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This report deals with the fundamental quantum physics behind two-photon

excitation also providing a link to the experimental consequences exploited in microscopy. The
optical sectioning effect is demonstrated as well as the distribution of excitation and of fluorescence

emission. Microsc. Res. Tech. 63:12-17, 2004.

INTRODUCTION

The two-photon excitation (TPE) process is a quan-
tum phenomenon theoretically predicted by Maria
Goppert-Mayer in 1931. This non-linear quantum pro-
cess has had many applications in different branches of
the experimental sciences. Figure 1 reproduces the
first page of Goppert-Mayer’s fundamental study (Gop-
pert-Mayer, 1931).

Despite the theoretical background that has been
known since 1931, two-photon microscopy (TPM) has
undergone a deep and wide evolution only after the
contribution of Denk and colleagues (1990). Thanks to
many meaningful improvements, TPM is a very prom-
ising technique for the fields of biophysics, biology,
bio-engineering, material sciences, and medicine (Di-
aspro, 1999, 2001; Diaspro and Chirico, 2003; Masters,
2002; Pawley, 1995; Periasamy and Diaspro, 2003).

In what follows, details that make TPE an intrinsi-
cally confocal technique will be presented, allowing for
a reduction in some of the drawbacks of the one-photon
excitation confocal microscopy such as photobleaching,
phototoxicity, and chromatic aberrations.

INTENSITY SQUARE DEPENDENCE VERSUS
POWER AND OPTICAL SECTIONING

When the interaction between light and molecules is
not too “strong,” the methods of perturbation theory
can be applied. According to this approach, the full
Hamiltonian has been split (Loudon, 1983; Nakamura,
1999; Sakurai, 1985) into a perturbation-free, time-
independent H, and a time-dependent perturbation V:

H=H,+V (1)
where H is very close to the unperturbed Hamiltonian
H,. We can examine the contribution of the electromag-
netic interaction at the various order in V. Let the
system have only two states, |i) and | ), eigenstates of
time-independent H,. The transition probability be-
tween |i) and |f) can be evaluated in terms of the time
evolution operator U as:
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Wip= [(AU®)* 2)

where U can be expressed as a function of V (D-labelled
operators) as:

*° 1\" t tn
Upt, 0) =1+ > (fﬁ) J dth dt,_1 -
n=1 0 0
2
f dt,Vp(t,)Vp(t,—1) - - - Vp(t) (3)
0

U = U()UD; U() = e*i(Ho/h)t

Vp=UsVUy (4)
The transition probability can thus be estimated at
different orders out of equations (3) and (4). The zero-
order correction leads to null probability of transition
between |i) and |f), owing to the orthogonality prop-
erty of eigenfunctions. On the contrary, it can be shown
that the first order transition probability is propor-
tional to the matrix element:

[Vl = [(AV]i)]? (5)

that is again proportional to the single-photon absorp-
tion cross-section.

The choice of wavelengths in TPE applications is
typically performed to get the single-photon cross-sec-
tion negligible. This allows the calculation of a second
order transition probability:
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Fig. 1. First page of Maria Goppert-Mayer’s article published by
Annalen der Physik (Goppert-Mayer, 1931).
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Since transitions are performed between the eigen-
states of H,, it is useful to write transition amplitudes
in terms of them:
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Fig. 2. Simplified scheme of the energy transition occurring under
TPE regime.

where m are the intermediate virtual states for which
Vo # 0and Vg, # 0.

The perturbing electric field felt by the fluorophore
can be described by a constant operator C and a time-
dependent factor:

V(t) = Ce it

where C, the max amplitude, is a vector that describes
the polarization direction of light.

It is now convenient to introduce the Bohr frequency
. and work under single intermediate level approxi-
mation:

EE,,

Wy = 2 _ |CfmCmi|2

> Wl_)f ﬁ4‘”72m'
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t
j dtr[eimnit’ _ eimy,mt’] (8)

0

This represents a transition mediated by only one vir-
tual level m. Two photons of suited energy have to
interact simultaneously with the fluorescent dye to be
absorbed and to excite it, according to the simplified
Perrin-Jablonsky scheme shown in Figure 2.

Let C,;, be the matrix elements of the constant per-
turbation operator. In the Coulomb gauge, they can be
written as

Cc=°P . capt ©)
cm

where A is the vector potential and e the polarisation
vector.

It is now possible to calculate the second order tran-
sition rate, introducing the harmonic temporal behav-
iour of the perturbation and considering the transition
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rate for the symmetric intermediate level between the
ground and excited state:

2T

fitw?

t—

‘Cfmcmi|28(m, - (1))

where 3 is the Kronecker’s delta function.

On the other hand, the vector potential can be re-
lated to the radiation intensity by means of the Poynt-
ing vector (IV):

I— N =S |ExB - a2 11
—IN|= IBxBl=, A} (D
Substituting equations (9) and (11) in (10) we obtain:

w?, o I (12)

Equation (12) shows the proportionality between the
second-order transition probability (two-photon ab-
sorption) and the square of radiation intensity. The
lasers used for microscopy work in the TEM,, mode.
The light intensity distribution of a laser beam orthog-
onal section can be approximated as a gaussian-loren-

tian distribution having cylindrical symmetry (Xu,
2002):

2P(t)
Tw?(z)

2
z
I(p,z,¢t) = e 2@ () = wo4/1 + (*)

2R
(13)

where p and z are, respectively, the radial and axial
coordinates referred to the origin in the in-focus spot;
w, is the laser beam diameter in the focus plane; and zy
is the Rayleigh length.

Since the emitted fluorescence is proportional to the
transition probability, equations (12) and (13) show
that the intensity of emission falls along the optical
axis as the fourth power of the focal distance:

F oz, (14)
This is a first important result strictly connected to the
capability of TPE optical sectioning. Figure 3 depicts
the experimental situation.

This relation and the related experimental condi-
tions are similar to the classical confocal selectivity and
account for the intrinsic confocality of a two-photon
microscopy. It is thus possible to collect information
only from the focal plane by a point-to-point scanning
over it and get a set of in-focus slices of the sample for
a further 3D reconstruction. Figure 4 shows some TPE
optical sections from a fluorescent object.

This spatial selectivity is achieved in the one-photon
confocal microscopes by means of pinholes that reduce
the out-of-focus emitted fluorescence. Despite this im-
provement of system performances, wider regions of
the sample, compared to TPM, undergo laser excitation
causing a high degree of photobleaching and photo-
damaging phenomena. Moreover, the confocal micro-
scope is particularly sensitive to the laser alignment
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Fig. 3. Excitation optical pathway defining the volume of event for
TPE fluorescence. Modified from Pawley’s fundamental book (Pawley,
1995).

and a small pinhole leads to a worse signal-to-noise
ratio because of the loss of signal.

CROSS-SECTION AND COLOCALIZATION

The proportionality factor in equation (12) can give
further insights about the two-photon cross-section. It
is possible to derive it under dipole approximation:

et T=14+k-F+---=1
p 1 __ >
m_iﬁ[r’H0]

3,4

8m’e
wﬁi’f% W 12|<ﬂ§ N F|m)<m|é : 7‘|l>|28((1)/ - (1)) (15)

The first order approximation is a good one since k =
2n/N and A\>>r . Indeed a fluorophore is very small
compared to the wavelength of light, and the spatial
variation of the electric field within the molecule can be
ignored.

Some constants can be grouped together in the fine
structure constant and the radiation intensity divided
by the single photon energy to get it in terms of number
of photons:

I 2
w?, ~ 8a2w|(flé - Flm)mlé - Fli)[2(w’ — u))(%> (16)

Furthermore, the two-photon cross-section can be writ-
ten introducing again a sum over all the possible excit-
able intermediate levels:

Orpg =~ E 8a’*m?[(f1€ - Flm)(m|é - 7|i)]*8 (0" — w) (17)

On the other hand, the single-photon cross-section is
expressed as (Sakurai, 1985):
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Fig. 4. Optical slices revealing DNA patterns in baker’s yeast cell. TPE was performed at 780 nm.
False digital colors are used. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

ogpr = dam{fl¢ - 7|i)P0wd (0’ — 0) (18)
In equation (18), the square of the matrix element gives
the selection rules, w the lifetime of the transition, and
the delta-function is the ideal absorption spectra pro-
file.

Comparing equations (17) and (18), we can outline
the different selection rules and the same delta func-
tion profile but, in the former case, summed over an
intermediate level set. Due to the different selection
rules and to the sum over the different states, the
experimentally observed two-photon cross-sections, if
rescaled in a half-wavelength scale, are quite broader
or at least equal to the single-photon one.

According to equations (17) and (18), TPE cross-sec-
tion can also be written (Xu, 2002) as:

19)

OrpE =~ E O im0 miTm

m

where single-photon cross-sections for transition to and
from an intermediate level m are stressed together
with its lifetime.

Broader cross-sections let more fluorescent dyes be
simultaneously excited, so the choice of emission spec-
tra whose overlap is negligible allows three-dimen-

Fig. 5. Multiple fluorescence image. Nuclear DNA (N), mitochon-
drial distribution (M), and actin filaments (A) are visible after TPE at
720 nm. Sample is a bovine pulmonary artery endothelial cell (F-
147780, Molecular Probes). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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sional distributions to be simultaneously recovered
through TPE technique. Figure 5 shows an experimen-
tal consequence of this behaviour. In fact, a TMP can
employ only one laser source for excitating multiple
exogenous or endogenous fluorescent molecules; thus,
it prevents any chromatic aberration during the exci-
tation process. Furthermore, one can be fairly sure that
the collected fluorescence mostly comes from the focal
volume because of the extreme spatial selectivity of
TPE. This causes chromatic aberrations to be as well
negligible along the emission optical path, gaining a
great improvement in colocalization experiments, due
to the error minimisation in the estimate of reciprocal
distances between different fluorescence distributions.
On the contrary, in a single-photon confocal microscopy
different laser lines are employed to excite different
fluorescent dyes. Their spots are focused to different
points inside the sample owing to lens chromatic aber-
ration. Moreover, these same artefacts occur for the
emitted fluorescence at different wavelengths. This all
results in the loss of primary spatial dependence of the
fluorescence intensity in the collected data that should
undergo offline analysis to get more precise insights.

VIRTUAL TRANSITIONS AND
LASER SOURCES

Two-photon microscopy takes advantages from vir-
tual transitions that require the use of longer wave-
length laser sources compared to single-photon excita-
tion. However, the low cross-section of two-photon phe-
nomena calls for a very high light power. Pulsed
infrared or near-infrared lasers fit both these requests,
for they allow a high enough peak power to observe
two-photon absorption and a sufficiently low average
power not to damage biological samples. In particular,
radiation in the 700-1,000-nm wavelength range al-
lows TPE of fluorescent dyes or samples whose single-
photon absorption spectra are centred in the visible or
ultraviolet wavelength range. This reduces radiation
phototoxicity phenomena and lets conventional non-
UV-adapted optics be employed. Moreover, it is worth
pointing out that in the Lambert-Beer equation

I, = Iet® (20)
the molar extinction coefficient e(\) increases for
shorter wavelengths; therefore, the use of longer wave-
lengths results in a grater penetration depth (de
Grauw, et al., 2002). In equation (20), I,;, is the ab-
sorbed intensity, I the incident intensity, C is the dye
concentration, and / the optical path length inside the
sample.

All the TPM advantages outlined in this theoretical
approach are reached at the cost of an overall loss of
spatial resolution. Indeed, longer wavelengths result in
a deterioration of resolution although the signal-to-
noise ratio increase seems to balance this disadvan-
tage.

EMITTED FLUORESCENCE DEPENDENCIES

The first counting of the number of photons per time
unit absorbed at the focal plane under TPE was devel-
oped by Denk and co-workers (Denk et al., 1990). They
referred to the following relationship for the emitted
fluorescence:

o O-TPEPZ (NA2>2C

ferr \2hien @b

where P, f,,, and 1, are, respectively, the average power,
the repetition rate, and the pulse duration of the laser,
NA the numerical aperture of the objective, and C the
dye concentration. The implicit approximation under-
lying this equation makes it useful for single molecule
experiments as well as for a general comprehension of
the phenomenon.

For thick samples, some integration over the sample
volume is needed. According to Xu’s calculations (Xu,
2002):

2
o rpeP

Fe 2Nfp1p

noC (22)

The dependence by the fourth power of the objective
numerical aperture NA is here absent. Indeed, the
integration performed over spatial coordinates can-
celled the dependence on geometrical parameters. Sim-
ilar conclusions can be achieved by integrating over the
focal volume (Hopt and Neher, 2001) defined by the
microscopy resolution.

In what follows, the measured fluorescence intensity
will be related to the fluorescent dye concentration and
to the experimental parameters. For this reason, one
more integration is performed over the signal integra-
tion period. The number of photons N, emitted by the
entire volume sample V is:

1
N, = j dr 9 boorpeC (T, t)Iz(?’ t) (23)
v

where ¢0 is the dye quantum yield, C the dye concen-
tration in the sample, and I the laser beam intensity.

The light intensity distribution can be written as
mathematical product of a time- and spatial-dependent
part:

I(F, ¢) = 1,()S(r) (24)

and the time-dependent term, in the paraxial approx-
imation, can be expressed as:

2

wNA
1) = "r P() (25)

It is possible to neglect the lack of homogeneity of
fluorescent dye in the focal volume and use the mean-
value theorem to integrate S:

1 o R
N, = 2 d)OGTPEIZ(t) J dre(r, t)Sz(r)

\%4
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where Sis a constant comprehensive of factors depen-
dent on different focal volume definitions. Substituting
equation (25) in (26):

5 7T2¢O‘TTPE

N.=8 5~ nPAH)C() (27

The concentration position dependence due to the focal
volume position in the sample is implicit in equation
(27). The measured fluorescence intensity over a time
integration period 7', at time ¢ and focusing the laser in
the r position of the sample, is:

F(&, 7)r

772¢0°'TPE

~ Ge(NA, \) - S ox

nof dte(t, r)P(t) (28)
T

where € is the acquisition channel efficiency and G
represents a generic conversion factor or gain for the
acquisition system.

Since the laser source is pulsed at a very high repe-
tition rate £, the dye concentration can be regarded as
constant during the single pulse but not over the total
signal integration period:

2
(F(t, 7))r=~ Ge(NA, \)- S % no
ti+(1/2f)
X 2 Cl 1) J dtP*(t) (29)
' ti—(1/2f)

Since light detectors measure average power, it is
convenient to introduce the second order coherence
(Xu, 2002) of the laser:

R

EZ (P2 forp

where g is a source parameter and { = 0.66 (for a
typical TPM laser).
Finally:

(30)

’TTszocTPEgS

(F(t, 7))yr =~ GTP%(NA, \) - ox

"n(C(t, 7))r
(31)

Equation (31) shows how the system parameters con-
tribute to the measured fluorescence intensity.

It is worth stressing here how only a few parameters
are generally well monitored on a typical microscope.
The others, such as the dye quantum yield, could be
actually affected by local interactions. That is why

special experimental care has to be considered when
moving from qualitative imaging to quantitative obser-
vations (Chirico et al. et al., 2003; Mertz, 1998; Patter-
son and Piston, 2001; Zipfel et al., 2003; Zoumi et al.,
2002).

CONCLUSION

We reported some theoretical passages related to
mechanisms involved in two-photon excitation linking
them to currently used experimental conditions. So far,
these notes contain something lost in the day-to-day
utilization of TPE or, in general, not available on the
fingertips.

This is also intended to be a small and infinitely
unpretentious homage to Maria Goppert-Mayer from
Max Born’s Gottingen, as recently reminded by Barry
Masters in a superb collection of Multiphoton papers
(Masters, 2002).
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