linear function. The measurements accepted 
have a power law coefficient in the 1.96-2.04 range. Upper panels in Fig. 4 shows the power 
law coefficient in C153 in DMSO (left) and in Fluorescein (right) obtained in the relative 
2PA spectral shape experiment (empty symbols). The power dependence measurement was 
performed also on the absolute 2PA experimental systems (filled rectangles), and showed 
very similar behavior. Even though different measurement systems behave slightly 
differently, the maximum deviation from the exact quadratic dependence does not exceed 3%. 
In order to further verify the measured spectral shape functions, we performed a relative 2PA 
shape measurement for a few select standards using the absolute 2PA measurement setup. 
Lower panels in Fig. 4 show the corresponding normalized shape functions for C153 in 
DMSO (left) and in Fluorescein (right), measured by the two complementary experiments. 
The discrepancy between the two measurements does not exceed 4%. This allows us to 
estimate that the overall uncertainty of the 2-photon shape functions presented here is about 
5%. Since the two experiments were truly independent, we conclude that the relative accuracy 
of measuring the photon flux and, accordingly, the relative beam spatial- and temporal 
profiles, was also about 
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Fig. 4. . Comparison between independent 2PEF measurement techniques in two reference 
samples: C153 in DMSO (left) and Fluorescein in aqueous, pH11 (right). Upper panel: 
Experimentally determined power law coefficient as a function of laser wavelength measured 
using the scanning laser setup (empty symbols) and manually-tuned laser setup (filled 
symbols). Lower panel: 2PA shape functions measured by the scanning laser setup (empty 
symbols) and manually tuned laser setup (filled symbols). The maximum value of the shape 
functions is normalized to unity. The manually-tuned data is averaged over 9 measurements in 
C153 and 3 measurements in Fluorescein. 

5% or less. In the case of the absolute cross section measurement, there is an additional 
uncertainty due to the measurement of the 1-photon excited fluorescence. Firstly, for this 
measurement, the 1-photon excitation beam should be aligned to illuminate the exact same 
sample volume as the 2PEF excitation beam. If the beams are even slightly misaligned, then 
the two fluorescence signals may no longer be collected from the exact same sample volume. 
Secondly, because the maxima of the 2-photon and 1-photon spectra do not always coincide, 
when we tune the 2-photon excitation wavelength near the peak of the 2PA spectrum, then the 
corresponding 1-photon excitation wavelength may be located where the linear absorbance is 
very low or changes abruptly, thus making it difficult to accurately determine how many 
photons are absorbed in the sample When combined with the above 5% error due to the 
characterization of the excitation beam, we arrived at the estimated maximum uncertainty of 
the 2-photon cross section value of about 8%. 

6. Application notes

How to apply reference standards in the 2PEF-based measurements was described previously 
in [7]. Here, we would like to briefly discuss the utilization of the reference standards for 
augmenting nonlinear transmittance-type experiments [2, 9, 24, 25]. According to the Eq. (1), 
the photon flux passing through a thin layer of 2-photon absorbers decreases in proportion to 
the number density of the absorbers. In case of finite thickness, it is useful to introduce the 
effective NLT strength, 

2 2 ,PA PA cN dκ σ= (9)

where d is the sample thickness. If d is expressed in cm, the chromophore concentration Nc is 
given in mM (10−3 M) and σ2PA is expressed in GM, then the maximum effective NLT 
strength would be typically in the range, κ2PA = 1 - 102. The chromophores described here 
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have been selected to exhibit good solubility in their respective solvents, with the maximum 
concentration, ~5 – 10 mM. By using d = 1 cm and selecting the standards that have σ2PA > 10 
GM, an sufficiently large value, κ2PA > 10, may be achieved in the whole wavelength range 
680 - 1050 nm. Also, because the reference samples are often exposed to intense laser light, 
the solutions were evaluated for photo-stability as well as for dark storage stability over a 
period of about 1 month. Out of the samples tested, only BDPAS in DCM showed an 
increased photo-induced decomposition [8], which was accompanied by relatively short dark 
stability of less than ~1 week. One might assume that larger κ2PA would allow larger 
maximum absolute change of the transmittance, |ΔTmax|, which, in turn, would facilitate more 
accurate determination of σ2PA values. However, depending on the beam parameters, the 
nonlinear transmittance may exhibit a quite complicated dependence on the incident photon 
flux [25]. For this reason, special care should be taken not to use excessively large κ2PA 
values, especially if the sample and the reference have very different NLT signals. Based on 
practical experience, if the maximum transmittance change of both the sample and the 
reference is, |ΔTmax| < 10%, then one can obtain the 2PA spectrum of the sample under study 
by using the relation, 

2
2 2 2 2

2

( )
( ) ( ) ,

( )

ref ref
ref NLT PA c

PA PA PA PA ref
cNLT PA

B N d

N dB

λσ λ σ λ
λ

= (10)

where σ2PA
ref is the 2PA spectrum of the reference standard, Nc

ref and dref are, respectively, the 
concentration and the thickness of the reference sample and the coefficients BNLT and Bref

NLT 
are obtained from fitting the measured nonlinear transmittance as a function of the number of 
incident photons with the linear function, 

2 21 ( , , ; ) .lin NLT PA PAf B I t x y dxdydtλ= −  (11)

Still another potential issue in the NLT measurements stems from near-IR absorption of 
common solvents. For example, at the wavelengths > 900 nm both toluene and DMSO show 
peak absorbance, Amax~0.1, in 1 cm cuvette. One way to minimize the uncertainty caused by 
solvent absorption would be to either use the same solvent for the reference as for the system 
under study, or if that is not feasible, then to subtract from the 2PA spectrum given by the Eq. 
(10) the artifacts that may be present when the measurement is performed with the neat 
solvent. 

7. Conclusions

We presented absolute two-photon absorption spectra of a series of organic fluorophores in 
the excitation wavelength range, 680 - 1050 nm, By using stable femtosecond lasers and by 
cross-checking independently performed measurements, we have achieved accuracy of at 
least 5% for the shape of the 2PA spectra and 8% for in the absolute 2PA cross section 
values. This constitutes at least a factor of 4 - 5 improvement compared to the previously 
established 2-photon reference standards. The chromophores were selected to provide 
improved solubility and stability and are therefore well suited not only for the 2PEF-based 
experiments, but also for calibration of nonlinear transmission measurement, which often 
require higher sample concentration. The new data further alleviates the need for tedious 
characterization of the excitation laser parameters and allows for quantitative comparison and 
optimization of molecular probes used in multiphoton microscopy and imaging, for 
quantifying the multiphoton absorption efficiency of chromophores in different environments, 
as well as many other applications of nonlinear optics and -spectroscopy. 
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Appendix 

 

Table 2. 2-photon cross sections (GM) of the dyes at selected wavelengths (nm). The 
maximum relative error of the numbers shown here is given in Table 1. Please note that 
the values in Table 1 are obtained directly from measuring the absolute cross section at 
few select wavelengths, and as shown in Fig. 3, whereas the values shown here are the 

best fit by scaling the experimentally measured shape function according to the absolute 
cross section data. 

λ2PA 
(nm) 

σ2PA (GM) 
BDPAS 
MethCl 

Prodan 
toluene 

Prodan 
DMSO 

C153 
toluene 

C153 
DMSO 

AF455 
toluene 

AF455 
THF 

Fluor. 
H2O 
pH11 

Rh6G 
MetOH 

680 179 17 16 4.9 6.4 122 123 17 162 
690 166 19 19 5.0 5.8 119 120 12 248 
700 146 19 20 5.0 5.3 120 123 11 237 
710 108 17 20 4.8 4.6 120 126 11 145 
720 74 15 20 4.9 4.2 137 144 13 76 
730 46 14 20 5.4 4.2 177 186 16 51 
740 28 13 19 6.4 4.5 231 240 19 43 
750 20 12 18 7.6 5.2 284 288 21 44 
760 16 10 17 9.1 6.3 331 327 23 50 
770 15 8.9 16 11 7.7 374 366 24 60 
780 15 6.6 14 13 9.3 403 390 26 65 
790 13 4.0 12 14 11 396 388 26 70 
800 11 2.1 8.7 16 13 372 374 24 73 
810 10 1.1 6.4 17 14 350 361 21 78 
820 8.3 0.62 4.3 17 15 330 341 16 76 
830 6.3 0.39 2.6 16 16 309 310 11 62 
840 4.4 0.31 1.5 16 17 290 285 7.8 44 
850 2.6 0.26 0.83 15 17 260 260 6.2 26 
860 1.3 0.21 0.42 14 17 210 223 5.8 14 
870 0.64 0.15 0.20 12 16 148 180 6.2 7.5 
880 0.24 0.08 0.09 8.6 15 83 131 7.0 4.7 
890  0.04 0.04 5.7 14 42 89 8.3 4.3 
900   0.02 3.3 13 20 59 10 5.1 
910    1.7 11 7.6 36 12 6.3 
920    0.75 9.0 2.8 20 13 7.5 
930    0.31 7.0  11 12 8.9 
940    0.10 5.2  4.9 9.8 11 
950     3.7  2.3 7.3 14 
960     2.5  1.1 6.1 18 
970     1.6  0.54 5.4 21 
980     0.94   5.2 24 
990     0.51   4.6 24 
1000        3.3 21 
1010        2.1 17 
1020        1.2 13 
1030         11 
1040         11 
1050         12 
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ABSTRACT 

Reference standards with well-defined femtosecond two-photon absorption (2PA) properties facilitate accurate 
measurement of nonlinear-optical spectra by bypassing tedious characterization of the photon flux. The 2PA standards 
are increasingly used for developing advanced multi-photon fluorescent probes and, since recently, also for probing
intra- and intermolecular electrostatic interactions. We have recently reported 2PA cross section values of a set of 
common organic dyes in different solvents in 680-1050 nm wavelength range with estimated accuracy of 8%. In the
present work, we aim at further improving the accuracy and fidelity of the absolute 2PA cross section data by comparing
in a pair-wise manner the relative 2PA efficiency of nine standards with partially overlapping absorption- and 
fluorescence emission spectra. We measure the relative 2PA-induced fluorescence for each pair under identical
excitation conditions, which allows revealing inconsistencies potentially present in the previously published data due to 
errors in estimating the excitation laser beam spatial- and temporal profile, pulse energy and other critical parameters. 
Our current measurements confirmed and in some cases improved previously reported error margins thus improving the
fidelity of the reference data. We also present refined 2PA cross section data on 9-Chloroanthracene in dichloromethane. 

Keywords: two-photon absorption, nonlinear-optical reference standards

1. INTRODUCTION
The process of instantaneous two-photon absorption (2PA) was predicted by Maria Goeppert-Mayer in 1931 [3], who 
theoretically considered quantum-mechanical probability of a transition from ground electronic state to an excited 
electronic state via simultaneous absorption of two photons, where the transition energy equals the combined energy of 
the two photons. The work provided estimate of the peak 2PA cross section of a typical optical absorber, σ2PA = 10-50 
cm4 s photon-1. This value is now broadly adopted as a convenient unit (GM) of the 2PA efficiency in organic
chromophores. In contrast to one-photon absorption (1PA), where the transition probability scales linearly with the
average photon flux (number of incident photons per unit area per unit time), the rate of 2PA increases as square of 
instantaneous photon flux. Because σ2PA is generally rather small, in order to achieve practical efficiency, i.e. a two-
photon transition rate comparable to that of 1PA, one would need a high photon flux, on the order of 1030 photon cm-2 s-1. 
Regular emitters such as incandescent lamps have relatively low brightness, and capability to produce sufficiently high
optical intensity became available only after invention of the laser. For this reason, the first observation of 2PA was
reported only in 1961 by W. Kaiser and C. G. Garret [4], who used a pulsed ruby laser to illuminate a crystal of CaF2 
containing luminescent Eu2+ ions. Recent advances in pulsed lasers and especially due to proliferation of femtosecond 
mode-locked lasers and optical parametric frequency converters/amplifiers, the utility of 2PA has grown from a mere 
scientific curiosity into a thriving field of research and applications, covering as diverse areas as biological microscopy,
photonic materials processing and medical diagnostics. Driven by these developments, many new molecular systems
performing 2PA with increasing efficiency were designed and tested [5 - 9]. However, highly accurate quantitative 
characterization of the molecular σ2PA and its dependence on the excitation laser wavelength is still posing practical
issues. This is because accurate determination of σ2PA requires precise knowledge of the photon flux, which in case of 
pulsed lasers is still prone to considerable experimental uncertainty. Consequently, the residual experimental errors in
2PA spectroscopy remain large, often exceeding 50-20 %. There are also lingering issues regarding reproducibility of
results reported by different laboratories and/or using different measurement techniques.  
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The tedious characterization of the photon flux could be circumvented if one could calibrate the 2PA measurements with 
respect to reference standards, where the σ2PA values are previously established with high degree of fidelity. In this case, 
an accurate measurement of an unknown chromophore or material can be achieved by simply calibrating the data with 
respect to a known reference standard. Such calibration may be applicable independent of the type of the 2PA 
measurement, which improves the ability to compare results obtained using different measurement techniques and by 
different laboratories. Indeed, 2PA cross sections and -spectra obtained in the same chromophore system using the so-
called direct z-scan [10] method and the indirect fluorescence excitation method [11-14] are sometimes difficult to 
reconcile, especially because different experiments may use substantially different photon flux parameters and other 
excitation conditions. These problems are exacerbated in situations where the excitation photon wavelength needs to be 
varied in broad range of wavelengths, such as in case of measurement of local electric field [15, 16], and where 
reproducibility of wavelength-tuneable ultrafast pulsed lasers continues to be an issue. 

First report of 2PA standards by Xu and Webb [18] used a ~80-MHz pulse repetition rate mode-locked Ti:Sapphire 
femtosecond laser and 11 common fluorophores, namely Rhodamine B in methanol, Fluorescein in water buffer pH 11, 
BIS-MSB in cyclohexane, Coumarin 307 in methanol, Cascade Blue in water, Lucifer Yellow in water, Bodipy in water, 
DiI in methanol, Indo-1 in water, Dansyl hydrazine in methanol and free DAPI in water. The 2PA cross section 
measurements were performed in the excitation wavelength range 690 - 1050 nm by exciting fluorescence in fluorophore 
solution with a tightly focussed laser beam. The evaluation of the absolute 2PA cross-section relied on the knowledge of 
fluorescence quantum yield, accurate value of which is not always available. Also, the spatial distribution of the incident 
light was not directly measured thus assumptions were made about the spatial shape of the focussed beam, leading to 
substantial error of σ2PA values. In [19] the fluorescence excitation approach was expanded to include 5 other 
fluorophores, and the cross-section spectra were determined by comparison with Fluorescein standard from previous 
work [18]. In 2008 Makarov et al. [20] carried out measurements of a set of 15 standards using 1 kHz pulse repetition 
rate femtosecond optical parametric amplifier (OPA) tuneable in a range of wavelengths 550-1600 nm. In this case the 
excitation beam was only slightly focussed, which allowed for direct measurement of the beam spatial profile. The 2PA 
fluorescence signal was calibrated relative to 1PA fluorescence in the same sample, which, in combination with a less 
error-prone determination of the photon flux, gave more reliable σ2PA values with estimated accuracy of 20 - 30%. 
However, because of a poor day-to-day reproducibility of the low pulse repetition rate source, the 2PA spectral shapes 
still displayed substantial degree of discrepancy. We have recently further improved the experimental methodology by 
combining the advantages of high pulse repetition rate femtosecond pulses with the moderate focussing conditions 
allowing improved accuracy of the spatial beam profiling [21]. The absolute 2PA cross-sections and –spectra were 
measured for 9 standards, namely 4,4'-bis(diphenylamino)-stilbene (BDPAS) in dichloromethane (DCM), Prodan in 
toluene, Prodan in dimethylsulfoxide (DMSO), Coumarin 153 in toluene, Coumarin 153 in DMSO, AF455 in toluene, 
AF455 in tetrahydrofuran (THF), Fluorescein in water buffer  pH 11 and Rhodamine 6G (Rh 6G) in methanol (MetOH) 
in the 680-1050 nm excitation wavelength range. Accuracy of spectral shape profiles was estimated 5% and accuracy of 
absolute cross sections was 8%. In the present work, we aim to improve the fidelity of the absolute 2PA cross section 
data by comparing pair-wise the relative 2PA efficiency of the standards with partially overlapping absorption- and 
fluorescence emission spectra, thus revealing potential inconsistencies caused e.g. by experimental errors in estimating 
the excitation laser beam parameters. For each pair the relative 2PA cross section was evaluated by measuring the 2PA-
induced fluorescence at identical excitation conditions. We are also refining 2PA cross section data of 9-
Chloroanthracene in dichloromethane. 

2. THEORETICAL CONSIDERATIONS 
2.1 Measurement of the absolute cross-section 

When a monochromatic beam of light propagates through a thin slab of 2-photon absorbing medium, then the difference 
between the number of photons at the input and output of the slab may be expressed as: 

 2
2 2 2PA PA c PAI N zIσΔ = − Δ , (1) 

where I2PA is the incident photon flux in photons cm-2 s-1, σ2PA is the 2PA cross section in cm4 s photon-1, Nc is the 
concentration of the 2-photon absorbing molecules in cm-3 and Δz is the slab thickness in cm. Provided that all other 
parameters involved are known, σ2PA may be determined directly by measuring the number of the photons absorbed. 
However, the relative change of the photon flux is often rather small, ΔI2PA << I2PA, thus making a direct measurement 
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both technically involved and subject to systematic and experimental errors. An alternative, so-called indirect way of 
determining σ2PA is by evaluating the number of absorbed photons using some secondary effect, e.g. though detecting 
two-photon excited fluorescence (2PEF) i.e. fluorescence photons emitted as a result of 2PA. Even though 2PEF 
experiment requires knowledge or calibration of the fluorescence detection efficiency and/or of the fluorescence 
emission quantum yield, this indirect approach has proven to be in certain practical aspects more straightforward and 
more reliable compared to various direct nonlinear absorption measurements [11, 23, 24]. 

Let us suppose that the 2PEF medium is excited by a periodic train of ultrashort pulses at the pulse rate of g (in Hz), and 
at the wavelength λ2PA. Then the average fluorescence signal recorded in a spectral interval centered on a detection 
wavelength, λreg, may be expressed as:  
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where Ι2PA(t, x, y, λ2PA) is the instantaneous photon flux at the laser tuning wavelength λ2PA, Δt2PA is the fluorescence 
detector integration time, ϕ(λem) is the differential quantum efficiency of fluorescence emission at the emission 
wavelength, λem, and η(λem) is the aggregate detection efficiency that accounts for the efficiency of fluorescence 
collection, spectrometer/diffraction grating output, efficiency of the detector, etc. The quantity inside the square brackets 
in (2) is related to the fluorescence detection, and its value is generally not known. This may be evaluated, however, by 
measuring the amount of fluorescence emitted in the same system under 1-photon excitation conditions. If the Kasha-
Vavilov rule is obeyed, then we are allowed to assume that the differential quantum efficiency is independent of the 
mode of excitation. The corresponding linear fluorescence signal is: 
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where I1PA is the time-average photon flux, Δt1PA is the fluorescence signal integration time, OD =Ncσ1PAΔz is the optical 
density of the sample and  σ1PA is the 1-photon absorption cross section at the 1-photon excitation wavelength λ1PA. By 
substituting the square brackets from (3) into (2), and by assuming that the 2-photon pulse excitation temporal intensity 
profile as well as the spatial beam profile are both described by Gaussian functions: 
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we obtain the expression for absolute 2PA cross section: 
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where P1PA is the total number of photons per second in the 1PA excitation beam and P2PA is the total number of photons 
in the 2PA excitation pulse. 

Relation (5) has been used for evaluation of 2PA cross section and spectra. However, potential experimental errors may 
still occur, especially due to difficulty of measuring the pulse spatial shape and the pulse duration with sufficient 
accuracy. Other potential sources of error are due to quantifying both the 1-photon and 2-photon excited fluorescence 
signal, as well as with limited accuracy and reproducibility of measuring the optical power. Our ultimate goal is to 
eliminate any potential experimental errors so that the residual uncertainty in determining σ2PA becomes less than a few 
per cent. Because this task is still practically difficult, we propose instead to verify the fidelity of the current best 
characterized data set by carrying out a pair-wise comparison between different standards under identical excitation- and 
detection conditions.  If the excitation wavelengths, the photon flux, the beam parameters and the fluorescence detection 
conditions for two standards, A and B, are the same, then the ratio between the corresponding cross sections may be 
expressed as: 
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Schematic of the setup is shown in Figure 1. We used a 76-MHz pulse repetition rate mode-locked Ti:Sapphire 
femtosecond oscillator (Coherent Mira 900) pumped by 10 W cw frequency-doubled Nd:YVO4 laser (Coherent Verdi V-
10). The femtosecond laser wavelength was tuned manually in the range 690 - 960 nm with the average output power 
varying in the range 0.5 – 1.5 W. A color glass long-pass filter (LPF1) was used to cut off residual short-wavelength 
emission emanating from the laser output. The fundamental laser spectrum  was measured with a diffraction grating 
spectrometer (OceanOptics USB4000) to which a weak reflection was conveyed through an optical fiber. A combination 
of focusing and collimating lenses (L1, 500 mm and L3, 150 mm) were used to reduce beam size to ~ 0.3 mm at the 
sample location and ensure a nearly collimated propagation along the sample pathway. A series of iris diaphragms were 
used to align the laser beam such that it passed near the center of all lenses. To generate the 1PA excitation beam, single 
reflection (~ 4%) off a glass plate (GP1) was focused on a Type I phase matched BBO crystal that generated second 
harmonic (blue) light. A λ/2 plate in front of the SHG crystal rotated the pump beam polarization to horizontal direction 
in order to assure that SHG had the same (vertical) polarization as the fundamental beam. A glass short-pass filter 
(SPF1) was used to cut off residual fundamental wavelength after the SHG crystal. A second glass plate (GP2) reflector 
was used to direct SHG along the same beam path as the main fundamental wavelength beam. At short wavelengths, 
~700 nm, the glass plate was replaced by a flip mirror to compensate for decrease in the laser output power. After GP2 
the two beams followed the same path and were incident on the same spot at the sample. A combination of focusing and 
collimating lenses (L2, 125 mm and L3, 150 mm) and a diaphragm place before L3 were used to shape the blue beam 
such as to have the same or smaller spot size as the red beam. 

The spatial profile of the fundamental wavelength beam at the sample location (sample removed) was measured with the 
CCD- camera based beam profiler (Thorlabs BC106-VIS). The camera and the focusing lens L4 (150 mm) are placed in 
order to image the beam at the sample location with a magnification of ~ 3. Adjustment and exact magnification factor 
was done using a 10 mm stage micrometer ruler with 50 µm division (Thorlabs R1L3S1P) at the sample position by 
inserting it in the sample cell holder. The beam incident on the camera was attenuated by 20 dB with a reflective type 
neutral filter. A continuously variable neutral density filter wheel ND2 (Thorlabs NDC-100C-4) was placed in front of 
the camera to further adjust the laser power to avoid saturation. The power reflected by the glass plate GP4 was 
sufficiently weak to minimize any thermal lensing in the beam profile imaging path. To also minimize potential 
detrimental effect due to thermal lensing in the sample, especially in tetrahydrofuran (THF) and in methanol solutions, 
we also recorded the beam profile after passing through the sample, while stirring the solution. If thermal distortions 
were still observed to change the beam width by 5 - 10% or more, then the average fundamental laser power was reduced 
by factor 10 using a 100 Hz optical chopper (Thorlabs MC2000) that was inserted before the lens L3, where the spot size 
was minimum, see Figure 1. 

The pulse temporal intensity profile was obtained for each wavelength by using a modified second harmonic auto-
correlator (INRAD 5-14A). To acquire the correlation function, the beam was split in two parts on an uncoated glass 
plate GP5. The resulting beams where reflected back from corner mirrors (CM1, CM2) while passing on their way twice 
through 1 mm tick rotating glass plates (GP6, GP7) set at 60 degrees with respect to each other and acting as a variable 
delay between the two beams. The retro reflected beams were again recombined on GP5 and focused with lens L5 (60 
mm) to a common spot in 0.1 mm BBO crystal producing a non-collinear second harmonic generation beam. The SHG 
intensity as a function of the plate rotation angle was detected with a photomultiplier (PM) and digitized with 4 GHz 
oscilloscope Keysight DSOS404A. A blue glass filter (SGF) was used to reject residual fundament wavelength. 
Digitized autocorrelation traces were processed using a Mathematica routine that converted the rotation angle into delay 
values as well as performed fitting of the data. 

Two left panels of Figure 2 (a) show in blue shades the recorded beam profiles at the sample position, after rescaling 
according to known camera pixel size (6.45 µm) and also by taking into account image magnification factor (~ 3) of the 
lens. Best fit to experimental data with an asymmetrical Gaussian function is shown in red lines. Since in reality the 
fitting is not a simple Gaussian, we modified in Equation (5) the product of FWHM of the beam ΔxΔy by introducing a 
shape correction factor, gp, that was evaluated based on the asymmetric Gaussian fit model as follows: 
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Figure 3 (a) shows (black symbols) exemplary power dependence obtained in Coumarin 153 in toluene at 816 nm 
excitation wavelength. Red line stands for the linear fit, taking into account both vertical and horizontal experimental 
error bars. 

Figure 3. (a) Example of the verification of quadratic power dependence using log-log linear fit of F2PA vs. P2PA recorded for 
Coumarin 153 in toluene at 816 nm. Experimental data (black point with error bars) are fitted with linear regression using 
York method (red line) and show a power law coefficient of 2.00. (b) Example of the linear dependence of the fluorescence 
signal F1PA vs. the blue beam power P1PA after 1-photon absorption recorded for AF455 in toluene at 784 nm. Experimental 
data (black point with error bars) are fitted with linear regression using York method (red line) with R-squared of 0.999. 

The intercept of the fit (intercept2 in Figure 3 (a)) to the power of 10 was used in Eq. (5) and (6) in the place of the 
quotient: 

2

2
2

2

22 10
)(
)( Intercept

PAPA

PAPA

P
F

=
λ
λ

. (9)

The standard error given by the fit (Figure 3 (a)) was included for both 2PA shape and cross-section error bar estimation. 
Most of our measurements showed a power law coefficient in the 1.98 - 2.02 range. To a wider tolerance, the 
measurements accepted have a power law coefficient in the 1.96 - 2.04 range. 

The 1-photon excitation beam power was adjusted by using continuously variable metallic-coated filter wheel (ND1), 
and the corresponding power was measured with integrating sphere silicon photodetector (Thorlabs S140C) or with 
standard silicon photodetector (Thorlabs S120VC) placed directly in front of the sample. The power was measured 
immediately before starts of the fluorescence signal acquisition to minimize possible effect of laser power drift. Both 
power P1PA and fluorescent signal F1PA were measured with an integration time of 1s and over 100 acquisitions. The 
resulting F1PA signal vs. incoming power P1PA embedded with their dispersion was fitted with a linear function using 
York method. To verify the linearity of the fluorescence detection, Figure 3 (b) shows average F1PA vs. the average 
power P1PA (black symbols) for AF455 in toluene at 392 nm excitation wavelength. Blue line stands for the best linear 
fit. 

The slope of the fit (slope1 in Figure 3 (b)), was used in Eq. (5) in the place of the quotient: 

1 1

1 1
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PA PA
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P

λ
λ

= . (10)

The standard deviation given by the fit was included for the 2PA cross-section error bar estimation. 

3.4 Measurement of relative quantum yield 

The fluorescence detection wavelength, λreg, was chosen in the region where the two samples spectra overlap and, if 
possible, where the fluorescence of both samples is close to the respective maximum or at least where the fluorescence 
spectrum is nearly constant. In order to take into account the dependence of the detector sensitivity on the wavelength, 
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Table 1. 1-photon and 2-photon photophysical properties of the systems studied. The σ2PA and Δσ2PA values are obtained by averaging 
over all measurements performed.  Bold values correspond to correction or add from previous publication [21].

Comp. Solvent ε (λ1PA) min λem–max λ em (peakλem) σ2PA(λ2PA) Δσ2PA

M-1 cm-1 (nm) nm GM (nm) ±% 
1 BDPAS DCM 52.6x103 (388) 415 – 540 (443) 175 (690) 

138 (700) 
8 
8 

2 Prodan toluene 19.8x103 (349) 390 – 480 (414) 19 (700) 6 
3 Prodan DMSO 17.5x103 (358) 420 – 550 (459) 20 (723) 8 
4 C153 toluene 20.5x103 (408) 440 – 600 (468) 17 (816) 5 
5 C153 DMSO 18.5x103 (427) 480 – 650 (540) 17 (851) 7 
6 AF455 toluene 117x103 (419) 430 – 550 (453) 404 (784)  7 
7 AF455 THF 106x103 (415) 450 – 630 (504) 392 (784) 6 
8 Fluorescein H2O pH11 88.6x103 (491) 

8.7x103 (322) 
490 – 580 (514) 24 (785) 

6.0 (858) 
5 
8 

9 Rh 6G MetOH 122x103 (528) 
12.1x103 (347) 

580 – 630 (554) 79 (812) 
202 (692) 

8 
8 

10 9-Chloroanthracene DCM 8.02x103 (370) 
7.44x103 (391) 

386-477 (416) 0.043 (740) 8 

4.2 Pair-wise comparison or the relative 2PA efficiency  

Figure 5 shows the 2PA and 1PA spectra, along with the fluorescence emission spectra for select 9 pairs (out of 10 pairs 
studied): (a) 9-Chloroanthracene in DCM vs. Prodan in toluene, (b) 9-Chloroanthracene in DCM vs. BDPAS in DCM, 
(c) BDPAS in DCM vs. Prodan in in DMSO, (d) BDPAS in DCM vs. Coumarin 153 in toluene, Prodan in in DMSO vs.
Coumarin 153 in toluene, (f) Coumarin 153 in toluene vs. AF455 in THF, (g) Coumarin 153 in toluene vs. AF455 in
toluene, (h) Coumarin 153 in DMSO vs. Rhodamine 6G in methanol and (i) Coumarin 153 in DMSO vs. Fluorescein in
water buffer pH 11. As mentioned already, one of the criteria for choosing the particular pairs was sufficient overlap
between their respective absorption spectra (solid lines). The second criterion was overlap between the fluorescence
spectra (dash lines). Common fluorescence detection wavelength is indicated by vertical straight line.

The pair-wise relative 2PA was then compared with the ratio between the absolute σ2PA values for the same excitation 
wavelength. The discrepancy between the two ratios values at selected wavelengths expressed in % terms is presented in 
Table 2. Coumarin 153 in toluene cross-section was measured relatively to 4 other standards: BDPAS in DCM (Figure 5 
(d)), Prodan in DMSO (Figure 5 (e)), AF455 in THF (Figure 5 (f)) and AF455 in toluene (Figure 5 (g)). The discrepancy 
ranges from –7.5 % to +5.3 %. At the 2PA peak λ2PA = 816 nm we report a deviation of –4 % relatively to Prodan in 
DMSO, -1.8% relatively to AF455 in THF and –7.2 % relatively to AF455 in toluene which might suggest that the 
absolute cross-section is slightly lower than the value published in [20]. A systematic error may arise here from 
erroneous differential quantum yield measurements, especially since our 2PA shape was already verified with a 
substantially smaller maximum error of 5 % [21]. However, this deviation is still less than the 8 %, thus confirming our 
previous absolute two-photon cross-sections for Coumarin 153 in toluene. For BDPAS in dichloromethane there is 
relatively poor overlap with the absorption and fluorescence of Prodan in toluene, which may be responsible of marked 
deviations. Indeed, their 1PA absorption maximum are displaced by ~40 nm making it difficult to find a suitable 
common excitation wavelength, and their fluorescent maximum are also shifted by 30 nm leading to a difficult choice of 
the common λreg. With our choice λreg = 457 nm, we found a deviation of –17.1% at 701 nm and –28.7% at 750 nm 
excitation. Thus this example allows visualizing the limits of accuracy in the use of reference standard regarding spectral 
mismatch. Relative to Prodan in DMSO, the deviation from the absolute value is +1.0 % at 700 nm. With 4 selected 
wavelengths in the 720 - 740 nm region, the deviations are in the ranging from 0.3 % relatively to Prodan in toluene at 
723 nm, to 8.1 % relatively to Coumarin 153 in toluene at 725nm. Therefore our absolute 2PA cross-section value for 
BDPAS in dichloromethane is as well validated. Conversely, assuming that the absolute2-photon cross-section spectra 
for Coumarin 153 in toluene and BDPAS in DCM are exact, then using those two standards (Figure 5 (c) and (e)) we 
found for Prodan in DMSO a deviation of –0.9% at its 2PA peak at 700 nm. Otherwise, the deviation does not exceed 
4.6 % in the 700 – 816 nm, which confirm the fidelity of this standard. AF455 in THF and in toluene were both 
compared to Coumarin in toluene and showed at their 2PA peak a deviation of –0.3% for AF455 in toluene and -5.0 % 
for AF455 in THF.  
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Figure 5. Normalized 1-photon absorption (line, right and top axis), normalized fluorescence spectra (dash, right and top 
axis) and 2PA spectra (circle, bottom and left axis) of: (a) 9-Chloroanthracene in DCM (blue) vs. Prodan in toluene (red); 
(b) 9-Chloroanthracene in DCM (blue) vs. BDPAS in DCM (red); (c) BDPAS in DCM (blue) vs. Prodan in in DMSO (red);
(d) BDPAS in DCM (blue) vs. Coumarin 153 in toluene (red); (e) Prodan in DMSO (blue) vs. Coumarin 153 in toluene
(red); (f) AF455 in THF (blue) vs. Coumarin 153 in toluene (red); (g) AF455 in toluene (blue) vs. Coumarin 153 in toluene
(red); (h) Coumarin in DMSO vs. Fluorescein in water buffer pH 11 (red); (i) Coumarin 153 in DMSO (blue) vs. Rhodamine
6G in methanol (red). The common chosen fluorescence detection wavelength λreg for each pair is also indicated.

Comparison of 9-Chloroanthracene in DCM to BDPAS in DCM at 740 nm gave a deviation of –6.3%. Relative to 
Prodan in toluene the deviation was +3.9 % at 740 nm and +13.6% at 750 nm. We have to point out that the 2PA shape 
for 9-Chloroanthracene is slightly noisy for longer wavelength and therefore the resulting deviation is higher at 750 nm. 
The good agreement found at 740 nm confirmed our absolute measurement for 9-Chloroanthacene at this wavelength. 
Conversely, the relative cross-section determined for Prodan in toluene with respect to 9-Chloroanthracene in DCM is 
3.7 % off the absolute determined one, therefore we are allowed to assert that the high deviation found for Prodan in 
toluene relatively to BDPAS in DCM is the consequence of the poor overlap in their emission spectra and that the 
absolute 2PA spectrum determined for Prodan in toluene is accurate. Coumarin 153 in DMSO gave at 851 nm a 
deviation +6.1% relatively to Fluorescein in water buffer pH 11 and –3.7% relatively to Rhodamine 6G. Conversely, 
Rhodamine 6G in methanol showed a deviation at its 2PA peak of +3.8% relatively to Coumarin 153 in DMSO and 
Fluorescein showed a deviation at its 2PA peak of +4.6% relatively to Coumarin in DMSO. Therefore, all these 
deviations are smaller than the 8% error thus confirming the accuracy to our absolute measurements.  
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Table 2. Deviation in % of the sample relative 2PA cross-section calculated with the reference compared to its absolute value for the 
same wavelength. Bold values correspond to the maximum of the 2PA spectrum. 

  Sam.A 

Sam B 

BDPAS in 
DCM 

9-chl.anthr.
in DCM

Prodan in 
toluene 

Prodan in 
DMSO 

C153 in 
toluene 

C153 in 
DMSO 

AF455 in 
toluene 

AF455 in 
THF 

Fluorescein 
in buffer 
pH=11 

Rh6G in 
MetOH 

BDPAS in 
DCM 

+6.7%
(740nm)

-17.1%
(701nm)
-28.7%

(750nm)

+1.0% 
(700nm)

-0.3% 
(723nm)

-0.6% 
(740m)

+8.1%
(725nm)
+2.2%

(736nm)

9-chl. anthr. 
in DCM

-6.3% 
(740nm)

+3.9%
(740nm)
+13.6%
(750nm)

Prodan in 
toluene 

+20.7%
(701 nm) -3.7% 

(740nm)
-11.9%

(750nm)

+30.6%
(715 nm)
+40.2%

(750 nm)

Prodan in 
DMSO 

-0.9% 
(700 nm)

+0.3%
(723 nm)

+0.6%
(740nm)

3.8% 
(750nm) 
+1.0%

(775nm)
+4.2%

(816nm)

C153 in 
toluene 

-7.5% 
(725nm)

-2.2% 
(736nm)

-3.7% 
(750nm)

-1.0% 
(775nm)
-4.0% 

(816nm)

+0.3%
(784nm)
-7.2% 

(816nm)

+5.3%
(784nm)
-1.8% 

(816nm)

C153 in 
DMSO 

-4.6% 
(785nm)
+6.1% 

(851nm)

-3.7% 
(812nm)
-4.4% 

(851nm)

AF455 
toluene 

-0.3% 
(784nm)
+7.8%

(816nm)

AF455 in 
THF 

-5.0% 
(784nm)
+1.8%

(816nm)

Fluorescein 
in buffer 

pH=7 

+4.6%
(785 nm)

-5.8% 
(851 nm) 

Rh6G in 
MetOH 

+3.8% 
(812nm)
+4.3%

(851nm)

4.3 Two-photon cross-section spectrum of 6MI 

6-methylisoxanthopterin (6MI) is a fluorescent analog to DNA base guanine with the fluorescence emission in the 450
nm region with high quantum yield and 1PA peak at 343 nm. It has found use as promising fluorophore probe for
monitoring DNA and RNA conformations. Because living cells absorb light in the ranges from 200 - 360 nm
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overlapping with the 6MI spectrum, it is of increasing interest to explore the 2-photon absorption properties of this 
system [32, 33]. 

Figure 6. (a) Comparison of normalized 1-photon absorption and fluorescence spectra between 6MI in phosphate buffer 
pH=7 with two adapted standards: BDPAS in DCM (upper panel) and 9-chloroanthecene in DCM (lower panel). (b) 
rescaled 2PA shape spectrum (grey circles, left and bottom axis) and extinction coefficient spectrum (blue line, right and top 
axis) of 6MI in phosphate buffer pH=7. Relative cross-section with respect to BDPAS in DCM (black) and to 9-
Chloroanthracene in DCM (red). 

6MI was dissolved in 1M phosphate buffer pH 7. This solvent was chosen to simulate human cell environment but also 
to avoid ionization of the N3 proton of 6MI whose pKa is approximately 8.3. BDPAS and 9-choroantracene were used as 
reference. 6MI samples were prepared with a rather high concentration of ~ 10-4 M. The relative quantum yield and 2PA 
cross-section were determined at 442 nm. Figure 6 (a) shows the normalized 1PA and fluorescence spectra of 6MI in the 
phosphate buffer compared to the same of BDPAS in dichloromethane (upper panel) and 9-Chloroanthecene in 
dichloromethane (lower panel). Figure 6 (b) presents the measured 2PA shape spectrum (grey circles) of 6MI in the 700 
- 750 nm range. 1PA spectrum (blue line) is shown for comparison. At its maximum at 700 - 704 nm the 2PA cross
section is ~1.5 GM. The σ2PA values at different wavelengths are collected in Table 3 and shown Figure 6 (b) by black
squares when determined relative to BDPAS in DCM and by red squares when 9-Chloroanthracene in DCM was used as
reference standard. The 2PA shape spectrum was rescaled to match with the measured cross-section values, the resulting
best fit 2PA cross-sections are also shown in Table 3.

Table 3. 2-photon cross-section of 6MI in phosphate buffer pH 7 calculated using a reference standard at different wavelength. 

Reference σ2PA  (λ2PA) 
GM (nm) 

σ2PA from best match shape rescale 
GM (nm)

BDPAS in DCM 1.53 ± 0.10 (701) 
1.50 ± 0.10 (704) 
1.36 ± 0.10 (710) 
1.09 ± 0.09 (726) 
0.74 ± 0.06 (738) 
0.47 ± 0.04 (750) 

1.54 (704) 
1.41 (710) 
0.98(726) 
0.67 (738) 
0.39 (750) 
0.76 (735) 
0.61 (740) 
0.50 (745) 
0.29 (755) 

9-Chloroanthracene
in DCM

0.88 ±  0.08 (735) 
0.63 ±  0.07 (740) 
0.54 ± 0.05 (745) 
0.32 ±  0.03 (755) 
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We conclude that in the spectral region studied 2PA follows the 1PA profile, i.e. 2PA transition is most likely to the 
same excited singlet state as the 1PA band. By extrapolation, the peak 2PA is ~ 1.7 GM at 690 nm. 

4.4 Additional potential issues with standard selection 

We strive to substantially improve the accuracy of the reference standard and their fidelity. In that regards, standards 
should be selected such as to facilitate their use, i.e. they should show large 2PA cross-section, be well soluble in 
ambient conditions (minimal aggregation) and the solutions should be stable both in the dark as well as under stringent 
illumination conditions. Some of the previously reported standards fail to fulfill these requirements and are therefore 
omitted from our current set. For instance, Rhodamine 610 (Rhodamine B), which was proposed in [11, 15], appears in 
different solvents as a mixture of at least three different forms: (a) intensely colored protonated cation form; (b) 
zwitterion and (c) colorless lactone [29, 30]. In water, the equilibrium between zwitterion and lactone form has pKa = 8.3 
whereas in methanol the equilibrium between zwitterionic and cationic form has pKa =3.1. Moreover the proportion of 
the different forms of Rhodamine B depends on temperature and concentration. We found that in methanol, with 
increasing concentration, the equilibrium is displaced toward the cationic form due to increases of the acidity and is 
visible in the 1-photon absorption spectrum for concentration as low as 10-5 M by a bathochromic shift of the maximum 
peak. This effect might be avoided by the use of few triethylamine drops. In deuterated water, zwitterionic form tends to 
aggregate at concentrations as low as 10-5 M as manifested by a distinct change of the 1-photon absorption spectrum with 
the rise of the dimer absorbance peak at 523 nm. This effect appears in slightly more concentrated solution in pure water 
[31]. Therefore water or heavy water solutions of Rhodamine B can be considered as transition systems between 
solutions of monomers and aggregates in the whole range of usual studies. Perylene, Lucifer yellow and 
chloroanthracenes show relatively low peak 2PA cross section, σ2PA < 10 GM and were excluded from the set as well. 
Because some of the biological markers absorb in the far-UV region, we reconsidered 9-Chloroanthracene as a standard. 
It has also an advantage of a greater stability (>1 month) compared to 4,4’-bis-(diphenylamino)stilbene (BDPAS), which 
has low stability in solution, about 1week. 

5. CONCLUSION
We presented a detailed study of absolute two-photon absorption cross sections of a series of organic fluorophores in the 
excitation wavelength range, 680-1050 nm. We measured the relative 2PA-induced fluorescence for 10 pairs of 
standards under identical excitation conditions, which has revealed some minor inconsistencies in the previously 
published data, most likely due to errors in estimating the excitation laser beam spatial- and temporal profile, pulse 
energy and other critical parameters. Our current measurements confirmed the 8% maximum error margin and in some 
cases improved the previously reported results, thus augmenting the overall fidelity of the reference data. We also 
present refined 2PA cross section data on 9-Chloroanthracene in dichloromethane. 

6. ACKNOWLEDGMENTS
This work was supported by Ministry of Education and Science, Republic of Estonia grant IUT23-9. A.R. and A. M. 
acknowledge support from AFOSR grant FA9550-16-1-0189. 

REFERENCES 

[1] Lakowicz, J. R., [Principles of Fluorescence Spectroscopy, 3rd edition], Springer (2006).
[2] Southerland, R. L., [Handbook of Nonlinear Optics, 2nd edition], Marcel Dekker (2003).
[3] Göpper-Maier, M., “Über Elementarakte mit zwei Quantensprüngen,” Ann. Phys. 401 (3), 273−294 (1931).
[4] Kaiser, M. and Garrett, C. G. B, “Two-Photon Excitation in CaF2:Eu2+,” Phys. Rev. Lett. 7(6), 229-231 (1961).
[5] Ventelon, L., Blanchard-Desce, M., Moreaux, L. and Mertz, J., “New quadrupolar fluorophores with high two-

photon excited fluorescence,” Chem. Commun. 20, 2055-2056 (1999).
[6] Schmitt, J., Heitz, V., Sour, A., Bolze, F., Ftouni, H., Nicoud, J-F., Flamigni, L. and Ventura, B.,

“Diketopyrrolopyrrole-Porphyrin Conjugates with High Two-Photon Absorption and Singlet Oxygen
Generation for Two-Photon Photodynamic Therapy,” Angew. Chem. Int. Ed. Engl. 54(1), 169-173 (2015).

Proc. of SPIE Vol. 10094  100941Q-13

Downloaded From: http://spiedigitallibrary.org/pdfaccess.ashx?url=/data/conferences/spiep/91312/ on 04/10/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 

[7] Wang, Y., Hu, R., Xi, W., Cai, F., Wang, S., Zhu, Z., Bai, R. and Qian, J, “Red emissive AIE nanodots with 
high two-photon absorption efficiency at 1040 nm for deep-tissue in vivo imaging,” Biomed. Opt. Express 
6(10), 3783-3794 (2015). 

[8] Liu, H-W., Zhang, X-B, Zhang, J., Wang, Q-Q., Hu, X-X., Wang, P. and Tan, W., “Efficient Two-Photon 
Fluorescent Probe with Red Emission for Imaging of Thiophenols in Living Cells and Tissues,” Anal. Chem. 
87(17), 8896-8903 (2015). 

[9] Yue, X., Armijo, Z., King, K., Bondar, M. V., Morales, A. R., Frazer, A., Mikhailov, I. A., Przhonska, O. V. 
and Belfield, K. D., “Steady-state and femtosecond transient absorption spectroscopy of a new two-photon 
absorbing fluorine-containing quinolizinium cation membrane probes,” ACS Appl. Mater. Interfaces 7(4), 
2833-2846 (2015). 

[10] Sheik-Bahae, M., Said, A. A., Wei, T.-H., Hagan, D. J. and Van Stryland, E. W., “Sensitive measurement of 
optical nonlinearities using a single beam,” IEEE J. Quantum Electron. 26(4), 760-769 (1990). 

[11] Denk, W., Strickler, J. H. and Webb, W. W., “Two-photon laser scanning fluorescence microscopy,” Science 
248, 73-76 (1990). 

[12] Xu, C., Zipfel, W., Shear, J. B., Williams, R. M. and Webb, W. W., “Multiphoton fluorescence excitation: new 
spectral windows for biological nonlinear spectroscopy,” Proc. Natl. Acad. Sci. U.S.A. 93, 10763-10768 
(1996). 

[13] Wokosin, D. L. and White, J. G., “Optimization of the design of a multiple-photon excitation laser scanning 
fluorescence imaging system” Proc. SPIE 2984, 25-29 (1997). 

[14] Zipfel, W. R., Williams, R. M. and Webb, W. W., “Nonlinear magic: multiphoton microscopy in the 
biosciences,” Nat. Biotechnol 21, 1369-1377 (2003). 

[15] Drobizhev,M., Makarov, N. S., Tillo, S. E., Hughes, T. E. and Rebane, A., “Two-photon absorption properties 
of fluorescent proteins” Nat. Methods. 8, 393-399 (2011). 

[16] Rebane. A., Wicks, G., Drobizhev, M., Cooper, T., Trummal, A. and Uudsemaa, M., “Two-photon voltmeter 
for measuring a molecular electric field,” Angew. Chem. Int. Ed. Engl., 54 (26), 7582-7586 (2015). 

[17] Hermann, J. P. and Ducuing, J., “Absolute measurement of two-photon cross sections,” Phys. Rev. A. 5, 2557-
2568 (1972). 

[18] Xu, C. and Webb, W. W., “Measurement of two-photon excitation cross sections of molecular fluorophores 
with data from 690 to 1050 nm,” J. Opt. Soc. Am. B 13, 481-491 (1996). 

[19] M. A. Albota, C. Xu, W. W. Webb, “Two-photon fluorescence excitation cross sections of biomolecular probes 
from 690 to 960 nm,” Appl. Opt. 37, 7352-7356 (1998). 

[20] Makarov, N. S., Drobizhev, M. and Rebane, A., “Two-photon absorption standards in the 550-1600 nm 
excitation wavelength range,” Opt. Express 16(6), 4029-4047 (2008). 

[21] de Reguardati, S., Pahapill, J., Mikhailov, A., Stepanenko, Y. and Rebane, A., “High-accuracy reference 
standards for two-photon absorption in the 680-1050 nm  wavelength rage” Opt. Express 24(8), 9053-9066 
(2016). 

[22] Rumi, M. and Perry, J. W. “Two-photon absorption: an overview of measurements and principles,” Adv. Opt. 
Photonics 2, 451–518 (2010). 

[23] Dubinina, G. G., Price, R. S, Abboud, K. A., Wicks, G., Wnuk, P., Stepanenko, Y., Drobizhev, M., Rebane, A. 
and Schanze, K. S., “Phenylene vinylene platinum(II) acetylides with prodigious two-photon absorption,” J. 
Am. Chem. Soc. 134 (47), 19346-9 (2012). 

[24] Bridges, R. E., Fischer, G. L. and Boyd, R. W., “Z-scan measurement technique for non-Gaussian beams and 
arbitrary sample thicknesses,” Opt. Lett. 20 (17), 1821-1824 (1995). 

[25] Gu, B., Ji, W., Patil, P. S., Dharmaprakash, S. M. and Wang, H. T., “Two-photon-induced excited-state 
absorption: Theory and experiment,” Appl. Phys. Lett. 92, 091118 (2008). 

[26]  Würth, C., Grabolle, M., Pauli, J., Spieles, M. and Resch-Genger, U., “Relative and absolute determination of 
fluorescence quantum yields of transparent samples,” Nat. Protoc., 8 (8), 1535-1550 (2013). 

[27] Kannan, R., Tan, L.-S. and Vaia, R. A., “Two-photon responsive chromophores containing electron accepting 
cores,” US Patent 6,555,682 (2003). 

[28]  Kannan, R., He, G. S., Lin, T.-C., Prasad, P. N., Vaia, R. A. and Tan, L.-S., “Toward highly active two-photon, 
absorbing liquids. Synthesis and characterization of 1,3,5-triazine-based octupolar molecules,” Chem. Mater. 16 
(1), 185-194 (2004). 

[29]  Arbeloa, I. L., Ojeda, P. R., “Molecular forms of rhodamine B,” Chem. Phys. Lett. 79, 347-350 (1981). 

Proc. of SPIE Vol. 10094  100941Q-14

Downloaded From: http://spiedigitallibrary.org/pdfaccess.ashx?url=/data/conferences/spiep/91312/ on 04/10/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 

[30]  Hinckley, D. A., Seybold, P. G., Borris, D. P., “Solvatochromism and thermochromism of rhodamine 
solutions,” Spectrochim. Acta A Mol. Spectrosc. 42, 741-754 (1986). 

[31]  Mchedlov-Petrosyan, N. O. and Kholin, Y. V., “Aggregation of Rhodamine B in water,” Russ. J. of App. 
Chem., 77 (3), 414-422 (2004). 

[32] Cho, S. H., Chang, W. S., Kim, K. R. and Hong, J. W., “Measurement of UV absorption of single living cell for 
cell manipulation using NIR femtosecond laser,” Appl. Surf. Sci. 255 (9), 4974-4978 (2009). 

[33] Siede, W. and Doetsch, P. W., [DNA Damage Recognition], CRC Press (2005). 
 
 
 

Proc. of SPIE Vol. 10094  100941Q-15

Downloaded From: http://spiedigitallibrary.org/pdfaccess.ashx?url=/data/conferences/spiep/91312/ on 04/10/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx





 

193 

APPENDIX L: Publication III 

 
 
 
 
 
  
 
 
 
  
Mikhaylov, A., Lindquist, J. R., Callis, P. R., Kohler, B., Pahapill, J., de 
Reguardati, S., Rammo, M., Uudsemaa, M., Trummal, A. and Rebane, A., 
 
“Femtosecond two-photon absorption spectra and permanent electric dipole 
moment change of tryptophan, 2-aminopurine and related intrinsic and synthetic 
fluorophores” 
 

Proc. SPIE  10069 (2017)





 

 

Femtosecond two-photon absorption spectra and permanent electric 
dipole moment change of tryptophan, 2-aminopurine and related 

intrinsic and synthetic fluorophores 

Alexander Mikhaylova, Jake R. Lindquista, Patrik R. Callisb, Bern Kohlerb, c, Juri Pahapilld, 
Sophie de Reguardatid, Matt Rammod, Merle Uudsemaad, Aleksander Trummald and Aleksander 

Rebanea, d * 

a Department of Physics, Montana State University, Bozeman, MT, USA; b Department of 
Chemistry & Biochemistry, Montana State University, Bozeman, MT, USA; c Department of 
Chemistry, The Ohio State University, Columbus, OH, USA; d National Institute of Chemical 

Physics and Biophysics, Tallinn, Estonia   

 

ABSTRACT  

Two-photon absorption (2PA) cross sections for 2-aminopurine (2AP), 7-methyl guanosine (7MG), 6-methyl 
isoxanthopterin (6MI), isoxanthopterin (IXP), 3-methylindole (3MI) and tryptophan (L-trp) are measured for 
excitation wavelengths between 550 and 810 nm using two independent methods: femtosecond two-photon excited 
fluorescence (2PEF) and femtosecond nonlinear transmission (NLT). For all systems we find that in the long-
wavelength region of the lowest-energy one-photon allowed singlet-singlet transition the 2PA spectral profiles 
follow the one-photon absorption spectral profiles, thus indicating the strongly dipolar nature of the transition. We 
use the measured 2PA cross sections to estimate the corresponding permanent electric dipole moment change and 
find the values to vary in the range 1 to 5 D. These experimental findings are corroborated by quantum-chemical 
computations. 

Keywords: two-photon absorption, DNA base fluorescent analogs, amino acids fluorescent labels, permanent 
electric dipole moment 

 

 
1. INTRODUCTION  

Fluorescence spectroscopy, including nonlinear-optical techniques using multi-photon excitation can provide useful 
information about complex behavior of biomolecules such as DNA and proteins. To overcome issues due to  low 
fluorescence emission of natural  nucleic acids, one can take advantage of synthetic analogs,1–5 which exhibit high 
fluorescence yields while keeping at the same time many of the key intrinsic properties of the originals, e.g. Watson- 
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Crick hydrogen bonding within the double helix structure. Recently, there has been interest in using fluorescent 
DNA base and amino acids analogs for two-photon excited fluorescence imaging6–8. However, to fully realize the 
potential advantages of two-photon excitation of fluorescent DNA analogs, one needs reliable quantitative 
information about the two-photon absorption (2PA) cross section values as well as about the dependence of 2PA on 
excitation wavelength. In this paper we a perform femtosecond two-photon absorption study of 2-aminopurine 
(2AP), 7-methyl guanosine (7MG), 6-methyl isoxanthopterin (6MI), isoxanthopterin (IXP), 3-methylindole (3MI) 
and tryptophan (L-trp). As solvents, we use distilled water (for L-trp, 3MI, 2AP), a mixture of water and glycerol 
(for 2AP), phosphate buffer (for 6MI), a mixture of NH3 and water (for IXP), pH7 aqueous buffer (for 7MG), 
methanol (for 2AP) and dimethyl sulfoxide (for 2AP). Our goal is to perform comprehensive measurements  that 
would provide more reliable data compared to what has been published previously9–17. Due to the complicated 
photophysics that occurs in amino acids and related molecules theoretical methods even being extremely useful 
cannot always explain and predict all properties of these systems18–24. In earlier experimental studies absolute 2PA 
cross sections were measured either at some individual wavelengths13,16,25–27 or only a relative 2PA profile was 
reported28,29. Even more limited data are available about the permanent dipole moment changes in these 
systems11,12,15,30. We use 2-photon excited fluorescence (2PEF) and nonlinear transmission (NLT) methods to 
measure the 2PA cross sections over a broad range of excitation wavelengths 550 - 810 nm. We use our data to 
estimate the permanent electric dipole moment change upon the transition from the ground electronic state to the 
lowest-energy excited singlet electronic state. For 2AP, the experimental results are compared to quantum chemical 
calculations to elucidate the permanent dipole moment changes in different solvent environments.  

2. EXPERIMENTAL 
Detailed descriptions of the 2PEF and NLT experiments has been provided previously 31,32. Briefly, a Ti:Sapphire 
femtosecond laser Coherent Libra operated at 1 kHz repetition rate and producing pulses with duration ~ 90 fs 
pumped an optical parametric amplifier (OPA) Light Conversion OPerA Solo (pulse durations at the OPA output are 
200-300 fs). The OPA output wavelengths were tuned in the region 550–810 nm with 1 nm steps. The approximate 
OPA pulse spectral width was ~ 15–35 nm (measured with spectrometer Ocean Optics USB-4000). 2PEF signals 
were measured using spectrometer Jobin Yvon Horiba TRIAX ISA 550 with liquid nitrogen cooled detector CCD 
Jobin Yvon Horiba TRIAX ISA Spectrum 1. The relative excitation laser pulse energy was measured using 
pyroelectric detector Molectron P4-45, followed by Princeton Applied Research PAR 113 amplifier, and the signal 
was then digitized using DAQ card NI USB-6212 and processed using a LabView program. The power exponent of 
the dependence of the fluorescence signal on the incident pulse energy was confirmed with 5 nm wavelength step 
for the whole range within accuracy 1.95 - 2.05 for all compounds. The 2PA shapes were measured with 1 nm steps. 
Averaging was used to obtain the final spectral profiles. For the NLT measurements the laser repetition rate was 
reduced to 100 Hz and the OPA beam was focused with a long focal length lens. Two glass plates positioned before 
and after the sample reflected ~ 8% of light to silicon photodetectors Thorlabs DET 36A.  Signals from the two 
detectors were digitized using DAQ card NI PCI-6110 connected through NI BNC-2110 and the data was processed 
using a LabView program to determine the dependence of the sample transmittance on the incident photon flux. The 
absolute power was measured using power meter Ophir Nova 2 with thermoelectric probe Ophir 3A SH. Both the 
2PEF and NLT measurements were performed relative to 2PA reference standards 31,33. For the 2PA shape 
correction in the range 550-720 nm 9-chloroanthracene in dichloromethane was applied 31, and for 680-810 nm 
range fluorescein in pH11 aqueous buffer was used 33; in the intermediate overlapping region 680-720 nm an 
averaged correction from both standards was applied. The absolute two-photon cross sections were measured 
relative to bis-diphenylaminostilbene (BDPAS) in dichloromethane33 for 6MI, while for all other samples 9-
chloroanthracene  in dichloromethane was used as reference 31. Relative quantum yields were measured using 
fluorescence spectrometer PerkinElmer LS50B.  Both 1PEF and 2PEF signals were collected at 450 nm. 
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2AP, 7MG, IXP, 3MI and L-trp were purchased from Sigma-Aldrich (98% or higher purity) and were used as 
received. 6MI nucleoside was purchased from Fidelity Systems, Inc. (Gaithersburg, MD, USA) and was used as 
received.  Distilled water was used to prepare aqueous solutions. Methanol (MeOH), dimethyl sulfoxide (DMSO) 
and glycerol were of HPLC grade and were used as received from Sigma-Aldrich. Ultrasonification was applied to 
prepare solutions of compounds with poor solubility. The solutions were filtered using 0.45µm filters. 
Concentrations of final solutions were determined spectro-photometrically using spectrophotometer PerkinElmer 
Lambda 950. Samples for the 2PEF and NLT experiments were contained in 1 cm or 10 cm path length quartz 
spectroscopic cuvettes, respectively. 

 
3. COMPUTATIONAL METHODS 

To determine the properties of 1PA and 2PA spectra and the values of permanent dipole moment change Δμ of 2AP 
the linear and quadratic response function calculations were carried out using the DALTON program package34,35. 
These calculations were preceded by full geometry optimizations using Gaussian09 software36. 

The line shapes of the 1PA spectra were obtained by applying Gaussian broadening function to the corresponding 
stick spectra based on the calculated oscillator strengths and excitation energies: 

 = √ 	 	 √	 ( )	 	 	 −4	 2	 	 		 (1) 

where e is the elementary charge, NA is Avogadro’s constant, c is the speed of light in vacuum, me is the mass of an 
electron, fi is the calculated oscillator strength, FWHM is a full width at half maximum of the spectral line of the 
molecule and ̅  is the calculated excitation energy. 

The expression for calculation of 2PA cross-sections σ2PA for S0 → S1 transition is given by: 

 = 	 	 	(	 	) 	 (2) 

where  is the fine structure constant,  is Bohr radius, ω is the calculated photon energy (half of the transition 
energy) and 	 is the two-photon transition probability obtained from DALTON. Experimental FWHM values (1PA: 
0.53 eV for methanol and DMSO, 0.58 eV for water; 2PA: 0.27 eV for methanol and DMSO, 0.29 eV for water) 
were used for calculation of molar extinction coefficients ε and the cross-sections σ2PA. To convert to Göppert–
Mayer units the value of σ2PA from Eq. 2 should be multiplied by 1050. 

The ground state optimized geometries were used for TD-DFT excited state calculations to obtain vertical excitation 
properties. The modified version37 of range-separated CAM-B3LYP hybrid functional and valence triple-ζ basis set 
augmented with one set of polarization and diffuse exponents on all atoms (mCAM-B3LYP/6-311++G(d,p) with 
α=0.08, β=0.92, and μ=0.15) were used for all excited state calculations. Solvent effects were accounted for by 
implementing gas-phase supermolecule approach and by using discrete-continuum approximation in the framework 
of the polarized continuum model PCM.  

4. RESULTS AND DISCUSSION 
The measured 2PA spectra (black symbols) along with linear extinction (one-photon absorption) spectra (red solid 
lines) are presented in Fig. 1. The 2PA cross section values were measured at several wavelengths (green solid 
symbols). Solid blue dots represent results of the NLT measurements. Estimated accuracy is within 30%.  

The peak 2PA wavelengths shift slightly depending on solvent, following the same shift observed in the 
corresponding 1PA spectrum (see Table 1). The peak 2PA cross section σ2PA for L-trp in water is 1 GM, for 3-MI in 
water it is 1.2 GM, for IXP in NH3 and water 3:1 mixture it is 4 GM, for 6MI it is 1.7 GM, for 3-MI in water it is 1.2 
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GM and for 7-MG in pH7 aqueous buffer it is 3.6 GM. The maximum σ2PA for 2AP varies from 0.24 GM in both 
H2O and MeOH to 0.4 GM in DMSO and 2.4 GM in a Glycerol and H2O 10:1 mixture. All results are summarized 
in Table 1. All 2PA spectra were measured for the lowest energy transitions. Those are spanning 550-720 nm 
excitation wavelengths range for 2AP in different solvents (Fig. 1 a-d). At the excitation wavelengths > 700 nm the 
value of σ2PA drops below our detection limit.  It is important to mention that for 2AP there is the well established 
tautomerism for the ground state38,39. Relative weights of each conformer (and as a result fluorescence) might be 
strongly affected by solvent interaction effects5,38,39. 2PA spectrum for 6MI in phosphate aqueous buffer pH7 also 
spans range between 580-810 nm. 2PA spectrum of IXP in NH3 and water 1:3 mixture is more structured and covers 
the excitation wavelengths range from 550 nm to 800 nm. In contrast to IXP, the 2PA spectrum for 6MI is peaked at 
700 nm and goes down at wavelengths shorter than 600 nm. Additionally to the 2PEF method, we preform NLT 
measurement for L-trp and conclude that σ2PA at 550 nm is about 1.5 GM. Results of both methods are consistent 
within 30%. The numbers derived from the NLT are most probably affected by excited state absorption that results 
in overestimated σ2PA values. Small maximum achievable molar concentrations (only about 5mM) limited our 
capability of the NLT measurements for 3MI. From the NLT we could only get some estimation for the cross 
section upper limit: the peaked σ2PA should be below 2 GM. 

To the best of our knowledge, there is no consistency in literature about σ2PA values for L-trp. In earlier 
experiments13  it was found that for L-trp σ2PA at 530 nm is around 0.16 GM, while other authors claimed it is 0.03 
GM 14 and 0.005 GM 10 at 532nm. For 6-MI it was reported26 that σ2PA is around 2.5 GM at 700 nm. In one paper 16 
it was reported that σ2PA at 584 nm for 2AP in aqueous solution is 0.2 GM that correlates well with our result.  

2PA cross section σ2PA relates some important molecular parameters allowing getting insights about changes of them 
upon transition between ground and excited states. In general, all highly lying energy states contribute to transition 
amplitude between initial and final states, but one also should include a contribution of the direct two-photon 
transition between the two states, which strength is proportional to the permanent dipole moment change 
amplitude28,40. For 2AP in all considered solvents 2PA shapes follow very closely 1PA profiles. That is also true for 
the red sides of 2PA spectra for L-trp, 3-MI, 7-MG, IXP and 6MI. Such behavior is usually typical for highly dipolar 
non-symmetric molecules, when one-photon and two-photon transitions are both allowed. It gives rise to an 
assumption that the two-level model of 2PA might be applicable here41. According to this model, the 2PA cross 
section σ2PA at excitation wavelength λ2PA (λ2PA =2 λ1PA =2 λ) can be expressed in terms of parameters of initial and 
final molecular quantum states only. Then, for the amplitude of the permanent dipole moment change between the 
ground state and the final excited state, Δµ (in Debye), one gets (for details see e.g. supplementary information 
section in 32) 

 ∆ ( ) = 	 	( )( ) /
, (3) 

where n is the index of refraction, εM is the molar extinction coefficient in  M-1cm-1 and σ2PA is expressed in GM and 
λ in nm. 

Obtained by using that approach Δµ values are presented in Table 1. There is a significant spread of Δµ values in 
literature for considered compounds that were measured mainly using Stark effect spectroscopy. Applying the 
Ooshika-Lippert-Mataga relation 42,43, D. Pierce and S. Boxer 12 concluded that for L-trp Δµ is around 5D (for so-
called La transition). Employing a similar approach, E. Jalviste and N. Ohta 30 found for indole the same transition 
corresponds to Δµ of 5.6 D, while for 3MI Δµ is 7.2D. Note that Stark spectroscopy values are reported without 
accounting for the local field correction factor.  T. Nordlund with colleagues 11  measured the spectral shifts for 2AP 
in a series of solvents. From those experiments they concluded that 2AP in water and glycerol stand out compared to 
all other considered media resulting in large Δµ (up to 8D). It was assumed that such a drastic difference was 
observed in these two particular solvents due to some specific chromophore-solvent interactions, presumably 
hydrogen bonding. It is interesting that in our measurements Δµ values for 2AP in glycerol and water mixture are 
significantly higher compared to other solvents that might be another indication of forming a specific interaction. 
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Ìp

i

 

 

Comp. Solvent ε, 

M-1cm-1 

λabs, 

nm 

λem, 

nm 

σ2PA 2PEF(λexc) , 

GM 

σ2PA 
NLT(λexc), 

GM 

Δµ, 

D 

L-trp dist H2O 550044 279 362 1(550), 0.4(580) 1.5(550), 
0.7(580) 

2.6±0.3 

3MI dist H2O 550044 280 374 1.2(550), 0.5(580) < 2.0 2.8±0.2 

7MG pH 7 buffer 550045 258/281 393 3.6 (560), 1.8 (600)  2.8+0.5 

IXP NH3 H2O 
1:3 

1400044 340 422 4(550), 0.4(600), 

0.7(670) 

 1.4±0.2 

6MI phosphate 
pH7 buffer 

10090 343  1.53(701)†, 1.5(704)†, 
1.36 (710)†, 1.09(726)†, 
0.74 (738)†, 0.47(750)†, 
0.3(750) 

 2.8±0.2 

2AP dist H2O 5560 305 370 0.2 (612)  1.5±0.3 

2AP MeOH 6310 310 372 0.2(622)  1.1±0.2 

2AP DMSO 5930 313 375 0.4 (626)  1.8±0.2 

2AP glycerol 
H2O 10:1 

6250 313 378 2.4 (628)  4.6±0.2 

 

 

 

The structures of 2-aminopurine and water clusters used for gas-phase excited state calculations and for solute 
representation of cluster-continuum approach are presented in Fig. 2. 

 

 

 

 

 

2AP + 1H2O 2AP + 3H2O 2AP + 4H2O 2AP + 5H2O 

Figure 2. The structures of 2-aminopurine and water clusters. 

 

The computational values of 1PA and 2PA spectral properties in water, DMSO, and methanol are presented in Table 2.  
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Compound Solvent Model ε, 

M-1cm-1 

λabs, 

nm 

σ2PA (λexc), 

GM 

Δµ, 

D 

2AP  H2O 2AP + 1 H2O (gas phase) 

2AP + 3 H2O (gas phase) 

2AP + 4 H2O (gas phase) 

2AP + 5 H2O (gas phase) 

2AP (PCM) 

2AP + H2O (PCM) 

2AP + 3 H2O (PCM) 

2AP + 4 H2O (PCM) 

2AP + 5 H2O (PCM) 

5132 

4885 

5343 

5286 

7006 

6600 

6479 

6884 

6758 

296 

306 

298 

299 

294 

298 

303 

300 

301 

0.4 (593) 

0.4 (611) 

0.2 (597) 

0.3 (598) 

0.5 (589) 

0.5 (596) 

0.5 (607) 

0.4 (600) 

0.4 (602) 

0.7 

1.0 

1.2 

1.6 

2.7 

2.7 

2.9 

2.5 

2.7 

2AP MeOH 2AP (PCM) 7653 294 0.5 (589) 2.7

2AP DMSO 2AP (PCM) 8367 295 0.6 (591) 2.8

The comparison of the data presented in Tables 1 and 2 reveals that the closest match between experimental and 
computational values for aqueous 2AP is observed for the gas-phase cluster model of 2AP incorporating 5 water 
molecules. In case of pure implicit or mixed explicit/implicit solvation the computational values of ε, σ2PA and Δµ are 
somewhat higher than the corresponding experimental values. The same is also true for 2AP in methanol and DMSO 
environment. Based on the present computational results it is too early to draw the final conclusions on the influence of 
specific solvation on spectral properties of fluorescent nucleobase analog 2AP.  

5. CONCLUSIONS
Femtosecond  2PA cross section values σ2PA and wavelength dependence in the region of lowest-energy singlet transition 
of L-trp and DNA fluorescent base analogs 3MI, 7MG, IXP, 6MI and 2AP in different solvents were measured in 
excitation wavelength range 550-810 nm using both indirect fluorescence excitation method and direct nonlinear 
transmission method. All compounds studied have rather small maximum σ2PA that varies from 0.2 GM for 2AP to 4 GM 
for IXP. It was found that for the lowest energy transitions the 2PA shapes follow very closely corresponding 1PA 
profiles for 2AP in different solvents; for L-trp, 3MI, 7MG, IXP and 6MI the same is observed for the longer wavelength 
side of the absorption tail. Assuming that in these cases the two level model can be applied to describe the two-photon 
transitions, changes of permanent dipole moments between the ground and first excited states Δµ were calculated based 
on the measured σ2PA values and was found to be between 1.1 and 4.6 D. For 2AP experimental Δµ values correlate with 
the results of quantum-chemical calculations carried out on gas phase clusters with 1 to 5 water molecules using 
DALTON program.   
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